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A comparative study between dissipative particle dynamics and molecular
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The purpose of this study is to compare the results from molecular-dynamics and dissipative particle
dynamics (DPD) simulations of Lennard-Jones (LJ) fluid and determine the quantitative effects of
DPD coarse graining on flow parameters. We illustrate how to select the conservative force
coefficient, the cut-off radius, and the DPD time scale in order to simulate a LJ fluid. To show the
effects of coarse graining and establish accuracy in the DPD simulations, we conduct equilibrium
simulations, Couette flow simulations, Poiseuille flow simulations, and simulations of flow around
a periodic array of square cylinders. For the last flow problem, additional comparisons are
performed against continuum simulations based on the spectral/hp element method.

© 2005 American Institute of Physics. [DOI: 10.1063/1.2018635]

I. INTRODUCTION

The dissipative particle dynamics (DPD) model consists
of particles which correspond to coarse-grained entities thus
representing molecular clusters rather than individual atoms.
The particles move off lattice and interact with each other
through a set of prescribed and velocity-dependent forces.'™
DPD is potentially a very effective technique in simulating
mesoscopic hydrodynamics of simple and complex liquids.
Similar to the effort that has been going on with the lattice
Boltzmann method (LBM),*’ another mesoscopic simulation
technique, a systematic verification and validation of DPD,
are required to evaluate its accuracy, efficiency, and robust-
ness.

Validation involves comparison with the experimental
results. By matching thermodynamic or hydrodynamic
properties—for example, the diffusivity of the DPD fluid
with water, see Ref. 6, or the surface tension of a binary DPD
mixture (e.g., water-benzene, water-CCL,, water-octane), see
Ref. 7—other hydrodynamic DPD-computed parameters can
be compared with their corresponding experimental values,
thereby demonstrating the validity of the DPD model.

Verification, on the other hand, involves comparison
with analytical solutions or other simulation results based on
the Navier-Stokes equations. This, for example was done for
Couette flow in Ref. 8, for Poiseuille flow in Refs. 9 and 10,
and for the lid-driven cavity flow in Ref. 9. Such studies
have demonstrated that if the no-slip boundary condition is
properly imposed, e.g., see Ref. 9, DPD can indeed repro-
duce the correct hydrodynamics even for finite Reynolds
number flows.

DPD is intrinsically a coarse-graining technique, and
thus it is interesting to evaluate the accuracy of DPD simu-
lation results as a function of the number of molecules per
DPD particle. The number of molecules per DPD particle is
known as the coarse-graining parameter and is denoted by
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N,,, see Ref. 3. As such, the proper comparison of DPD
results should involve a microscopic method, such as mo-
lecular dynamics (MD). The question then is what happens
as we coarse grain the DPD model, i.e., at values of N,,>1,
and what is an upper limit value for acceptable accuracy, for
confined systems, i.e., flow systems with solid boundaries.

Unlike a MD simulation where the choice of potential is
based on a theoretical model of the physical system to be
simulated, a DPD simulation involves potentials of a form
independent of the physical system. The DPD potentials do,
however, include parameters that need to be properly chosen
to provide an accurate approximation of the system. Also, a
MD simulation contains a set of units intimately related to
the theoretical model. Since, with DPD, the potentials are not
given by a physical model, the relation of natural DPD
length and time scales to physical units needs to be estab-
lished.

In the present work, we propose a process of choosing
the DPD parameters and determining the DPD length and
time scales for different values of N,,, such that the DPD
simulations correspond to a MD simulation of a Lennard-
Jones (LJ) liquid. The link between the molecular (MD) and
mesoscale approach (DPD) is established by determining a
thermodynamic property, here the compressibility modulus,
from MD simulations and adjusting the parameters in the
DPD model accordingly. This approach for linking molecular
with mesoscopic scales has been proposed by many research-
ers, e.g., see Ref. 11. After determining the correct param-
eters and scales, we evaluate the accuracy of the DPD
method based on the results obtained from MD simulations
and Navier-Stokes solutions. The influence of solid bound-
aries is typically very strong in DPD simulations, and, to this
end, we employ both exact boundary conditions, e.g., the
Lees-Edwards boundary conditions,12 as well as a new set of
boundary conditions developed in Ref. 13. The two proto-
type cases we consider are the plane Poiseuille flow and flow
around a periodic array of square cylinders. For the former
we also use the analytical Navier-Stokes solution for com-
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parison while for the latter we employ spectral/hp element
discretizations'* to obtain highly accurate numerical solu-
tions.

