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Abstract. In this work we propose a preliminary model to study the deformation of solid
structures induced by the interaction with a two-phase flow. The study of Fluid Structure
Interaction and multiphase problems is of great interest because of many potential appli-
cations ranging from the biomedical field to the pressure tank design. We use a monolithic
approach for the FSI problem while a Volume Of Fluid method (VOF) is considered for
the reconstruction and the advection of the multiphase interface. An unstructured, time
dependent computational grid and a fine Cartesian mesh are used for the FSI and the
VOF problem, respectively. The interaction between the two different grids is obtained
by projecting the velocity and the displacement field into the Cartesian grid and the color
function into the unstructured mesh. This projection is performed with the MEDmem
libraries included in the Salome platform. Concerning the VOF method, for an accurate
reconstruction of the interface a huge number of computational elements are required and
a multilevel algorithm coupled to an efficient compression-expansion technique is devel-
oped to reduce computational costs and memory requirements. After the mathematical
description of the problems we test the proposed algorithm with different cases where the
solid domain undergoes to both small and large deformation.
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1 INTRODUCTION

In recent years Fluid Structure Interaction (FSI) problems have gained attention in
the computational field because of the improvement in computer performance and an
increasing interest in more realistic modeling [17, 12]. Among all the applications, these
computational techniques can be employed in biomedical field where the interaction be-
tween a fluid and a solid such as the blood and the artery wall, is of great importance.
In a classic FSI problem a solid structure interacts with a single phase fluid. Few works
can be found in literature where Multiphase Fluid Structure problems are considered.
Two-phase flows are of great interest in several physical and industrial applications. In
recent years such interest inspired the development of several numerical algorithms for the
efficient and accurate simulation of multiphase flows. These algorithms include efficient
solvers of the incompressible Navier-Stokes equations, stable and accurate techniques for
the advection and reconstruction of the fluid interface and methods for the correct com-
putation of surface tension forces. These algorithms can be classified in two categories
considering how the computational grid is handled. In the first group moving grids are
used [14]. The interface between the two phases always lies over the cell boundaries,
which are continuously advected by following the flow motion. This representation al-
lows a precise modeling of the fluid property discontinuities, and also a correct location
of the capillary force, which is a singular term in the Navier-Stokes equations. Despite
these good properties, moving grid methods can be used only when the general motion
does not affect the topology of the computational grid, since severe grid stretching brings
loss of accuracy in the discretization of the Navier-Stokes equations. Furthermore, since
breaking or merging of drops and bubbles are almost impossible, a continuous re-meshing
of the computational domain is required.

In the second group fixed grids are used. The interface points cross the cell boundaries
and a numerical algorithm is then required to reconstruct its motion in the computational
domain. The fluid properties are evaluated in the interface cells as an average between
the properties of each phase. The capillary force, which is physically located only on the
interface, is redistributed inside the cells cut by the interface. With this representation,
severe deformations of the interface can be tracked without the need for re-meshing. For
these reasons fixed grid methods are widely used. Fixed-grid methods for two-phase
flows can be either Eulerian or Lagrangian. FEulerian front capturing schemes include
volume-of-fluid (VOF), level set and phase field methods [16]. All these methods are
based on a single scalar function defined in every grid cell. The phase motion can be
followed during the simulation with a good conservation of mass, however the interface and
all its geometrical information are usually poorly represented, especially in regions with
high curvature. Moreover, filaments are usually artificially broken when their thickness
becomes comparable to the grid spacing.

Lagrangian techniques, either front-tracking schemes with surface markers or with vol-
ume particles, maintain filamentary structures better than Eulerian methods and conserve
mass adequately, even without explicit volume conservation constraints [1, 9]. Both the
surface markers and the volume particles are moved along the flow characteristics, result-
ing in a more accurate description of the interface and its geometrical properties, such
as the normal vector and the curvature. This representation allows for a very accurate
volume conservation and interface advection even in situations where strong deformations
of the interface are present. On the other hand, these schemes can be rather expensive,
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as the number of markers or volume particles increases, or are associated to practical
difficulties. These includes the need to keep logical connections among surface elements
and the careful handling of drop breaking and merging. Fixed grid methods provide good
solutions to the problem of interface advection. However the accurate representation of
surface forces remains a problem since these forces are not located on the cell boundaries.
The multiphase flow motion satisfies the Navier-Stokes equations, and it should be de-
termined while taking into account the discontinuities of the fluid properties across the
interface. Such discontinuities, together with high Reynolds numbers, may induce several
numerical instabilities.

