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The  study  of viscous  fluid  flow  coupled  with  rigid  or  deformable  solids  has many  applications  in biological
and  engineering  problems,  e.g.,  blood  cell  transport,  drug  delivery,  and  particulate  flow.  We  developed
a  partitioned  approach  to  solve  this  coupled  Multiphysics  problem.  The  fluid  motion  was  solved  by  Pal-
abos (Parallel  Lattice  Boltzmann  Solver),  while  the solid  displacement  and  deformation  was  simulated
by  LAMMPS  (Large-scale  Atomic/Molecular  Massively  Parallel  Simulator).  The  coupling  was  achieved
through  the  immersed  boundary  method  (IBM).  The  code  modeled  both  rigid  and  deformable  solids
exposed  to flow.  The  code was  validated  with  the Jeffery  orbits  of  an  ellipsoid  particle  in  shear  flow,
attice Boltzmann method
alabos
AMMPS
mmersed boundary method
arallel computing

red  blood  cell  stretching  test,  and  effective  blood  viscosity  flowing  in tubes.  It demonstrated  essentially
linear  scaling  from  512  to  8192  cores  for  both  strong  and  weak  scaling  cases.  The  computing  time  for the
coupling  increased  with  the  solid  fraction.  An  example  of the  fluid–solid  coupling  was  given for  flexible
filaments  (drug  carriers)  transport  in  flowing  blood  cell  suspensions,  highlighting  the  advantages  and
capabilities  of  the  developed  code.

© 2018  Elsevier  B.V.  All  rights  reserved.
. Introduction

Fluid flows containing solid particles are common in engineer-
ng and medicine, e.g., suspension flows [1], sedimentation [2], cell
ransport in blood flow [3–7], and platelet deposition on blood
essel walls [8–10]. The dynamic behavior in such phenomena is
omplex due to interactions between individual particles as well
s interactions between the particles and the surrounding fluid and
ounding walls. Moreover, the presence of highly deformable parti-
les, such as blood cells, vesicles and polymers, make it particularly
hallenging to accurately describe the dynamics in such systems.
nderstanding the interactions between the particulate compo-
ents and the fluid is essential for optimized particulate design or
etailed particulate flow behavior prediction, e.g., enhance parti-
le mixing [11], fluid coking [12], drug carrier design [13,4,14], cell
eparation [15], and blood clotting [10,16,17].

The present paper is focused on blood flows containing a high
oncentration of deformable cells that are similar in size to the ves-

el diameter, thus requiring explicit consideration of the particle
echanics. Readers interested in the modeling of other classes of

articulate flows, e.g., those relevant to industrial applications, are

∗ Corresponding author.
E-mail addresses: jifutan@niu.edu (J. Tan), sld@seas.upenn.edu (S.L. Diamond).

ttps://doi.org/10.1016/j.jocs.2018.02.006
877-7503/© 2018 Elsevier B.V. All rights reserved.
referred to other studies, e.g., Refs. [18–20]. Numerous methods
have been developed to model blood flows containing cells such
as red blood cells and platelets. The boundary element method
is an example of a very efficient technique for these types of
flows [21–23] as it formulates boundary value problems as bound-
ary integral equations. Thus, it only requires discretization of the
surface rather than the volume. However, the boundary element
method requires explicit knowledge of a fundamental or analytical
solution of the differential equations, e.g., linear partial differen-
tial equations. Thus, it is limited to Stokes flow conditions. The
Arbitrary-Lagrangian–Eulerian method (ALE) is another approach
that has been widely used to model fluid–solid interactions [24,25].
In ALE methods the fluid mesh boundary conforms to the solid
boundaries on the interface, i.e., the nodes at the fluid–solid inter-
faces are shared. However, the ALE technique is computationally
very expensive because repeated mesh generation is necessary for
flows where particles experience large deformations (e.g., for red
blood cells).

By contrast, non-conforming mesh methods eliminate the mesh
regeneration step. In these methods, an Eulerian mesh is used for
the fluid and a Lagrangian mesh is used for the solid. These two

meshes are independent, i.e., they do not share nodes across the
interfaces. In this case, boundary conditions are applied through
imposed constraints on the interfaces. The immersed boundary
method (IBM) is a popular example of a non-conforming mesh

https://doi.org/10.1016/j.jocs.2018.02.006
http://www.sciencedirect.com/science/journal/18777503
http://www.elsevier.com/locate/jocs
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jocs.2018.02.006&domain=pdf
mailto:jifutan@niu.edu
mailto:sld@seas.upenn.edu
https://doi.org/10.1016/j.jocs.2018.02.006
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echnique [26,27]. Here, the velocity and force boundary conditions
t the interfaces are imposed though interpolation functions that
ransfer velocities and forces across the domains. Consequently,
he IBM approach may  be regarded as an interface between two
ssentially separate simulators – one for evolving the particulate
hase and the other for evolving the fluid. As we  will show in
his paper, the decoupled nature of the two components leads to

 high degree of versatility in the context of software develop-
ent. More generally, the present work represents an example

f an emerging paradigm in multi-physics/multiscale modeling in
hich multiple existing (and independent) software packages are

onnected by a relatively simple interface to generate new func-
ionality. Examples in the literature of such approaches include
oftware packages for general fluid–solid coupling [28], sedimenta-
ion [29], atomic–continuum coupling [30], and fluid flow coupled
ith the discrete element method [19].