In Sec. II, we provide a brief overview of the basic MD
and DPD formulations establishing notation and correspond-
ing units. We then present equilibrium and nonequilibrium
simulations to obtain the shear viscosity, which we use in
MD and DPD simulations of simple- and complex-geometry
domains.

Il. MD AND DPD BASICS AND UNITS

In our MD simulations, a system of N particles interact
via the pairwise Lennard-Jones potential

o 12 6
u,»,<r,»,->=4e[(;) - (5) ] (1)

Therefore, the force on particle i is given by

Fi=- 2 Vrljuij(rij)s (2)

JFi

where r;; is the distance between particle centers, and r;;
=r,~r;.

Once the force on each particle has been determined, the
motion of each particle is computed by integrating Newton’s
second law. In our case, either the fifth-order Gear predictor
corrector or the Verlet algorithm15 performed the time inte-
gration. In most of our simulations, we use a modified

Lennard-Jones potential

3)

- wii(ri) = wif(rewd s 15 < Few
;=

0, rij = Teu

to reduce the computation time. The modified potential al-
lows for the use of a linked list which further reduces the
computational cost.

In the nonequilibrium simulations, it is important to con-
trol the temperature of the system as we do work on it. For
this purpose, we chose to use the extended system Nosé-
Hoover thermostat, see Ref. 16. Essentially, this thermostat
works by extending the Hamiltonian system to include an-
other variable which moves in accordance with its own po-
tential and scales the velocities of the particles to attain the
specified temperature.

In a typical MD simulation of a LJ fluid, the variables
and parameters are in terms of reduced units. This set of
units is closely linked with the LJ potential, whereby o is the
unit of length, m is the unit of mass, and € is unit of energy.
From here, we can define the unit of time, 7=(mo?/€)"2.
Further combinations of these parameters provide the re-
duced units of other variables, see Appendix B of Ref. 15.

Like MD, the motion of the DPD particles is governed
by Newton’s equations. However, unlike MD, the forces on
the particles are not solely given by conservative interac-
tions. For DPD, the force can be broken into three parts
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C, gD, R
F;=2 (F{+F)+FY), (4)
J#i
where the C, D, and R stand for conservative, dissipative,
and random. For a single-component DPD liquid the forces
exerted on particle 7 by particle j are

c a(l —rij/RC)fij, rij<RC
. s
0, rij = Re,
Fij == () (7 vy, ©
Fj= apw®(r,) 0,7, 7

where v;;=v,—v; and #;j=r;;/r;;. Also, w” and wX are weight
functions that vanish for r;;>R,, and 6; is a Gaussian ran-
dom variable that satisfies (6,;())=0 and (6,,(t)6(t'))
= (6 0+ 6;0;) 8(t—1"). In the DPD simulation the cut-off
radius R, is the unit of length. To ensure the Boltzmann
distribution is achieved at equilibrium,2 we require

wP(ry;) = [wR(r;)* and o= 2ykgT. (8)

For simplicity, w”(r;j) is chosen to be (1-r;;/R.), which de-
fines the same interaction region as for the conservative
forces. Also, aza,-jzv’?aj, where a; and a; are conservative
force coefficients for particles i and j, respectively.

A linked list is used to speed up the force computation
and the modified velocity Verlet® scheme computes the par-
ticle motion. Groot and Warren provide a more extensive
overview of DPD, especially with regard to integration
schemes, in their paper,3 see also Refs. 17 and 18(a); the
latter presents an alternative DPD approach.

lll. THE LENNARD-JONES FLUID FOR DPD
SIMULATIONS

In Sec. II we provided a brief introduction to the com-
ponents of MD and DPD simulations. The LJ reduced units
of mass, length, and time were presented. In addition, we
introduced the relevant DPD parameters a, oy, and y and the
DPD length scale R,. In this section, we provide a detailed
description of our proposed strategy for determining the
DPD parameters and length scale as they correspond to the
simulation of a LJ fluid. This method also includes instruc-
tions on determining the DPD time scale, which we refer to
as Tppp, and the mass of a DPD particle, M. With these
relations, we can then simulate a LJ liquid using DPD with
different levels of coarse-graining N,,,.