The coupling between a FSI and a VOF solver allows to increase dramatically the
range of problems that can be studied. For example, deformation of offshore platforms or
offshore wind farm due to water waves or the interaction between water and ship hulls can
be simulated in a very realistic way. In order to couple the two problems many strategies
can be employed, as an example, the first code output field can be written on a file and the
other code can be run with this file as input and vice versa. This technique is simple and
fast to implement but unfortunately it can be very slow because of the large time needed
by writing and reading files. A more efficient and fast coupling can be obtained through
dedicated libraries for the data exchange, like the MEDmem libraries implemented in the
SALOME computational platform [2, 18].

In this work we consider Fluid Structure Interaction problems in which the fluid part
is composed of two phases [11, 6]. For the reconstruction and advection of the interface
we employ a front-tracking Volume of Fluid method [19, 13]. The coupling between the
two solvers is performed using the MEDmem libraries for data exchange. In the next
Section the mathematical model for a Multiphase Fluid Structure Interaction problem is
presented. In the last Section some numerical results are show.

2 MATHEMATICAL MODEL
2.1 FSI problem
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Figure 1: Reference and current configuration where a vessel wall interacts with a fluid.

In this Section we introduce the mathematical model for a generic Fluid Structure
Interaction problem. In an ordinary FSI problem we consider a mechanical system com-
posed by a laminar Newtonian fluid region and a solid one which defines a moving domain
Q. A schematic geometry of the problem is shown in Figure 1. Let Qf and 27 be the
fluid and the solid region at ¢ € (0,77, respectively. At ¢t = 0 the fluid and solid region
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are defined by Qf and Qf. Let I = Qf N Q¢ and T = Qf N Q be the interface where
solid and fluid interact. T'¥, k = 1,2,3 and f’g, k =1,2,3 are defined to be the remaining
external boundaries at t € (0,7] and ¢ = 0, respectively. The evolution of the solid and
fluid domain € and QS are defined by

X® Q8 x RY - R?,
AT Qf xRT - R?,

such that the range of X*(-,t) and A/(-,t) define Q¢ and O/, respectively. X* maps any
material point X{ from the given fixed reference configuration €2 to the current solid
material configuration €2f. The solid displacement is then defined as

°(R5, 1) = X (%3 1) — %5 (1)

The mapping A’ is such that A/ (%], 1) = &} + 0/ (%],t), where 0/ (%], ) is defined as an
arbitrary extension operator over the fluid domain Qg and given by

of (%), 1) = BExt(a®

) In Qf . (2)

The extension operator used to evaluate the fluid region displacement is the harmonic or
Laplace operator. Other similar operators can be employed as described in [15, 12, 5].
The velocity W/ is defined by
o’ A
~f ; f
w/ = — in . 3
at 0 ( )
This quantity represents the velocity in terms of the reference coordinate ﬁg . The behavior
of the fluid is described by the Navier-Stokes equations for incompressible flows. For
details the interested reader can also see |20, 10].

pf%‘:c ~erf(vf—vvf>-va—V-af:pfg in (0,T) xQf,
V~vfi in (0,7) x Qf

v/imo = Vo in QF, (4)
Vf’r\;,éul—‘?:{) =g/ in (0,7),

gr- nf’F;*I{,uFf;f =h' in (0,7),

where p/ is the constant density, v/ is the fluid velocity, g is the gravity acceleration
vector, A denotes the ALE application that maps the reference fluid configuration Q{;
onto the current fluid configuration Q{ and w/ denotes the fluid domain velocity. n is
the unit normal vector that points outward from the boundary 89{ and g/, h/, v, are
given data. The flow state variables in the incompressible case are the pressure pf and
the velocity v/. The contribution of external forces such as gravity is assumed to be
negligible. The constitutive relation for the stress tensor in the Newtonian incompressible
case reads

af:—pr—l—Tf:—pr—l—Q,ufe(vf), (5)
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where i/ is the dynamic viscosity of the fluid, p/ the Lagrange multiplier associated to
the incompressibility constraint and e (Vf ) the strain rate tensor defined as

