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Abstract

A Cartesian grid method is developed for the simulation of incompressible flows around stationary and moving
three-dimensional immersed boundaries. The embedded boundaries are represented using level-sets and treated in a
sharp manner without the use of source terms to represent boundary effects. The narrow-band distance function field
in the level-set boundary representation facilitates implementation of the finite-difference flow solver. The resulting
algorithm is implemented in a straightforward manner in three-dimensions and retains global second-order accuracy.
The accuracy of the finite-difference scheme is established and shown to be comparable to finite-volume schemes that
are considerably more difficult to implement. Moving boundaries are handled naturally. The pressure solver is acceler-
ated using an algebraic multigrid technique adapted to be effective in the presence of moving embedded boundaries.
Benchmarking of the method is performed against available numerical as well as experimental results.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Cartesian grid methods now come in several flavors, both in the diffuse and sharp interface categories.
Typically, diffuse interface methods have been deemed to be simpler to implement and therefore have found
wide usage [1]. In such methods, the onus is on designing the source terms so that the formulation ap-
proaches the sharp interface limit for vanishing interface thicknesses. Although straightforward to
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formulate, sharp interface methods have been considered to be somewhat more difficult to implement and
therefore their use has been restricted to some specific situations and to a few practitioners. The present
paper and the companion papers [2,3] seek to demonstrate that with a proper framework sharp interface
methods can be developed and implemented with considerable ease and applied to a variety of moving
boundary problems. It is also shown that going from two to three-dimensions can also be accomplished
fairly easily with the framework presented in this paper. A significant point to note is that the current
framework advances a Cartesian grid method that applies to a whole variety of physical problems, includ-
ing multiphase flows [2] and phase change [3].

Cartesian grid methods can be broadly classified in two categories:

(a) Methods where the interface effects are transmitted through forcing functions: Perhaps the most com-
monly used fixed grid approach for moving boundary computations involving solid—fluid as well as fluid—
fluid interfaces is the immersed boundary method due to Peskin [4]. In the original immersed boundary
method as well as later versions, the interaction of the boundary with the fluid is effected using smoothed
o-functions located at the boundaries. The effect of the boundaries, in particular boundary forces (such as
elastic forces in structures, tethering forces and surface tensions) are transmitted to the momentum equa-
tions as source (or forcing) terms

ou
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Here, f is the forcing function that represents the effect of the immersed boundary. Typically a numer-
ical o-function with a support of a few mesh spacings is used to convert singular surface forces (such as
surface tension) into volume forces ]7 The strategy of transmitting interface effects to the flow field
through source terms has also been used to solve problems in multiphase flows [5-9] and solidification
[10]. However, one shortcoming of these methods is that discontinuities at the immersed boundary are
smeared across a few cell widths. It has been shown that such smearing can adversely impact the accu-
racy of solutions when the boundary motion is closely coupled with the evolution of surrounding fluid
flow [11]. There are also issues involved with stability and stiffness of the computations [12,13], partic-
ularly, when the embedded objects deform along with the flow. Improvements to the J-function based
immersed boundary methods have appeared in the literature in recent years [14-16]. In the finite-
element setting, the fictitious domain method [17-19] and the immersed finite element method [20] have
followed this idea of transmitting the boundary forces to the fluid using an interaction source term.
However, a considerable number of papers on immersed boundary methods in recent years have devi-
ated from the use of o-functions in transmitting boundary forces to the fluid. For example, in the finite
difference/finite volume methods presented in several recent papers [21-24], the idea of using a forcing
term in the momentum equation has been retained. These (non-smoothed) forces are placed at points
that adjoin the immersed boundary (either inside or outside the solid object) in order to impose the
appropriate velocity boundary conditions on the solid surface. Thus, unlike the original immersed
boundary method of Peskin and its derivatives, these new immersed boundary methods are in fact
sharp interface methods.

(b) Methods where the interface effects are included in the discrete spatial operators: There are sharp inter-
face methods, however, that do not use forcing terms but incorporate the presence of the embedded bound-
aries into the discrete form of the Navier—Stokes equations. Thus, in contrast with the above approach, the
momentum equation is retained in the form

ou
ot
During the discretization procedure, however, the spatial differential operators (V,V?) in the equation
are constructed at points that adjoin the interface in such a way that the interfacial jump conditions
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are incorporated. Examples of this class are the immersed interface method [25-27], the sharp interface
method [28-30], the ghost fluid method [31,32] and the XFEM method [33-36]. The immersed interface
method (IIM) [27] enables a sharp interface treatment by casting the governing equations in a coordinate
system with axes oriented with the local normal and tangent to the interface. Problems involving embed-
ded fluid—fluid interfaces with singular sources and jumps in material property across the interface have
been solved using this approach [26,27]. The method seeks to preserve second-order accuracy at points
adjacent to the interface as well as away from it. In Ghost Fluid Method (GFM) [31], the governing
equations are discretized along the Cartesian coordinate directions. Only first-order accuracy is de-
manded at interface-adjacent points. In both IIM and GFM, jumps and singular sources at the interface
are incorporated into the discrete operators in the transport equations. For problems involving the Pois-
son equations, such as the Stefan problem sharp interface methods with embedded level-sets along the
lines of the finite-difference ghost-fluid approach have also been developed by Chen et al. [37] and Gibou
et al. [38-40]. The paper by Gibou et al. [40] in particular provides a method for fourth order accurate
discretization of the Poisson equation in the ghost-fluid framework. For solid boundaries immersed in
fluids, the ghost-fluid approach has been applied in several interesting 3D settings by Yokoi et al.
[41,42]. In the sharp interface method [29,43], a finite volume technique is used to discretize the equations
within the domains separated by the embedded boundary in such a way that information is not smeared
at the immersed boundary. This requires reshaping of the control volumes through which the interface
passes and the integration of the weak form of the governing equations over non-rectangular control vol-
umes. Second-order accuracy is maintained at bulk as well as interface-adjacent grid points. Problems
involving fluid-structure interactions [29,30] and solidification [7,28,44,45] have been solved using this ap-
proach. Other approaches for finite-volume computation of flows around embedded boundaries involve
employing volume-fractions in the mixed cells, such as in [46,47]. In the finite element community, the
XFEM method [48] follows a similar strategy, in that the elements through which the boundary passes
are enriched (i.e., these elements are subdivided and conform locally to the immersed boundary; stated
differently degrees of freedom are added) to facilitate integration of the weak form of the governing
equations.

2. The current sharp-interface method

The critical issues that arise in developing sharp interface Cartesian grid methods for three-dimensional
moving boundaries problems are:

(a) Representation of embedded interfaces: Explicit surface tracking (involving surface meshing and re-
meshing) can be challenging for complex 3D moving boundaries, particularly in the presence of sharp
edges, cusps, instabilities and topological changes in the boundaries. Geometric details such as intersections
between the triangulated surface mesh and the underlying flow solver mesh need to be computed repeat-
edly. Normal and curvature computations need to be performed accurately on the surface. The latter quan-
tity in particular is difficult to compute accurately on a surface that is defined using piecewise surface
patches [49]. The level-set technique presents a solution to many of these problems due to the implicit inter-
face representation and built-in regularization due to the entropy-satisfying solutions obtained from level-
set advection. In this approach, at each mesh point in a narrow band surrounding the interface the signed
normal distance to the interface is stored. The interface is implicitly contained in this information as the
zero-level surface and can be deduced to desired accuracy. In the case where a solid geometry is represented
using a surface mesh it is relatively straightforward to construct a level-set field from the given geometry
using fast marching [50] or other methods [51]. Representation of all interfaces (whether solid—fluid or
fluid—fluid) using level-sets simplifies discretization at computational points adjacent to the interfaces as
shown later in this paper. In the present context, a significant advantage of the level-set representation is
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that it is possible to maintain a sharp-interface treatment of all boundaries. This fact underlies, for instance,
the Ghost Fluid Method (GFM) for fluid—fluid boundaries presented in [32].