Our procedures are as follows:

(a) Based on the definition of N,,, we determine M =N, m.

(b) We relate R, to o by equating the mass density of the
DPD system with that of the MD system.

(c) To find the conservative force coefficient, a, we equate
the isothermal compressibility of the DPD system with
that of the MD system.

(d) The values of vy and oy are chosen based on the tem-
perature of the DPD system, simulation time step, and
integration scheme. In addition, y and op must also
satisfy Eq. (8).
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(e) By insisting the DPD kinematic viscosity be equal to
the MD kinematic viscosity, we extract the DPD time
scale, Tppp.

The method outlined above ensures that the mass den-
sity, viscosity, and the compressibility of the DPD simulation
are the same as those of the MD system. Specifically, this
means the linear responses of the pressure to density changes
and shear stress to shear rate are the same for both systems.
Therefore, this method is suitable for regimes where the flow
remains Newtonian and is nearly incompressible. With the
isothermal compressibility being both a function of density
and temperature, the above method only provides the local
DPD parameters and unit scales with respect to the point of
interest on the phase diagram. Therefore, if one wishes to
conduct simulations at two different phase points, the cali-
bration must be performed twice.

Since the current DPD version performs only isothermal
simulations, the temperature of the system, [kzT|ppp, is an
input. Usually, [kzT]ppp=1, but one is not limited to this
choice. For example, thoughout this study, we choose
[kgTlppp=0.1. The choice of DPD temperature manifests it-
self in the resulting DPD time scale.

A. The DPD cut-off radius

In addition to finding the working parameters for DPD,
we need to relate the length scale of DPD, R, to o. This is
done by matching the mass densities of the two systems. We
denote the dimensional MD number density as pyp which
has units of ¢73. The DPD number density is denoted by
pppp and has units of R;3. Therefore, the MD and DPD mass
densities are mpyp and Mpppp, respectively. In order to
equate the two, we must write the DPD expression for mass
density in terms of reduced units. Explicitly, the DPD mass
density is N,mpppp(0/R,)> where pppp has the same nu-
merical value as pppp but units of o>, After equating the
MD and DPD expressions, we obtain

( N, mPEPD > 1
e o

PMD

R.=

c )

In all the cases considered pyp=0.80"> and pppp
=3.0R:,3. The choice of pppp is somewhat arbitrary, provided
pDPD>2.0R;3, see Ref. 3.

B. The conservative force coefficient

To find the value of a in Eq. (5), we follow the process
laid out by Groot and Warren® and Groot and Rabone,” that
is, we match the compressibility of the DPD system with that
of the MD system. In Ref. 3, the authors, through a series of
equilibrium simulations with different values of a and pppp,
showed that for sufficiently large number densities, the DPD
equation of state computed using the virial Eq. (12), to a
good approximation, is given by

P = poppkpT + aapzDPD’ (10)

where a was determined to be @=0.101+0.001. By defini-
tion, the isothermal compressibility is «~'=1/kzT(dp/n)y
where n is the number density of actual particles which, in

A comparison between dissipative particle and molecular dynamics J. Chem. Phys. 123, 104107 (2005)

35 T T T T T T T T T

prossure

1 L L L L s " s
075 0.76 0.77 0.78 6.79 08 0.81 0.82 083 0.84 0.85
density

FIG. 1. Pressure vs density obtained from MD simulations for different
values of density in order to determine the compressibility of the LJ fluid at
T=1.2¢/ky. Here, we find for pyp=0.8073, k'=15.38.

units of R;3, is n=N,,pppp. Following Ref. 6, we find

-1 1 dp JPppD 1 apppp
K =—|— | |—|=—|14+2a——).
kgT\ dpppp/ 7\ dn Ny kgT
(11)

The above equation provides the necessary relationship
between the mesoscopic model parameter and the compress-
ibility of the system. Therefore, with k™! determined by the
MD system, the proper value of the conservative force coef-
ficient can be found.

