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Abstract. Hydrodynamics can play an important role in determining the behaviour of colloidal particles in many soft matter
systems. Analytical solutions for fluid dynamics are limited and incorporating the particle dynamics in numerical methods is
challenging, since grid points belonging to fluid and solid phases are exchanged during the simulations. As a solution, here,
we introduce a quasi-steady method to simulate dynamics of particles within the frame work of lattice Boltzmann method.
This method not only carries the advantages of lattice Boltzmann, namely the simple and straight forward algorithm of
programming and the simplicity in imposing the boundary conditions, but it also avoids the complications associated with
exchange of particle and fluid nodes. Exploiting the smallness of Reynold’s number associated with colloidal hydrodynamics,
the proposed algorithm works in an instantaneous frame of reference and particle velocities are then calculated by imposing
additional constraints of force and torque acting on the particle. We illustrate the method using the classic examples of
settling particles and a system of recent interest-dynamics of active particles, both in the presence of a wall. Therefore, we
expect the proposed method to be suitable and useful in variety of soft and active matter systems.
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1. Introduction
Hydrodynamics of colloidal particles plays a decisive role in
the preparation and in the application of several soft matter
systems. For example, the rate of formation of self-assembling
structures both in the bulk and on fluid–fluid interfaces
[1–3], stabilization of Pickering emulsions [4,5], behaviour
of polymers and filaments in fluid flows [6,7], electrophoresis
[8,9], transport of active and biological particles [10,11] are to
name a few. In such cases, the knowledge of fluid flow around
a colloidal particle sheds light on the physical processes at
play. Figure 1 illustrates few examples from literature, where
flow-field around active and passive particles are measured
experimentally. In colloidal systems, flow measurements are
often difficult and analytical solutions may not be possible.
Therefore, numerical solutions are sought, but they demand
knowledge of computational fluid dynamics (CFD) simulations, which get complicated due to the algorithms required
to incorporate a moving particle. In this paper, we provide a
simple algorithm based on lattice Boltzmann method (LBM)
to determine the fluid flow-fields around a moving colloidal
particle.
The well-known Navier Stokes equations describe the fluid
dynamics. These are partial differential, nonlinear equations
and therefore, even the numerical solutions are non-trivial
to calculate. Hence, appropriate to each situation, several
methods and solution techniques have been developed over
the past few decades in the vast field of CFD. Numerical
0123456789().: V,-vol

solutions involve discretization of the physical domain of
interest into small elements. Hence, the solution of governing equations is known at discrete points in the domain, on
the grid points and similarly at discrete values of time. A
moving particle complicates this scenario, since there is an
exchange between fluid nodes and solid nodes as shown in
figure 2. Over a small time-step dt, fluid and solid nodes are
exchanged: some of the fluid nodes at time t become solid
nodes at t+ dt and vice versa. This leaves the user to adopt
ad hoc methodologies, since the fluid velocity and pressure
at the newly formed fluid nodes are not known. Similarly, the
flow-field information on fluid nodes that the solid has newly
occupied, is lost. The temporary solutions to overcome such
problems can be crucial in determining the particle dynamics
and the details of the implementation to correctly incorporate
the node exchange can ruin the simplicity of the technique.
Traditional CFD techniques depend upon the direct solution of the Navier Stokes equations [12]. While this approach
is straight forward, the solution methodology can be complex and thus, the resulting computer programming. LBM
offers an alternate route [13] by giving an approximate solution to Navier Stokes equations and the steps involved in the
numerical solution are simple to implement on a computer.
Moreover, the boundary conditions on even complex geometries can be employed easily. LBM has been quite successful in
simulating hydrodynamics of a variety of soft matter systems:
multi-phase systems, such as droplet flows [14,15], colloidal
dispersions [16,17], liquid crystals [18], polymer dynamics
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Figure 1. Experimentally measured fluid flows around active and passive particles. (a) E. coli swimming parallel to a wall at a distance of
2 µm [21]. (b) Time-averaged hydrodynamic flows induced by a self-assembled, autonomous propulsion of a ring composed of magnetic
swimmers. Double arrow indicates the direction of ac magnetic field and the red arrow indicates the direction of motion of the ring [22].
(c) Electrokinetic flow around a tin particle [39]. (d) Velocity field around a rotating hydrogel particle with an eccentrically located magnet
over a full rotation [23].

