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Abstract

This paper focusses on the implementation and validatianditributed force immersed boundary (IB) method and & full
implicit mirroring IB method in the MultiFlow code. Multilelw is an in-house code, multiblock, multiprocessor, fulhyipled
solver, develop to solve various models applicable to mhése flows. Its core is a fully coupled finite volume CFD sblve
This code employs momentum weighted interpolation to detex analytical expressions for the cell face velocitiescivh
are employed in the multiphase continuity equation in acoaited variable arrangement. A special approach is adépted
the momentum weighted interpolation to handle large sotexas, volume fractions, and gradients of these. The iagult
linearized equations are solved in a fully coupled manner.

Two different methods are currently implemented, one matisoexplicit and first order accurate and the other is a no-
val and implicit, second order accurate method for rigidiesed The new method imposes the effect of an immersed body
on the flow by directly modifying the Navier-Stokes coeffiti® obtained from its discretization. The application of th
coefficients obtain the desirable boundary condition affitise time-step iteration. Details of implementation andulés of
numerical simulation of the fluid flow around a stationary esghusing a very simple Cartesian grid are presented. Both
methods show excellent results compared to experimentafdand in the literature.

Introduction al. 1995) and the fictitious domain method (Glowinskal.
2001).

Multiphase flow problems span a wide area of industrial pro-
cesses and the most natural environments. The multiphas&@he immersed moundary methods have been pioneered by
flow is often associated to different length scales which Peskin (1977), and are capable of simulating the flow around
results in a difficult set of problems. Although still very a body using a mesh which does not conform to the body
much under development, computational fluid dynamics geometry. With this methodology, it is in principle possibl
(CFD) has been shown to be a valuable research tool in theéo determine the flow around any geometry while employing
multiphase flow area. CFD can be helpful to improve the even a simple Cartesian grid. The mesh used to represent the
understanding of the fluid dynamics at particle scale. A immersed body is completely independent, which allow the
deep understanding of the physical phenomena is requiredody displaces relative to the fixed grid used to discretize
to control and consequently optimise the global processesthe fluid equations. The IB method becomes an efficient
A number of numerical methods have been developing toalternative to the classical body-fitted/re-meshing mesito
simulate multiphase flows. However, many progress is handle moving boundaries problems. The immersed bound-
still needed especially an accurate computations of flowsary method has been successfully applied in many fields. A
interactions with complex solid boundaries. good review of studies about IB method and its applications
can be found in Peskin (2002) and Mittal & laccarino (2005).

Different approaches can deal with flow around moving

complex geometries, probably the first and most well-know Since Peskins original work, a number of methods have
is the Arbitrary Lagrange-Euler formulation presented by been proposed aimed at the same objectives. Two of these
Hirt et al. (1974) and follow by many other articles. The methods are subject in this work. The first method, called
ALE methods employ a body fitting mesh to model the Virtual Physical Model was proposed by Lima e Siktaal.
complex geometries and the movement of the fluid solid (2003). The VPM method is based on the force distribution
interface is handling by a remeshing procedure. In anotherconcept. A force field is calculated over a sequence of
hand there are non-body fitting meshes: immersed boundary.agrangean points, which represent the interface and then
methods Peskin (1977), Cartesian grid method (Melibn Lagrangian forces are smeared out over the fluid grid. The
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force distribute methods are probably the most versatiescl U free stream velocity m st
of IB methods, with the same formulation is possible sim- ¢ time s
ulate problems involving rigid bodies, moving boundaries, x coordinate vector m
elastic membranes and bubbles. However, these methods are weight coefficients —
explicit and first only order accurate.