€ (vf> = ; (va + (va)t> . (6)

The total time derivative is related to the adopted reference systems. The governing
equations for structural mechanics are the following momentum equations

SOV°
p

ot

where p® is the density of the solid material, v* is the velocity field and o® its Cauchy stress

tensor, which is a function of the solid region displacement u®. Since the constitutive law

for the solid stress tensor is expressed in terms of displacements one must solve both the
balance equations (7) and the kinematic relation
,  ou’

V= (8)

—V.o’(u’)=0 in Q, (7)

For the reference configuration we can introduce the right Cauchy-Green deformation
tensor C as

where F is the deformation gradient tensor defined by F =1+ Vu®. In a similar way in
the current configuration we can introduce the left Cauchy-Green deformation tensor, b,
as

bij = FFn Vi, j=1,...,3. (10)

According with this notation we can now express the Cauchy stress tensor, o, as [20]

oW
oI

J0i;
bij (1 bij — bimbimyj) TJ % ; (11)

S
oo

aw

0.
where [ = Cy;, I =1/2 (1 — C;;C};) are the first and second invariant of the right Cauchy-
Green strain tensor C and J its determinant. The quantity W = W (I, I, J) is the strain
energy of the system which depends on the constitutive law of the considered material.
For example for a Neo-Hookian material, with respect to the current configuration, the
energy function is defined by

1
W(I..) =5, (77#0C —3) +

1 2 1,

5 (A+ 3us) (2(,] ~1) —an> .

In the case of incompressible solid, the third invariant is equal to one so the energy density
function becomes

(12)

W(I,J) :;MS (trC — 3) (13)
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and the Cauchy stress tensor is defined by

o’ =—p’l+ o, (14)

Sk

where o** is the tensor obtained by using the equations (11) and (13). The problem
defined by (4)-(7) is not well posed since we have not yet prescribed any boundary condi-
tions at the interface I'.. The coupling between the fluid and the solid model determines
the missing boundary conditions, which consist of imposing the continuity of velocity and
stress at the interface T as

vl =

o . n'

F;‘—l—O’S-nSF%:O. (16)

In order to write the weak formulation of the coupled problem, let us consider the following
functional spaces

Vi={pcH(Q): Plrisorzs = 0,
Vo ={o € B(Qf): dlry oy =8’}
Qt = 129,

={¢ e Hl( 0) ¢|ré;ur“ us T 0},
MSZ{dJeHl( 0
D° = L*($%),

S
1,s "N2,s ™3 =
Lo pUlepUls b & } !

where H'(Q) is the standard Sobolev space of order s with respect to the set Q and L?(Q)
is the Sobolev space of order 0 containing square integrable functions over €). For details
concerning these function spaces one may consult [8]. In addition, let us introduce the
following bilinear form

ol (vE, p) = /Qf (v Vodx = u(Vv! + (Vv V), (17)

where we denote with 7/ the fluid viscosity tensor. The variational formulation of the
fluid equations can be obtained through the usual method by multiplying the equations
(4) with appropriate test functions, performing integrations on the whole domain and
keeping into account the boundary and interface conditions. This procedure leads, for the
velocity field v € V! and pressure p € (', to the following fluid momentum equation

oV f f A\ f F(vf f f

p <3t ~=¢>>+a(v,cb)—p((V-W)v )+ (V- w) vV ) =
¥,V - 9) +/ ¢d7+/ h'- ¢d7+/ plg- pax, (18)

(q,V-V)

f\t=0:V5

for all € V! and q € Q'. In a similar way, we define the following bilinear form

a*(u', ) = (0°(u”), Vob).. (19)
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By following the procedure briefly described above, we obtain at each time ¢, for the
velocity u® o X* € My and pressure p® o X* € D, the following weak formulation for the
solid problem

82
7 () ) - 0 ) = [ o) pars [ 0w,

(d,V-u®)=0,

for all 1 o X* € M? and d o X* € D°. Let us introduce a global weak formulation for the
fluid-structure problem. If we define the functional space

