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- Background

® Challenges of multiphase fluid-structure interaction (FSI) simulations
with the arbitrary Lagrangian-Eulerian (ALE) method

« Large fluid density ratio (usually 103)

 Severe deformation and distortion of the unstructured grid

 Strong nonlinearity during the fluid-structure coupling
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(a) Filming of ship navigation (b) Polyhedral unstructured grids for (c) Simulation of wedge free falling
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Background

® Example: Stationary water tank (only gravity)

f:in.

« Density ratio py/py, = 103

* Non-orthogonal unstructured grid in the entire domain

Spurious currents generated by unbalanced algorithm:

Atmosphere > 4 U =—O—a<mmnm_
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(a) Sketch (b) Non-orthogonal grid (c) Simulation by unbalanced algorithm
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® Balanced-force algorithm

 Devise a specific discretization to enforce the exact balance between pressure gradient
and external forces

* Francois et al. (J. Comput. Phy. 213 (2006) 141-173) proposed a balanced-force algorithm on
structured grids
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® Defect of conventional balanced-force algorithm (J. Comput. Phy. 213
(2006) 141-173)

« can NOT achieve force balance on non-orthogonal grids and generate severe spurious

currents
Spurious velocity escalates with larger non-orthogonality angle and higher fluid density
ratio
M. 185 —e— Conventional algorithm 10° 1 —e— Conventional algorithm
_____ - Light fluid -
, . N = Light fluid
£ 104 2
rm f%\ HOa -
& 1071 =
A < 1024
= 10-2 ] Heavy fluid | =
HOG p
10-2 4 Heavy fluid
101 102 10¢ 106 10°
a (rad) pu/pL
(b) Velocity vs mesh angle (py/p., = 1000) (c) Velocity vs density ratio (@ = 26.6°)
(a) Spurious currents generated by igﬁg D ﬁ

conventional model



] Background YEZALS

® Objective: Balanced-force algorithm for fluid-structure interaction (FSI)

Propose a generic balanced-force (GBF) algorithm for multiphase flows on unstructured grids

« Employ the GBF algorithm for multiphase FSI problems to enhance the stability and accuracy
of simulations
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(b) Wave induced motion of a 3d floating box
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® Governing equations in the ALE description
do
=+ V- (¢u—ug))=¢V-u
V.-u=0,
dpu

e TV (p(u—ug) ®u) = (V- (uVu) + Vu - Vi) — Vp — (g - X)(py — pL)V + oK Véh.

where ¢ (x, t) represents the volume fraction separating two immiscible fluids, u = (u, v, w) is the velocity
field, p the dynamic pressure, p the fluid density and u the fluid dynamic viscosity. g is the gravitational
acceleration, o the surface tension coefficient and k the curvature of fluid interface. u, is the grid velocity.

The material properties of fluids:

1, Heavy fluid p=pud+pL(1—¢)
P(x,t) = 0,  Light fluid p=upd+pu.(1-¢)

0 < ¢ < 1. Fluid interface where subscripts H and L represent heavy

and light fluid respectively.
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- Numerical methods

@ Solution procedure

(1) Calculate the dynamics and displacement of moving body with 6 DOF motion equations. Update the grid to time

stepn + 1 and calculate the grid velocity :mi.

(2) Solve the advection equation of mass and convection equation of momentum simultaneously:

% =-V- Aﬁ? - :mivv + ¢V - u,
m%% =-V. 00: ® (u-— :mivv + (V- (uVu) + Vu - Vp),
to obtain ¢™*! and u*, and update p™*?! and p™**! with ¢p™*1,
(3) Solve the following pressure Poisson equation for pressure field p™*1:
V. w§=i = <VM_ —V: %@: — PV |+ V- qmﬁv:t , «=m= Balanced-force algorithm
Gravity force Surface tension force

where the gravity and surface tension forces are incorporated to derive a balanced-force formulation.