To obtain !, we conduct equilibrium isothermal MD
simulations where the pressure is computed over a range of
densities. Like the DPD equilibrium simulations in Ref. 3,
the pressure is computed via the internal virial

1

N N
P=PkBT+5/ 2 E ri-fi |- (12)

i=1 j=1,j#i

In a MD simulation, the pressure is affected by the cut-off
radius of the modified LJ potential. We can correct the pres-
sure by using (see Ref. 16)

16 |2/ 1) (1}
Pey=P+—mp7 | =\ — | -{— ] |. (13)
3 3\ rew Teut

The value of ! was found by running equilibrium
simulations with N=2916 and r.,=2.50 at T=1.2€/kg. The
pressure was computed for pyp=0.750"° to pyp=0.8407.
In each instance, the Verlet algorithm was used to advance
each system to =200 with Ar=0.0057. The pressure of the
system was recorded every time step after =107 and aver-
aged over the 1907 period. The plot of the determined pres-
sure versus density is shown in Fig. 1. The data points are
fitted with a quadratic function. By taking the derivative of
this function and dividing by the temperature, we find «!
=15.38 for pyp=0.807>. The values of the conservative co-
efficient a for different levels of the coarse-graining param-
eter N,, are given by (11) using this value of x~'.

Downloaded 25 Dec 2006 to 128.148.123.3. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



104107-4 Keaveny et al.

J. Chem. Phys. 123, 104107 (2005)

TABLE I. Equilibrium and Lees-Edwards simulations: DPD and MD simulation parameters. All values are
expressed in reduced units even though the results from these simulations determine the time scales. Note that
the equilibrium (EQ) MD simulations were performed on a (11.970)* domain whereas the Lees-Edwards (LE)
MD and all DPD simulations were performed on a (20.52¢) domain. The symbols used are defined in the text.

N,=1 N,,=2 N,=3 N,=4 N, =5 MD (EQ) MD (LE)
N 6912 3456 2304 1728 1382 1372 6912
At(7) 0.0068 0.013 0.02 0.030 0.04 0.005 0.005
tim(7) 340 1340 3120 5920 10150 1000 1000
t(7) 68 134 208 296 406 10 10

C. The random and dissipative force coefficients

The random force coefficient, oy, and the dissipative
force coefficient, y, are chosen to yield an efficient and nu-
merically stable DPD simulation that satisfies (8). As the
random force increases, the speed at which the system reacts
to temperature variations increases.” This leads to efficient
temperature equilibration. There is, however, an upper limit
to one’s choice of op. This upper limit is based on the time
integration scheme, time step, and temperature. In our DPD
simulations, the time integration scheme was the modified
velocity Verlet method with parameter A=0.5>, the time step
was Ar=0.027pp, and the temperature was [kgT |ppp=0.1.
The results show that temperature deviation diverges rapidly
if oy is greater than 4.4. For even higher values, the simula-
tion is unstable. Therefore, to have an efficient and stable
simulation, we choose 0z=3.0. With this value of oy, we
must have y=45.0 to satisfy (8).

D. The DPD time scale

Just as in the case of the length scale, we must relate the
time scale of DPD with that of MD. In this case, it is not so
clear how the two are related. In Ref. 6 the authors use the
diffusion constant of the DPD simulation and matched it to
that of the molecule of interest to determine their time scale.
They, however, were concerned with the diffusion of water
through a membrane. As the Schmidt number (v/D) for a
DPD liquid is lower'*® than that of a real liquid,>® it would
be incorrect to use the time scale determined from the diffu-
sion coefficient for viscous processes. Therefore, in our cases
where we apply shear to the fluid, we determine our DPD
time scale by matching the kinematic viscosities of our sys-
tems. We denote the MD kinematic viscosity as vyp which
has units ¢2/7. For DPD, the kinematic viscosity is written
as vppp and has units of Rf/ Tppp- The DPD viscosity can be
rewritten as vppp(R./0)>7/ Thpp Where vppp has the same
numerical value as vppp, but units of o?/7. Then, by equat-
ing the viscosities, the DPD time scale is given by

L R.\?
TDpD = DPD<_> T. (14)

V™D \ O

The MD and DPD viscosities are determined by con-
ducting equilibrium and nonequilibrium simulations. The de-
tails and results of these simulations are given in Sec. IV.