(b) Solving for flows around the immersed boundaries: Since interfaces cut through the mesh in arbitrary
fashion finite volume discretization requires reshaping of the cells cut by the interfaces. Numerous config-
urations of the cut-cells can arise in 3D and special treatment for each case is tedious, from an implemen-
tation as well as bookkeeping standpoint. This can be avoided by employing a finite-difference
discretization of the strong form of the governing equations. In adopting the finite-difference approach,
the main concern is the accuracy and conservation properties of the flow solver. Fortunately, for the Carte-
sian grid approach, the deviation of the finite-difference approach from the finite-volume approach appears
only at the grid points adjoining the interface. It is necessary, however, to evaluate the global accuracy of
the solutions obtained from the finite-difference and finite-volume discretizations for benchmarked flow
fields. Here, a second-order accurate Cartesian grid based finite-difference scheme is used to discretize
the incompressible Navier—Stokes equations. The discretization depends essentially on convolving the dif-
ferential operators with the distance function field, an idea applied to the solution of Poisson solvers in the
work of Gibou et al. [38,39]. The result is an easily implemented algorithm where the discretization of the
governing equations at all points (i.e., away from as well as adjoining the interface) can be presented in a
unified format. Thus, the present algorithm handles embedded solid—fluid interfaces (using the sharp-
interface method detailed in this paper) and fluid—fluid interfaces (using the Ghost Fluid method, as dem-
onstrated in Part II [2]) in a unified fashion. The present algorithm, with only minor adaptations, has been
applied to problems such as droplet-wall interaction [2] and solidification [3].

3. Discretization of governing equations

3.1. Equations to be solved

The governing equations for incompressible flow, with variations in density due to temperature or sol-
utal inhomogeneities are (under Boussinesq approximation):

V.i=0, (3)
i ~ 1 - /

SaVi=-—Vp+ Eviae Pg, (4)
ot Po Po Po

Do’ Opg

Dt oz’ (5)

where p’ and p’ are the perturbed components of density and pressure defined as p' = p — pg, p’ =p — ps.

In the above set of equations, i is the velocity field and, po, pand g (= — glAc, k is the unit vector in z-direc-
tion) correspond to the reference density, viscosity and acceleration due to gravity, respectively. The basic
undisturbed distributions of density and pressure (pg, pp) satisfy hydrostatic equilibrium (dpg/dz = —pgg).
The characteristic velocity, length and density scales chosen for non-dimensionalizing the governing equa-
tions are the inlet flow velocity U,, characteristic length of the immersed object D and the reference density
po, respectively. The governing equations transform to the following dimensionless form:

V.i=0, (6)
% i Vi= Vet vt Ly (7)
o VT TP TR Y T RS
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In the above equations, Re = pqUyD/n and Fr = Uy/ND represent the Reynolds number and internal Fro-
ude number, respectively, where N is the buoyancy frequency defined as N = \/(g/p,)(dpg/dz). In the com-
putations performed the density variations in the domain are neglected in all cases except those involving
stratified flows [52].

The scalar (temperature, species concentration) transport equations take the general form:

K =
Big + Vi = BV, )
where f; and f4 are material constants associated with the time-dependent and diffusive terms, respectively.
3.2. Flow solver

A cell-centered collocated arrangement of the flow variables is used to discretize the governing equa-
tions. A two-step fractional step method [43,53] is used to advance the solution in time. The first step eval-
uates an intermediate velocity by solving an unsteady advection—diffusion equation

ﬁ* _ —n R 1 p
= —ii-Vi+_—Vi+-—§ 10
At Re F? & (10)
where the intermediate velocity #" is evaluated with central-difference discretization schemes for convection
and diffusion terms. The convective terms are treated explicitly and discretized using a second-order accu-
rate Adams—Bashforth method

i Vi =3 va' - - Vi), (11)
The diffusion terms are treated semi-implicitly using Crank—Nicholson scheme

1 2= 1 2k 2-n

EVu—zRe(Vu + V). (12)

The second fractional-step involves the correction of the intermediate velocity field #* to enforce mass
conservation

—nt1 —
un+ —l/l*

At

where the pressure field p is evaluated to impose a divergence-free velocity field at time step n + 1. This is
done by taking the divergence of Eq. (13) to obtain a Poisson equation for pressure

v-u
2
= 14
Vir=—x (14)
The final semi-discrete form of the equations including each of the above discretization schemes is as follows:
i 1 2 % i p. g 1 2-m 1 —n o Ton —n—1 ——n—1
-z -4 —— (34" - — . 15
AR T A T Tage VW R B Vi iV, (15)
V-
2 n+l L 16
Vp A7 (16)

The intermediate velocity is then corrected to obtain the final divergence-free velocity field
" =@ — AtVp. (17)

The advection—diffusion equations for scalar (heat and species) transport are discretized in a similar man-
ner, i.e.
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3.3. Implicit interface representation using levelsets

Embedded surfaces are represented implicitly on the mesh using a standard level-set approach [54-56]. In
addition to the flow variables, the level-set method advects a scalar field ¢;, where subscript / denotes the /th
embedded interface. The value of ¢; at any point is the signed normal distance from the /th interface with
¢; < 0 inside the immersed boundaries and ¢, > 0 outside. The interface location is implicitly embedded in
the ¢ field since the ¢, = 0 contours represent the /th immersed boundary.

In case of moving interfaces, the motion of the boundary is tracked by advecting the level-set using

(@) + 7V, =0, (19)

where 7, is the /th level-set velocity field. A fourth-order ENO scheme in space and fourth-order Runge—
Kutta integration in time are used for the evolution of the level-set field. Since ¥, is prescribed by the phys-
ics only on the interface (i.e., on the zero-level-set), the value of velocity at the grid points that lie in the
narrow band around the zero-level set needs to be obtained. This is done by extension of the interfacial
velocity [54,57] away from the front using

Vot Ve Vip =0, (20)
where  is any quantity (such as interface velocity components (V,)X or (17,)),) that needs to be extended

away from the interface. A choice for the extension velocity is Ve = sign(¢,) \giﬁ B This populates the nar-

row band around each interface in the time t = O(Ax) with a level-set velocity that has been extended out-
ward from the interface in a direction normal to it. A reinitialization procedure [58,59] is carried out after
level-set advection to return the ¢-field to a signed distance function, i.e., to satisfy |€¢1| = 1. Suppose
(¢))o 1s the level-set field prior to re-initialization. The following equation is solved to steady-state to re-
initialize the level-set field:

(), +w- Vo, = sign(¢,), (21)

L V() :
w = sign((¢,),) ,  where sign((¢,),) =
V()| ’ (¢))2 + (Ax)?

(¢1)0 (22)

with the initial condition ¢,(¥,0) = (¢,),(¥).
The calculation of normal and curvature of the interface from the level-set field is simple. The normal is
given by

= V_"151/|V_)(151‘ (23)
and curvature is obtained from
Kk=—V-i. (24)

3.4. Discretization of operators

3.4.1. Classification of grid points

The grid points on the Cartesian mesh are classified as bulk points and interfacial points. The latter
are points that lie immediately adjacent to the immersed interface. Fig. 1(a) illustrates an immersed
interface and the points that are classified as interfacial points, i.e., points that satisfy the condition
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Fig. 1. (a) Definition of the bulk (clear circles) and interfacial (filled circles) points. The interface is given by the 0-levelset. (b) Standard
S-point bulk point stencil in two-dimensions. (c) The configuration of a typical interfacial point. (d) System for evaluating the
Neumann boundary condition on the interface and evaluation of ghost pressures.

(¢0:; (P <0, where subscript nb denotes an immediate neighbor along the coordinate directions.
The discrete operators at the interfacial points are different from those that apply at the bulk points.
The strategy adopted to deal with this situation for the differential operators in the governing equation
are discussed below.

3.4.2. Discretization at bulk points

A standard 5-point central-difference stencil applies for a typical bulk point (i.e., a grid point that does
not adjoin the embedded interface) in a two-dimensional Cartesian mesh. While only two-dimensional sit-
uations are shown in the figures for ease of visualization, the discussion below carries over to three-
dimensions. The three-dimensional counterpart would involve a 7-point stencil and the discretization for
the momentum equations is identical in all the three-dimensions as described below.

The second derivative w.r.t. x in the diffusion term is discretized as follows:

azl// o WH.W‘ - lpi,j . lﬁi,j - ‘/’i—l.j

a2 AR A2 (25)
while the convection term in the x-direction is obtained from
aul// _ ui+l/2.jl//j+1/27j - ui—l/ZJwi—l/z,j (26)

Ox Ax ’
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where u is the x-component of the velocity and

Vi, + ¥,
Wiil/z,/ = %> (27)

where u;+1,; are the velocities on the cell faces. Similar considerations apply along the y- and z-
directions.