(4) Correct the intermediate velocity u* to u™*? by the projection step.
n+1 _ 4%

u u g-X oK 1
—  — =_E _ v/ n+1 4+ —V 3+H||< 3+H.
At 0 (pn — pLIVY 0 ¢ P p

The updated velocity field u™** should satisfy the divergence-free condition. \Jﬁ/ﬂﬁﬂb@g%g D ﬁ
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@ Pressure equation actually solved in the

numerical methods

 Discrete pressure Poisson equation with FVM:

J

At|T;; At|T: -
M _..:_2%:.5 uM [ | (W - mgj) + \_..:_T@.x&?|€+§x§:.=& |
ij

j=1

* For stationary flows, |u| = 0:

] J
M \ _\_ AQEM+H . :C.v = M \ _ \_ A|Am . N:VA.DI — .D_..v + O.RQVAQ@&#H . :C.v . :v
j=1 j=1

/ Py / Py Necessary
® Pressure equation required by a balanced-force algorithm Emcwmwmi
—Vpi; = (—(g - xij)(ou — pL) + o;;)Vyj. @) condition
Merely solve Eqg. (1) for p™*! but meet — Not all numerical scheme can

Eq. (1) and (2) simultaneously achieve force balance \Jﬁ/ﬁbg%g ﬂgﬁ




Numerical methods
® Discrete pressure Poisson equation with FVM

J J
DH —am n e DH —4~ n o o
M _..\_ (Vpi™ ny) || = M [T (W - myj) + | \_A (8- xi))(pu — pu) + qa:v_?ﬂ " ony) v
= Pij =1 Pij /
® Conventional balanced-force formulation
Calculate <e:+H n;; ¢ € (p, ) with the same face gradient scheme

=1 %ij AB3+H — Di +Hv = M Hﬁlﬁm ) NE.VABI .brv + QRCVQ.:A%=+H - vaiuv

:Eu:n; central difference term
+M“\ H%: A mm xCVAbE brv + Q.R:v<ﬂ=+u IM““HHRE. ) QF&N +M““HH_H.:._A—I~N. ) BE.V

Explicit :o:lo.&:omm:m_ correction term

where the averaged face gradients Vg;; = linear interpolation(Ve;) (¢ € (¢,p)), and Vg; can be calculated with Gauss’s
theorem or the least square method.

Face gradient scheme a;j Bij

Edge- | sch At|T;; At|T,
ge-normal scheme ﬂ__ i __ (ny; - e) ﬁb_ il (ny - eb)ed
Pij|Tij ij
Face-tangent scheme E_ﬁ:._ 1 E_ﬁ:_ (tij- e)

H .
pij|ri;| (nyj- ey;) D LR GEm)
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Numerical methods

# Present balanced-force formulation

Express the averaged face gradient of pressure Vp;; into the sum of external forces and a novel pressure
correction term Vp:

Vpij = (—(8 xij)(pu — p) + 0k )V + (—(—(8 - X)) (ou — pL) + ok;;) - Vb + Vi)
= Alﬁm -X;j)(pg — pL) + Qa:.vﬁe. + <|m:.
Vpi} = (—(g- xi))(pu — pr) + ok;j VO + VplT

 Calculate Vp[™ with the Eq. (6), and linear interpolate to §:

-1
J
M I ® ny; M A?w% -n;;) — (—(8 - x;))(pu — pr) + oK) (VoI - ::.vv [ (6)
j=1 j=1
* Present mm313_o:n: pressure Poisson equation:

QC A%§+H — Db +Hv “Huﬁlﬁm ’ x&.vﬁb: rv + Q.RCvQC A%:+H $%+Hv

::c:n; central difference .82:

|M“ Hu: QBC +M““HH_H,C._Aﬂ—N..=Qv

Explicit :o:loﬁ:omo:m correction term
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- Numerical methods

Pressure Poisson equation

(et —ptt) =3 |nl(m

_uwmmmE.m central difference term

I
DN\._—J _ GUQ&H@ ~03+M t:+~ é—d? %3.:
J 2Pl +1 )
+Xi=1 (—g-x(pu — pL) + qx:v?ﬂz ‘ny;) I
Pij Solve momentum advection-diffusion equation for u*

Y4By - VP

Pressure non—orthogonal term
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Update the grid and calculate =m+w

Calculate the dynamics of moving body

i Mij) h

Solve mass advection equation for ¢"*1

Present

Solve pressure Poisson equation

-1

=1

and linear interpolate to 4_@“

df J
Vhi= | 2 Ty@ng |- 2 ((Vpy = (=
-Q“

(g - xi5)(

P — PL) + G6) Vg ) - Uy ng

Conventional

Calculate Vp* with p"

by Gauss’s theorem or

the least square method

and linear interpolate to Vp,,

Vp; = (—g-x(pu — pL

i Qaﬁv

= n+1

Vo,

—m
+ Vp;;

Correct u* to u*t!