This paper is organized as follows. We first describe the
governing equations required for obtaining hydrodynamics
and explain the LBM. We then, discuss the proposed quasisteady technique to avoid exchange of solid and fluid nodes
and illustrate the method by solution of different problems:
(i) determining the fluid flow around a particle i.e. moving
near a wall with either the velocity on the particle prescribed
or the force on the particle prescribed and (ii) determining the
trajectory of a model micro-swimmer, which is hydrodynamically interacting with a nearby substrate.

2. Governing equations of fluid dynamics and choice of
frame of reference
Figure 2. Schematic of domain showing the exchange of solid and
fluid nodes during the translation of a particle. At time t, green dots
are fluid nodes. As the particle moves forward, these nodes become
solid nodes. Similarly the blue dots are converted from solid nodes
to fluid during the time step from t to t+ dt.

[19] and active fluids [20]. This reliability arises from the
inherent mesoscale nature of this method. In this work, we
exploit the simplicity of LBM in proposing the new algorithm.
In numerical calculations, LBM uses standard Cartesian
meshing and therefore, particle boundaries may not coincide with the grid points. Hence, as mentioned earlier and
as shown in figure 2, simulation of systems involving moving solid particles is a challenge in LBM as well, due to the
exchange of solid and fluid nodes. Several techniques and
their sub-variants have been developed in reconciling this situation [24]. Momentum exchange method proposed by ref.
[16] has been the foremost and simplest method in this regard,
wherein bounce back scheme of the lattice Boltzmann population is implemented. Another option is the use of immersed
boundary method, which assumes slight deformability of the
particles and is based on the Lagrangian grid that follows
the particle. This second method has become very popular
despite the complexity involved in the computational algorithm [25,26].

For a fluid of density ρ and viscosity μ, the velocity field u
and the pressure field p are described by the incompressible
Navier–Stokes equations:
∇ · u = 0,


∂u
+ u · ∇u = −∇ p + μ∇ 2 u.
ρ
∂t

(1)
(2)

Due to the small length and velocity scales involved in
colloidal hydrodynamics, inertial effects of the fluid and
the particle are often unimportant. Mathematically, Reynolds
number which characterizes the strength of inertia of the fluid
with respect to the viscous force is very small. The development of the algorithm proposed in this work is crucially
dependent on this assumption. Therefore, the above equations
(equations (1–2)) reduce to Stokes equations:
∇ · u = 0; −∇ p + μ∇ 2 u = 0.

(3)

These equations do not have ‘time’ in it and both unsteady
inertia and convective inertia are absent (compared to equation (2)). Considering the absence of acceleration of the
fluid, the problem involving these governing equations can

Bull. Mater. Sci.

(2020) 43:177

be solved in any frame of reference. We exploit this fact in
this work. In particular, we adopt a frame of reference whose
origin is located at the centre of mass of the particle and
aligned at some angle with respect to a chosen orientation
of the particle (say polarity of an active particle, long axis
of an ellipsoid), but stationary instantaneously. Therefore, in
this frame of reference, particle will have a translational and
rotational velocities. However, since the frame of reference is
instantaneously located and aligned with the particle, it would
seem as if the particle is not changing its position or orientation in the domain.
Hence, we choose the frame of reference, which is instantaneously located and aligned with the particle. Consequently,
during the simulation, exchange between solid nodes and fluid
nodes will not happen, thus avoiding the introduction of any
ad hoc method. Moreover, the momentum exchange between
the fluid and solid are taken care automatically through the
boundary conditions. This idea has been exploited very well
in analytical calculations [27]. We use this idea and incorporate it into LBM framework. The simplicity of LBM and the
choice of this instantaneous frame of reference, thus, provide a
simple algorithm to calculate the dynamics of any non-inertial
systems, such as colloidal dispersions.