Greek |etters
Another class of IB methods tries to impose the interface v velocity ratio —
boundary condition avoiding the distribution procedure. dynamic viscosity kgm=t st
This is the aim of a new method develop by Mark & van p density kgm™3
Wachem (2007) named Mirroring Immersed Boundary T stress tensor N m™2
Method. The method is implicit and second order accurate.w angular velocity rad s~1
The MIBM method imposes the effect of the immersed
body on the flow by directly modifying the Navier-Stokes Abbreviations
coefficients obtained from the discretization processs thi ALE Arbitrary Lagrange-Euler
procedure is very robust because it inherently results inCFD Computational Fluid Dynamics
a diagonally dominant system to solve. Therefore, the IB Immersed Boundary
desirable boundary condition is reached at the first tirep-st MIBM Mirrored Immersed Boundary Method
iteration. The method was originally implemented on a VPM Virtual Physical Model

staggered scheme in a segregated Navier-Stokes solver
employing the SIMPLEC algorithm to the pressure-velocity
coupling.

Single Phase Flow
In this work, the IB models was implemented in a fully
coupled solver, MultiFlow (2007). The numerical method In single-phase flow is modeled by the Navier-Stokes equa-
is based on a finite volume approach on a collocatedtions. The continuity equation, Eqg. (1), and the momentum
variable arrangement with a fully coupled pressure-v&joci equation, Eq. (2), for viscous and incompressible flows can
solver. The numerical solution by a fully coupled solver be written as:
is an attractive and emerging trend in CFD. The main ‘
advantage of this approach is an increased robustness of ou' 0 1)
the solution procedure due to the implicit treatment of the ox? ’
pressure-velocity coupling. The benefit of a fully coupled
framework to solve the equations governing the flow takes
advantage of the strong physical coupling which inherently p— + p— ( uﬂ) =—— 4+ —
lies in the Navier-Stokes type of equations. This approach i ot Ozt Ox? — Oa'

particularly interesting in problems involving fluid-stture where source terms are given I8/, which is a general
interaction, like vortex-induced Vibration, and free m source term and a linearized source teRn The Tij rep-

ouw’ 0 ) Op 87'” _ . @

particles. resents the stress tensor:
Here details of implementation and results of numericat sim S ou' n u’ 3)
ulation of the fluid flow around a stationary and spinning P\ e Ot

sphere using a very simple Cartesian grid are presented. BOtThe cell centered finite volume discretizationfabf the ve-

methods shows accurate results compared against eXperlocﬂy terms for one direction of the Eq. (2), is of the form:
mental data found in the literature. Moreover, preliminary ’
results of currently under development features of IB meth-
ods in MultiFlow are also presented. v,
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A projected area m? b At

Cy drag coefficient -

C lift coefficient —

d diameter m wherea is a coefficients that combine the convective and
F force density Nm™3 shear terms, antlis obtained from the discretization of the
f force N pressure gradient.

g gravitational constant m s~ 2

h distance m Discretization of the Continuity Equation

P pressure Nm™2

Re Reynolds number — Considering the single phase flow continuity equation,
u fluid velocity m s~ Eq. (1), in its discretized form
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Yo M=) upsh=0 (5)

f=faces f=faces

The coefficients for the continuity equation are determined

by the pressure-weighted interpolation Rhie & Chow (1983).

The objective is to obtain an expression for the face veloc-

ity uzf from the averaged the momentum equations. The net

force driving the flow in Eq.(4) is given by, and now is rede- Figure 1: A two-dimensional boundary fitted celP) with

fined as its east neighbour). The center of the face betwe&hand
— E is shown by pointk, and the local normal at this point is
dp [ Op i given byn/.
Dl {axa' +5 ] ©

It is important to treat the pressure gradient and the ssurce
similar, as their sum is the contribution to accelerating th
fluid. With this, Equation 7 becomes

The pointe’ lies in the center of the line connecting the nodes
P andFE, therefore the weighting coefficient will be exactly
%. An expression for the velocity’ .. is obtained by linear
interpolation using the velocity expressions for poiAtand