3.4.3. Discretization at interfacial points

As pointed out before, the main challenge in sharp interface fixed-grid methods is to accurately impose
interfacial conditions in the discrete system of equations. Moreover, a sharp-interface method demands
one-sided discretization for all the partial derivatives to avoid smearing of the interfaces. For the case of
immersed solid—fluid boundaries, as in fluid—structure interaction problems, the no-slip and no-penetra-
tion velocity boundary conditions are applied on the solid surfaces. For small Strouhal numbers, the
Neumann condition for pressure applies on such boundaries [45]. These boundary conditions are then
supplied to the governing equations through the discretization at the interfacial points as described
below.

(a) 0*Y/ox? with a Dirichlet boundary condition on the embedded boundary: Second derivatives need to
be computed in the diffusion terms in the momentum as well as scalar transport equations and in these
cases typically a Dirichlet condition applies at the boundary. With particular reference to the point (i, )
in Fig. 1(c), this point lies in the fluid and the velocities, scalars (temperature and species concentration)
and pressure are computed there. Note that for points that lie in the solid only the temperature and
species fields are computed. In discretizing 9*y/0x> at point (i,j) in Fig. 1(c), the neighbor point
(i + 1,j) lies across the interface in the solid and hence cannot be used in discretization. In order to in-
clude the interfacial values (i.e., apply interfacial conditions), it is necessary to find the location where
the O-level-set intersects the line joining the cell centers (indicated by the square symbols in Fig. 1(c)).
The discretization for such operators can be advantageously constructed in a simple manner using the
approaches given in [38]. Note that higher-order approaches are also possible as in [40]. However, we
will restrict ourselves in the present case to attempting a second-order accurate treatment. Following the
schemes in [38], in the following expressions for the coefficients frequent use will be made of the quan-
tity y = % (see Fig. 1(c)), where Ax; is the distance between the cell center and the intersection of cell
centerlines with the interface (filled square); Ax is the nominal cell width. By noting that the intersection
point has a zero level-set value, y can be easily evaluated using the level-set information at (i,j) and

(i+1,))

A)C[ N (qsl)lx - (d)l)iJ

v — N _ 0— (d’l)z:j
£ Ax (¢1)i+1‘j - (d)l)i,j

B ‘(Q');)MJ - (‘l”z);:,j .

(28)

Note that in evaluating the quantity y a linear profile is assumed for the distance function between adjacent
grid points. Higher-order approximations of the geometry can be implemented as well [60,61].
The second-derivative can be estimated to second-order accuracy using the form

R
a2 = W oV i+ i (29)
where /; is the value on the interface at the location 7., (Fig. 1(c)).

Using Taylor series expansions for each of y;, ;1 ;, ¥;_» ; about point (7,j) and further demanding that
0%Y/0x* be estimated to O(Ax?) yields the following expressions for the coefficients:
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=6/(x(x + 1) (1 +2)A%%), (30a)
o1y = (4= 20)/((x + DA?), (30b)
%25 = (1= 1)/((x +2)A%%), (30c)
O ;= —0 — 01, — O (30d)

In practice, the above implementation may present difficulties due to the singular behavior of a7 as y — 0.
Therefore, for small values of y(<0.01), i.e., when the interface is very close to the mesh point, the value y is
replaced by max(y,0.01). This involves a slight perturbation of the boundary within a grid cell and decreases
the order of accuracy locally from second-order. However, this situation arises at only a few mesh points
and the global accuracy is not impacted. Note that a first-order approximation is given by:

o =2/(x(1+ 7)Ax), (31a)
a1y =2/((x+ 1AX?), (31b)
Oj = —0 — %1, (31c)

@Z_lﬁ . 2 (W — Wi,j) _ 2 (‘//;:j - lﬁi—l,j)
o2 y(1+y) A2 (1+7) A

The singularity with respect to y remains in this case as well. However, positivity of the off-diagonal
coefficients is maintained in the first-order case while the second-order form will lead to a negative coeffi-
cient o; 5 ;. In practice this negatively impacts the convergence of the iterative solver used for solving the
discrete system of equations; to maintain robustness a first-order treatment for the diffusion term is em-
ployed at the interfacial points in the present calculations. While this choice lowers the order of approxi-
mation in the lower-dimensional set of interfacial cells, global second-order accuracy is still maintained
as shown in the results.

(b) Convection and divergence terms (0(uy )/0x and Oy/0x) with Dirichlet conditions on the boundary: As
for the second-derivative terms above, the discretization scheme for 9(uy/)/0x consists of contributions from
points in the same phase. Again, following the approach taken by Gibou et al. [38] for the Poisson equa-
tion, the differential operator for the convection term is obtained in the following form:

aulp 1
oY (uh), + )”i—l/zy.f(ulp)i—lﬁ,j + )Vi—3/2~j(ulp)i—3/2,j‘ (32)

Note that, as in [29], to avoid pressure—velocity decoupling in the current collocated variable arrangement
cell-face velocities are also stored along with cell-center velocities [53]. These cell-face velocities are used in
evaluating the convective fluxes in Eq. (32). By employmg Taylor expansions for each of the ¥, , in Eq. (32)
about point (i,j,k) and demanding an O(Ax?) scheme the following expressions are obtalned for the
constants:

(31d)

By = (22— 3)/((27+ 1)Ax), (33a)
Jiany = (1= 2) /(3 + 27)A), (33b)
21 =8/((47% + 81 + 3)Ax). (33¢)

The general form and the coefficients for a first-order scheme in this case are:

0
O da(uah), o ) (342)

Jiciay = =2/((1 4 2)Ax), (34b)
21 =2/((142y)Ax). (34c)
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The above general form can be rewritten as follows:

% _ 2 (), — (ulﬁ),])
ax (142 Ax '

Since the convection terms are explicitly computed the second-order approximation can be employed ex-
cept at those points where two opposing interfaces approach to within a mesh point. In this exigency,
the first-order approximation needs to be adopted.

(c) 3W/0x? operator with a Neumann boundary condition on the embedded boundary: This situation arises
in the pressure Poisson equation for points that adjoin the embedded boundary. The stability and accuracy
of the flow solver depends critically on the construction of this term. In fact, devising a discrete form for the
Laplace operator with a Neumann condition on the immersed interface proved to be the key to the robust-
ness of the overall flow solver.

From Fig. 1(c), it is evident that when discretizing the above operator the boundary condition that will
apply at point 7, is 0y/on = 0. It is not immediately clear how such a Neumann condition can be incor-
porated into the discrete form of the above operator. Apart from being crucial to the robustness of the
overall method, the treatment of the pressure boundary condition is a key distinguishing feature of the fi-
nite-difference approach adopted here as opposed to the finite-volume approach detailed in previous work
[29]. In the latter a weak form of the pressure Poisson equation was employed, i.e.

op !
f ds = jf s, (36)

The interfacial cells were reshaped into irregular shaped cells where one of the cell edges coincided with the
interface. Due to the weak form above the Neumann boundary condition for pressure is easily incorporated
by setting the interfacial contribution to zero (i.e., Op/On = 0) implicitly in the discrete pressure Poisson
equation. However, since the strong form is employed in the present finite-difference scheme on a Cartesian
grid, one has to impose a Neumann boundary condition on the pressure in some way in the discrete Laplace
operator. Several approaches were tried for discretizing terms such as 0%/0x> with a Neumann condition
on the immersed boundary and the one chosen for robustness is described below.