S' = {(¢, 9o X°) € VI x M": 9p|py = s}, (20)
from (15), (16), (18) and (20), we can write the FSI problem in the coupled formulation
as

r (v f f vt Fi(vF —wf f
P\ | ¥ +a(v', @)= p' ((V-wv! ) +p ((V —-w ) Vv p)—
A
32
(), V- 0) + 0 (50" ) +a* (', 9) = (07, V - ) (21)
— [ wpdy— [ b pdy= [ Jepdx, vees
rs, r/, Qf

(. V-v)=0  (d,V -u)=0, (22)
Vf|t:l) = V{Jc us|t:O = 118 Vs|t:0 = VS-

It is worth noting that by using the coupling conditions (15), (16) and this particular
choice of the fluid-structure test functions, the boundary terms that appear in the fluid-
solid interface I'? cancel out. This assures that forces at the interface are always computed
in an exact way.

2.2 Multiphase problem

Qg (s

Figure 2: Computational domain. The liquid in €2; and €2; are the reference fluid phases and the boundary
between the two fluid phases is denoted by I's. 5 mark the solid region of the domain and the interface
between the solid and the fluid region is labeled with T;.
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In this Section the mathematical model of the Multiphase Fluid Structure Interaction
problem is presented. Let us consider a domain as shown in Figure 2, where €2 marks
the whole domain, €2; is the portion of the domain occupied by the reference fluid phase
and Q, is the sub-domain with the secondary phase. The boundary between the two
immiscible fluids is denoted by I'y, and its topology can vary during the evolution of the
system since each sub-domain evolves in time. The solid domain is labeled with 2, and
the interface between the fluid phases and the solid region is marked I';. As explained in
Section 2.1 the balance equations that hold in a fluid structure interaction problem are

sov! f (ot f f f_ f - 109
Pﬁﬂ‘ﬂ (v —W)-Vv —-V-o' =pg in (0,7) xQ; UQY, (23)
A
ov?® .
P’ 5 V.o’(u®)=0 in (0,7) x (24)
V.v=0 in (0,7 x Q, (25)
Vf|t:0 = Vp in QQ 5 (26)
vir,, = g’ in (0,7, (27)
o-nl,, =h’ in (0,7). (28)

In order to take into account the presence of a multiphase fluid that interacts with a solid
domain, we modify the first equation of (23) while the rest of the problem is treated as
described in the previous Section. The momentum balance equations in the fluid domain
are formally written as in single phase formulation

ov/
fZr F (v — wf) . f_ . f £7 — f
e A+p (v = w!) - Vv =V (Vv + (V) + Vp = pg, 29)

V-vi=0, xeQtel0,1],

and the difference lies in the definition of the physical properties p/ and p/. If we denote
with [ the properties of the reference phase and with g the values associated to the
secondary phase, we can define the physical properties p/ and uf as

ph = pix+ps(1—x), (30)
1= pux + pg(1—x), (31)

where x is the color or indicator function. This function describes the distribution of the
two phases in the domain. It is equal to 1 in the reference phase and 0 in the secondary
phase. We note that the function y is discontinuous on the interface I';. We can define y
as

X(x.t) = /Ql(t)a(x ~x)dx’ Vx € Q. (32)

The indicator function is therefore a multidimensional Heaviside function that changes
value on I'y,. We can also write that

Vx = —/ §(x' —x)n'dS" = —n/ §(x' = x)dS" = —nd,(x), (33)

S S

where d4(x) is the Dirac delta function that is discontinuous on I's. Under the hypotheses
of immiscible fluids with no phase change, the color function behaves like a passive scalar
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and is purely transported by the velocity field, following the simple advection equation

?tch(vf-V)X:O, in Q x [0,77]. (34)
The Volume of Fluid algorithm is employed to solve (34). Given an initial state of the
indicator function (32) the VOF algorithm is implemented in two steps. First the inter-
face is advected with an explicit Lagrangian advection method using the fluid velocity
as computed by the FSI solver and the normal vector to the interface. Then the in-
terface is reconstructed based on the color function gradient and on the conservation of
volume constraint. In this work we use a Piecewise Linear Interface Calculation (PLIC)
reconstruction scheme together with an ELVIRA method for the computation of the inter-
face normals. For detailed information on this method the interested reader can consult

19, 13, 7, 4, 3].