\% . P.
T | =
At ap ~+Vp Rp ~ 1/~ ~
— We = = (u-7p + u-7E) (13)
, dp 2
[ aly udy) B o for e
nb b Tnb|p | “1p The expression fous .., can be substituted in Eq. (12). The
agﬂ') +Vp Rg‘j) Pagﬂ) L Vp Rg‘j) face yelecity _at poink is determined based upon_the face
velocity in pointe’, corrected with the gradient, for instance
[i} Luaﬂ @) with a Taylor series:
Atlr o3 4 vp RYD T
P pPitp -
_ . J :
W=, + gzi el — ) (1)
Define the follow variables, Equation (14) is used to close the discretized continuitiaeq
tion. Now, the continuity equation is dependent upon the
. _ P ®) pressure field, and a coupled formulation can be given as,
At
W Vp
) = ") (ud) 9 Uy RH,,
ap '+ Vp RP
- > oop Gy U - us3 RH,,
T— (10) P RH,

T v R

With these abbreviations, Equation 7 for cBllbecomes .
Boundary Conditions

Oz mentum equations, can be determined by extrapolation, for a

pﬂaqm&_ww
pYp p—%wpP P
variable¢ the extrapolation can be described as

5]3] The boundary conditions for the pressure terms, in the mo-

tepdW ) ulP (11) "
_ s W )

A similar equation can be written for all cell centers. Figur o5 =op+ aﬂp(fﬂw ) (16)

1 shows two non-Cartesian centered cells. To proceed with )

discretization of the continuity equation, the values af th Where ¢ denotes the value of variable at the wall.

velocities are require at cell faces or integration poirits. ~ 11€ above equation can be directly employed to close the

the Rhie and Chow approach, an analogous equation can bgauation for the face velocity.

written down for the velocity at point’. ) o -
At boundaries where Dirichlet condition for pressure

is applied, velocity is typically extrapolated. In this
case, the boundary pressure can be directly specified in
both the continuity equation as well as the momentum
equation. The velocity at such a boundary can be obtained
¢! from equation 7 by inserting the value of pressure at the wall
diul? (12
Cer Ghor U (12)

.
oxJ

e/

1ot = - |
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Further Detailsin MultiFlow exerted by the fluid flow over the immersed body. The force
densityﬁ (Zu, t) is calculated over the Lagrangian points us-

In MultiFlow, the computational domain is partitioned into ing the Navier-Stokes terms:

subdomains that are called blocks. Blocks are built with

locally structured grids that representing specific part of

the computational region. The blocks are connected to  F' (#,t) = —u' + =— + —— (u'u?) — —2, (17)

another blocks by boundary conditions. The multiblock grid ot Ozt~ O’ Oz’

is useful to model geometrically complex objects. Even The different terms on the right hand side of Eq. (17) are

modeling particles and arbitrary bodies immersed in the flow referred as: acceleration force, pressure force, indtiak

with 1B methods, one can gain flexibility to simulate the real and viscous force. To evaluate the force terms in Eq. (17) the

world problems using a multiblock mesh to represent the pressure and the velocity fields must be known previously.

geometrical domain. These fields are calculated on the Eulerian grid while the

The parallel code developed is based upon the numericatorce terms must be calculated over the interface. The cou-

libraries of PETSc (Balayt al. 2007, 2004, 1997) which  pling between the two meshes is made by the follow equa-

provide a large suite of parallel linear and non-linear tion:

equation solvers and MPICH (2007) for additional parallel

algorithms. _ In this_work, a block-ILU preconditioner is f(fe) _ / ﬁ(fib, t) 8 (7o — T) difin, (18)

employed with the BICGSTAB Krylov subspace solver. r

6p 0 (r“)Tij

whereF' is the Lagrangian force density placed@p points
of the Lagrangian control-volume and¢ (Z. — &) is the
Immersed Boundary Methods Dirac delta function.

