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We investigate the flow of a suspension through a
constriction by means of the mesoscopic technique
known as dissipative particle dynamics (DPD). The
dispersed phase was modeled as a set of soft spheres
interacting through a conservative force while
suspended and continuum phases interact via DPD
forces. It is shown that a Poiseuille steady state is
achieved in the presence of bounding walls and under a
pressure gradient in a cylindrical pipe. Flow geometry in
the laminar regime is explored and discussed for periodic
conditions in the presence of a cylindrical narrowing or
constriction.

Keywords: Suspensions; Constricted geometries; Dissipative
particle dynamics; Molecular dynamics

INTRODUCTION

Physically, the description of complex fluid systems
by molecular dynamics (MD) faces two mayor
problems: one has to do with the correct definition
of the interaction potential, and the second, regard-
ing its computational implementation, is the man-
agement and control of the relatively large number of
degrees of freedom for the system to reach
macroscopic behavior. These two factors limit
severely the scope of the application of MD and
particularly they become unmanageable when the
complexity of the system is increased, such as in the
flow of emulsions, oils, colloids and other complex
fluids through pipes and restricted geometries with
complex boundary conditions. In these cases and in
order to grasp information about the hydrodynamic
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behavior of the fluid, it is customary to appeal to
statistical tools developed in the physics of many
particles.

One of the ideas is to reduce the number of degrees
of freedom while preserving in the new description
the statistical character of the original system. In doing
this process, molecular fluctuations appear naturally
and therefore, it is necessary to use the theory of
stochastic processes for the complete statistical
description of the system. This is the essence of any
mesoscopic dynamical method; it has the disadvan-
tage that the molecular details of MD are lost due to
the process of contraction, but the contraction itself
simplifies the problem at lends access to the scales
required from the computational point of view.

This point of view, which is amply used
in Brownian dynamics (BD), was extended by
Hoogerbrugge and Koelman [1,2] to the realm of
hydrodynamics. This promising technique,
christened Dissipative particle dynamics (DPD),
converts an automaton-like algorithm into a mole-
cular dynamic scheme to describe coarse grained
hydrodynamics, a level of description absent in
conventional diffusive Brownian dynamics. By
updating in discrete time steps the interparticle
collision step followed by a space propagation, they
were able to simulate a 3D flow of particles through a
square array of cylinders [1] as well as a soft sphere
dispersions under steady shear [2]. Later on, Espafiol
and Warren [3] established the theoretical basis of the
Hoogerbrugge et al.’s original work. They based their
analysis on the theory of stochastic differential
equations and their corresponding Fokker—Planck
formalism, to justify, among other things,
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the existence of a fluctuation—dissipation theorem
for this system. It is worth also mentioning the
simulations done by Coveney and Novik [4] in the
analysis of the dynamics of a 2D binary inmiscible
fluid. They monitored phase separation and found
the corresponding algebraic laws of growing
domains concluding that DPD is a promising
method for simulating suspensions. This is con-
validated by Groot and Warren [5] who made a
critical review of the method, specifically by
determining the range of parameters demanded by
areal simulation, i.e. the strength of the noise and the
magnitude of the timestep.

As we mentioned earlier, one of the mayor
problems in simulations is the management of
complex boundary conditions and particularly
when a suspension is involved. One widely used
trick implemented within the DPD method, is to
mimic obstacles such as cylinders, spheres, rods and
flat walls, and even the suspended particles by using
the mesoscopic particles themselves. It consists in
freezing some portions of the DPD fluid so that the
frozen ensemble acts as either a fixed or a moving
boundary [1-8]. This is particularly suitable if the
boundary is moving within the fluid, as in the case of
a suspension, but has the disadvantage that particles
can penetrate the boundary with the subsequent
appearance of boundary slip. In order to overcome
this issue, it is customary to use the Lees—Edward
sliding periodic boundary condition [9], as done by
Boek et al. [10,11] in their study of the rheology of
suspensions or alternatively, by the method designed
by Revenga et al. [12,13] based on calculating the
effective force on the dispersed particles, due to the
particles of fluid striking the interface. They found
that whenever a particle hits the boundary, a bounce
back reflection mechanism produces no-slip bound-
ary conditions for any value of the control parameter.