IV. NUMERICAL SIMULATIONS

We first perform simulations to obtain the shear viscosi-
ties of the fluid. Once the visocities have been determined,
we perform simulations of plane Poiseuille flow and flow
past a periodic array of square cylinders.

A. Equilibrium simulations

We first consider equilibrium simulations to determine
the shear viscosities of our MD and DPD systems. We cal-
culate the shear viscosity using the Green-Kubo relation

Vv

M= _f <0-aﬁ(0)0-aﬁ(t)>dt’
0

where o, is an off-diagonal component of the stress tensor
given by the Irving-Kirkwood formula
N N

1
vamviﬁ‘*a > Fijoliip
i=1

Jj=1j#i

1

v (16)

o-oz,B

To ensure accurate results for the MD simulation, we did not
use a cut-off potential. It has been shown, however, that us-
ing a cut-off potential can also yield accurate results as long
as Fey > 450."

In Table I we list the simulation parameters and Table II
contains the values of the viscosities found via the Green-
Kubo relation. In all cases the fully periodic computational
domain contained N particles. In reduced units, the DPD and
MD simulations correspond to a LJ fluid with T=1.2€/kp
and p=0.807>. In the MD simulation the domain was
11.970 X 11.970 X 11.970 whereas the DPD simulation do-

TABLE II. Shear viscosity results from the Green-Kubo (EQ) and Lees-Edwards (LE) calculations. The values
are expressed in terms of DPD units [M/(R.mppp)]. By the method described in the previous section, these
values are constructed to be identical (in terms of reduced units) to those found in the MD simulation. The
Green-Kubo calculation gave 1.98m/(o7) as the shear viscosity whereas the Lees-Edwards simulations yielded

1.97m/(o7).
N, =1 N, =2 N, =3 N, =4 N,=5
n (EQ) 1.05 1.31 1.57 1.84 2.16
n (LE) 1.04 1.31 1.55 1.82 2.15
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main was 20.520X20.520 X 20.52¢. The simulations were
run to time 7=t to determine the viscosity. The data were
collected after a transient time period t=t, For MD, the
Verlet scheme was used for the time integration. For the
equilibrium simulations, a much smaller domain was used in
MD compared to DPD. However, in all other simulations
presented, the same size domains were considered.

B. Lees-Edwards simulations

A plane Couette flow generated by Lees-Edwards
boundary conditions'? provides a second way of computing
the viscosities of the DPD and MD systems. This is a
boundary-free simulation independent of the specific imple-
mentation (MD, DPD, etc.) that is employed to impose the
no-slip boundary conditions. The shear is imposed in the x
direction with the velocity gradient in z direction. For the
MD simulations, the shear rates ranged from 0.0127! to
0.0497!, while for all DPD simulations, the shear rates
ranged from 0.001575p to 0.065 755y, Since a linear velocity
profile was observed in each case considered, we can calcu-
late the shear viscosity from the relation

u

(o) =p—

9z’ (17

where o, is given by Eq. (16).

In Table I we list the simulation parameters; the resulting
values of the shear viscosity calculated from the nonequilib-
rium Lees-Edwards simulations are presented in Table II.
The agreement with the values obtained through the Green-
Kubo relations is good. The simulations were run with N
particles in a fully periodic domain. The domain for all simu-
lations was 20.520 X 20.520X20.520. Again T=1.2€/kzT
and p=0.807>. For the MD simulations, the fifth-order Gear
predictor corrector was the time integration scheme, and the
Nosé-Hoover thermostat kept the temperature at the desired
value. Velocity and stress data were recorded every time step
after 1=t to the end of the simulation when 7=t and av-
eraged over this period. The z dimension of the domain was
divided into 24 bins over which the velocity and shear stress
were averaged.

Now that we have established the shear viscosities of our
DPD system for different values of N,,, we can, as we have
explained in Sec. III, find the appropriate relation between
Tppp and 7 for each N,,,.

With the time scales established, we turn our attention to
nonequilibrium flows in which we can both confirm the
method of choosing DPD parameters and units and explore
the effects of coarse graining on DPD flow simulations.