3. Numerical algorithm
We now provide details of this method. The overall algorithm
is shown as a flowchart in figure 3. We first give a summary
of the method and describe each step in detail afterwards.
The aim of the algorithm is to solve the particle and fluid
dynamics simultaneously and the process is iterative. Hence,
algorithm starts by assuming the translational and rotational
velocities of the particle (if they are not known), but by
keeping the particle stationary. The flow field due to this
initial particle velocity is solved using a lattice Boltzmann
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algorithm. Solution of the velocity field gives the force and
torque acting on the particle. Consistency of assumed translational and rotational velocities of the particle can be checked
from this force and torque calculation. If needed, the procedure can be repeated with a modified translational and angular
velocities, till the desired accuracy in the force distribution on
the particle is achieved.
Each of these steps are explained below.
3.1 LBM
We start by describing the procedure for LBM. In this
approach, we solve a probability distribution function
g (x, v, t). The evolution of this distribution function is
described using a spatial and velocity discretized form of
Boltzmann equation as:
gk (x + vk t, t + t) = gk∗ (x, t),
t
eq
gk∗ (x, t) = gk (x, t) −
[gk (x, t) − gk (x, t)].
τ

(4)
(5)

Here, gk (x, t) is the discretized distribution function in kth
direction having a discrete lattice velocity vk at position x and
at time t. Various moments of this distribution function give
continuum properties of the fluid. For example, the density
and the momentum are given by:
ρ=



gk ,

(6)

k

ρu =



gk vk .

(7)

k

The discrete distributions gk (x, t) undergo two processes
alternately. In the collision operation, equation (5) is performed to evaluate gk∗ (x, t) while these populations are
streamed in the discrete grid according to equation (4). Thus,
LBM does not involve in the calculation of any differentials
or solution of any nonlinear equations. Only algebraic operations are to be performed in LBM making the algorithm and
its programming simple and straight forward.
Collision operation represents various modes of relaxation
of non-equilibrium distribution function, and involves the calculation of equilibrium distribution function:
eq
gk

Figure 3. Steps involved in calculating the fluid flow fields using
the proposed numerical method.
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3(u · vk ) 3u2
3(u · vk )2
.
= ρwk 1 +
− 2 +
cs2
2cs
2cs4

(8)

The viscosity of the fluid is determined by the relaxation time
scale τ as μρ = cs2 (τ − 0.5t). Here cs is the sound speed
and wk is the weight factor corresponding to each discrete
velocity direction k.
Depending upon the number of dimensions involved (d)
and the number of discrete directions chosen in the velocity
space (q), we can have various models DdQq in LBM. In this
work, we illustrate the technique using a D2Q9model.

177

Page 4 of 9

Bull. Mater. Sci.

LBM recovers Navier Stokes equations in the limit of small
Mach and Knudsen numbers [13]. Since equation (3) is a
subset of Navier Stokes equations, we perform simulations in
the following manner to recover equation (3).