End
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@® Numerical schemes

* Based on finite volume method for polyhedral unstructured grids

* Interface capturing scheme: THINC/QQ (The Tangent of Hyperbola for INterface Capturing
method with Quadratic surface representation and Gaussian Quadrature)

* Velocity discretization scheme: FVMS3 (The Finite Volume method based on Merged Stencil
with 3rd-order reconstruction)

 MLP (Multi-dimensional Limiting Process) and BYD (Boundary Variation Diminishing)
* Generic balanced-force algorithm
* Time scheme: Third-order TVD Runge—Kutta scheme

* 6DoF body motions: Newmark's method

\Jx/ﬁmig ] ﬁ




Suppress the spurious velocity due to
unbalance between pressure gradient and
gravity force on unstructured grids

Numerical tests

® 3D stationary water tank
Equation: Vp = —g- x(py — pL)V \\\\//

Computational domain: [0, 1]3 >€

Fluid density ratio: py/pL = 10° Light fluid | :
Periodic 7 m
Theoretical solutions: Hevi ) H
u=20 \\\@mx\ m
p = .Dr_,Q_:. —2), vz ls Sketch grid A grid B

0.50;, + pu(1 —y).y < 0.5 . .
The spurious velocity

. . |m
Is restraind to 10 /‘

Numerical errors of velocity and pressure after 50 time steps with At = 1074,

N

Errors B Present balanced-force algorithm Conventional balanced-force algorithm
’ grid A grid B___ grid C_ grid A grid B grid C
1/10 | 8.1267x10°™"  4.1897 x 1% 2.1938 x Ip°|| 4.4166x 107 X X
Lo(u) | 1/20 | 9.6185x10°""  1.7489 x 107%| 3.4444 x Ip~?|| 9.6248x 107! X X
1/40 | 5.1181x107'%  1.2987 x 108 7.9295 x 1p~°| | 4.7424x107'° X X
1/10 | 5.2401x107%  4.0276x1Q~""[ 2.3894x 14 "'[| 1.2639x 107" X X
Ly(p) 1/20 | 2.0837x10712  3.5804x1¢~2| 1.6252x1¢~"'|| 1.6878x107'2 X X
1/40 | 8.5730x10°"°  1.3232x1Q~'%| 2.1425x1('*|| 8.2874x 107" X X

where X denotes that the computation diverges and compels to terminate halfway.
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Conventional
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Animation of py/p, = 103,CFL = 0.5
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- Numerical tests

Equation: Vp = okV¢

Drop radius: R =2

Suppress the spurious velocity due to

unbalance between pressure gradient and
-~ . . ... . surface tension force on unstructured grids ~=
® 3D static drop in equilibrium
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Computational domain: [0, 8] AR AL
Fluid d it tio: — 106 mmmm“.@mmw“mmmw&m“&ﬂmmm
uid density ratio: py/pL = mmw%zmmwmwﬁﬁmwmm
Surface tension coefficients: ¢ = 73 AN E KRS
. o N1 /> S
Theoretical solutions: RO
u=20 grid A grid B
Ap = 20/R The spurious velocity
is restraind to 1071
Numerical errors of velocity and pressure after 1 time step with At = 107%. ~
grid B grid C grid D
Loo A
e ¥ L (|ul) L(|Apl) L (|ul) L(|Apl) L (|uf) L(lApl)
[ ]| /10 [ 60776x 1T 24334x1q ] | 348701 2.7760x 1§ 7 | 45167x1¢ [  7.9425x 1™
3 m 1/20 | 9.9517x1q7'%| 4.2243x1(7¥ | 1.5055x1q~'| 9.7724x1¢~"¥| | 2.7619x1¢~'¢| 1.7715x1¢™ "
& | LS| 1740 | 9.8247x1d'| 2.8616x 14714 | 2.7417x1q7'6| 8.4681x 10| | 5.7589x1("'¢| 1.0512x 1~
= | « | 1/10 | 1.6535x 1| 3.8227x 1P | 5.6383 x IP~*[ 55466 x 1P| | 3.4066 x Ip5| 2.3645x 1P~
S| 0| 1/20 | 28578 x 13| 45069 x 1p2| | 2.7807 x 1p-3[  7.4548 x 1P| | 5.2566 x 1P|  4.8507 x 1p-3
S 5 | 1740 | 7.6344x1p3|  7.6461 x 12 | 55937 x 1P| 1.1431x 1P| | 2.4797 x 14| 1.0910 % 12
SITST [ 1/10 | 20079 x 1P| 6.6186 x 1P| | 22748 x 1P| 2.1645x 1p~*| | 3.4560x 1| 5.8241x1( ™
g ) 3 -5 -4 -12 -10 Present
Sl 1/20 | 2.4094 x 1D~ 2.5389 x 1p~3| | 1.0332x 1p~5| 8.6706 x 1p~#| | 2.1788x1( 1.4114% 1
S]] 1/40 | 1.0873x 1D73| 7.6657x 1p3| | 3.5426 x 1D5]  1.1219x 1p-3] | 5.3945x 112  2.1383x 1