Another important aspect related to the implementation of
ethods for solving particulate flows is the portability to high per-

ormance computing (HPC) platforms so that large system sizes
nd long simulation times relevant to the phenomena of inter-
st are accessible. An example of a reported HPC-enabled blood
ow simulation is the work of [31], in which blood flow simu-

ations in patient-specific coronary arteries at spatial resolutions
anging from the centimeter scale down to 10 �m were performed
n 294,912 cores. In Ref. [32], 2500 deformable red blood cells in
uspension under flow were simulated on IBM Blue Gene/P super-
omputers. Additional examples include large-scale simulations of
lood flow in the heart [33–35], cell separation in microfluidic flows
36,15], and blood flow in the brain [37]. However, there are only

 few parallel open sourced fluid–solid coupling codes, such as the
mmersed boundary (IB) method with support for adaptive mesh
efinement (AMR) IBAMR [38], the vascular flow simulation tool
imVascular [39,40], the CFDEM project using computational fluid
ynamics and discrete element methods [41,19]. A general open
ource fluid–solid coupling tool with versatile functionalities (e.g.,
eformable solids) and independent fluid and solid simulator is still
issing.

In order to overcome challenges related to programming, model
tandardization, dissemination and sharing, and efficient imple-
entation on parallel computing architectures, here we introduce

 simple but effective implementation of the immersed boundary
ethod for simulating deformable particulate flows using popular

pen source software. This project was also inspired by the previous
ork from LBDEM [41,42]. The fluid solver is based on the lattice

oltzmann method (LBM), chosen because of its efficient paral-
elization across multiple processor environments [43,32]. LBM is

 versatile fluid flow solver engine and has been used to model
iverse situations, such as flows in porous media with complex
eometries [44–46] and multiphase flows [47,48]. The solid par-
icles in the fluids, particularly, the deformable blood cells are

odeled as a coarse grained cell membrane model using parti-
le based solid solver. Many LBM based fluid–solid coupling work
an be found in literature [49,50,15,51,52], some of them have not
emonstrated the large scale parallel performance [51,52]. Fur-
her, none of them are open sourced yet. In the present paper
e employ a general LBM fluid solver Palabos [53,54] and couple

t with the LAMMPS software package [55] for describing parti-
le dynamics. Even LAMMPS provides a LBM fluid solver through
SER-LB extension [56,57], the functionality of the fluid solver is

imited, e.g., it can only model fluid with simple geometries and
pply boundary velocities on the z direction. Thus, it is still nec-
ssary to build a large-scale parallel simulation tool for fluid–solid

oupling based on widely used, general purpose open source codes.
he implementation of a stable, efficient large-scale parallel solver
or either fluid flow or particle dynamics is nontrivial, requiring
raining in scientific computing and software engineering. Both
al Science 25 (2018) 89–100

Palabos and LAMMPS are efficiently parallelized and clearly demon-
strated by ample documentation and actively supported from large
on-line communities: LAMMPS has an active mailing list that has
hundreds questions and answers posted daily. These codes are
also extensively validated by numerous examples and publications.
Moreover, user-developers may  easily extend the functionality of
either package by implementing additional features, e.g., interac-
tion potentials, integrators, fluid models, etc.

To the best of our knowledge, this is the first time Palabos has
been coupled with LAMMPS in an immersed boundary method
framework. The remainder of the paper is structured as follows.
First, short introductions are provided in Section 2 describing
the fluid solver (Section 2.1), the solid solver ((Section 2.2), the
immersed boundary method (Section 2.3), and the spatial decom-
position for the coupling (Section 2.4). Next in Section 3.1, a
validation test and convergence study are presented for a sin-
gle ellipsoid in a shear flow. The parallel performance of the IBM
solver is studied in Section 3.4. Finally, an example of flexible fil-
ament transport in blood cell suspensions is described in Section
3.5, highlighting the advantages and capabilities of the new solver.
Conclusions and discussions are provided in Section 4.

2. Methods

2.1. Lattice Boltzmann fluid solver: Palabos

Palabos is an open source computational fluid dynamics solver
based on the lattice Boltzmann method (LBM). It is designed in
C++ with parallel features using Message Passing Interface (MPI).
It has been employed widely in both academic and industrial set-
tings. The LBM has been used extensively in blood flow modeling
[58–60,10,61,46]. Reviews of the underlying theory for the LBM
can be found in the literature [62–65]. LBM is usually considered
as a second-order accurate method in space and time [66]. The
fundamental quantity underpinning the LBM is the density distri-
bution function fi(x, t) in phase space (x, �ci), where t denotes the
time and �ci denotes the lattice velocity. The evolution of the density
distribution function involves streaming and collision processes,

fi(x + �ci, t + 1) − fi(x, t)︸  ︷︷  ︸
streaming

= 1
�

(f eq
i

− fi(x, t))︸ ︷︷  ︸
BGK collision

+ Fi, (1)

where the simplest Bhatnagar–Gross–Krook (BGK) scheme [67]
is used for the collision term and Fi is the body force term that will be
used to represent immersed cell boundaries [68]. The equilibrium
distributionf eq

i
is given by

f eq
i

= wi�

(
1 + �ci · �u

c2
s

+ (�ci · �u)2

2c4
s

− �u2

2c2
s

)
, (2)

where wi are the weight coefficients and cs is the speed of sound.
The density � and velocity �u may  be calculated as

� =
∑

fi, ��u =
∑

fi�ci +
1
2

�g, (3)

where �g is the external force density vector that is related to Fi
as

Fi =
(

1 − 1
2�

)
wi

(
�ci − �u
c2
s

+ �ci · �u
c4
s

�ci
)

· �g, (4)

see Ref. [68] for more details on force terms. The fluid viscosity
� is related to the relaxation parameter � as
� = c2
s (� − 0.5) = �  − 0.5

3
. (5)

In all LBM simulations reported in this paper, the fluid domain
is discretized using a uniform D3Q19 lattice; see Ref. [64]. The fluid
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ensity �, �u and density distribution function fi are initialized at
he equilibrium distribution calculated from Eq. (2) based on the
nitial fluid velocity. During each time step, streaming and collision
teps are performed on fi according to Eq.(1). Specifically, the fi is
ranslated in the direction of the discretized velocity vector �ci dur-
ng the streaming step; then, fi is updated based on the equilibrium
istribution, f eq

i
, the relaxation parameter, �, and the force density,

i, which is passed to the LBM from the immersed solid objects, e.g.,
lood cells.