functions [28]:
f (xs ) =


k

• The parameters are chosen such that the Reynolds number defined as the ratio of inertial force to viscous force is
small. This is easily feasible by selecting a large kinematic
viscosity and small fluid velocity in the problem. Simulations reported in this work, we have chosen the parameters,
such that Re = 0.015.
• Time is inherent in LBM models. Hence, we wait for the
simulations to converge to steady state solutions, which
under small Reynolds number will be solutions to equation
(3).
It may be noted that LBM solves complete Navier Stokes
equations and hence, the proposed method can be employed
to solve for steady Navier Stokes equations as well. In other
words, this method will be useful even when convective inertia
of the fluid is important.
3.2 Coupling between particle and fluid
The coupling between the fluid and the particle is achieved
through (i) employing the boundary conditions on the surface
of the particle to determine the fluid dynamics around the
particle and (ii) calculating the force distribution exerted by
the fluid on the surface of the particle, which is used to update
the particle dynamics.
Boundary conditions: Midpoint bounce back (MBB)
scheme [28] is employed on the surface of the particle in which
the boundary conditions are specified via the links connecting solid and fluid nodes. The distribution functions which
are propagating from fluid to solid nodes are bounced back to
the fluid along the links. Bouncing is assumed to occur on the
link midway between the fluid and solid nodes. Moreover, the
distribution functions that are bounced from a moving boundary will be modified by incorporating an additional term that
conserves momentum [28]. Therefore, the moving boundary
condition for a particle with surface velocity us (xs ) is given
by:
gk (x, t + 1) =

gk∗ (x, t)

ρwk
+ 2 (us · vk ),
cs

(9)

where k represents the complementary direction to k. The
second term on the right hand side of the above expression is
zero for a static rigid particle or static wall.
Force calculation: The velocity and pressure field in the fluid
generate a force distribution on the particle. This force may
be directly related to the first moment of the distribution
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ρwk
−2vk gk (x, t + ) + 2 (us · vk ) .
cs

(10)

From the force distribution f (xs , t) it is easy to calculate the
force and torque on the particle.
3.3 Numerical algorithm for active and passive particles
If the particle has a translational velocity U, a rotational velocity  and a surface slip velocity distribution U s (xs ), then
velocity on the surface of the particle is given by:
us (xs ) = U s (xs ) + U +  × xs .

(11)

In other words, us (xs ) drives the fluid flow around the particle,
which can be calculated using LBM.
Typically, U s (xs ) is a prescribed velocity field (e.g. a swimmer) in a given problem. If U and  are known a priori, then
us (xs ) can be calculated, which leads to calculations of the
hydrodynamic field using LBM in a straightforward manner. However, in many cases, the particle velocities may not
be known. For e.g. in a settling particle, a known force F
(weight of the particle in case of gravitational settling) would
have been prescribed. In case of a magnetically driven particle, a magnetic torque L would have been prescribed. In case
of an active particle, the forces are generated from the thrust
obtained from the slip velocity U s , which exactly balances
with the drag force and hence, the net force and torque on the
particle will be zero. In all these problems, instead of velocities, the known input is the force or force distribution on the
particle. This additional information may be imposed in the
simulations to determine the unknown velocity of the particle
as follows.
Since the force distribution f (xs ) is known, we can determine the force and torque on the particle as:

f (xs )d S = F,

(12)

xs × f (xs )d S = L.

(13)



Therefore, the values of U and  in equation (11), should be
used to satisfy the above constraints. In other words, these
constraints can be used to iterate for the values of U and .
We use Broyden’s iterative algorithm [29] to solve unknown
particle velocities, as follows. This is an algorithm developed to solve nonlinear coupled equations simultaneously.
Any other method to solve a set of non-linear equations may
also be used instead. In Broyden’s method, let the above set of
equations, namely, equations (11–13) can be represented as:
F(U i ) = 0,

(14)
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where U i represents the set of unknown velocities at any time
instant i. The solution procedure assumes an initial guess of
unknown variables (the velocities U 0 ) and also an approximation for the Jacobian matrix (say B i ). Usually, identity matrix
is taken as an approximation for the Jacobian matrix. The variables are then updated in each iteration using the equation:
U i+1 = U i + S i ,

(15)

F(U i ). The Jacobian matrix is updated at
where S i = −B −1
i
every time step, using the following equation:

