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Single-particle hydrodynamics in DPD: A new formulation
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Abstract – We present a new formulation of dissipative particle dynamics (DPD) that leads to
correct hydrodynamics in flows around bluff bodies represented by a single particle. In particular,
we introduce a shear drag coefficient and a corresponding term in the dissipative force, which
along with the angular momentum incorporate non-central shear forces between particles and
preserve angular momentum. We consider several prototype flows to verify the performance of
the proposed formulation with comparisons against theoretical and continuum-based simulation
results. Our method is similar to the Fluid Particle Method (FPM) of Espanol (Phys. Rev. E, 57
(1998) 2930) and it has the computational and implementation simplicity of the standard DPD
approach.

Copyright c© EPLA, 2008

Introduction. – In molecular and mesoscopic particle-
based simulations of flows past spheres or any other bluff
bodies, the bodies are typically represented by hundreds
of particles. For example, in DPD simulations of flow
past a single sphere reported in [1], 500 particles were
employed to represent the sphere in order to obtain
the correct hydrodynamics, and hence the correct value
of the drag force. In biological flows in small arteries
where explicit modeling of red blood cells (RBCs) is
often required, spectrin-level models employ more than
20000 particles to represent a single RBC [2]. Such
multi-particle representations may render a simulation
prohibitively expensive. For example, in an arteriole of
50µm diameter (500µm length) with 35% of volume
occupied by RBCs, we would require 108 unknowns for
modeling RBCs and hundreds of millions of particles to
represent the flow. On the other hand, in DPD simulations
of polymeric and colloidal solutions, the polymer beads
and colloidal particles are typically represented by single
DPD particles [3,4], which makes such simulations very
efficient. However, the single DPD particles are subject to
central pairwise forces only, effectively ignoring the non-
central shear forces between dissipative particles.
This defficiency of DPD has been recognized in the past

by Espanol and collaborators [5–7], who proposed the fluid
particle model (FPM) [5]. Compared to standard DPD

(a)E-mail: gk@dam.brown.edu

method [8–10], this model incorporates two additional
non-central shear components into the dissipative forces,
which are coupled to the random forces by means of the
fluctuation-dissipative theorem. FPM can be considered as
generalization of the DPD method that includes torques
and angular velocities of the particles, and it conserves
both linear and angular momenta.
More specifically, a FPM simulation consists of a collec-

tion of particles of mass m with positions ri and angu-
lar velocities Ωi. We define rij = ri− rj , rij = |rij |, eij =
rij/rij , vij = vi−vj . The force and torque on particle i
are given by

Fi =
∑
j

Fij ,

Ti = −
∑
j

rij
2
×Fij ,

(1)

where the force that particle j exerts on particle i is
given by

Fij =F
C
ij +F

T
ij +F

R
ij + F̃ij . (2)

The conservative (C), translational (T ), rotational (R),
and random (tilde) components are given, respectively, by

FCij =−V ′(rij)eij , (3)

FTij =−γijmTij ·vij , (4)

FRij =−γijmTij ·
[rij
2
× (Ωi+Ωj)

]
, (5)
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F̃ijdt= (2kBTγijm)
1/2

×
[
Ã(rij)dWS

ij + B̃(rij)
1

d
tr[dWij ]1+ C̃(rij)dW

A
ij

]
· eij .
(6)

In FPM, the conservative force is the same as in the stan-
dard DPD approach that employs a quadratic potential
V (rij), i.e.,

FCij = a

(
1− rij
rc

)
eij , (7)

with rc being the cut-off distance set to rc = 1. The matrix
Tij in the rotational force is given by

Tij =A(rij)1+B(rij)eijeij , (8)

with

A(r) =
1

2

[
Ã2(r)+ C̃2(r)

]
,

B(r) =
1

2

[
Ã2(r)− C̃2(r)

]
+
1

d

[
B̃2(r)− Ã2(r)

]
,
(9)

where Ã(r), B̃(r), C̃(r) are scalar functions. For Ã(r) =

C̃(r) = 0 the standard DPD scheme is recovered, in which
only central forces remain while torques vanish. Hence,
FPM can be indeed recognized as a generalization of the
standard DPD method. The scalar functions commonly
employed in FPM simulations are [4,11]:

Ã(r) = 0,

A(r) =B(r) = [f(r)]2 =

(
1− r
rc

)2
.