.2. Particle based solid solver: LAMMPS for deformable cells and
articles

LAMMPS was originally designed as a molecular dynamics sim-
lation tool [55]. In molecular dynamics, a potential function is
efined to model the interactions between atoms. The force on
ach atom is calculated as the derivative of the potential with
espect to the atomic coordinates and the atomic system motion
s updated based on numerical integrations of Newton’s 2nd law of

otion. The LAMMPS package has now been extended to include
 variety of additional dynamical engines, including peridynam-
cs [69,70], smooth particle hydrodynamics [71,72], dissipative
article dynamics [73,74], and stochastic rotation dynamics [75].
IGGGHTS(LAMMPS improved for general granular and granular
eat transfer simulations) is also an extension of LAMMPS for
iscrete element method particle simulation [19]. Many prede-
ned potentials, functions, and ODE integrators in LAMMPS make

t extremely powerful for modeling atomic, soft matter [76], and
iological systems [77,8].

A coarse-grained membrane model consisting of many interact-
ng particles [78,49,79,80,46] is used to simulate red blood cells,
s shown in Fig. 1a. The membrane model can bear stretching
nd bending. Constraints to maintain the constant membrane sur-
ace area and enclosed cell volume are imposed through harmonic
otentials. The viscosity ratio of cytoplasm over blood plasma is
bout 5. Here we treat the blood cell internal and external viscosity
o be the same for saving computational cost. Readers interested in
ifferent viscosity models are referred to Refs. [5,81,82]. The poten-
ial function for a red blood cell (RBC) used in the current work is
iven by

(X i) = Ustretch + Ubending + Uarea + Uvolume, (6)

where the stretching energy Ustretch is used to represent the
ytoskeleton’s resistance to deformation. The bending energy
bending represents the rigidity of the membrane bilayer imparted

o the cytoskeleton. The last two terms are the constraints for
aintaining constant membrane surface area and cell volume. The

tretching potential is given by:

stretch =
∑
j ∈ 1...Ns

[
kBTlm

4p

3x2
j

− 2x3
j

1 − xj
+ kp
lj

]
, (7)

where lm is the maximum bond length, the jth bond length ratio
s xj = lj/lm. lm was set to be 2 times the equilibrium bond length.

s is the number of springs, p is the persistence length, kB is the
oltzmann constant, T is the temperature, and kp is the repulsive
otential constant. Once p is specified, kp may  be found using the
alue of xj = 0.5 at the equilibrium where the net force is zero.

The bending energy is defined as

bending =
∑

kb(1 − cos(�j − �0)), (8)
j=1...Ns

where kb is the bending constant and �j is the instantaneous
ngle formed by the two outward surface norms of two adjacent tri-
al Science 25 (2018) 89–100 91

angular meshes that share the same edge j. �0 is the corresponding
equilibrium, or spontaneous, angle.

Constraints for constant membrane surface area and cell volume
are imposed though area/volume dependent harmonic potentials,

Uarea = kg(A − A0)2

2A0
+

∑
j=1...Nt

kl(Aj − Aj0)2

2Aj0
, (9)

Uvolume = kv(V − V0)2

2V0
, (10)

where kg, kl are the global and local area constraint constants,
Nt is the number of triangular surfaces, A, A0 are the instantaneous
and spontaneous total surface area of the cell membrane, Aj, Aj0 are
the instantaneous and spontaneous surface area for the jth trian-
gle surface, kv is the volume constraint constant, and V, V0 are the
instantaneous and the equilibrium cell volume.

The parameters used in the coarse-grained membrane model
can be related to membrane properties used in continuum model
[79,77], e.g., the shear modulus, �0, which is given by

�0 =
√

3kBT
4plmx0

[
x0

2(1 − x0)3
− 1

4(1 − x0)2
+ 1

4

]
+ 3

√
3kp

4l30
, (11)

where x0 = l0/lm and l0 is the bond length at equilibrium. Eq. (11)
holds assuming the membrane surface area is preserved during
simulation, thus the contribution from Uarea can be safely ignored.
Interested readers can refer to Refs. [79,77] for details.

For polymer particles, as shown in Fig. 1b, the stretching energy
is the same as Eq. (7), while the bending energy is a harmonic
function of the angle deviation,

Up
bending

= kp
b
(�j − �0)2, (12)

where the superscript p refers to polymer and the other vari-
ables are defined as in Eq. (8).

To avoid the overlapping of the particles from different solid
objects, e.g., cells, polymers, etc. a Morse potential was  used for
inter-particle interaction,

Umorse = D0[e−2˛(r−r0) − 2e−˛(r−r0)], r < rc, (13)

where D0 is the energy scale,  ̨ controls the width of the poten-
tial, r is the distance between particles from different solid objects,
r0 is the equilibrium distance, rc is the cutoff distance.