C. Poiseuille flow

We aim to compare velocity and stress profiles and ex-
amine density fluctuations in MD and DPD Poiseuille flow
simulations of a LJ liquid at T=1.2¢/ky and p=0.807.
Based on our derivations of M, R., and mppp, the channel
sizes and the imposed pressure gradients in the MD and DPD
systems are the same.

With the introduction of bounding interfaces, we adjust
our simulations to impose the no-slip boundary condition. In

A comparison between dissipative particle and molecular dynamics
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TABLE III. Poiseuille flow: MD and DPD simulation parameters in reduced
units. The symbols in the table are defined in the text. The last row is the
effective force parameter used to impose the no-slip boundary condition in
the DPD simulations, see Ref. 23.

N,=1 N,=3 N,,=5 MD

Ny 8000 2676 1600 8000

N, 992 440 304 800

Ar(7) 0.0068 0.02 0.04 0.005
tim(7) 340 3120 10150 15000

1(7) 68 208 406 200
h(o) 0.16 0.22 0.27 0.042 75

a,lksT(1/ o) 2.0224 3.5489 48137

MD, this is accomplished by adjusting the potential between
the wall particles and the fluid particles. This can be done in
two ways. First, see Ref. 20, we can adjust the parameters
€,r and o, in the LJ potential for wall-fluid particle interac-
tions in addition to adjusting the wall density, p,,. Second,
see Ref. 21, we can include an additional parameter 0<A
=<1 to multiply the attraction term in the Lennard-Jones po-
tential. Here, we choose the first method since it has been
shown to produce a constant slip length as long as the shear
rate is sufficiently small.*> We find that when our walls are
constructed of two (100) layers of a fcc lattice, Ty =0y
pw=ps and €,,=0.6€5, we have no slip at the wall.

For DPD, the wall are modeled by two layers of equally
spaced particles. The density of the wall is equal to that of
the fluid. To prevent the penetration of fluid particles into the
solid regions, bounce-back reflections are applied at the
fluid-solid interface. The conservative force coefficient of the
fluid-solid interactions, a,, (see last row in Table III), is
adjusted23 to achieve no-slip conditions at the walls and de-
sired density level in the middle of the channel. Other ap-
proaches to impose the no-slip boundary condition have been
developed in Ref. 9.

To generate the flow, a force is imposed on each particle.
In the MD simulation, this force was chosen to be
0.0091mao/ 7. Therefore, in reduced units, the corresponding
force per particle for the DPD simulations was N,, times this
value. Based on this imposed force, the viscosity, and the
size of our channel, the Reynolds number of the flow is
found to be Re=4.6.

The simulation parameters are summarized in Table III.
The number of fluid particles is Ny, while the number of wall
particles is N,,. As mentioned above, in DPD, the conserva-
tive force coefficient of wall particles, a,, is different from
that for fluid particles, a. The fluid occupies the region be-
tween the two walls. This region has dimensions of 34.20
X34.20 X 8.550, and is periodic in the x and z directions.
The fluid domain is subdivided in the y direction into slices
of height 47 where the velocity, density, and stress data are
collected. The fifth-order Gear predictor-corrector integration
scheme with the Nosé-Hoover thermostat is employed in the
MD simulation. The simulations were run to t=t,,, with time
step At and data were averaged over all steps after time ¢
=Ly

In Fig. 2 we plot the resulting streamwise velocity pro-
files from both MD and DPD simulations—the results are in
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FIG. 2. Velocity profiles of the Poiseuille flow simulations. The determined
DPD spatial and temporal scalings are used such that all the data is reported
in MD reduced units. The line is the fit to the MD data while the open
squares are the MD data, the open circles correspond to DPD/N,,=1, side
triangles to DPD/N,,=3, and the inverted triangles to DPD/N,,=5.

reduced units. Three values of coarse graining are included
in the plot corresponding to N,,=1, 3, and 5. In Fig. 3 we
plot the corresponding shear stress obtained from the two
types of simulations. We observe a good agreement between
the different simulations both in the velocity profile as well
as in the shear stress distribution for N, =1, 3 but large de-
viations for N,,=5. Figure 4 shows the density profile across
the channel. We observe that the density fluctuations for MD
and DPD simulations corresponding to N, =1 are similar,
with the main difference being the large value of the DPD
density at the wall. However, as the value of N,, increases the
density fluctuations in the DPD simulations also increase,
with the N,,=5 case exhibiting very large values at the wall
and also inside the flow domain.