Two different methods are currently implemented in the The Implicit Method: MIBM
code, the virtual physical model (VPM), and the mirroring

immersed boundary method (MIBM). The two methods are A new method called mirroring immersed boundary method

presented in the sections below. (MIBM) develop by Mark & van Wachem (2007) was
o also implemented in our code. The new method imposes
The Explicit Method: VPM the effect of the immersed body on the flow by directly

. . _ modifying the Navier-Stokes coefficients obtained from the
The virtual physical model (VPM) was proposed by Lima e discretization process, which impose the desirable baynda
Silvaet al. (2003), it is a distributed force method based on condition at the first time-step iteration.

the original IB idea of Peskin (1977). In this method a force

field is calculated over a sequence of Lagrangian points,in the MIBM method, the interfac& is used to map the
which represent the interface, then the force are added agiuid mesh defining a three subsets of points (see Figure 3):
source term in the Navier-Stokes equations only over thez; points inside the interface;;;, points inside and near the
interface. IB interface andz, points outside the interface.

The method directly mirrors the external velocity over the i
terfacel’. The internal immersed-boundary velociti@s,,
are set in the opposite direction of the exterior normal eelo
ities, ., plus the immersed-boundary velocity,, such that
the velocity constraint is enforced at the interfatce

Uiip + Ue = Usp- (19)

This is done by setting a fictitious exterior normal point, as
depicted in Figure (4). The mirror point is defined as the
Z» mirrored along the normal of its closest interface point.
Hence the smallest distance between the interface and the
fictitious pointZ. are the same.

Tp = Zyap + 2dii (20)

= If the exterior normal point coincides with a discrete véipc
X point, the Dirichlet condition for that IIB velocity is trial.
More generally, the exterior normal point lies between the
Figure 2: A 2D representation of the VPM method showing gjscrete velocity points and therefore the velocity needs t
a distribution of the force field into fluid mesh points. be implicitly interpolated using the surround points. THg |
velocity can then be set to the reversed interpolated wgloci
The VPM method gives dynamical evaluation of the force plus the boundary velocity. The interior velocities aretset



Paper 184

Figure 3: Mapping of the cell centered fluid cells, MIBM
method.

the boundary (IB) velocity.

In both implemented methods, interpolation of various-vari
ables in the three dimensional discretizes spaces is fréigue
required. In this working an inversed weighted interpalati

is used. The inverse distance weighted methods are based dmody.

the assumption that the interpolating points should be4nflu
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r

Figure 4: A 2D representation of the MIBM method, the
exterior normal poinf, with its surrounding interpolation
points.

In this work, the interface is discretized using triangles
generated by employing thgt s library (GTS 2007). The
discretization of the integral is determined for each wian
and summed up to get the total surface force acting on the
In order to discretize the force terms needs to be
defined a set of auxiliary points, as depicted in Figures (5)

enced most by the nearby points and less by the more disand (6).

tant points. Several options are available for inversexdist
weighted interpolation; the simplest form is referred to as
Shepard’s method. The equation used is as follows:

(21)

whereh; is the distance from the scatter point to the interpo-
lation point.

The inverse weighted distance is forced to have a minimum
number of the data points, however the choice of the maxi-
mum number of data points is arbitrary. In this work a fixed
amount of eight points{ = 8), that define an interpolation
box surround the interpolation point, is employed.

Calculation of the Forces
For the MIBM method the total force consists of two contri-

butions, i.e. the pressure force and the viscous force. erhes
forces are integrated over the interface the interface

F; = / (_p5ij —|—Tij)nj ds (22)
T

In order to proceed with the numerical calculation of the
forces acting at the body, the interfacenust be discretized.

, D3

2 )
: dsk

P2

Figure 5. Trianglek in the triangulation of the immersed-
boundary interfac& with the exterior pointsy” andp”.