All the parameters used in the simulation are listed in Table 2.

2.3. Fluid–solid coupling: the immersed boundary method

The immersed boundary method (IBM) was used to model the
coupling between fluid and solid. The combination of LBM and IBM
was first used to model fluid–particle interaction problems in Ref.
[83]. Details of the immersed boundary method formulation may be
found in Refs. [26,27,83]. Briefly, the solid velocity at each particle
position is obtained through velocity interpolation from local fluid
nodes, while fluid forces are obtained by spreading the local solid
forces. Specifically, for an immersed solid with coordinates X, the
velocity U(X, t) is interpolated from the local fluid velocity u(x, t),
while the solid force, F(X, t), calculated from Eq. (6) is spread out
into the local fluid grid points as a force density f(x, t):

U(X, t) =
∫
u(x, t)ı(x − X) dx, (14)

∫

f (x, t) = F(X, t)ı(x − X) dX, (15)

where ı(x) is the delta function. In a typical numerical imple-
mentation in three dimensions, ı(x) is constructed as the product
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Fig. 1. Models for a deformable red blood cell and a polymer chain implemented in LAM
bear  stretching and bending. The particles on the cell membrane are interacting with pot
resistance.

Fig. 2. An illustration of the fluid–solid coupling through the immersed boundary
method. The solid velocity for each particle, U(X, t), is interpolated from the local
fl
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uid velocities, u(x, t), while the solid force at each particle F(X, t) is spread out onto
he local fluid nodes, f(x, t). The influence range of the central solid particle on fluid
s  shown in dashed rectangles.

f one-dimensional functions, i.e., ı(x) = �(x)�(y)�(z) with �(r)
efined as

(r) =
{

0, otherwise
1
4

(
1 + cos

(
�r

2

))
, |r| ≤ 2,

(16)

where r is the distance between solid particles and fluid nodes.
ifferent choices of the interpolation function influence the cou-
ling accuracy, the influence range of the solid particles on the fluid,
nd the computational cost [84,85]. Schematic representations of
he velocity interpolation and force spreading process used in the
resent implementation are shown in Fig. 2.

The coupling strategy described above becomes numerically
nstable for rigid objects. In such situations, a different fluid–solid

nteraction (FSI) approach must be applied [86,87]. In the present
BM formulation for rigid particles, the FSI force on each parti-
le is used to assemble the total force and torque on the whole
igid body. The translation and rotation of the rigid object are then
pdated based on Newton’s 2nd law of motion. The FSI force can
e expressed as:

FSI(X, t) = �f (u(X, t) − U(X, t))/ıt, (17)

where �f is the fluid density, u(X, t) is the fluid velocity at the
olid boundary node X, which has to be obtained through interpo-
ation by Eq. (14). U(X, t) is the solid nodal velocity. The idea behind
q. (17) is that the local fluid particles with incoming velocity u(X,
) will collide with the solid boundary with outgoing velocity U(X,
). The FSI force is the change of the momentum divided by the col-
ision time ıt. Other approaches have been proposed to model rigid
bjects in IBM, e.g., a virtual boundary formulation was used in Ref.

88].

Another challenge in modeling fluid mediated solid transport is
o correctly capture the fluid flow in the lubrication layer between
wo approaching solids or between one solid and a wall. For exam-
MPS: (a) A particle based coarse grained red blood cell membrane model that can
entials. (b) A particle connected polymer chain model with stretching and bending

ple, when the gap between the cell membrane and the wall is very
small, e.g., the gap is smaller than a lattice space, the LBM fluid
solver can not resolve the fluid flow in the thin layer. One approach
is to use a finer mesh for the whole fluid domain or refine the mesh
near the boundary layers [89–91]. This approach would increase the
LBM simulation cost as more lattice space is used. It also requires
some efforts to handle the density distribution passage over the
interface if a multi-grid is used in LBM. Another approach is to intro-
duce an lubrication force to repel the cell membrane so that there
are enough fluid within the gap. The lubrication repelling force was
introduced to the lattice Boltzmann method in Refs. [92,93]. Follow-
ing their work, the lubrication force derived from the lubrication
theory between two identical spheres is

F lubij = − 3��r
s
x̂ijx̂ij · (ui − uj) (18)

where r is the spherical radius, � is the fluid dynamic viscos-
ity, s is dimensionless gap s = R/r − 2 where R is the central distance
between two  spheres. xij is the position vector difference between
sphere i and j, defined as xij = xi − xj, x̂ij is the unit vector. u is the
spherical velocity. Eq. (18) can also be extended to the case where a
sphere approach a stationary wall by setting uj = 0. Interested read-
ers can find more details there. In the present paper, we  resolve the
lubrication effect using smaller fluid mesh size, e.g., the fluid mesh
size was  set to 100 nm when a blood cell squeezing though a 5 �m
tube, as shown in Section 3.3.

2.4. Spatial decomposition for fluid–solid coupling

Spatial decomposition is adopted by both Palabos and LAMMPS
for parallel computing. In our fluid–solid coupling approach, the
same spatial decomposition was  applied to both the fluid and the
solid so that the coupling can be effectively handled by the same
compute core for a given region. Consistent spatial decomposition
for the two  domains ensures that individual processors have access
to both the fluid grid points and solid particles within the same sub-
domain. An illustration of the partitioning process is shown in Fig. 3,
where the whole fluid–solid system is partitioned onto 8 compute
cores. Ghost layers near the boundaries of each sub-domain are
used for communication between neighboring cores. This approach
may  not be optimal for a system where solid particles are highly
heterogeneously distributed across the entire domain. However,
for most cases of interest the distribution of solid particles is quite
homogeneous, and in any case, the majority of the computation
is dedicated to the fluid solver. The issue of load optimization for
heterogeneous systems is deferred to future work.