The Laplace operator in the pressure Poisson equation is assembled as for the Dirichlet boundary con-
dition case (i.e., Eq. (29)). The interfacial pressure is found using a normal probe approach [7,62] to satisfy
the Neumann condition. Looking at Fig. 1(d), the interface pressure can be estimated by extending a nor-
mal from point I and placing two points distant Ax apart along the normal. The locations of the points 7,
I1, and I2, on the probe are therefore:

(35)

X, =X + Ax/i, (37a)

X1, =X, + Ny Ax, (37b)

Xp, = ¥, + 2N}, Ax. (37¢)
Similarly:

X, =X+ Ay, (38a)

n, =%, + Np Ax, (38b)

Xp, =X, + 2N, Ax. (38¢)

Fitting a quadratic to the pressure field along the normal erected and demanding that 2 W’ =

obtains

¥y

= 0 at point I, one

— 8~ (39)

Xy
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In the above expressions the normal vector appears in several places. The normal at any point is easily ob-
tained by bilinear interpolation from the values at the grid points. Note that the values of y at the points
11, and 12, are required in the above equation. These are calculated by bilinear interpolation from the
surrounding mesh points. One issue that arises while evaluating the Y1, and Y >, is that for certain inter-
face orientations the bilinear interpolation may involve a point that lies in the solid. Thus, a single layer of
ghost values of pressure is computed and stored at the interfacial points in the solid. The ghost values of
pressure are also obtained with the condition that the Neumann condition applies at the interface. Thus, a
normal to the interface is erected from the ghost point as shown in Fig. 1(d), where the locations of the
points on the normal are:

g1 = % + Nglogl, (40a)
X = X1 + NgAx. (40b)
The normal at point G is obtained from the level-set field using Eq. (23). Fitting a quadratic to the pressure

field along the normal and demanding that % = 0 be satisfied at the point G1 (i.e., on the solid boundary)
leads to

_ Vords — Wedidy + od,

41
Ve 43 —2dvdy +dy “h)
where
di = (1)l and  d> = |(¢))g| + Ax. (42)

The interfacial value of the pressure s is obtained from Eq. (39) above and the value at G2 is obtained by
bilinear interpolation. Note that the value of the ghost pressure and the interfacial pressure become inter-
dependent through Egs. (39) and (41). The determination of the interfacial pressure and ghost pressure are
embedded within an iterative solver for the pressure and therefore the ghost and interfacial value of pres-
sure converge along with the pressure field at the fluid computational points. This second scheme works
reliably for the entire range of Reynolds numbers and flow problems tested using the present solver. The
above scheme applies in three-dimensions as well.

3.4.4. A general form of the discretization for the operators

The interface can cut through the mesh in an arbitrary fashion leading to several different configurations
of interfacial points. Some situations are illustrated in Fig. 2. The central idea here is that the above dis-
cretization procedures can be generalized in a straightforward way (in 3D) for implementation purposes
without concerning oneself with details of the embedded geometry. Each of the spatial differential operators
that appear in Egs. (10)—(18) can be discretized by considering derivatives along the coordinate directions
and the final 3D discrete form assembled in a unified manner by only the signed distance function on the
mesh. The following expressions apply where multiple (say L,.x) embedded boundaries are present in the
flow. For components along the x-direction the scheme is as follows.

Fig. 2. Some of the possible interfacial point situations in the two-dimensional case.
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Define a sign function:

(¢1)Lj(¢1)iil,j (43a)
Sty = 1:1’11?%‘133 {(sl)j:x}'
The switching function:
ror= min 4 Jmax((n)n 0+ 0, oy b (43)
1=1.Liax (@)l + (D)
(a) The Laplacian operator:
Then the second derivative w.r.t. x is
azlp (l//+x - l//I) (lpz - lp—x)
o Oty AR s o, ;xsz . (43c¢)
For the first-order scheme in the interfacial cells, as described above, the coefficients take the form:
Vi = ‘plﬂ| min(s.,, 0)| + ‘piilﬂ max (s, 0)], (43d)
Lo = Lo (43e)
1
Oy = ——, 43f
= (430)
d d
1+ X
Yy = % (43g)

(b) The advection and divergence terms (of the form %)
Once again, following the scheme presented in Eqs. (33)-(34) for the interfacial cells one obtains the gen-
eral form as:

0 —
() = (), min(s.e, 0)] + ()i I max(see, 0)], (44b)
r=F |m1121(si”’ ... (d4c)
=1 L (44d)

Note that this scheme works for the situations where the point (7)) lies in the fluid and either both, one or
none of the neighbors (i + 1,5) and (i — 1,j) lies in the solid phase. Also, in constructing the three-dimen-
sional Laplacian operator the coefficients ociy/(yyAyz) and o+./(y.Az%) can be calculated in a manner identical
to that for ocix/(yxsz) above. Note that the simplicity of the algorithm results from the fact that unlike in
the finite-volume method, here only the interfacial locations /+,,.. (Fig. 2) are of significance for the dis-
cretization procedure. These locations are easily obtained in 3D by using the distance function information
carried by the level-set field. In fact, it is not necessary to explicitly compute the locations of points I+
since the switching function y+,,,. transmits all the necessary geometric information to the coefficient
assembly procedure.

Based on the above templates, the discretized forms of the three-dimensional spatial differential opera-
tors that appear in Egs. (10)—(18) are:
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Ly (l//t.jx/:;/ﬂ —o, ([//i.{;./(;(ﬁ—x) +o, ([[/iyzp‘;/j) ’
lep _ Vx Tx X TyRY (45)
Wija—v-y) W= Vijn) Wiju—v_2)
_a—y {,':Ayz - + Olyz Jr.),:AZZJk — 0z ZAZZ )

() = () ) (), = (W) ) (). = () )

V- (dy) = 46

(@) JAx Ay LAz (46)
Note that in the advection term above, the cell-face velocities (stored separately from the cell-center veloc-
ities) are used in evaluating the fluxes. The convected variable s at the cell face is estimated by linear inter-
polation as in the central-difference scheme. For the pressure Poisson equation, the same discrete operator
form as above (Eq. (46)) is used to evaluate the divergence term on the right hand side of Eq. (16), i.e., in

that case y = 1 and # is replaced by #".

4. Velocity correction

Once the intermediate velocity and pressure fields have been obtained as described above, the velocity
correction step is performed to update to a divergence-free velocity field. For grid points that lie away from
the interface this is straightforward. For points that lic next to the immersed boundary the corrections are
performed as for the particular case of point (i,) illustrated in Fig. 1(c), viz.

ut =y, — Az%, (47a)
where

P = pr | MiN(s2c, 0)] + prsy o ) MaX (5, 0)] (47b)

Ao = 15+ A (47¢c)

Note that cell-face velocities are corrected independently

—n+l __ —n 7+1
Upaee = Ugee — At(vp )

(48)

The pressure gradient at the cell face is obtained based on straightforward central differences. There is no
difference between the correction procedures for the cell-face velocities in bulk cells and in interfacial cells.
This is because face velocities in directions in which the interface is present are not included in the discrete
forms of the momentum and mass balance equations, as seen from Eq. (46).

face*

5. Moving boundaries

In Eulerian sharp interface methods, when the solid boundary moves across a grid point, the state of the
point can change from liquid to solid or vice versa. Different approaches have been employed to handle this
situation. In ghost-fluid type methods and immersed boundary methods [21,24,32] or fictitious domain
methods [63] flow fields are computed within as well as outside the immersed solid object. Thus, when
the boundary crosses over a grid point, changing the state from solid to fluid, the newly emerged fluid point
simply takes on the flow field variables that were available at that point in the previous time step. In the
sharp interface method [29] as well as immersed interface method [11,27] where the flow is computed sep-
arately in each subdomain (fluid and solid) separated by the interface and no ghost flow field exists in the
solid, a scheme must be devised to obtain the flow field variables at the newly emerged fluid point. Note that
the converse case, i.e., the emergence of a grid point that was in the fluid phase into the solid phase presents
no issues since the flow field is not computed in the solid phase.
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Fig. 3. Illustrations of the emergence of points from the solid to fluid phase when the sharp interface moves through the mesh.