In this work, we propose to further exploit bounce
back boundary conditions to simulate flow of a DPD
fluid including suspended particles in the presence
of boundary walls in three dimensions. We will also
use a combined molecular dynamics approach to
describe the suspended phase. Here the dispersed
components are represented by larger particles that
interact via conservative forces, instead of using the
frozen particle schemes described in the literature.
Under such conditions we show that the systems
achieve the correct isothermal equilibrium con-
ditions, and under a pressure gradient assume the
familiar Newtonian flow patterns expected. Finally,
we make a preliminary investigation of the effects of
a constriction on the resulting flow under periodic
boundary flow conditions. The interest on a
constriction geometry is that it is the simplest
model of what a suspension undergoes in a porous
medium. One fundamental issue in secondary oil
recovery is the stability of “smart” suspensions

injected to remove remaining oil. The modification of
the nature of the suspension under strong shear
within pore throats can change its properties.

This paper is organized as follows: In the second
section we give a brief statistical mechanics
foundation of the DPD method, as well as
some general remarks about essential numerical
considerations. The third section deals with our main
results regarding the flow of the suspension through
a cylindrical pipe geometry and in the presence of a
narrowing or constriction. We end, in the fourth
section, with a discussion and conclusions.

THEORY

Because of the contraction of the number of degrees
of freedom within a mesoscopic description, the
particles in DPD are not fundamental entities as in
MD. They represent a cluster of microscopic particles
interacting under a given, renormalized force. A set
of propagation rules based on these forces change
their position and momenta. This coarse graining
process leads inevitably to a loss of information
and the subsequent appearance of new time and
length scales.

In the DPD description, the total force acting on
the mesoparticle is split into: (i) a conservative part
that accounts for the effect of the two particle
interaction potential, (ii) a dissipative term and
(iii) a stochastic component. Thus, if the suspension
is composed of N interacting mesoparticles, at the
temperature T, the equations of motion read

dT?i —-C =D =R
g = 2 |F +FHE, M
Vial!
dri _P;
e 2
a M ()

where 1_57‘7 7 and M are the momentum, position
and mass of the mesoparticle, and the supraindexes
{C, D, R} refer to the conservative, dissipative and
random contributions, respectively.

As opposed to Brownian dynamics, where the
movement of the particle is eminently diffusive,
mesoparticles in DPD propagate in phase space
hydrodynamically because in addition to mass, also
momentum is conserved. The energy is not
conserved in the DPD approach and thus there is a
lack of a transport equation for heat conduction
[14,15]. Furthermore, because there is no other source
of dissipation, such as a temperature gradient to
promote a heat transfer, a DPD fluid cannot keep a
temperature difference and therefore, the tempera-
ture relaxes to a global predetermined value. This
behavior contrasts deeply with that found in a
Navier—Stokes fluid in which the mass, momentum
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and energy fields kinetically relax to their local
values. In conclusion, in equilibrium conditions
(no macroscopic currents present) the kinetic energy
relaxes to its equipartition value and, because it
depends on the density field, any transport equation
for this property leads inexorably to the continuity
equation [15].

It was pointed out by Espafol et al. [3], that the
expressions for the forces D, R and C in the different
applications of this technique are given by

—C — .
Fy = awc(rie;, 3

—D o = A

Fyj~ = —vywp(rij) @-vijei, 4)
=R —
Fy = owr(ri)djei, )

where vj; =v; —0; is the relative velocity of the
mesoparticles, ¢; is a unitary vector pointing from
particle i to particle j, « is a parameter of the
conservative force defining the compressibility of the
fluid and ¢j; is a delta correlated zero mean random
Gaussian function

&ty =0, (6)
(i) Za(9)) = (58 + 8ud)d(t — s), (7)

where wpr)(Tj) is a weight function depending on
the relative position vector of the pair of mesopar-
ticles 171} Constants y and o account for the relative
importance of these forces and are related to each
other, through a fluctuation dissipation relation to
guarantee the equilibrium state at the given T.
The stochastic component comes from the fact that at
very short times the unpredictability of the move-
ment shows up because in the limit At— 0, the
product ;(t)dt changes at a very high rate.
Mathematically, this is equivalent to a Wiener
process [16], so the random force with the definition
(5) can be written as

—R -
F, = ZGMR(Vij)eideij, ®)

jFi

where dWj; is the differential increment of the Wiener
process.