(10)

The random force includes symmetric, antisymmetric and
traceless noise matrices defined as

dWSµν
ij =

1

2
(dWµν

ij + dW
νµ
ij ),

dWAµν
ij =

1

2
(dWµν

ij − dWνµ
ij ), (11)

dWS
ij = dW

S
ij −
1

d
tr[dWS

ij ]1,

where dWµν
ij is a matrix of independent Wiener incre-

ments, which is assumed to be symmetric under particle
interchange. The parameter d is the physical dimension of
space and is set to d= 3.
Dynamical and rheological properties of colloidal

suspensions in simple fluid solvents were successfully
simulated using FPM in [4]. Each colloidal particle was
represented by a single FPM particle and the conservative
forces for solvent-colloid and colloid-colloid interactions
were derived from Lennard-Jones potentials. Unfor-
tunately, the drag force and torque on a solid sphere
represented by a single FPM particle in the above formu-
lation does not match the theoretical and experimental
values.
In this paper, we present a new formulation of the FPM

equations which deviates only slightly from the standard

DPD approach. The resulting method can provide quan-
titatively correct hydrodynamic forces and torques for a
single spherical particle. The new formulation can be read-
ily employed in a wide range of applications, including
studies of properties of colloidal suspensions as well as in
coarse-grained simulations of polymer solutions or even
in dense suspension of RBCs with reduced deformability,
e.g., in simulating malaria-infected RBCs [12].

New formulation. – A single particle in FPM experi-
ences both a drag force and a torque whose magnitudes are
controlled by the parameter γij in eqs. (4) and (5). Simu-
lation results suggest that these forces are not balanced
properly, and hence we cannot obtain the correct hydro-
dynamics for a single particle. The idea behind the new
formulation is to modify the FPM equations in such way
that the forces acting on a particle can be explicitly divided
into two separate components: central and shear (non-
central) components. This allows us to redistribute and
hence balance the forces acting on a single particle to
obtain the correct hydrodynamics. Specifically, the new
formulation is a modification of the FPM formulation
described in the previous section, and is defined by the

following choice of the functions Ã(r), B̃(r) and C̃(r):

Ã(r) = 0,

A(r) = γS [f(r)]2, (12)

B(r) = (γC − γS)[f(r)]2.
Here again f(r) = 1− r

rc
is the weight function and rc is

the cut-off radius while the superscripts C and S denote
the “central” and “shear” components, respectively. This
notation can be clarified further if we look at the particle
forces. Specifically, the translational force is given by

FTij = −
[
γSijf

2(r)1+(γCij − γSij)f2(r)eijeij
] ·vij =

−γCijf2(rij)(vij · eij)eij − γSijf2(rij)
× [vij − (vij · eij)eij ] . (13)

It accounts for the drag due to the relative translational
velocity vij of particles i and j. This force can be
decomposed into two components: one along and the other
one perpendicular to the lines connecting the centers of
the particles. Hence, the corresponding drag coefficients
are denoted by γCij and γ

S
ij for the “central” and the

“shear” components, respectively. We note here that the
central component of the force is exactly the same as the
dissipative force in the standard DPD approach.
The rotational force is defined by

FRij =−γSijf2(rij)
[rij
2
× (Ωi+Ωj)

]
. (14)

Finally, the random force is given by

F̃ijdt= f(rij)

[
1√
3
σCijtr[dWij ]1+

√
2σSijdW

A
ij

]
· eij ,
(15)
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where σSij =
√
2kBTγSij and σ

C
ij =
√
2kBTγCij . We recom-

mend the use of the generalized weight function f(r) =
(1− r

rc
)s with s= 0.25 [13] in eqs. (13)–(15); our numer-

ical results show higher accuracy with s= 0.25 compared
to the typical choice s= 1. The standard DPD method is
recovered when γSij ≡ 0, i.e., when the shear components
of the forces are ignored.
In simulations of complex fluids the values of the drag

coefficients γCij and γ
S
ij can vary for different types of parti-

cles. For example, in polymer simulations when one bead
represents a collection of atoms, these coefficients can be
specified to achieve the desired values of drag and torque
on the individual beads. To illustrate this concept we will
consider here a system in which a spherical (colloidal)
particle is represented by a single DPD particle. We will
adjust the coefficients γCij and γ