We believe that these large density fluctuations associ-
ated with N,,=5 lead to the incorrect velocity profile shown
in Fig. 2. We found that there are regions of low density
which may be as wide as 1.50. In these regions the dissipa-
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FIG. 3. Corresponding shear stress profiles of the Poiseuille flow simula-
tions. The legend is the same as in the previous figure.
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FIG. 4. Density profiles for Poiseuille flow. In the upper plot the MD den-
sity is compared against the DPD density for N,,=1. In the lower plot the
DPD density profiles are plotted for N,,=1, 3, and 5.

tive force is not effective and we obtain high velocity gradi-
ents. It may also be that the employed particle-based bound-
ary conditions are not as robust for high values of the
conservative force parameter. We note that this value in-
creases when we increase N,,, see (11). In simulations with
N,,=5 we observed that the maximum velocity in the center
of the channel does not scale linearly with the applied force.
For N,,=1 and 3, perfect linearity was observed. In the case
just described, we see, specifically, the effects of the micro-
structure on the continuum dynamics. Therefore, it is impor-
tant to note that by establishing the link between MD and
DPD through bulk thermodynamic quantities, relevant non-
continuum effects may be ignored.

D. Flow past an array of square cylinders

Next we consider flow past a periodic array of square
elements and perform MD, DPD, and Navier-Stokes simula-
tions based on spectral/hp element discretization that pro-
vides high-order accuracy.14 The boundary conditions are
similar to those employed in the Poiseuille flow (i.e., no slip
on the elements and periodicity on all outer boundaries), and
the force on each particle is the same in both magnitude and
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TABLE IV. Flow past array of square cylinders: simulation parameters for
DPD with N,,=1, 3 and MD in MD units. Again, the symbols are defined in
the text save a,,/kgT, which is the effective force parameter used to impose
the no-slip condition in the DPD simulations, see Ref. 23.

N,=1 N,=3 MD
N, 7500 2504 7500
N, 512 216 500
A(7) 0.0068 0.02 0.005
Lim(7) 6800 20 800 14000
1(7) 340 1040 250
h(o) 0.16 0.22 0.855
a,lkyT1/ o) 2.0224 3.5489

direction. Since the speed of sound of the medium is roughly
4.50/7 and the maximum velocity found is approximately
0.40/ 7, the resulting flow is relatively incompressible.

For the simulation of this flow, N s Ny and other param-
eters are listed in Table IV. The square cylinder has dimen-
sions of 8.550X8.550X8.55¢ and is immersed in a fully
periodic domain with dimensions of 34.20 X 34.20 X 8.550,
see Fig. 5. The origin of the reference frame is set as shown
in Fig. 5, and the flow is along the x direction. The x and y
dimensions were divided into bins of size 42 X h over which
the data were collected. The simulation was run to time ¢
=tgm With time step Az and data were collected after t=t,,.

For the spectral/hp element simulation, the computations
are done in two dimensions using MD units. The kinematic
viscosity of fluid is set to 2.4750°/ 7 and the external force is
0.0091ma/ 7. The incompressible two-dimensional Navier-
Stokes equations are solved using the spectral’/hp element
solver Nektar.'* The domain is discretized into 1500 spectral
elements of fourth-order polynomial expansion in each ele-
ment. The simulation is run until a steady state is reached.

We compare the DPD results corresponding to different
values of the coarse-graining parameter N,, against the re-
sults obtained from the MD simulations and the Navier-
Stokes solutions obtained using spectral/hp element discreti-
zations. In Fig. 6, we plot the streamwise and cross-flow
velocity components at the centerplane of the domain, and in

y (o)A

34.2

( I
1 I
I ]
I 1
1 1
1 1
1 i

21.3751

12.8251

{ t
I l
t 1
t !
! |
! !
| |

0 8.55 12.825 17.1 21.375 342 x(o)

FIG. 5. The geometry of computational domain for flow past array of square
cylinders. The dimensions are in MD units. The thick dash lines are the
locations where comparisons are performed.
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FIG. 6. DPD vs MD: Plots of the u (streamwise velocity) and v (cross-flow
velocity) profiles at the center of the square cylinder (x,=17.10) as given by
the DPD and MD simulations.