Tl

W =

- x> A )
B I ENS
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Restrain the instability and
divergence induced by strong

- Numerical tests ce Incucec &
o) S . nonlinearity during FSI
2D water m:.—”—.< o.m an _=n__=mﬁ .—..q.mmn.mm___—an X denotes that the computation diverges and compels to terminate halfway
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17.5
—— Exp. of Xu et al. (1999) m —— Exp. of Xu et al. (1999)
15.0 ----- Conventional 6 ----- Conventional
e Present - Present
| 12:8 4
Length 10.0 %
. { B0
Weight i & £
Inertia 7.5 =
=
5.0 0
le
0.216 m 2.5
20° _
0.0
0.36 0.38 0.40 0.42 0.44 0.36 0.40 0.42 0.44

t(s)
Angular acceleration

Sketchatt =0

CXRATI
SRR

o L
SR

Present at t = 0.45 Conventional at t = 0.4

Present Conventional



- Numerical tests
3D floating box

1
PBox = 5 Water

Water

—0.5

—0.5

—0.5

Sketchatt =0

15

—— interDyMFoam

-—— Conventional
===~ Present

10

?)y (deg/s*)
(=]

-5

=18

0.0 2.5

50 75 100
t(s)

12.5

0.5

Suppress the spurious

velocity due to mesh
movement and deformation
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Mesh at position of equilibrium Present

0.015

%)

0.000

T (m/s

—-0.005

-0.010

-0.015

Angular acceleration in y-direction

—— interDyMFoam
-—— Conventional
....... Present

15.0 17.5 20.0 0.0 2.5 5.0 7.5 10.0 125 150 17.5 20.0

t(s)
Velocity acceleration in x-direction

i (m/s%)

0.0

Conventional interDyMFoam

—— Potential

wen interDyMFoam
——- Conventional
..... Present

-0.5

10 11 12 13 14 15

2.5 5.0 7.5 10.0 125 150 175 20.0
t(s)

Velocity acceleration in y-ditedfion, 1 S | T

The computations of conventional algorithm and interDyMFoam solver diverge and compel to terminate halfway.
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Provide more accurate and

Numerical tests robust predictions for
3D wave-induced motions of a floating body  mMultiphase Fsl
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* Regularwave: H =0.04 m, T =1.2s 0.8

® Exp.of Renetal. (2015)
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- Numerical tests

Provide more accurate and robust

predictions for practical applications X \%M,@M\A%
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® Two wave energy converters interaction with regular waves

T =1.26s

Regular wave: H = 0.074 m,

¢ m._uq.o = |§ﬁm@15®mwmbﬁs\ﬁav = Itﬁ%\«mvlstCmMMBAS\vi
¢ m.mmmlsm = IthmQum:wmmAﬁvvmmm5A§Aﬂvv
* Fiinear = InUthm:ms\Qv
(H.Hc ,”M... _u_ ......... 4.0 cm
_uenn-_:aanz?/ 31.5cm
PTFEpocks . |
3 ; = & springs e

50

se

a: !
Qw&\«.?.,\\; T AT INT XD, 76\}?\.\”

0.06

Present

(b)

(@)
Experiment from Stratigaki el al.
: (Energies. 2014; 7(2):701-734)

0.04
\m; 0.02

Surface
elevation

( .
& 0.00

-0.02

-0.04
40




- Conclusion

@ A generic balanced-force algorithm for FSI problems

 considerably suppresses the spurious velocity due to the mesh non-orthogonality

for multiphase flows in moving mesh configurations

« effectually restrains the instability and divergence induced by large mesh

deformation and non-linearity during FSI simulations

« offers a promising platform to provide more accurate and robust predictions for

practical multiphase flow simulations involving strong fluid-structure interactions

https://doi.org/10.1016/j.jcp.2023.112010
http://dx.doi.org/10.2139/ssrn.4668121
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Thanks for your attention!
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