S
ij so that both the drag

force and the torque exerted on the colloidal particle in
flow simulations correspond to the stick (no-slip) condi-
tions on its surface. To this end, we first consider two (low
Reynolds number) flow simulations: 1) unbounded flow
around a sphere rotating at a constant angular velocity
without translation; 2) unbounded uniform flow around a
fixed sphere. Once the values of γCij and γ

S
ij are defined,

we will perform additional simulations to verify the perfor-
mance of the new model.
In all simulations reported in this paper the parame-

ters for the fluid particles are ρ= 3, a= 25, γCff = γ
S
ff = 4.5

and σCij and σ
S
ij are computed based on the relationships

derived from the fluctuation-dissipation theorem. We aim
to determine the proper values of γCcf and γ

S
cf . (Here “c”

and “f ” refer to “colloidal” and “fluid”, respectively.) We
first study low Reynolds number flow around a sphere,
which is represented by a single DPD particle; to distin-
guish this particle from the fluid particles we will refer to it
as “colloidal” particle. Even though the interaction forces
are non-zero within a spherical region of radius rc = 1
surrounding the particle, the colloidal particle represents
a sphere with radius R< rc. This effective radius is found
using the Stokes-Einstein relation [14], i.e.,

D=
kBT

cπµR
, (16)

where D is the diffusion coefficient of the particle, kBT is
the temperature of the system, and µ is the viscosity of
the fluid. Also, c is a constant determined by the choice
of hydrodynamic boundary conditions on the surface of
the particle; for stick (no-slip) conditions the constant c
is equal to 6, while for slip boundary conditions c= 4; we
set c= 6 here. The viscosity µ of the fluid is found to be
3.6388 using the method described in [15]. The diffusion
coefficient D= 0.0533 is calculated from the mean-square
displacement, i.e.,

D= lim
t→∞

〈[r(t)− r(0)]2〉
6t

, (17)

where 〈·〉 is an ensemble average, t is time and r is the
position vector of the particle. The effective radius of the
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Fig. 1: Dependence of torque on the sphere exerted by the fluid
on the value of: 1) γScf when γ

C
cf = 0, and: 2) γ

C
cf when γ

S
cf = 5.5.

Here Ω=−0.4.

colloidal particle is found to be R= 0.2737rc. We note here
that the effective radius is not sensitive to the specific
choice of the parameters γCij and γ

S
ij , but it mainly depends

on the conservative forces used in the model. We have
verified this through extensive numerical simulations with
different values of the model parameters.
Once the effective radius is determined, we proceed

by obtaining the drag coefficients for the colloidal/fluid
particle interactions. We start with simulations of the
flow around a single colloidal particle with fixed position
and constant angular velocity Ω. The particle is located
at the center of a box (10rc× 10rc× 10rc) with periodic
boundary conditions. The angular velocity is specified so
that the Reynolds number is low (Re= 0.0247). In Stokes
flow in an unbounded domain, the torque on the sphere is
given by [16]

T =−8πµΩR3. (18)

We assume that eq. (18) is a good approximation of the
torque that our colloidal particle should experience. Based
on this we adjust the shear drag coefficient γScf (set γ

C
ff =

γSff = 4.5) in the model, so that the computed torque is

equal to Stokes flow prediction. By setting γCcf = 0 we
investigate the dependence of the torque on the value of
γScf . We find that γ

S
cf = 5.5 gives us a torque which is

within 1.3% the Stokes prediction. The torque experienced
by the colloidal particle in this flow is positively correlated
to γScf but is not sensitive to the particular value of γ

C
cf as

the central drag force does not contribute to the torque in
our model. This was verified in the numerical simulations
and is illustrated in fig. 1.
Next we simulate uniform flow past a periodic array of

spheres. One sphere, represented by a single (colloidal)
DPD particle, is fixed (no rotation or translation) at
the center of periodic domain. The flow is driven by an
external body force Fext applied to the fluid particles. The
Reynolds number in the simulations is small, Re= 0.033,
and the volume fraction is 8.588× 10−5. The drag force on
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Fig. 2: Dependence of the superficial velocity of the fluid on the
value of γCcf when γ