3 NUMERICAL RESULTS

In this Section we report some numerical results obtained by implementing the math-
ematical model just described in a computational platform where the dedicated solvers
for the FSI and the VOF problems are coupled. Inside this platform they can exchange
data in a fast and efficient way. In all the test cases the fluid is composed of two phases
with different densities and a portion of the domain is a solid region that undergoes to
deformations due to the fluid motion. We use standard units of measure for all the results
reported.

3.1 Test 1: Dam break

In this first test case we consider the dam break problem. This is a typical benchmark
for two-phase flow simulations but in this case we consider a deformable solid on which
the dam fluid impacts. The initial configuration of the problem is shown in Figure 3
in particular in the right part of this Figure one can see the solid, the primary and the
secondary fluid regions marked by €, €, €, respectively. The global domain Q =
QU QU Qg is the square [0,1] x [0,1]. The geometries of the different parts of the
domain are specified by giving the coordinate of some reference points. According to

C I3

A FSS

Figure 3: Test 1: Domain overview. On the left some reference points: A = (0,0), B = (0,0.6), C = (1,1),
D =(0.2,0.2), E = (0.5,0.7) and a = (0.2,0.5). On the right labeling of the surfaces.

796



D. Cerroni, R. Da Via, S. Manservisi and F. Menghini

Parameter || Value
o1, ps || 500 Kg/m?

|| 0.005 Pa s
pg/pi || 0.001
pg/tu || 0.01

Young modulus || 4 -10* Pa
Poisson coefficient || 0.4

Figure 4: Test 1. Coarse computational grid on the left, physical parameters on the right.

dy dy dy

0.00

E EODD EO 00
6287905 6287905 6287905
E-o 00012576 E-o 00012576 E-u.oomzsu
£.000018864 £.000018864 £.000018864
-0,000252 -0.000252 -0.000252
dy dy dy
EU 00 EODD EO 00
6287905 6287905 6287905
E-o 00012576 E-o 00012576 E-u.oomzsu

£.000018864 £.000018864 £.000018864

-0.000252 -0.000252 -0.000252

Figure 5: Test 1. Solution overview at different time steps: ¢; = 0.005 s, to = 0.04 s, t3 = 0.08 s,
ty =0.095 s, t5 = 0.16 s and tg = 0.2 s.

the nomenclature shown on the left of Figure 3, the coordinate of the reference points in
standard units of measure are: A = (0,0), B = (0,0.6), C' = (1,1), D = (0.2,0.2) and
E = (0.5,0.7). Due to the different densities of the two fluid phases (€; and €2,) and
the gravitational field, €2; falls down into the solid container {2, which deforms due to the
interaction with both the fluid phases.

The coarse computational grid, both for the FSI and VOF modules, is generated sub-
dividing €2 into 400 cells (20 subdivision per edge) and it is shown on the left of Figure 4.
The coarse grid is then refined multiple times to allow for a proper grid resolution for the
VOF solver. According to notation shown in Figure 3, we impose a vanishing velocity field
on I'y UT, and at the boundary fluid structure interface {I'); NIy }U{T;2NTs2}. A homo-
geneous Neumann condition is imposed of the fluid region I';3 and on the solid boundary
I's3. The physical properties of the different phases of the problem are summarized in
the Table on the right of Figure 4, in particular both of the fluid phases are modeled as
Newtonian incompressible fluids while the solid is represented by a compressible linear
elastic material.
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Figure 6: Test 1. On the left, transverse (A) and axial (B) displacement over time. On the right, color
function integral over the computational domain over time.

In Figure 5 the solution overview is shown at different time step t = 0.005, 0.04, 0.08,
0.095, 0.16 and 0.2 s. In this Figure the axial displacement field is shown in the solid
region (€25) while in the fluid part we mark in red the interface between the primary and
the primary phase and in light gray the streamlines of the fluid velocity field. We can
notice that, as expected, the primary phase with higher density falls down into the solid
container that is deformed due to its weight.

The transverse and axial displacements of point « (see left part of Figure 3) over time
are shown in the left part of Figure 6 with curves A and B respectively. We can notice that
the displacement field after some initial oscillations reaches a steady state configuration
and it is always smaller than the characteristic length of the computational grid. In such
condition the displacement field can be neglected in the projection of the velocity and the
color function during the data exchange between the FSI and VOF meshes. In order to
check the performance of the coupled FSI-VOF solver we can evaluate the primary phase
volume by computing the color function integral

dx =k. 35
/Qz(t) ( )

We remark that the fluid is represented with an incompressible model so because of the
free divergence constraint of the velocity field the total primary phase volume k£ must
remain constant over time. The quantity k& as computed from (35) is plotted over time
on the right of Figure 6.