The FSI coupling algorithm consists almost entirely of two
routines to carry out velocity interpolation and force spreading

functions. As mentioned above the fluid solver usually represents
the bulk of the computational demand because the solid frac-
tion is usually quite small. Based on this intrinsic asymmetry, we
employed Palabos as the driving code, while LAMMPS was  called



J. Tan et al. / Journal of Computational Science 25 (2018) 89–100 93

List 1. Function declarations for IBM.

Fig. 3. Spatial decomposition for parallel computing for fluid–solid coupling. The
blood flow with cells (red lines) was divided into multiple regions. One processor
was  assigned to each region to calculate the both fluid and solid motions within the
region, thus, the coupling between fluid and solid within the region is local to the
processor. On the interface between processors, ghost layers (green stripe) were
used for communication for both fluid and solid independently. An example of 8
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Fig. 4. An illustration of an ellipsoid in a shear flow. a, b are the major and minor
semi-axis lengths, and U is the magnitude of the velocities applied at the top and
bottom plates. The distance between the top and bottom parallel plate is H, giving
a  shear rate 	 = 2U/H.
rocessors were used for the task partition in the figure. (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web version of
he  article.)

s an external library. To fully access all the members (e.g., par-
icle positions, velocities, forces, etc.) from LAMMPS, a pointer to
AMMPS was used and passed to the two interpolation functions.
n outline of the functions implemented in our IBM algorithm is
hown in List 1 .

Where lattice is the structure used in Palabos to store the popu-
ation distribution functions for the LBM, while wrapper is a pointer
o an instance of LAMMPS. The advantage of the IBM in terms
f software development is that only two functions are needed
o couple a fluid solver to a solid solver. Our IBM implementa-
ion therefore only requires a few hundred lines of code beyond
hat is implicitly contained in the Palabos and LAMMPS pack-

ges. Detailed implementations can be found at https://github.com/
JFord/palabos-lammps.

. Results

.1. Validation I: Ellipsoid in shear flow

To validate our IBM implementation, we considered the tra-
ectory of a rigid ellipsoid in a shear flow in Stokes flow regime,
ommonly referred to as the Jeffery’s orbit [94], where the rotation
ngle of the ellipsoid, �, satisfies

an � = b

a
tan

ab	t

a2 + b2
, (19)

where � is the angle formed by the major axis of the ellipsoid
nd the shear flow direction, a, b are the major and minor semi-axis
engths, 	 is the shear rate, and t is the time. A 2D illustration of the

llipsoid is shown in Fig. 4 – the third semi-axis length is assumed
o be the same as b.

An ellipsoid with semi-axis lengths a = 6, b = c = 4.5 was placed
t the center of a channel with height H = 60. The top and bot-
Fig. 5. The comparison between Jeffery’s orbit given by Eq. (19) and numerical
results simulated by the fluid–solid coupling code.

tom velocities were set to U = 0.01 and a viscosity of � = 1/6 was
prescribed. These parameters give a shear rate 	 = 0.00033 and a
Reynolds number of Re = aU/� = 0.36 to approximate Stokes flow.
The IBM numerical result for the orientation angle � and the ana-
lytical solution given by Eq. (19) are plotted in Fig. 5. The agreement
is good, validating the FSI coupling. Shown in Fig. 6 is the relative
error, defined as |�sim−�the|

�the
where �sim is the simulation data and

�the is the theoretical data from Eq. (19). The relative error is seen to
oscillate with the period of the ellipsoid and is, on average, constant
at about 2.62%.

As expected, the relative error 
 is a power function of the fluid

grid resolution N – Fig. 7 shows that the relative error scales as the
grid spacing following 
 ∝ N−0.96.

https://github.com/TJFord/palabos-lammps
https://github.com/TJFord/palabos-lammps
https://github.com/TJFord/palabos-lammps
https://github.com/TJFord/palabos-lammps
https://github.com/TJFord/palabos-lammps
https://github.com/TJFord/palabos-lammps
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Fig. 6. The relative error of the ellipsoid rotation angle � calculated based on the
fluid–solid coupling at Re = 0.36. The fluid grid was  60 × 60 × 30.

Fig. 7. The convergence for the fluid–solid coupling at Re = 0.36 with different grid
resolutions. The convergence rate is nearly linear to the grid spacing, as indicated
b
c

3

c
c
n

resulted from the physical membrane contact with the wall. The

F
s
w

y  the dashed line. The relative error 
 ∝ N−0.96 where N is the grid resolution over
hannel height H.

.2. Validation II: Red blood cell stretching test

The RBC model was also validated and compared with opti-

al tweezer stretching results under different loadings. The
ell diameter without deformation was 8 �m,  bending stiff-
ess kb = 2.3 × 10−19 J, kg = kl = 2.1 × 10−4 N/m, kv = 2.2 N/m2. The

ig. 8. (a) The deformed shape of a red blood cell under 200 pN using 2562 membrane pa
imulation results and optical tweezer experimental results [79] for the force diameter cu
ith  three different membrane mesh size, e.g., N = 1320, 2562, and 10,242, respectively.
al Science 25 (2018) 89–100

stretching constant kBT/p depended on the number of dis-
cretized membrane particles, e.g., kBT/p = 1 ×10−12 N for 1320
surface particles, kBT/p = 7.14 × 10−13 N for 2562 surface particles,
kBT/p = 3.57 × 10−13 N for 10,242 surface particles. However, the
shear modulus �0 was kept constant with �0 = 6 �N/m for all the
meshes. A pair of forces was applied to two  membrane patches on
each side, occupying about 5% of the total number of particles. The
applied force was shared uniformly among these particles. Velocity
verlet algorithm was  used to integrate the Newton’s equation. Vis-
cous damping was  used to stabilize the system. The deformation of
RBCs under stretching (Fig. 8a), particularly, the axial and transver-
sal diameter (Fig. 8b), were recorded and shown in Fig. 8. In Fig. 8b,
the top curve was  the axial diameter, and the bottom curve was the
transversal diameter. Both curves agreed well with experimental
optical tweezer stretching data [79] for three different mesh sizes,
validating the coarse grained molecular dynamics cell model.