S
cf = 5.5 in the unbounded uniform Stokes

flow around one sphere.

a periodic array of spheres at low volume fraction in low
Reynolds number flow can be approximated by

Fext = 6πµuR, (19)

where u is the superficial velocity of the fluid defined as

u=
1

V

∫
V

vdV. (20)

It can be shown that the sedimentation velocity of an
array of bodies under the action of a constant force is
equal to this superficial velocity [17]. With fixed value
of γScf = 5.5 obtained earlier, we adjust the central drag

force coefficient γCcf so that the simulation results satisfy

eq. (19). The dependence of the superficial velocity on γCcf
is shown in fig. 2. We find that γCcf = 3.5 gives superficial
velocity u= 0.2986, which is within 1.2% from the value
in eq. (20).

Remark : We note that the values of coefficients γCcf =

3.5 and γScf = 5.5 for colloidal/fluid particles interactions,
which we obtained through numerical simulations, satisfy
the relation γCcf + γ

S
cf = γ

C
ff + γ

S
ff , where γ

C
ff = γ

S
ff = 4.5

are the coefficients used for the fluid/fluid particle inter-
actions. This relation seems to hold for other choices of
fluid/fluid coefficients as we verified in several numeri-
cal simulations. For example, for γCff = γ

S
ff = 2.0, we find

γCcf = 1.0 and γ
S
cf = 3.0, while for γ

C
ff = γ

S
ff = 8.0, we have

γCcf = 7.0 and γ
S
cf = 9.0. In this intriguing relation, our

choice of γCff = γ
S
ff is consistent with the incompressible

formulation in [6,7] (eq. (12)) in the absence of any angu-
lar variables. However, in our case we include the angular
variables and hence we cannot provide a rigorous theoret-
ical justification at the present time.

Simulation results. – In the previous section we
presented the new DPD formulation, defined the effective
radius of colloidal particle R using the Stokes-Einstein
relation, and calibrated the central and shear drag

Table 1: Couette flow: values of torque when applying different
Ω and v from the simulations (Tsim) compared with the
theoretical results (Tthe).

Ω 1
2 (∇× v) Tsim Tthe Error

0 0.2 0.3675 0.3750 2.0%
0 0.4 0.7540 0.7500 0.5%
−0.2 0.2 0.7289 0.7500 2.8%
−0.2 0.4 1.0659 1.1251 5.3%

force coefficients, γScf = 5.5 and γ
C
cf = 3.5, so that at low

Reynolds numbers the new model produces results with
desired drag and torque on a single colloidal particle. In
this section, we apply the model to three prototype (low
Reynolds number) flow problems: (1) sphere in Couette
flow, (2) sphere in Poiseuille flow, and (3) flow past two
spheres. In all cases we set γScf = 5.5 and γ

C
cf = 3.5, and we

compare the simulation results with available theoretical
results. In addition, we consider the rotation of a linear
chain of spheres around its major axis for which available
Multipole Expansion Method (MEM) and Boundary
Element Method (BEM) results are used for comparison.

Couette flow around a sphere. Let us consider a sphere
rotating with constant angular velocity in Couette flow.
At low Reynolds numbers the torque on the sphere can be
approximated by the Stokes flow solution [16]

T = 8πµR3
[
1

2
(∇× v)−Ω

]
. (21)

In our simulations the flow domain is a box (15rc× 6rc×
8rc), periodic in x and y directions while the two walls
bounding the fluid domain in the z -direction are modeled
as in [18]. The walls are moving with the velocity of
the same magnitude v in opposite directions. A sphere,
modeled by a single particle, is fixed at the center of the
domain and is rotating with prescribed constant angular
velocity Ω. Comparison of the calculated torque on the
sphere with values given by eq. (21) for four different
simulations are listed in table 1. The Reynolds number
in simulations is low (maximum Re is 0.0371). The DPD
results are within a few percent from the Stokes flow
predictions.