The evaluation of the pressure force is done with the help of
two auxiliary pointsp” andp” which lie on the normal of
the triangle. The pressure is interpolated onto the auyilia

points and then extrapolated onto the centre of the triangle
P.=2P"-P (23)

To evaluate the viscous part, the tensgr is need at the
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direction of the drag force.

The drag coefficient has a well known relationship with the

\ s Reynolds number based on the sphere diameter, see Tab. (1).
\ = This relationship can be used to validate the implementatio

\ ’ of the 1B methods.

sy D3

L ' VV'IS" p Table1: The drag on a sphere immersed in a fluid.
p__—— — v "By References Range Correlation foy
PR g Stokes Re< 1 s
’ Oseen (1910)  Re 1 241+ 2 Re)

H 5 24 6
White (1991) Re< 2x 105 2%+ —C— +0.4)

P2

Figure6: Trianglek with the projection of), onto the coor-

dinate axisesipy,,p-)- Figure (7) shows the numerical results for the drag coef-

ficient, it can be seen that the two methods achieved an

accurate prediction for the drag force up to Reynolds
new points, 7/, ;' and .’ which are the projections However, in prder tq obtain th_e same accuracy, the e_x_pI|C|t
of auxiliary pointj’ onto the Cartesian axes. The fluid method requires a time step times smaller. The implicit
velocities are interpolated onto these points. Detailshef t Method is more robust and provides a precise solution of the

discretization process can be found in Mark & van Wachem viscous and pressure force, the results is shown in Fig. (8).

center of each triangle. This is done by introducing three

(2007).

In the VPM method the forces are explicit calculated using

the fluid properties of the previous time step. Besides the 10'

pressure and viscous force, the VPM method needs addi 8 |

tional force terms as shown in Equation (17). In this work, fo A T e

the sake of simplicity, the additional terms are combine int 10°E White (Re < 2 x 10°) f—
a single term calledorcing term This term is responsible i \ At

to assure the non-slip condition at the interface, it is &pro
imated by(ur — @z,)/At. The reader interested in more
detail of the discretization should refer to Lima e Sidtal.
(2003).

\\

SR
=

O" 1 IIIH‘.I‘O—\ IIIIIHu I\III\I‘ 1 |
Reynolds Number

Drag Coefficient

Results and Discussion

Sationary Sphere

<
2

The computational domain is a unitary cube discretized
by 60 x 60 x 60 volumes. The sphere shell generated has
1280 trigangles. The sphere center is placed at the center of
computational domain and it has a diamdfet= 0.1m. The Figure7: Simulated drag coeficient.
boundary condition for the fluid velocity components on the

side walls is considered free-slip and Neumann condition on

the outlet and the inlet has a constant profile- U,,. The
pressure is set to zero in the outlet and Neumann condition
for all other faces. The time step employed1is—2 for
explicit method and 02 for the fully implicit method.

A simulation of a flow around a sphere &t number10 is
g/isualized in Figure (9), the surface of sphere is colorati wi
the pressure distribution. The final steady state solution o
the velocity field and the flow streamlines can be visualized
in a cut plane in the center of the domain.

The drag coefficient on a sphere immersed in a crossflow is

defined as, Both methods have been previously validated for high

21 Reynolds numbers as shown by Mark & van Wachem (2007)
= 24 ivei

Caq DTHAUZ (24)  and Oliveiraet al. (2005).
where f; represents the drag forcd, the projected frontal  Rotating Sphere

area andU,, the free stream velocity of the fluid in the
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Figure 8: Viscous and pressure contribution for drag coeffi-
cient, calculated by MIB method. Figure 9: Simulation of the flow around a spherBep =
10, using a simple cartesian grid.