3.2 Test 2: Tank filling

In the second test case we consider a filling problem in which, as in the previous case,
two fluid phases and a solid region are considered. The domain overview is shown in Figure
7, in particular on the left of that Figure the specific geometries of the different parts of
the domain are specified by giving the coordinates of some reference points: A = (0,0),
B = (0.5,0.15), C' = (0.5,0.5) and D = (1,1). On the right of the same Figure one can see
the solid, the primary and the secondary fluid regions marked as €2, €, €24, respectively.
The global domain Q = Qg U Q; U, is a square with a surface of 1m?.

According to the surface labeling shown in Figure 7, we impose a vanishing velocity
field on I'jy UT s UT;3 U T, U, A homogeneous Neumann condition is imposed on
the solid region I'y3. Concerning the multiphase advection problem, the color function
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L I3
(&) O
Fll Fl2
ﬁ
A FSS

Figure 7: Test 2: Domain overview. On the left reference point: A = (0m,0m), B = (0.5m,0.15,),
C = (0.5m,0.5m) and D = (1m, 1m). On the right part labeling of the surfaces.

dy dy dy
-1.1e-04 -4.8e-5 4.8e-5 7.8e-05 -2.5e-04 -0.0001 U 0001 1.6e-04 -6.3e-04 -0.0003 0. 0003 4.3e-04

t

dy dy dy

-4.5e-04 -0.00021 0 0.00021 3.9e-04 -1.1e-04 -6.6e-5 -1.8e-5 7.8e-05 -1.1e-04 -6.6e-5 -1.8e-5 7.8e-05
HH\‘“ H\‘H HI‘I\

12}

Figure 8: Test 12. Solution overview at different time steps: ¢t; = 0.005s, to = 0.09s, t3 = 0.2s, t4 = 0.3s,
ts = 0.4s and tg = 2s.

is set to 1 in the §2; region. The physical properties of the different materials present in
the problem are the same used in the previous case and can be seen in the Table on the
right of Figure 4. The color function is set to 1 in the {2; domain for the full time of
the simulation, so this volume represents an inflow for the primary phase with velocity
computed by the FSI solver. This phase flows inside the domain until it cover the circular
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0.4

0.0002 - B

-0.0002

-0.0004

-0.0006 - b

L L L | L | L L L L L L L
0 1 2 3 4 % 1 2 3 4
t[s] t[s]

Figure 9: Test 2. On the left, axial displacement over time. On the right, color function integral over the
computational domain over time.

inlet region and a steady state configuration is reached.

In Figure 8 the solution overview is shown at different time steps t = 0.005, 0.09, 0.2,
0.3, 0.4 and 2 s. In the solid region €2, we report with colors the axial displacement field
while in the fluid region ; U Q, we show the interface between the two phases € N €,
as a red solid line. The streamlines of the fluid velocity field are reported in light gray in
the same Figure. We can notice that as the heavy phase falls because of the gravitational
field, more secondary phase is injected in the domain until it cover the inlet region. The
axial displacement of the central point of the solid region over time is shown on the left
of Figure 9. We can notice that the displacement field shows a great oscillation due to
the first contact between the secondary phase and the solid region, after this impact the
average axial deformation decreases and reaches a steady negative value when the injection
of the secondary phase stops. Also in this case it is worth to notice that the deformations
that occurs are always smaller than the characteristic length of the computational grid.

As in the previous case, in order to check the performance of the FSI-VOF coupled
modules, we can evaluate the integrated color function (35). In this case because of the
inlet of the primary phase the total primary phase volume £ must increase over time. The
result of (35) along time is shown on the right of Figure 9. we can notice that the value
increases as the secondary phase is injected into the domain and reaches a steady value
as the injection ends.