:’jl(qﬁ,)z ; < 0. Since the point was pre-

viously in the solid phase ((¢,);; < 0) it had no history in the fluid phase ((q’),):';’l > 0), i.e., @' (as also &")
does not exist in the fluid phase for such a point. Therefore, these points are to be evolved to time level n + 1
in a special fashion. Note that since the pressure Poisson equation does not have a time-dependent term the
pressure in such a cell can be evaluated as usual once a iix value is available after solving the momentum
equation. The method to obtain #" (and £") for such points follows along the lines detailed in [29,30] and is
analogous to the approach taken in moving grid formulations when a fresh grid point is inserted following
mesh refinement. The value at such points is obtained by interpolation from the known values in the sur-
rounding cells and on the moving boundary (where the boundary conditions are specified). For the partic-
ular time step when a grid point changes from solid to fluid phase, the value of #" there is found using a
linear interpolation operator spanning points in the fluid and on the interface. The interpolation points that
are picked depend on the orientation of the interface in the cell as illustrated in Fig. 2. For the particular
case in Fig. 3, the value at the freshly cleared cell (i,)) is calculated as ¥}, = (x_, ¥/, +¥; )/(1+1.,),
where y_, is the distance between the grid point (i,/) and the interfacial point /_,. The interpolation points
are chosen depending on the direction of the normal vector at /_, (ii = (n,,n,)) and the ratio n,/n,. For
instance, in the above expression for the case in Fig. 3, points /_, and (i,j + 1) are chosen since (n, >0
and n, > n,). Consistent with the difference scheme in the interface-adjacent grid points the treatment at
the newly emerged fluid points is first-order accurate. Note that this procedure is equivalent, in analogy
with purely Lagrangian (moving grid) methods, to interpolating the value of variables to a newly inserted
point after mesh refinement from values at the old mesh points (i.e., before refinement). In diffuse interface
Eulerian methods (where interfaces may be captured using VOF, level-set, phase field, etc.), where the inter-
facial forces are spread over the mesh [9,64] this issue of cross-over does not arise since there is no clear-cut
interface location and all properties are taken to vary smoothly over a few mesh points.

A newly emerged fluid grid point is defined by the condition (¢,)

6. Multigrid with embedded interfaces
6.1. Algebraic multigrid with moving embedded boundaries
The typical problems to be solved using this method involve embedded solid—fluid and fluid—fluid [2]

moving interfaces. A well designed geometric multigrid method has been previously shown to be effective
in accelerating the Poisson solver for solid—fluid interface problems [30,43]. Geometric multigrid methods
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require information on the manner in which the embedded geometry cuts through the mesh to design an
effective grid coarsening strategy and special modifications at each grid level have to be made to account
for embedded boundaries. As the complexity of the problems increases upon the inclusion of fluid—fluid
and solid—fluid—fluid interfaces with property jumps and surface tension, the complexity of designing a geo-
metric multigrid method also increases. algebraic multigrid (AMG), on the other hand, is virtually a ‘black-
box’ solver. In case of fluid—fluid problems with implementation of Ghost Fluid Method, the formulation is
likely to have a coefficient matrix with large coefficient jumps depending on the density difference between
the two fluids. Assembly of coefficients on coarser meshes for the geometric multigrid method then becomes
a complex process. Moreover, in the case of moving boundary problems, coefficient assembly may need to
be done at every time step. In moving interface problems, a local mesh refinement (LMR) algorithm with a
tree structure is attractive in order to better resolve the interfaces [65-67]. Such a local mesh refinement
would result in the coefficient matrix losing its penta-diagonal structure and becoming sparse and unstruc-
tured. In such cases, the AMG approach would be a natural choice to accelerate the Poisson solver, since it
relies only on the coefficient information on the finest level of mesh. The geometry information carried by
the fine grid coefficients is automatically transmitted to the coarser meshes. With some modification to the
standard algebraic multigrid algorithm, an effective grid coarsening and solution strategy has been designed
that naturally accounts for the presence of embedded objects, whether they are stationary or moving solid—
fluid or fluid—fluid interfaces.

6.2. Local coarsening for moving boundary problems

The main components of the multigrid algorithm include the grids from level 1 (finest) to M (coarsest)
denoted by Q" where m denotes the level of mesh. Coefficient matrices on each level of mesh m are repre-
sented by 4”. The interpolation operator (coarse to fine) is represented by 7’| and the restriction operator
(fine to coarse) by In’”fl. The restriction operator matrix is the transpose of the interpolation operator and
the coefficient matrix on the next coarser level of mesh is computed by a Galerkin type operation as
A =g .1~ The set-up phase includes dividing the set Q" into the coarse and fine sets, defining
the interpolation matrix /;,,, and computing the new operator matrix AL

A significant trade-off for the robustness of AMG is the long setup time required to assemble the coarse
meshes and coefficients. In the case of stationary boundaries, the set-up needs to be done only once and can
be ignored as a one-time investment of CPU time. But for moving boundary problems, the coefficients on
the fine mesh, in the vicinity of the interface are re-assembled at every time step, which means that the
coarse meshes also need to be re-assembled at every time step. This is not a very efficient process. To solve
this problem, a ‘local coarsening’ strategy is developed which effectively deals with this obvious disadvan-
tage of AMG as a fast solver. In the Cartesian grid framework, when the interface moves, only the coef-
ficients at grid points close to the interface need to be re-assembled. Therefore, it seems unnecessary to
re-coarsen and re-assemble the grids and coefficients in the entire domain at every time step. A strategy
has been developed to re-coarsen only the cells within the narrow band of the level set field corresponding
to the moving interface. This is done at every level of multigrid. At coarser levels of mesh, the level set infor-
mation is coarsened and only those mesh points that are likely to have dependencies on the interfacial cells
are cleared for re-coarsening. Since the interface generally moves less than a grid spacing during a single
time step (due to a CFL-type criterion), this process ensures that all the grid points that are likely to be
dependent on the interface points are re-coarsened, while the rest of the domain uses the same coarse grid
as in the previous time step. Fig. 4 illustrates this ‘local’ coarsening process. The domain consists of two
objects placed in the flow path shown in the figure by thick lines. The coarsened level set tube is marked
by the thin lines. The first object is a solid cylinder of non-dimensional radius 0.1, placed at (0.3, 0.7),
the second is a bubble of the same radius placed at (0.7, 0.3). The latter fluid—fluid interface has large coef-
ficient jumps because the density of the liquid is 100 times that of the bubble. Fig. 4(a) shows the coarsened
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Fig. 4. Local Coarsening process: (a) full coarsening at first time step; (b) outertube cleared of coarse points when the interface moves;
(c) outertube recoarsened for multigrid without changing coarse points in non-interface cells.

mesh at the beginning of a time step. At this point, a full coarsening of the domain has been done for the
multigrid. Fig. 4(b) shows the starting of coarsening process at the next time step. As shown in the figure,
only the mesh points within the level set tube are cleared for coarsening while the remaining domain is
maintained as in the previous time step. AMG set up strategy is then applied to the cleared cells. Fig.
4(c) shows the domain that has been re-coarsened locally at the second time step. It can be noticed from
Fig. 4(c) that the local coarsening strategy does not necessarily choose the same points that were chosen
when the whole domain was coarsened. This implies that with local coarsening, there is a likelihood that
the moving interface may leave a trail of irregular coarsening following its path of motion as the solution
progresses. From rigorous testing of moving interface problems involving solid—fluid and fluid—fluid inter-
faces, it was found that the fact that the points chosen by local coarsening are not exactly the same as the
ones chosen by full coarsening does not seem to affect the convergence trends of AMG to any serious ex-
tent. This is demonstrated later in the results section. Therefore, local coarsening is a strategy that can be
used for set up of multigrid for fast solution of the pressure Poisson equation in moving interface problems.
If desired, full re-coarsening can be performed periodically at a fixed interval so that all traces of the moving
boundary are eliminated periodically in the course of calculation. It has been observed that depending on
the size of the interface, the local coarsening strategy takes up only about 10% of the time taken up by full
coarsening for most applications.

7. Overall solution procedure
The fractional-step algorithm that includes immersed boundary motion is then as follows:

1. Advance time """ = /" + Ar.
2. Define the new boundary location by advecting level sets to obtain ¢"*'. Extend interfacial velocity from
the interface into the narrow band.
3. Compute the intermediate velocity fields #":
(a) Obtain the coeflicients for the diffusion term from Eq. (43). Determine interfacial velocities from the
extended level-set velocity field by bilinear interpolation.
(b) Obtain the discrete convection terms from Eq. (44).
(c) Solve the discrete system of equations using a Line-SOR solver.
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4. Compute the scalars én+l (temperature, species concentration, etc.). Follow the same procedure as in 3
above.
5. Compute the pressure field.Conduct a V-cycle multigrid solution of the pressure Poisson equation:
(1) Assembile finest level coefficients.
(a) Obtain the interface pressure using Eq. (39).
(b) Populate ghost pressure values using Eq. (41).
(c) Obtain the discrete Laplace operator using Eq. (45).
(d) Calculate the velocity divergence term using Eq. (46).
(e) Solve finest level.
(2) Assembile recursively coarse mesh coefficients from the corresponding fine level coefficients and solve.
6. Correct the velocities using Eq. (47) to obtain the final velocities #" .
7. Go to step 1.