Fig. 7 we present similar profiles at another location. Also, in
Figs. 8 and 9, we plot the corresponding stresses along the y
direction. The agreement is good with some small scattering
apparent in the stress profiles.

V. SUMMARY

We have shown that for N,,<5 for the channel and for
N,,<3 for the cylinder array good agreement is established
between DPD and MD (and Navier-Stokes) simulations of
continuum, no-slip flows in domains approximately 400
wide. It is important to note that in addition to the flow
quantities, we have, by construction, simulated fluids with
the same thermodynamic property, i.e., the same dimension-
less compressibility. Furthermore, by matching the densities
and the viscosities of the MD and DPD systems, we obtained
the appropriate length and time scales for a given degree of
coarse graining represented by N,,. The validity of these
choices is illustrated by the agreement of the scaled DPD
data with the MD data, and the Navier-Stokes solutions.

u{xy¥), Vix,.y) (of7)

FIG. 7. DPD vs MD and Navier-Stokes: Plots of the u (streamwise velocity)
and v (cross-flow velocity) profiles at (xy=8.550).

Downloaded 25 Dec 2006 to 128.148.123.3. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



104107-8

Keaveny et al.

0.2

0.15

0.1

-0.26 L ‘ : ‘ X L
[ 5 10 15 20 25 30 35

y(©)

FIG. 8. DPD vs MD and Navier-Stokes: Plots of the o,, profiles at the
center of the square cylinder (xy=17.10) as given by the DPD, MD and
spectral/hp element simulations.

The relatively low upper value of the coarse-graining
parameter N,, is somewhat surprising. Moreover, it is intrigu-
ing that as the coarse-graining parameter is increased larger
density fluctuations occur inside the domain. It is clear that
for infinite systems, no such behavior is expected but for
confined systems the presence of the boundaries and how the
no-slip boundary condition is imposed determine this behav-
ior. It is possible, for example, using the boundary conditions
presented in Ref. 9, that the upper values of N,, could be
different, although we expect them to be in the same range as
the values of N,,=5 and 3 obtained here. The problem seems
to be with the implementation of DPD procedure and the
relative balance of the conservative to the dissipative and
random forces. Specifically, as we increase the value of N,
in the current DPD simulations the value of the conservative
coefficient increases for a fixed size system, and this has
been shown in Ref. 9 to increase the density fluctuations. It is
also possible to specifically target the continuum-only behav-
ior of DPD, i.e., not allowing density fluctuations at large

0.1 T T T T T 1

0.08
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0.04

0.02

0, (XY} (st

b
R o

5 10 15 20 25 30 35
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FIG. 9. DPD vs MD and Navier-Stokes: Plots of the o, profiles at
x=8.550.
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values of N,, by developing appropriate boundary conditions,
and some preliminary results have been obtained in Ref. 13.

While we have established agreement between DPD and
MD where the continuum solution applies, we have not yet
explored the interesting area of the noncontinuum effects,
e.g., in submicron-sized channels, where slip may be
present.24 Such a study will require a new procedure to im-
pose slip boundary conditions in DPD based on Maxwellian
reflections instead of the bounce-back reflections which are
more robust for imposing the no-slip boundary condition, see
Ref. 8. A Maxwellian reflection involves particles that are
introduced back into the flow with a velocity following a
Maxwellian distribution centered around the wall velocity.
This issue, however, is not trivial and has not been fully
resolved yet even for the lattice Boltzmann method (LBM),
see discussions in Refs. 25-27.

Previous studies have been devoted to quantifying the
continuum resolution of the DPD model, see Ref. 28. This
assigns a minimum ratio between the size of an object in a
flow to the size of a DPD bead. It would be also of interest to
explore the microscale resolution of DPD. This could be
done by comparing DPD and MD data using different bin
sizes. This procedure would assign a quantitative value to the
lowest length scale DPD can resolve.
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