The equilibrium state of a DPD system was
investigated by Espafiol and Warren [3] by recogniz-
ing that the two stochastic variables 7; and P;, have a
probability measure described by a bi-variate
Fokker—Planck equation (FPE) which can be easily
derived from standard techniques of stochastic
differential equations [16]. Even though there is no
formal solution to it, their argument was based on
that any initial measure will necessarily be propa-
gated to a Gibbsian distribution as a condition for
the existence of equilibrium [17]. In this context,
and working in the framework of the canonical
ensemble, they found that in order to attain

the equilibrium state, constants wg and wp must
fulfill the requirement

wr(r) = o)1), 9)

o= (2kTy)"/2. (10

These last two expressions are the dissipation—
fluctuation (FD) relations for the DPD method. They
limit the intensities of the noise as a function of the
energy dissipated by friction, as well as it gives the
relation between the function wr and wp. The choice
of the r dependent function w(r) in the three DPD
forces is the usual linear function [1] (1 — r/r.) where
1. is a cutoff distance for the interaction.

SUSPENSION MODEL

We consider a model dispersion as a highly
incompressible fluid whose dispersed units are
neutrally buoyant. It is composed of a continuous
phase of DPD particles, whose cutoff interaction is
7. =1, and a dispersed phase formed by spherical
particles of diameter 4r.. The mass density of the
continuous phase is p;, = Mn where 7 is the number
density and M is the mass per DPD particle. The
neutral buoyancy condition is fulfilled by equating
the density of the continuous phase and that of the
dispersed particles. From here we determine that the
mass of a suspended particle to be nM(32/3)7r?.

The forces describing the continuous phase follow
those of regular DPD, and are described in Ref. [3].
The intensity of the noise, or equivalently the
amplitude of the dissipation according to the
fluctuation dissipation theorem, is fixed so as to
obtain a given temperature T. The parameter of the
conservative force is determined on thermodynami-
cal grounds following the procedure described in
Groot ef al. [5] that fixes the compressibility of
the fluid. Regarding the interactions between
particles of the dispersed phase, we chose a soft
repulsion given by

—dp (ag/re)dre —ri)e;  (rij < 4re)

Fim=1Yo ry=4ry D

where « is the parameter characterizing the
conservative force of the DPD particles [5]. The
prefactor «,; parameterizing the forces between
dispersed particles was chosen to insure at least the
same effective force constant (dF C/dri]-) as that
between particles of the continuous phase. Neverthe-
less, in practice «,; was increased further, to a value of
40, because as the large particles approach each
other a net attraction between them arises due
to the excluded particles of the continuous phase.
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FIGURE 1 Cylindrical geometry. The total length of the system L. is divided in five sections, included two gradual regions taking the
cylinder from the large radius to the constriction radius and vice-versa. The interaction of DPD particles with the surface is modeled using

bounce-back boundary condition. (Colour version available online.)

The extra force imposed counteracted such discrete-
ness effect of the fluid.

For the interaction between particles of the
continuous and suspended phase we use DPD type
interactions as expounded in the previous section
and repeat the recipe detailed above only fixing the
force constants (with no exclusion effects con-
sidered). The cutoff distance for this case, referred
to that of the continuous phase, is 5/2 r... The intensity
of the corresponding dissipative force was estimated
for this geometry [18] following the method outlined
by Revenga et al. [12,13] in the determination of the
effective force of DPD particles and a wall composed
of frozen mesoparticles. Once the dissipative force
constant is determined a simple application of the
fluctuation dissipation relations using Eq. (10),
determines the random force constant.

The flow geometry including the constriction is
depicted in Fig. 1. It is axially symmetric around the
chosen z-axis. To simulate the flow and to guarantee
both, non-slip on the walls and a uniform tempera-
ture in their vicinity, a bounce back reflection
mechanism was applied to any particle colliding
with the boundary [12]. This condition was found to
be much better than simulating the wall as frozen
particles which results in a excluded volume close to
the boundary and wide deviations of temperature in
its vicinity.