3.3 Test 3: Bending rod in two-phase flow

In this third test we consider the flow of a multiphase fluid around a solid deformable
obstacle. The domain overview is shown on the left of Figure 10. The global domain
is a cube characterized by an edge of 1 m, the obstacle is placed in the center of the
cube base with a square transverse section a? of 0.01 m? and a height b of 0.5 m. The
physical parameters employed for this test case are reported in Figure 10 on the right.
In this Table we see that the fluid and the solid have the same density, while the density
ratio between the primary and secondary phase is close to the water over air ratio. The
solid has been modeled as an incompressible solid and the fluids with an incompressible
Newtonian model.

The boundary and initial conditions of the problem can be seen in the set of Figures
11. In the colored surface of the sub figure a we set an homogeneous Neumann boundary
condition to simulate the outlet of the domain. In the colored surfaces of sub figure
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Parameter || Value
P, ps || 500 Kg/m?

|| 0.005 Pa s
po/pi | 0.001
g/ || 0.01

Young modulus || 4 -10* Pa
Poisson coefficient || 1/2

Figure 10: Test 3. Domains overview on the left and physical parameters on the right.

@

a b c

Figure 11: Test 3. Boundary conditions overview: a homogeneous Neuman, b homogeneous Dirichlet and
¢ non homogeneous Dirichlet.

b we impose a no slip condition while in the colored surfaces of ¢ a non homogeneous
Dirichlet is set as an inlet. In that surface we impose a vanishing transverse velocity and
a non-vanishing axial flows. In particular the fluid flows into the domain with a constant
velocity of 1 m/s. Concerning the multiphase problem we consider a stratified flow with
the primary heavy phase on the bottom and the secondary phase on top. As initial
condition we consider the domain filled with the secondary phase while the boundary
condition applied as inlet is visible in sub figure ¢ of Figures 11. The yellow region is
occupied by the primary phase with a height of 0.3 while in the blue region the secondary
phase has a height of 0.7. During the simulation the heavy phase enters in the domain and
flows on the bottom of the domain because of the gravity, following a typical stratified
flow pattern.

In this test we consider the obstacle as a deformable solid rod, so the impact with the
heavy phase displaces the rod with a force based on the weight and inertia of the fluid
phase. One of the main interesting features of the coupled FSI-VOF solver is that the
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Figure 13: Simulation of the two-phase flow over a bending rod. From top left to bottom right three
different time steps: t;1 = 0.1s, t; = 2.5 sand t3 =5 s.
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Figure 14: Displacement dz in the main flow direction on the most stressed point of the rod, reported as
a function of time.

displacements of the solid can be precisely evaluated together with the stresses inside the
structure. Moreover the bending of the solid has an influence on the flow field which could
not be taken in consideration without the FSI solver.

In Figure 12 an overview of the solution is shown when the steady state condition
is being approached. From this Figure we can see how the multiphase fluid flows into
the computational domain and deforms the bending rod which is colored with the dis-
placement in the main direction of the flow. The primary-secondary phase interface is
represented with a transparent surface. In Figure 13 the solution overview is shown at
different time steps: ¢t = 0.1 s, t5 = 2.5 s and t3 = 5 s. From this sequence we can
appreciate the evolution of the secondary phase flow together with the deformation of the
bending rod. The color of the rod represents the displacement in the main flow direction.
It can be seen that, due to the impact with the secondary phase, the rod bends and begins
to oscillate. In Figure 14 the displacement of the central point of the top surface of the
solid part in the main flow direction is reported as a function of time. The oscillating
damped behavior of the rod in the main direction (z axis) can be clearly seen in this
Figure. We remark that although the deformation in the top part of the rod are large,
where the solid interact with the secondary phase the deformation field is still smaller
then the characteristic length of the VOF grid. In such condition the displacement can
be neglected in the projection of the computational fields among the different grids.

4 CONCLUSION

In this paper we have presented a model for the multiphase simulation of Fluid Struc-
ture Interaction problems based on a monolithic FSI approach and a Volume of Fluid
method. The domain consists of a fluid and a solid region. Inside the fluid two phases are
present with different physical properties. The solution of this problem is accomplished
through the coupling of the FSI and VOF solvers using dedicated data exchange libraries.
The results reported show that this method is capable to predict the displacements and
stresses that a solid undergoes while interacting with a two phase fluid. Some improve-
ments for future works could be to take into account the surface tension for the secondary
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phase and consider cases where large displacements occur where the secondary phase is
present.
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