3.3. Validation III: Effective blood viscosity

Blood viscosity changes as it flows through different tube diam-
eters and hematocrits. The viscosity decreases as the tube diameter
in the range of 10–300 �m due to the Fahraus–Lindqvist effect [95].
The effective viscosity of blood in tube flow was  studied and com-
pared with experimental results [96]. The hematocrit defined as
the actual volume ratio between cells and the fluid was  30%. The
tube diameter was ranging from 5 �m to 30 �m.  The fluid mesh size
and the number of cell membrane nodes were 100 nm and 10,242
for 5 and 6 �m tube, 200 nm and 2562 for 8, 10, 15 �m,  333 nm and
2562 for 30 �m.  The fluid mesh size was  selected in a way such that
it can resolve the fluid flow between cells and the tube wall. The
mechanical properties were exact the same, as shown in Section 3.2.
A pressure gradient was  applied to drive the flow. The Reynold’s
number defined with cell diameter and average flow speed was
around 0.017 � 1. Periodic boundary conditions were applied at
the inlet and outlet. The simulation ran for enough time to reach
quasi-steady state, e.g., the volume rate was steady. The effective
viscosity was  normalized with respect to the plasma viscosity, and
shown in Fig. 9. The simulation data clearly showed a decreasing
viscosity as the tube diameter decreased from 30 to 8 �m.  The vis-
cosity increased as the tube diameter decreased further, which was
viscosity curve agreed well with the empirical fitting from Ref. [96],
which validated that the model can capture the collective blood cell
behavior under flow. The effective viscosity simulated by bound-

rticles (top) and 10,242 membrane particles (bottom). (b) Comparison between the
rve for red blood cells under different loadings. Simulation results were presented
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Fig. 9. (a) The normalized effective viscosity for blood flowing through tubes with
different diameters. The data by boundary integral method was  from Ref. [97], the
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mpirical fit curve was from Ref. [96]. (b) The snapshots for the red blood cells
owing through tubes with different diameters, showing different red blood cell
hapes under flow. The hematocrit was 30%.

ry integral method [97] was also provided for comparison. Both
ethods can predict the blood viscosity reasonably well.

.4. Scalability: parallel performance

The parallel performance of the code was examined using a
enchmark simulation of red blood cells flowing in a rectangular
ox. The fluid domain was discretized into a 360 × 360 × 720 grid

n x, y, z directions with one inlet and one outlet and 4 nonslip side
alls. The fluid flow was  driven by a body force of 1.34 × 10−7 with

eriodic inlet and outlet boundary conditions in the z direction.
he solid phase consisted of 15,680 red blood cells, discretized into
0,697,600 particles connected by 61,998,720 bonds, 41,332,480
ngles, and 61,998,720 dihedrals in total. The hematocrit was  about
0.8%. The cells were initially uniformly distributed in the flow
omain. The simulations were executed on the IBM Blue Gene/Q
ystem from Argonne National Laboratory. A ghost layer with
hickness of three fluid lattice spacings was employed for inter-

rocessor communication within the fluid solver. The ghost cutoff
istance for LAMMPS was set to 1.5 times the LBM lattice spacing.
he CPU time for 100 time steps was recorded. Both strong scal-

ng and weak scaling were considered. For weak scaling cases, the

ig. 10. (a) The speed up of the simulation for strong and weak scaling cases. (b) The stron
he  dashed lines showed the ideal linear scaling performance. All the simulations were p
al Science 25 (2018) 89–100 95

fluid domain size increased from 360 × 360 × 45 for 512 cores to
360 × 360 × 720 for 8192 cores. The parallelization performance
was analyzed using two parameters: speed up (SU) and scaling
efficiency (	). The speed up and scaling efficiency were calculated

as SU(N) = ts
0
ts
N
, 	(N) = ts

0
N0

ts
N
N

for strong scaling cases, and SU(N) =
tw
0
N0

tw
N
N
, 	(N) = tw

0
tw
N

for weak scaling cases, where t0 was the reference

simulation time for N0 cores, tN was  the simulation time for N cores.
The subscript s, w denoted strong and weak scaling cases, respec-
tively. Here N0 was  taken as 512. The speed up of the simulation
time as well as scaling efficiency were shown in Fig. 10. It showed
that, as the number of cores increased from 512 to 8192, the speed
up increased from 1 to 10.5 for strong scaling case, from 1 to 13.2
for weak scaling cases, see Fig. 10a. Similarly, the scaling efficiency
dropped from 1 to 0.656 for strong scaling case, and from 1 to 0.824
for weak scaling case, see Fig. 10b. The dashed lines showed the
ideal cases with no overhead and communication cost. It demon-
strated that the combination of Palabos and LAMMPS using the
immersed boundary method can achieve high performance among
thousands of processors.