8. Results and discussion
8.1. Finite-difference and finite-volume approximations

The accuracy of the current finite-difference and level-set combination (FD + LS) is compared to that of
a finite-volume method that used marker tracking (FV + MT) [29]. The main differences between the pres-
ent FD + LS method and the FV + MT method lie in the manner in which the sharp-interface treatments
are constructed in the interface-adjacent grid points. In the FV + MT method, a cut-cell technique was used
to reshape the control volumes at such points and the weak form of the governing equations was discret-
ized. However, the present FD + LS scheme is far easier to implement and makes extension to three-dimen-
sions straightforward.

The solutions to scalar diffusion and scalar convection—diffusion problems are chosen as a basis for com-
parison in this section. The computational setup for all of these cases is a circular cylinder of radius 0.25 placed
at the center of a 1 x 1 domain as shown in Fig. 5(a). For the diffusion problem, Dirichlet boundary conditions
are applied at the cylinder surface (¢ = 0), the left and bottom boundaries of the domain (¢ = 1) and the right
and top boundaries (¢ = 0). The system is allowed to reach steady-state and the L,-norm of error in temper-
ature over the whole domain is calculated. Both FD + LS and FV + MT methods are used to solve this prob-
lem. Variation of the L, norm with grid spacing using the two methods is compared in Fig. 5(b) by taking the
solution on the finest mesh (200 x 200) to be the exact solution. The figure shows that the present FD + LS
solution compares well with the previous FV + MT method in terms of the order of accuracy. Both methods
provide globally second-order accurate solutions although the errors in the finite difference case are somewhat
higher in magnitude than the FV + MT case.

The scalar convection—diffusion equation is solved next in the same setup as for the above case but a
uniform flow (# = 1.0, v = 1.0) is imposed everywhere in the domain. As in the previous case, both FD + LS
and FV + MT methods are used to solve the convection—diffusion equation. The variation of L, error
norms with grid spacing for the solution at steady-state for each of these methods is plotted in Fig. 5(c).
The slopes of the lines indicate that both methods yield second-order accurate results. These accuracy stud-
ies indicate that the present FD + LS method compares well with the finite-volume sharp interface method
while carrying the advantage of simplicity of construction.

8.2. Choosing a solver: evaluating the performance of AMG

The performance of the algebraic multigrid solver is evaluated for typical problems with embedded
sharp interfaces which involve solid—fluid or fluid—fluid interfaces or both. The treatment of the solid—fluid
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Fig. 5. Comparison of error norms for finite-difference and finite-volume formulations: (a) computational setup; (b) diffusion problem;
(c) convection—diffusion problem.

interfaces has been detailed in this paper and the fluid—fluid interface is handled using the Ghost Fluid
Method [31]. Further details on combining the fluid—fluid interface with solid—fluid interfaces, including
treatment of contact and wetting, are provided in a companion paper [2]. An important consideration while
selecting a solver is the scalability of the method. The scalability of a method is defined as the ratio of the
solve time to the number of computational points on mesh. With increasing number of computational
points, the performance of a method with better scalability gets increasingly better when compared to other
solvers [68,69]. The number of work units in the solution process is defined by

YN
w:anN—l, (49)

where @ indicates the number of work units and »,, denotes the number of inner iterations on level m of
mesh, N, is the number of points on level m of the mesh and N; is the number of points on the finest level
of mesh. This is a measure of the computational effort expended in the solution of a given problem. The
CPU time required for the solution to converge to a residual level of le — 6 in the L., norm is measured
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for the advancement of the solution for 25 time steps starting from an arbitrary initial condition for the
pressure and velocity fields. For the stationary boundary problems considered below, at the end of 25 time
steps, the effects of the arbitrary initial conditions have generally been overcome and the subsequent con-
vergence is fairly rapid. Because of the presence of embedded boundaries and the non-uniformity of
coefficients of the cells adjacent to the interface, the highest values of residuals are generally concentrated
close to the interfacial cells. The data presented have been recorded for a maximum of 3 levels of multigrid
so as to ensure uniformity. More levels can be used as well depending on the number of mesh points on the
finest mesh and the aspect ratio of the flow domain. The performance of the AMG solver is tested below for
a hierarchy of problems involving embedded interfaces. The performance is compared with the standard
point wise Gauss—Siedel and Line-SOR solvers.

8.2.1. Scalability tests

The scalability characteristics of the three solvers tested are shown in Table 1 for different applications
with and without embedded interfaces. In each case, the scalability characteristic of the AMG solver is
found to be at least three times better than that of the other solvers depending on the specific application.
The relative scalability of the solvers is more or less independent of the type of application (with or without
interfaces) as seen from Table 1. With increasing grid size the performance of AMG gets increasingly better
when compared to the line solver and Gauss—Siedel point solver. For instance, the data for the flow across
cylinder in 2D in Table 1 shows a scalability of 0.052 for the line solver, 0.054 for the point solver and 0.01
for the multigrid.

8.2.2. Solve time comparison

Table 2 shows the comparison of solver parameters (the solve time, work units and number of fine mesh
iterations) on a variety of moving boundary problems with immersed interfaces. The problem specifications
are listed in the table. The recorded data is scaled by the corresponding values for a Gauss—Siedel point
solver. The AMG solver is found to consistently yield a speed-up of 5 times over the point solver in each
case, irrespective of the type of the immersed interface. The Line solver on the other hand performs better in
the case of solid—fluid interfaces than fluid—fluid interfaces.

8.2.3. Moving boundaries with local coarsening solid—fluid and fluid—fluid interface

This case involves moving solid—fluid as well as fluid—fluid interfaces and tests the performance of the
AMG solver with multiple embedded boundaries with and without local coarsening. A bubble is placed
in a tube with moving walls. The tube contracts and expands periodically. The bubble is deformed and
transported due to the contraction of the tube. The evolution of the shape of the tube walls and the bubble

Table 1

Comparison of the scalability of different solvers with increasing grid-size

Problem Scalability (s/computational point)
Gauss—Siedel Line Algebraic
point solver solver multigrid

Channel flow in 2D (Re = 250): no interfaces 0.045 0.05 0.009

Flow across cylinder in 2D (Re = 50): solid—fluid interface 0.052 0.054 0.01

Flow across sphere in 3D (Re = 100): solid—fluid interface 0.07 0.06 0.02

Bubble rising in gravity (Re = 526, We = 1.5, py/p, = 1000): fluid—fluid interface 0.2 0.4 0.07

The solve time is plotted against the number of computational points in the domain. This is a straight line, the slope of which indicates
the scalability of the method (Webster [68,69]). A method with better scalability has a lower slope. This indicates that with increasing
number of computational points, the performance of a method with better scalability gets better when compared to other solvers. As
seen in the above table, the scalability of the AMG solver is better than that of the other solvers for problems with and without
embedded interfaces.
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Table 2
Quantitative comparison of solver data for different applications
Problem Solver
Line solver Algebraic multigrid
Solve Work Fine mesh Solve Work Fime mesh
time units iterations time units iterations
Flow across cylinder in 2D (Re = 20) 0.2720 0.1871 0.1871 0.2008 0.0744 0.0434
Flow across cylinder in 2D (Re = 300) 0.3265 0.1868 0.1868 0.1916  0.0717 0.0415
Bubble rising in gravity (Re = 526, We = 1.5, py/p, =1000)  0.8709  0.6566  0.6566 0.1195 0.0476  0.0290
Bubble evolution under the action of a peristaltic wave 0.8224 0.7048 0.7048 0.3092 0.2067 0.1299
(Re =10, We =0.01, py/p, = 100)
Flow across sphere in 3D (Re = 100) 0.5170  0.1762  0.1762 0.3269 0.1015 0.0667

The recorded data is scaled by corresponding values for a Gauss—Siedel point solver. For example, the reported value for solve time is
the ratio of solve time for Line solver or the algebraic multigrid solver to the solve time for Gauss—Siedel point solver. The other values
are reported in a similar way.

in the contraction phase are shown in Fig. 6(a). As seen in Table 2, AMG achieves a speed up of about 10
times that of the point solver for this problem, even in the presence of multiple moving interfaces. Fig. 6(b)
illustrates the recorded solver data for this application. The figure shows the comparison of solve time,
work units, fine mesh iterations tabulated in Table 2 as well as the relative set-up times for the multigrid
with and without local coarsening. While there is a 10 times speed-up in the set-up process with local coars-
ening the solve times in both cases are comparable. This shows that in the case of moving boundary prob-
lems, where the interface coefficients change at every time step, local coarsening is attractive to save on time
required for multigrid set-up. For long computational times, the saving in the set-up time leads to a large
saving in total computation time when local coarsening strategy is used.