RESULTS

In this work, the Groot and Warren’s modified
version [5] of the velocity Verlet algorithm [19] was
implemented to perform all the numerical inte-
gration of the equations of motion. Before we
specialize our calculations to the flow through the
constriction, we validate our model with the
expected standard hydrodynamic behavior, by
determining properties in elemental geometries,
such as a cylindrical pipe. In Fig. 2, we show the
parabolic velocity profile, v(r), scaled by the
pressure gradient AP in a cylindrical geometry.

The pressure gradient was implemented in our
algorithm by adding, in the direction of the flow, a
constant external force (linearly proportional to the
mass) to the total force exerted on each particle. The
data collapse onto the same universal curve when
the velocity is scaled by the pressure gradient as
expected for Poiseuille flow. The insets show the R ?
and the L, dependence of the flow prefactors. We can
see that all figures, for distances from the wall greater
than r, collapse to a unique quadratic function of the
distance from the fluid bulk. This agrees with
Newtonian behavior in which the profile is given by

APR?2 2
o= [1 - (E) } 2

where 7 is the viscosity of the fluid and R the radius
of the pipe. If we keep the pressure gradient constant
and vary the pipe length, we can collapse all curves
to a single universal function as shown in the inset of

20 £
-.EI.!
17.5 =3
g o
— 15 -‘“'i 1
l-m .
E 12'5 " as 15 H.E‘ s
0 —a lpedlen !r'rrr I.
= 10T i
ﬂ -E et Lreile
= 1515,
7 #
o 5t3 . AP=D
4 ek L @ AP=0125
[™ a
-, 25 W | O AP=0250
:i: " 1 F] 3 ] [
0 wir, A AP=0375
0 0.5 1 1.5 2 25 3 3.5 4 4.5
r/r

C

FIGURE 2 Poiseuille collapse for different pressure gradients.
These profiles correspond to a monophasic fluid of N = 3817
particles, and density p = 3.0m/r?, in a pipe of length L =207,
and radius R = 4.57.. The collapse of these profiles indicates that
the fluid is Newtonian under the gradients reported. The
continuous line shown is a quadratic fit to the data. The lower
inset shows a similar collapse fixing the pressure gradient and
varying the pipe length. The upper inset demonstrates the
quadratic dependence with the pipe radius.
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Fig. 2. This collapse is by no means trivial since it
implies a shear independent viscosity of the DPD
fluid.

We observe from Fig. 2 that at distances very close
to the wall, the distribution deviates from a parabolic
dependence. The lack of parabolic dependence, at
length scales of the order of the DPD cutoff distance
from the wall, springs from the discrete nature of the
formulation. The discreteness of the system is
directly seen by examining Fig. 3 for the density
profile. We can clearly see that particles tend to pack
in a crystalline-like fashion, in the vicinity of the
wall. This edge effect is important for distances of the
order of . and is of no consequence to bulk behavior.

Subsequently, we included a bottle-neck constric-
tion, as described in the previous section, and
checked, using pure DPD fluid under a pressure
gradient, for the fulfillment of laminar flow
conditions. For PBC along the axis of the pipe it is
also necessary to find the appropriate ratio of the
total length of the pipe to the length of the
constriction, to minimize feedback effects. The length
of the pipe was set so that the fluid achieves a
Poiseuille velocity profile at the flow exit. An
appropriate flow pattern is obtained for a pipe
length, after the constriction, equal to twice the total
constriction length at the chosen constriction radius
(see Fig. 1). We also found that in order to get a
Poiseuille profile in the constriction, it is imperative
to set its length so as to minimize the effects of the
spatial transient due to the change in radius of the
pipe. The results are shown in Fig. 4 where
the neck length is of 32r.. It can be seen that the
region before the constriction follows a parabolic
dependence (Fig. 4a), while inside the neck the
dependence is better fitted by a cubic dependence

10
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. s——=a AP=0.125 ]
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FIGURE 3 Mesoscopic particle density for a straight pipe
configuration in the vicinity of the pipe wall. Density profiles
correspond to monophasic fluid of N = 3817 particles, and
p=23.0m/r2. In these profiles we note an ordered structure close
to the wall, due to the discreteness of the continuous phase. This
effect occurs for radius r between 3.5 and 4.57.. For values r <
3.5, the values of the density profiles converges to the bulk value.