B i+1 = B i +

(F(U i+1 ) − F(U i ) − Bi S i )S Ti
S Ti S i

.
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the same geometry, we will illustrate this aspect of the
numerical algorithm as well.
4.1 Simulation parameters
Simulations have been performed in a domain of 400×400 in
all the cases. Both space and time are discretized with x = 1
and t = 1, as usual in LBM. The size of the particle chosen
is 20 lattice units. The domain consists of two open boundaries
along x-direction and two walls at y = 0 and y = 400. We
impose no-slip boundary conditions on the walls and periodic
boundary conditions on the two open ends.
4.2 Particle dynamics near a boundary

(16)

These iterations are continued till the convergence criteria is
satisfied.
Hence, the particle–fluid coupling is taken into account
completely, while solving the problem. During the entire
procedure, the particle is kept stationary. Therefore, the question of exchange between solid nodes and fluid nodes does
not arise. Thus, our procedure is both ‘quasi-stationary’ and
‘quasi-steady’ to evade numerical difficulties. However, this
procedure increases the computational time required, as we
have explained later.

4. Demonstration of the algorithm and discussion
To illustrate our method, we consider three different problems below: (i) a steadily moving colloidal particle of known
velocity; (ii) gravity settling of a particle, and (iii) dynamics of a model micro-swimmer. In all the cases, the particles
(both passive and active) are assumed to be near a boundary. Presence of this boundary helps to illustrate the use of
this method in calculating non-trivial solutions (the velocity
and pressure field), which include the fully resolved hydrodynamic interaction between the wall and particle. Retaining
the same geometry, the problems are selected in the increasing order of complexity, thus, proving the robustness of the
method.
Moreover, the first and second problems are related to each
other. In the first problem, we specify the velocity of the particle and calculate the force on the particle and in the second
problem, we specify the force on the particle and calculate
the velocity of the particle. The former is known as a resistance problem and the latter is called a mobility problem. In
analytical calculations, solving these two problems are equivalent as the resulting mathematical expressions connect the
unknown parameters in both the problems. In numerical calculations, as we see below, mobility problems are harder to
solve than resistance problems. The proposed algorithm is
easier to implement for resistance problems, but an iterative
method is required for mobility problems. Hence, selecting

4.2a Translating particle near a boundary at a known velocity: Consider a particle translating near a no-slip wall,
parallel to the wall at a velocity Ux . This is an example of
a resistance problem. We seek to calculate the velocity field
in the fluid and the force required to move the particle parallel to the wall at the desired velocity. The symmetry in the
problem and the properties of Stokes equations [30] suggest
that the particle will not experience a force perpendicular to
the wall nor will it rotate.
The problem is solved as per the algorithm mentioned in
section 3.3 by specifying the surface velocity on the particle
as given in equation (11) with  = 0. However, no iterations
are required to solve this problem as particle velocity is a
known parameter.
The results obtained are shown in figure 5b. As expected,
the force required to move the particle is linearly proportional
to the translational velocity of the particle.
Analytically, the relation between the force and the velocity
are known as [31,32]:
Fx = −

4π μU

.
log(d/a + (d/a)2 − 1))

(17)

It may be seen that the results from the simulation, match
well with the analytical results. The error in the simulation
increases with increase in the value of Ux , namely, increases
with Re.
4.2b Settling particle near a boundary: Now let us consider the previous case as a mobility problem. This is a particle
settling under an external force near a wall (figure 4a). If the
external force is gravity, the driving force is simply given by
the weight of the particle after subtracting out the buoyancy
force. The problem seeks to calculate the settling velocity of
the particle and the velocity field in the fluid.
Unlike the previous case, an iterative procedure is required
here to solve the problem completely as mentioned in
section 3.3. We start the simulation with an initial condition for velocity and proceed by imposing constraints on the
force and torque. Since the force and torque acting on the
particle are known in advance, we check whether equations
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studies and is shown to capture essential features of
micro-swimmers.
For simulations, we consider a two-dimensional disk swimmer of radius a placed near a no-slip wall as shown in
figure 4b. With respect to the wall, the swimmer is oriented at an angle θ , measured in the anticlockwise direction.
The squirmer is prescribed to have a surface slip velocity
[35–38].