The scaling efficiency was found to depend strongly on the com-
puter hardware. For example, less parallel efficiency was obtained
on another computer with Intel Xeon E5630 2.53 GHz processors
(16 cores in total) compared with 2 AMD  Opteron 8-core 6128
processors with a clock speed of 2.0 GHz. While we  did not study
architecture dependence in more detail here, these results suggest
that further work is needed to assess architecture-dependent per-
formance issues. Finally, we  note that the ghost layer thickness
also influenced the performance of the IBM code. In the present
study we used 3 layers of lattice points, while other studies have
employed linear interpolation kernels that only require a single
layer of lattice points for the communication layer [98].

The extra computational time induced by the coupling can be
analyzed by GNU profiler tools. We  considered the blood flow in a
microfluidic channel with size of 60 × 60 × 120 �m. 1470 cells were
placed in the channel, resulting a hematocrit of 31% in the flow. In
total there were 1,940,400 cell membrane particles and 11,664,000
fluid lattices, as shown in Fig. 11. On average, the extra com-
putational time required for the information exchange between
the fluid and solid solvers was about 34%, e.g., time spent on the
two coupling functions: interpolateVelocity3D and spreadForce3D.
The computational time for the two coupling functions expressed
in terms of the percentage over the total CPU time is shown in
Table 1. The function interpolateVelocity3D cost about 9% on aver-
age, while function spreadForce3D cost about 25%. The percentage

for both functions decreased as more cores were used. This was
due to the increased communication cost among many processors.
As expected, the coupling time would increase as the hematocrit

g and weak scaling efficiency of the code based on the immersed boundary method.
erformed on the IBM Blue Gene/Q system from Argonne National Laboratory.
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Fig. 11. A snapshot of the 1470 blood cells moving in a microfluidic channel with a
size of 60 × 60 × 120 �m.  The fluid domain was discretized into 11,664,000 lattices,
the cells were discretized into 1,940,400 membrane nodes. The hematocrit level was
30%.

Table 1
The percentage of CPU time for the coupling functions.

ID Functions CPU time (%)

p1 p2 p4 p8 p16

t interpolateVelocity3D 10.12 10.86 10.07 8.72 7.12
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Table 2
Simulation parameters used for the particle transport in blood flow. The shear mod-
ulus  for the cell �0 = 6 �N/m. The stretching and bending parameters for filaments
were selected based on [102,103]. The filaments were assumed to be straight in
equilibrium, and the equilibrium length was chosen due to the resolution of the
fluid lattice. The Morse potential was  used to avoid the filament-cell and cell-cell
overlapping.

Red blood cells

kBT/p (N) kb (J) kg (N/m) kl (N/m) kv (N/m2)

1 × 10−12 2.3 × 10−19 2.1 × 10−4 2.1 × 10−4 2.2

Filaments

kBT/p (N) kp (J) kb (J) l0 (�m) �0 (◦)

1.36 × 10−12 1.7 × 10−12 [4.1, 410] × 10−20 0.33 180

Morse potential

D0 (J)  ̨ r0 (�m) rc (�m)
1

t2 spreadForce3D 28.25 27.27 26.45 23.75 18.23
t1 + t2 38.37 38.12 36.51 32.46 25.35

evel, as the interpolation and spreading was done for each cell
embrane particle.

.5. Case study: transport of flexible filaments in flowing red
lood cell suspensions

Next, the validated IBM code was applied to a problem relevant
o drug carrier delivery in microcirculation flows to demonstrate
ts capabilities in a more complex setting. This is a multi-physics

odeling problem as it involves fluid flow, large cell deforma-
ions, and polymer transport [6,4,99,4,7]. Of particular interest is
he observation that particles with different sizes, shapes, or flexi-
ility can exhibit distinct transport properties in the blood stream.
or example, long flexible filaments persist in the circulation up to
ne week after intravenous injection in rodent models. This is about
en times longer than for spherical counterparts [100]. The flexibil-
ty and filament length may  influence transport and contribute to
he anomalously long circulation time.

We  simulated filament transport in tube flow of red blood cell
uspensions and analyzed filament migration, apparent size, spatial
istribution, and dispersion rate. The fluid domain was  represented
y a cylindrical tube with diameter of 30 �m and length 50 �m,
s shown in Fig. 12. No-slip conditions were applied at the cylin-
er wall while periodic boundary conditions were applied at the

nlet and outlet for both fluid and cells. The relaxation time was
et to � = 1 giving a dimensionless kinetic viscosity of 1/6. The LBM
attice spacing, dx,  was fixed at 0.33 �m,  the time step was  set to
t = 1.82 × 10−8 s. One hundred red blood cells were placed in the
omain corresponding to a cell concentration of about 27%, which

s within the physiological range [101]. Each cell was  described by
320 surface nodes, 3954 stretching bonds, 2636 area segments,

nd 3954 bending angles. A force density was applied to drive the
ow such that the shear rate at the wall was 1000 s−1 without the
ed blood cells. The actual wall shear rate was less as the blood
ell component reduces the flow rate. A total of 156 filaments were
1.2 × 10−18 0.5 0.66 0.66

then introduced at one end of the cylinder as shown in Fig. 12.
Each filament was  a polymer chain modeled as beads connected by
stretching and bending springs. Different lengths (2 �m and 8 �m)
and different bending stiffnesses (4.1 × 10−20 J, or about 10kBT, and
4.1 × 10−18 J, corresponding to about 1000kBT) were used to study
the size and stiffness effect on filament transport in red blood cell
suspensions.