8.3. Benchmarking the flow solver

8.3.1. Two-dimensional flows

(a) Flow past a stationary circular cylinder: This study validates the current FD + LS method for flow
around immersed stationary boundaries over a range of Reynolds numbers by simulating steady and un-
steady flows past a circular cylinder immersed in an unbounded flow. These 2D cases are used to directly
compare the current FD + LS technique with experimental data as well as benchmarked numerical results,
including the previous FV + MT technique [29]. The flow around a cylinder for Reynolds number
(Re) =40, 80, and 300 are simulated and the results are compared to various numerical and experimental
results. A large domain size of 30 x 30 with computational mesh of 452 x 452 has been used to minimize the
boundary effects and to resolve the boundary layer on the embedded solid. The grid is fine and uniform in
the vicinity of the immersed boundary and is stretched linearly away from it. The boundary conditions on
the domain boundaries correspond to potential flow past a cylinder.

The length of the recirculation, the drag coefficient, Cp = Fp/(1/2)pUD (Fp being the drag force) and
the Strouhal number are computed for comparison with benchmark results. Table 3 shows that the results
from the current FD + LS method compare well with other experimental and numerical solutions. For
Re = 40, the flow develops to a steady-state with a steady recirculation zone of length 1.48 behind the cyl-
inder. The unsteadiness in the flow manifests itself in the form of classical Karman vortex street at Re = 80.
A Strouhal number (St = fD/Uy) of 0.15 is calculated for this flow. The mean drag coefficient computed is
1.37 which is in agreement with the previous FV + MT results. A similar study is conducted by increasing
the Reynolds number up to 300. The values of mean drag coefficient Cp = 1.28 and St = 0.21 agree well
with the experimental value of [70] as well as previous FV + MT results. Thus, for flows with embedded
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Fig. 6. Solid—fluid-fluid moving interface problem. (a) Bubble evolution when subjected to peristaltic wave in a channel. Re =1,
We = 0.01, py/pa = 100. (b) Comparison of solver data for 25 time steps. LC, local coarsening.

boundaries the current FD + LS method yields results that are indistinguishable from the FV + MT
calculations.

(b) Flow past an oscillating cylinder: To validate the capability of handling flows past moving boundaries
the flow past a transversely oscillating cylinder and the classical “lock-on” phenomenon for vortex shed-
ding is examined. Flow past a cylinder at Re = 200 undergoing sinusoidal transverse oscillation is simulated
for a range of oscillation frequencies and the results are compared to the experimental results [71].

The cylinder center (x,)q) is located at (8,10) relative to the left bottom corner in a 20 x 20 domain with
400 x 400 mesh points. A uniform velocity U, is prescribed on the left, top and bottom boundaries and the
right boundary has an outlet boundary condition. A sinusoidal motion of the form x.(¢) = xo,
v(t) = yo + Asin(2nfit) is imposed on the cylinder, where 7 is the non-dimensional time, A4 is the amplitude
of oscillation, f; is the frequency of the imposed oscillation.

The unsteady flow past a stationary cylinder at Re = 200 is used as a starting solution before proceeding
to oscillate the cylinder. A vortex-shedding frequency of f, = 0.198 and drag coefficient of Cp = 1.37 are
calculated for this flow. With the solution from the above simulation as an initial condition, flow past
an oscillating cylinder for a range of oscillation amplitudes and frequencies has been simulated. The sets
of parameters chosen to study the lock-on phenomenon are: (a) 4 = 0.1, fr= {0.15, 0.17, 0.19, 0.2, 0.21,
0.23, 0.25} and (b) 4 =0.2, f;=0.15, 0.17, 0.19, 0.21. Each of the simulations was performed for about
200 non-dimensional time units to ensure that the flow has attained a quasi-steady state. Shown in Fig.
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Table 3
Comparison with benchmark data for flow around cylinder
Study Re

40 80 300

Cp L/D Cp St Cp St
Tritton [77] 1.48 - 1.29 - - -
Fornberg [78] 1.50 2.24 - - - -
Mittal and Balachandar [79] - - - - 1.37 0.21
Williamson [80] - - - 0.15 - 0.20
Finite volume [43] 1.52 2.27 1.37 0.15 1.38 0.21
Current 1.52 2.30 1.36 0.15 1.28 0.22

7(a) are the vortex shedding patterns behind a cylinder oscillating with amplitude of 0.1 and frequency of
0.21. The non-dimensional shedding frequency (Strouhal number) is calculated by evaluating the periodic-
ity of the velocity fluctuations in the near wake region. The variation of velocity at a probe point in the
wake for the above mentioned case is shown in Fig. 7(b). The deduced shedding frequency from this plot
is 0.21, which implies that the vortices shed by the cylinder are “locked-on” to the cylinder oscillation.
Based on experiments [71], Koopmann obtained a curve in amplitude vs. frequency parameter space that
demarcates the lock-on region from non-lock-on regions. The results from the present study are bench-
marked by verifying the lock-on prediction against Koopmann’s experimental curve. The current results
are compared with the experimental curve in Fig. 7(c) and show good agreement. The current simulations
predict lock-on at frequencies close to the natural frequency. The points where lock-on was observed (filled-
squares) fall within the experimental lock-on regime (region between the solid lines in Fig. 7(c)) thereby
validating the current technique.

8.3.2. Three-dimensional flows

(a) Flow around a stationary sphere: Simulation of flow around a stationary sphere is used to validate the
numerical method for problems involving three-dimensional fixed immersed boundaries. Benchmark
numerical solutions and experimental data are used to validate the solutions. There are distinct regimes
in the flow around a sphere that can be identified based on the Reynolds number of the imposed flow
[72]. These include the transition from steady axisymmetric to non-axisymmetric flow (at Re = 210), fol-
lowed by transition from steady to unsteady flow (at Re = 270). Laminar flows up to Re = 300 are simulated
and compared to benchmark data. The transition points as well as quantitative measures such as recircu-
lation length, drag coefficient and Strouhal number (for unsteady flows) are used to validate the current
method. A 15X 15 x 15 domain with the sphere centered at (x =5, y = 7.5, z=7.5) is used for the simula-
tions in the current study. A computational grid consisting of 130 x 110 x 110 mesh points with fine and
uniform grid in the vicinity of the sphere and linearly stretched mesh away from the sphere is used. Com-
putational resources limit the domain and mesh size in 3D transient calculations. The domain and mesh size
used are deemed sufficient for the present study based on the agreement between the present results and
benchmarks. The boundary conditions on all the boundaries correspond to potential flow past a sphere.

Steady axisymmetric flow: The flow around a sphere is steady and separated for Reynolds numbers in the
range 20-210 [72]. The flows for Re starting from 50 are simulated. Fig. 8(a)—(d) illustrates the streamlines,
through the symmetry plane (z = 7.5) plane for Reynolds numbers of 50, 100, 150 and 200, respectively. As
expected, the flow has a steady, axisymmetric wake in all these cases. For these Reynolds numbers, the
quantitative data, viz. length of the recirculation bubble and the drag coefficient tabulated in Table 4 com-
pare well with the published data in the literature.
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Steady non-axisymmetric flow: It has been experimentally established [73] that a non-axisymmetric
steady flow regime prevails in the range 210 < Re < 270. Numerical results [72] indicate the value for onset
of the asymmetry to be close to Re = 215. The onset of this flow regime has been verified by simulating
flows for Re =210 and Re = 215. The plots in Fig. 8(d) and (e) show the streamlines and the pressure
contours on z = 7.5 plane for a Re = 210 and Re = 215, respectively. At Re = 215, the flow field indicates
an incipient axial asymmetry which is highlighted by the circled region in Fig. 8(e). This establishes the
transition to asymmetric flow in this Re interval.
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— (b)a.s

Fig. 8. The axisymmetric streamlines past the sphere: (a) Re = 50; (b) Re = 100; (c) Re = 150; (d) Re = 225, u,v vectors on the x—y
plane; (e) u,w vectors on x—z plane.