Figure 4. Schematic representation of the problems considered to
illustrate the numerical algorithm. (a) A disk of radius a settling
under a force Fx at a distance d from a no-slip wall. (b) A squirmer of
radius a swimming near a wall. e represents the squirmer orientation
in the Cartesian coordinate system chosen as shown and h is the
distance between the wall and centre of the squirmer.

(12 and 13) are satisfied. Iterations are continued till the
convergence criteria is met.
The results obtained are shown in figure 5b. The velocity
of the particle match very well with that obtained from the
analytical expression described by equation (17).

4.3 Dynamics of an active particle
In this case, we consider another mobility problem, namely,
determining the trajectory of a model micro-swimmer. Unlike
previous cases, where the particle travels in a straight line,
here, we will see that the micro-swimmer undergoes a ‘collision process’ with the boundary.
We use squirmer as a model for the active particle.
Compared to other models, taking detailed geometry of
micro-swimmers into account [33,34], squirmer is not a very
sophisticated model, but it is easy to implement in numerical

u sφ (φ) = B1 sin(φ) + B2 sin(2φ),

(18)

where B1 , B2 measure the strength of surface actuation. If
orientation of the active particle is represented by the unit
vector e and the position vector on the surface of the squirmer
be xs , then φ is defined as the angle between these two
vectors,
φ = cos

−1




e · xs
.
|e||xs |

The iterative procedure described above is performed by
assuming U and  for the swimmer. Iterations are continued till the convergence was achieved for force and torque
on the swimmer. A tolerance limit of 10−6 for the force and
torque was specified.
The fluid velocity field around a squirmer located near a
wall is shown in figure 6a. The two components of the instantaneous swimmer velocity namely, the translational velocity
along the wall (Ux ) and that perpendicular to the wall (Uy ) as
well as the angular velocity  are calculated and plotted in
figure 6b–d.
Ishimoto and Crowdy [32] have derived an analytical
expression for the equation of motion of a squirmer near a noslip wall. We compare our simulation results with the exact

Figure 5. (a) Flow field around a particle settling under constant force Fx . Thick black line on the left
represents the wall. Black arrow represents the direction of force acting on the particle and red arrow
represents the direction of motion. (b) Resistance problem: force, Fx required to move a particle near a wall
(d = 1.5a) at the desired velocity Ux . (c) Mobility problem: velocity Ux attained by a particle settling near
a wall under a constant force Fx . In both the cases, the solutions are compared with the analytical solution
(equation (17)) as well.
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Figure 6. (a) Flow field around a pusher (β = −1) near a wall. Red arrow represents the orientation of
the swimmer. Colour bar represents the magnitude of flow velocity normalized by the velocity of squirmer
(u/U ). Thick black line on the top corresponds to the boundary wall. (b–d) Translational (Ux /U0 , Uy /U0 )
and rotational (a/U0 ) velocities of the squirmer near a wall as a function of orientation of the squirmer
(θ), which are compared with the exact solution given in equations (19–21). We used B1 = 0.001, B2 =
−0.001, h = 1.25a in the simulations. (e) Trajectories of squirmer near a wall for same initial condition
(h = 7.5a, θ = −30), but different β = B2 /B1 . (f) Trajectories of squirmer with β = −2 for different
initial conditions.

solutions, which are given by:

approaching the wall as:

Ux =

1
1 − ρ 2 [−B1 sin θ + 2ρ B2 sin 2θ ],
2

(19)

Uy =

(1 − ρ 2 )2
[B1 cos θ + 2ρB2 sin 2θ ],
2(1 + ρ 2 )

(20)

=

ρ2
−2ρ B1 sin θ + 1 − 3ρ 2 B2 cos 2θ ,
a(1 + ρ 2 )
(21)

where
ρ=

 2
1/2
y
y
− 2 −1
.
a
a

(22)

These solutions are also plotted in figure 6b–d, where a good
match between analytical and numerical solutions can be seen
in all the cases.
To construct the trajectory of the micro-swimmer, we calculated Ux , Uy and  by varying h and θ . Using these tabulated
values, it was easy to construct the trajectory of a swimmer

ẋ = Ux ,

ẏ = U y

and

θ̇ = .