The parameters used in the simulations are listed in Table 2.
The corresponding shear modulus for red blood cell membranes
was �0 = 6 �N/m based on Eq. (11).

Simulation snapshots at 8 × 106 time steps are shown in Fig. 13
for cases with different filament size and flexibility. Different con-
figurations are observed for filaments with different stiffnesses. The
stiffer filaments were generally straight when the length was 2 �m,
and exhibited a small amount of curvature for 8 �m,  see Fig. 13b and
d. By contrast, the more flexible filaments exhibited highly bent or
coiled shapes, particularly for the 8 �m filaments, see Fig. 13a and c.
The apparent filament size, defined as the maximum extent for the
filaments, is shown in Table 3. The apparent size for stiffer filaments
was very close to the actual contour length, while the apparent size
for flexible filaments was  smaller than the actual contour length,
due to the bending and coiling of the filaments.

The average radial position 〈r〉 normalized to the vessel radius
R and the mean square displacement (MSD) for the filaments are
plotted in Fig. 14a and b. Filament migration toward the vessel wall
was observed for all filament types, as indicated by the increasing
values of 〈r〉/R. The averaged mean radial positions for flexible fila-
ments (10kBT) was  stabilized around 0.7R for both sizes. For stiffer
filaments (1000kBT), the 〈r〉/R kept increasing within the simulation
time, showing better margination properties than flexible ones.
This agrees well with previous findings for deformable particles
[13]. Less margination for flexible ones lead to low binding to the
vessel wall and high concentration in the blood stream, which can
also explain the long circulation time for long flexible filaments in
rodents [100]. The dispersion rate, defined as the slope of the MSD
curve, is shown in Table 3. The dispersion rates are all of the order
of 10−11 m2/s, which is about 2 orders-of-magnitude larger than
the background thermal diffusion expected for particles of this size.
This finding is also consistent with other observations for small par-
ticles in blood suspensions, such as platelets [23,104,105], particles
[4,13] and experimental measurements for microparticles [106].

The fraction of filaments present in the 3 �m cell-free layer (CFL)

near the vessel wall is shown in Fig. 15. Only the data in the last
0.15 s were selected for analysis due to the transient effect in the
beginning. The fraction of the 2 �m filaments in the CFL increases
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Fig. 12. Initial positions for the blood cells and filaments. The cells were randomly distributed in the blood vessel, while the filaments were uniformly distributed in one end
of  the vessel.

Fig. 13. Snapshots of the simulations of filaments (green) mixing with blood cell suspensions (red) at 8 × 106 time steps. 2 �m filaments with bending stiffness 10kBT (a)
and  1000kBT (b); 8 �m filaments with bending stiffness 10kBT (c) and 1000kBT (d). Half of the vessel wall was also shown in the figure. (For interpretation of the references
to  color in this figure legend, the reader is referred to the web version of the article.)

Table 3
The apparent size and dispersion rate of the filaments in the blood flow with cells. The apparent size of the filaments was smaller than the actual contour length due to the
bending and coiling. The dispersion rate was in the order of 10−11 m2/s, which was about 2 orders-of-magnitude larger than thermal diffusion for microparticles.

Contour size (�m) 1.66 7.92
Stiffness (kb/kBT) 10 1000 10 1000
Apparent size (�m) 1.57 ± 0.31 1.67 ± 0.01 5.76 ± 2.4 7.89 ± 1.92
Dispersion rate (×10−11 m2/s) 9.76 8.64 6.26 7.26

Fig. 14. (a) The averaged filament center position normalized with the vessel radius R = 15 �m.  Stiffer filaments showed better margination properties than flexible filaments.
(b)  The mean square displacement for the filaments transported with the blood cells.
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ig. 15. The fraction of the filaments in the cell free layer of the blood vessel. The c
 �m.

pproximately from 28% (the baseline value assuming a uniform
istribution) to 43.3 % ±1.7% for soft filaments, and to 46.1 % ±3.4%

or stiff filaments. However, the fraction of 8 �m filaments in the
FL reached 47.5 % ±2.4% for the flexible ones, and 51.1 % ±1.9% for
tiffer ones. These results suggest that longer and stiffer filaments
n blood cell suspensions marginated quickly than the shorter and
ofter ones. The margination for rigid filaments also required less
raveling distance in the flow direction, as the effective viscos-
ty was increased for the mixture of rigid filaments in blood cell
uspensions.

. Conclusions

We  introduced an efficient implementation of the Immersed
oundary Method by coupling a Lattice Boltzmann fluid solver
ith a particle-based solid solver using open source codes, namely

alabos and LAMMPS, respectively. The coupling was achieved
y a simple interface that only requires a few hundred lines of
ode, dramatically reducing software development time, increas-
ng robustness and facilitating transferability. The coupling was
emonstrated to be computationally efficient. The extra comput-

ng time depends on the solid fraction, e.g., for a hematocrit of 30%,
t required only about a 34% increase in the computational cost
eyond what was required for executing fluid and solid solvers.
he IBM code was also shown to scale linearly from 512 to 8192
ores for both strong and weak scaling cases, demonstrating great
arallelization efficiency in massively parallel environments.

The validated IBM code was used to analyze polymer filament
ransport in red blood cell flows; such filaments are of interest
or drug delivery applications. Simulations demonstrated how fila-

ent flexibility reduce the effective size of filament, so that flexible
laments can traverse through the blood cell suspensions easier

han stiffer ones. The stiffer filaments showed better margination
roperties than flexible ones, consistent with previous findings
13]. These results highlight the complex physics that may  underlie
he long circulation time found for such particles in rodents [100].
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