Unsteady flow: The plots in Fig. 9(a)—(c) show the flow features on the z = 7.5 plane at Re = 270. As can
be observed from the vorticity contours in this graph, the flow is still steady in this case. Since the transition
to unsteady flow is known to occur in 270 < Re < 300 range [73,74], flows are computed within this range
by varying Re in intervals of 10. A steady solution from Re = 270 is employed as an initial condition for all
the test simulations. The vorticity contours on various planes shown, for Re = 280, in Fig. 9(d)—(f) reflect
the unsteadiness in the flow at that Reynolds number.

Calculations for Re = 300 were carried out to observe the well-established vortex shedding phenomenon
and also to obtain quantitative data for comparison with benchmarks. Several techniques can be used for
identifying and extracting vortical structures in 3D. The A-method proposed by Chong et al. [75] has been
used for visualizing the vortical structures in the present investigation. The above method defines the vortex

Table 4
Comparison of results with benchmark data for flow around a sphere
Study Re
50 100 150 215 300
Cp L/D Cp L/D Cp L/D Cp L/D Cp St
Mittal [81] 1.57 0.44 1.09 0.87 -
Clift et al. [82] 1.57 - 1.09 - 0.89 - 0.74
Johnson and Patel [72] 1.57 0.40 1.08 0.86 0.90 1.20 0.629 0.137

Current 1.56 0.39 1.06 0.88 0.85 1.19 0.70 1.31 0.621 0.133
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core as a region with closed or spiral local streamline pattern. Such a region is identified by complex eigen-
values of velocity gradient tensor Vu. The iso-surfaces of complex eigenvalues of Vu are plotted in Fig. 10.
The structure of the vortices shed from the sphere resemble the numerical results in [72]. The calculated
average drag coefficient of 0.621 as well as the Strouhal number of 0.133 compare well with results of John-
son and Patel [72] (Table 4).

(b) Flow around a moving sphere: Flow around a sphere undergoing stream-wise oscillations in a stably
stratified fluid has been studied to validate the current numerical method for three-dimensional flows involv-
ing moving embedded objects. The computational setup is the same as in the stationary sphere cases pre-
sented in the previous section. The sphere undergoes forced oscillation in the stream-wise direction,
U(t) = Uy cosfit, where U; and f; are the amplitude and frequency of oscillation. The governing equations
for the flow are the same as discussed in Section 3.2. The fluid is stably stratified with an undisturbed linear
density gradient in the z-direction, pp(z) = pyn + (Ap/2)(1 — 2z/H), where py» is the density at the mid-
depth and Ap is the density difference between the bottom (z = 0) and top (z = H) planes of the domain.
The terms involving density variations assume significance due to stratification. The density field is com-
puted using incompressibility condition, Eq. (5). The presence of the oscillating sphere introduces additional
non-dimensional quantities, viz., the Keulegan—Carpenter number (KC = U,/f;D), which characterizes the
non-dimensional amplitude of the oscillations, and normalized forcing frequency (Sy = f:D/(21Uj)).

Stratified flows display a range of interesting phenomena usually not found in the homogeneous flow sit-
uations. For flow around a sphere, Lin et al. [52] have shown experimentally that for sufficiently small Fr or
strong stratification, the incoming flow prefers to go around the sphere rather than over it. For Fr < 0.2, the
flow is quasi-two-dimensional. The stratification suppresses the formation of hairpin vortices at higher
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Fig. 10. Vortical structures for flow at Re = 300. Oblique views.

Reynolds numbers. For sufficiently large Re, vortex shedding in the lee of the sphere resembles the classic
Karman vortex street observed for uniform flow past a circular cylinder and the flow becomes nearly
two-dimensional in —0.5 < z/D < 0.5. The wide range of experimental results reported by Lin et al. [52,76]
for these parameter values serve for validation. The parameter values chosen for the current study are
Re =190 and Fr =0.07. Lin et al. [52,76] created a flow regime diagram in KC — S; parameter space. The
test points chosen for the current study are labeled A (KC =0.03, S;=0.35) and B (KC = 0.2, Sy = 0.35).
Experimental results indicate that test points A and B fall into the natural vortex shedding and lock-on alter-
nate single vortex regimes, respectively. The simulations of flow around an oscillating sphere are performed
to test of the flow behavior predicted agrees with the experimental flow regime diagram.

The flow around a stationary sphere at Re = 190 and Fr = 0.07 is first simulated and the solution is used
as an initial condition for the moving sphere cases. The vortex structures in the lee of the sphere resemble
the classical Karman vortex street observed in the case of a circular cylinder, as seen from the vorticity con-
tours on the central z = 7.5 plane shown in Fig. 11(a). The contours of the z-component of velocity and the
density on the z = 7.5 plane are plotted in Fig. 11(b) and (c). The small variations in the plane in these plots
illustrate the essentially quasi-two-dimensional nature of this flow. A Strouhal number of 0.2 calculated
from the periodicity of the velocity for a probe point in the lee of the sphere matches with experimental
value reported in the literature [52].

The quasi-steady state solution of the above simulation is used as the starting condition for the oscillat-
ing sphere cases. For the first test point A, the amplitude of oscillation (KC = 0.03) is small, so that the far
wake shedding behavior is similar to that of the stationary case. The Strouhal number, calculated to be 0.2,
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is unchanged from the natural shedding frequency of the stationary sphere. The flow being similar to the
stationary case, this flow regime is classified as being in the “natural vortex shedding” regime.

For test point B, at a higher KC of 0.2, the vortical structures visualized using the A-method (as de-
scribed in Section 8.3.2) are plotted in Fig. 12. The cylindrical vortices apparent in the x—y view shown
in Fig. 12(b) illustrate that the vortex shedding is self similar in z-direction. This demonstrates the quasi-
two-dimensionality imposed due to stratification. The x—z view of vortex shedding shown in Fig. 12(c) sup-
ports the above observation. The Strouhal number calculated from the probe velocity variation with time is
0.35 which indicates that the shedding under these conditions locks on with the oscillation frequency of the
sphere. Fig. 12 also illustrates that the vortices are being shed alternately from either side of the sphere.
Hence this flow regime is named “lock-on alternate single vortex” regime [76]. The flow structures viewed
from the various perspectives are visually identical to those obtained in the experiments of Lin et al. [76]. In
summary, flow around an oscillating sphere in the presence of density stratification has been simulated for
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(b)

Fig. 12. Vortical structures for the flow around oscillating sphere flow at Re = 190, Fr = 0.07, KC = 0.2, Sy = 0.35: (a) oblique view;
(b) x—y view; (c) x—z view.

selected set of parameters KC and Sy. The flow regimes, vortical patterns and shedding frequencies pre-
dicted by the current technique for these test points are in agreement with the experimental results reported
by Lin and coworkers and thereby provide validation for the present methodology for three-dimensional
flows involving moving immersed objects.

9. Conclusions

A numerical technique has been developed to solve incompressible fluid flows with immersed bodies in
two and three-dimensions. The salient features of the technique are a globally second-order accurate finite-
difference discretization, a special treatment for the points lying adjacent to the immersed interface to cap-
ture the interface features in a sharp fashion and a level-set interface representation. The method does not
employ forcing functions in the governing equations. Instead the discretization is performed in such a way
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that the interface boundary conditions are incorporated into the discrete system of equations at the inter-
face-adjacent grid points. In contrast to a previous finite-volume sharp interface method the discretization
procedure is quite simple and entails only a modest modification of a simple Cartesian grid flow solver. The
simplicity is facilitated by the level-set description of the interface. An algebraic multigrid method has been
adapted to include moving immersed solid—fluid and fluid—fluid interfaces in order to accelerate the solution
of the discrete pressure Poisson equation.

Several computational tests have been carried out to benchmark the method. The results from the accu-
racy studies, in which the present method is compared to a finite-volume method, show that the order of
accuracy is not compromised by the present finite-difference method. Validation for two-dimensional flows
around stationary and oscillating cylinders has been performed. The current results match well with the
benchmark results. Flow around a stationary sphere has been simulated for a range of Reynolds numbers
to validate the three-dimensional capability. Flow around an oscillating sphere has been computed as a
demonstration of the ability to handle three-dimensional moving boundaries. The results in the three-
dimensional cases compare well with the established experimental and numerical results.
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