0.6
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0.2

1/2
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FIGURE 4 Velocity profiles in the presence of the constriction
with periodic flow conditions. Panel (a) shows the profile prior to
the constriction showing a good fit to a parabolic profile except
close to the pipe boundary. Panel (b) depicts the profile within the
constriction, better fit by a cubic dependence, demonstrating a
spatial transient.

(Fig.4b). Poiseuille flow can be found by increasing
the neck length. In both previous situations (in and
out of the constriction), the profile was measured in
the vicinity of the center of the pipe.

Once the correct monophase properties were
verified we ran the full model including dispersed
particles and constriction. The introduction of
suspended particles in the analysis of the flow
through a regular pipe, requires that their velocity
profile, at low concentration of dispersed particles,
match the velocity profile of the continuum phase.
Otherwise, slipping between phases would ensue.
Figure 5 depicts the profiles for a straight pipe
geometry, for each kind of particles, determined for
several values of AP and concentrations of the
disperse phase. The two profiles match except for a
region of the order of the dispersed particle diameter.
This occurs in spite of the fact that no-slip is not
guaranteed at the dispersed particle boundaries.
Figure 5 shows a dispersed phase concentration of
5%. A slight increase in the concentration of the
dispersion was found within the constriction
indicating a tendency for the large particles to lag
the continuous phase. Further exploration of this
flow geometry is in progress, regarding concen-
tration effects and eventual clogging of the
constriction.
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FIGURE 5 Suspended and continuous phase profiles in periodic
flow conditions. The profiles correspond to dispersion at 5% of
dispersed phase in a pipe of length L = 60 7. and radius R = 9.57,.
The mass density of the continuous phase is p;, = 3.0m/r2, the

c?

number of particles of the dispersed phase is N; = 25, and the
number of particles of the continuous phase is N = 49000
particles. Note that the dispersed phase is dragged along by, the
continuous phase suggesting non-slip conditions. The profiles are
parabolic except for the values of r where discreteness of the
dispersion becomes relevant.

SUMMARY AND CONCLUSIONS

We have used DPD method to emulate an
incompressible suspension in a confined configur-
ation. We propose a model to simulate a non-
colloidal dispersion flowing in a constrained
cylindrical geometry. Our model assumes that
particles belonging to the continuum phase behave
as pure DPD units while those from the disperse
phase interact as conservative neutrally buoyant
particles. The dispersed particles interact with the
fluid through scaled DPD interactions.

Boundary conditions with cylindrical walls were
included using “bounce back” reflections, which
guaranteed no-slip at the boundary. In these
conditions the model met with the expected behavior
of an ideal Newtonian fluid for a regular cylindrical
(constant radius) geometry. We found that modeling
a boundary, within DPD, it is less advantageous to
use frozen particles interacting via regular DPD
forces since an artificial excluded volume arises, and
the temperature of the system deviates from that
fixed by the fluctuation dissipation theorem by as
much a 20%.

When the motion of suspension were considered,
non-slip conditions where not guaranteed between
the continuous phase and the dispersed particles.
Nevertheless, in practice the dispersed phase closely
matched the continuous phase profile except close
to the cylinder wall. As no rotations were
considered this is sufficient condition to ensure
non-slip.

In order to simulate a constriction we
implemented a gradual decrease of the cylindrical
radius forming a bottleneck. Longitudinal periodic
boundary conditions were considered. The return of
the dispersion to the Poiseuille profile after passing
through the constrictions was achieved by prolong-
ing the after-section of the cylinder conveniently. We
showed that within the constriction, transient flow
effects prevent the formation of a parabolic profile,
which is substituted by a cubic profile closely
resembling plug flow near the center.

These results allow us to conclude that the DPD
model can successfully describe an isothermal,
incompressible fluid in a cylindrical geometry
under a pressure gradient and at constant flow
conditions. This can be achieved provided appro-
priate non-slip boundary conditions are imple-
mented as described above. In order to further
approach real suspensions within our model,
appropriate conservative forces between suspended
particles should be included to describe both
colloidal and non-colloidal systems. Such an
improvement of the model will provide insight
regarding the changes in a dispersion due to the
presence of constrictions, of much interest in flow in
porous media.
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