(23)

The equations were numerically integrated using Euler’s
method. Figure 6e shows the trajectory of the swimmer for
various combinations of B1 and B2 represented as the ratio
β = B2 /B1 . It may be seen that a variety of behaviours may
be observed.
When β is negative and large, the swimmer (also called a
pusher) approaches the wall and gets trapped near a wall. As
β approaches zero, this trapping behaviour gets replaced by
scattering of the swimmer from the wall. Further increase in
β, results in subsequent trapping after a bouncing behaviour,
resulting in oscillations near the wall. Finally, the oscillations disappear for large and positive β (also called a puller)
and they get trapped near a wall. Figure 6f shows the dependency of the initial condition on the collision behaviour with
the wall for a swimmer. Thus, it is clear that the proposed
algorithm is able to successfully generate the wide variety
of ‘hydrodynamic collision’ behaviour and the trajectories of
micro-swimmers reported in the literature.

177

Page 8 of 9

Bull. Mater. Sci.

(2020) 43:177

5. Conclusion

References

Calculating the flow field around a particle is of immense
importance in colloidal science as it can govern the dynamics of the particle and provide insights into the processes.
However, such calculations are often difficult in conventional
computational fluid dynamics problems. Here, we propose
an alternative method to tackle fluid dynamics problems in
colloidal scale.
The proposed method remains simple due to two factors:
(i) instead of a traditional CFD technique, we suggest the
use of lattice Boltzmann algorithm, which consists of only
algebraic operations, thus, making the implementation of
algorithm in a computer simpler; and (ii) exploiting the smallness of Reynolds number in the simulations and thus, resorting
to perform the algorithm in a quasi-steady manner. In this
algorithm, the problem is solved in an instantaneous frame
of reference. In this frame of reference, particle is stationary
with respect to the computational domain, but the moving
boundary conditions are imposed. Boundary velocities are
often unknown and calculated with the help of additional constraints. Thus, the motion of the solid particles in a fluid is
readily obtained without really moving the particles in a simulation domain. Thus, we overcome one of the main challenges
in simulating moving particles in a fluid.
We have shown the versatility of the algorithm by studying three different problems of increasing complexity. In each
case, the solutions were obtained and compared with the analytical expressions to find a good match.
The proposed method is simple to implement for nonspecialists and suitable for regular particles in simple geometries. The following disadvantages must be kept in mind while
using this algorithm. (i) In case of an unsteady or periodic
motion, one has to generate data corresponding to each possible configuration (e.g. the last case of swimmer). Then,
the accuracy of the method depends upon the closeness of
the chosen configurations. For any intermediate configurations, a suitable interpolation is required. Depending upon
the problem, such data corresponding to each configuration
may be required to store in a computer memory. (ii) Data
required to be generated can increase with increased possible
configurations. For example, in case of a complex geometry or a complex particle, the number of degrees of freedom
required to specify each configuration is large. Since simulations need to be performed for each possible configuration,
it is understandable that large number of simulations may be
required. (iii) The algorithm assumes that inertial effects can
be neglected. If the case is not so, then, a full simulation procedure will be required.
The method is also applicable for systems with multiple
particles. However, the number of unknowns increases with
increase in number of particles, while solving through Broyden’s method. Moreover, the number of configurations that
the multiple particle can achieve is also large, thus, increasing both the computational time and effort required.
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