In order to illustrate the imposition of a different boungar

condition at the interface, a rotating sphere immersed in acomputational Performance

uniform crossflow is considered. The lift force develop due

to the rotation of the sphere are _show in Fig. (10) is called e implementation of the IB methods implies an extra

Magnus effect. The sphere rotation produce an asymmetry.ompytational cost, to perform all interpolation procestur

in the velocity field causing a pressure differential betwee 5,4 setup the appropriated 1B coefficients. The impact of
the two sides of the sphere. this implementation depends, of course, of the refinement of

) ) the triangulation in the interface. Considering a fluid grid
The rotational speed of the sphere is usually represented byt 40 « 40 x 40 at Reynoldsl, the extra cost to insert a

a ratio of the tangential velocity of the sphere to the fluid ;;,mersed sphere witt280 triangles is about3%, including

stream velocity here the calculus of the forces in each time step. The cost
dw only due to setting the IB coefficients is less thigh for this
v=— (25) simulation.
2Us

A theoretical solution foiep < 1 has been developed by  1he performance of the MIBM method in the fully coupled
Rubinow & Keller (1961) and shows that the lift force, for ¢, er was also compared against the segregated solver.

a rotating sphere, can be expressed in terms of the rotationay ,jiiFiow was 9% higher than the segregate solver, regards

speed{), the computational time. The elapsed computer timel fr
times steps to simulaté.1s physical time, carried out on
Cr=2y (26) an AMDG64 Athlon with2 GHz was abouB4 min. The
The lift force coefficient calculated numerically is givep b~ simulations was performed using, in both codes, the time
step restriction imposed by the segregated solver. In fact
_ 2fi 27) the coupled can converge employing higher times steps,
pAUZ, therefore the global performance of the couple solver is
Figure (11) shows a comparison between lift coefficients Superior without time steps restrictions.
predicted by numerical simulation using the MIBM method,
for Rep = 0.5 and the theoretical data. These predictions Future Developments
agree well with theory. This confirms a good accuracy of
the method to impose a desirable boundary condition at theThis section are showing preliminary results of the cutyent
interface. under development features in MultiFlow.

C

The flow pattern is shown in the Figure (12), can be observedin Figure (13), simulation of a falling disk is visualized.
the good achieved of the no-slip boundary condition on thelnitially, the disc and fluid are at rest. The density ratio
surface sphere. The velocity of the fluid near the sphere isbetween the body and the fluid ig/p; = 2 and the disc
gradually modified by the influence of the rotation of the begins to accelerate by action of the gravity. The picture is
sphere, producing a strong flow asymmetry. showing the falling disc at different times, colored by the
pressure field, the cutting plane shown the modulus of the
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Figure 10: Magnus force (lift) due to sphere rotation.

Figure12: Final stead steady solution of a rotating sphere in
a crossflow alRep = 0.5.

Reynolds number around a sphere; the results are showing
good coherence with the expected physical phenomena
and literature data. Due to the fully coupled framework,
very low computational cost is required to simulate the sase

The VPM is and explicit and first order accurate method em-
ploying a force distributed around the immersed boundary. |
requires relatively smaller times steps and a fine distidbut
of the control points on the immersed boundary to achieve
good accuracy. The MIBM is fully implicit and second
order accurate in space and therefore more robust andstable
with a lower computational cost. The MIBM method has
o e geometric restrictions and it is able to simulate rigid and
¥ close bodies. The both methods confers a good flexibility
to MultiFlow, the code is able to simulate a wide range of

Figure 11: Comparison between theoretical and simulated fluid-structure problems.
results forC; at Rep = 0.5.

Lift Coefficient
(3]
T T T | T T | T T T | T T T | T T | T T T

To show the potential of the fully implicit MIBM method in
the fully coupled flowsolver,the flow around a falling non-
instantaneous fluid velocity. spherical body and two spherical particles in a fluid are re-
solved using a multiblock, non-Cartesian mesh.
A simulation of flow around two spheres is shown in Figure
(14). This simulation was performed in a cylindrical domain
discretized with a multi-block structured mesh. The figure

shows the multi-block mesh employed and the fluid velocity this work has been financially supported by the Bo Ry-
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