Poiseuille flow around a sphere. According to [16],
the drag and torque on a sphere held stationary between
two planar walls in pressure-driven Poiseuille flow at low
Reynolds number are given by

F = 6πµuhR


 1− R

2

9h2

1− 0.6526R
h
+0.3160

R3

h3
− 0.242R

4

h4


 ,

T =
8

3
πµuh

R3

h

[
1+0.0758

R

h
+0.049

R2

h2

]
, (22)

where uh is the velocity at the location of the center of
the sphere in the Poiseuille flow without sphere, and h is
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Table 2: Drag force Fsim and torque Tsim exerted on the sphere
by the fluid in Poiseuille flow with three different pressure
gradients, compared with the theoretical results Fthe and Tthe
calculated using eq. (22).

Re Fsim Fthe Error Tsim Tthe Error
0.0491 4.4881 5.114 4.6% 0.0838 0.0786 6.6%
0.0993 9.689 10.230 5.3% 0.163 0.157 3.8%
0.201 18.881 20.463 7.7% 0.313 0.315 0.6%

the distance from the center of the sphere to the nearest
wall divided by the distance between the walls.
In DPD simulations, the flow domain is a box of size

15rc, 6rc and 8rc in x, y and z directions, respectively.
The system is periodic in the x and y directions. The
two walls bounding the fluid in z -direction are modeled
as in [19]. One colloidal particle is placed h= 2rc away
from the wall and held fixed during the simulations. An
external body force Fext is applied to fluid particles in
the x -direction to drive the flow. Simulation results and
theoretical predictions based on (22) are listed in table 2.

Flow past two spheres. We now consider Stokes flow
past a pair of spheres of radius R. The spheres are fixed
and are not allowed to rotate, and the direction of the flow
is normal to the line connecting the centers of the spheres.
The drag force and torque on each of the spheres are given
by [16]

F = 6πµRu

(
1− 3R
4l
+
9R2

16l2
− 59R

3

64l3
+
465R4

256l4
− 15813R

5

7168l5

)
,

T = 8πµR3u

(
3R

4l2
− 9R

2

16l3
+
27R3

64l4
− 273R

4

256l5
+
1683R5

1024l6

)
,

(23)

where l is the distance between spheres, and u is superficial
velocity.
In DPD simulations, two colloidal particles are placed

in the middle of the computational domain of size 30rc×
30rc× 30rc, periodic in all directions. The flow is driven
by an external force applied to the fluid particles. The
maximum Reynolds number is equal to Re= 0.0756.
Comparison of the drag force and torque obtained in
simulations with the Stokes flow predictions based on (23)
are listed in table 3.

Rotation of a linear chain of spheres around its major
axis. Finally, we consider a linear chain of spheres
rotating in the fluid around its axis with constant angular
velocity. The spheres contact each other. A dimensionless
shape factor for the torque exerted by the fluid on the
chain is equal to [20]

Ts =− T

8πµΩNR3
, (24)

where T is the total torque exerted on the chain.

Table 3: Drag force Fsim and torque Tsim on each sphere
exerted by the fluid in the simulations with three different
values of l, compared with the theoretical results Fthe and Tthe.

l Fsim Fthe Error Tsim Tthe Error
2.0 4.861 5.100 4.7% 0.0253 0.0261 3.1%
1.5 4.857 5.089 4.6% 0.0451 0.0463 2.6%
1.0 4.863 5.185 6.2% 0.113 0.106 6.6%

5 10 15 20 25 30
0.6

0.65
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0.75

0.8

0.85

0.9

0.95

1

1.05

1.1

N

T
s=

 −
T

/(
8π

µΩ
N

R
3 )

 

 

MEM
BEM
FPM(this work)

Fig. 3: Dimensionless shape factor Ts of torque for the rotation
of a straight chain of N spheres around its major axis.

Figure 3 shows comparison of our results with
results obtained using the Multipole Expansion Method
(MEM) [20] and the Boundary Element Method
(BEM) [21]. In MEM the flow velocity is represented by
a series of spherical harmonics centered at the individual
spheres, while in BEM the sphere surfaces are represented
explicitly by a mesh. The simulation results are in
good agreement with both methods, with a maximum
difference of 3.7%.

Summary. – We have developed a simple and efficient
formulation of DPD that will allow simulation of poly-
meric and colloidal solutions as well as flows past bluff
bodies by representing the solid beads or particles by
single dissipative particles. In all cases tested the accuracy
of the drag force and torque was good and comparable to
the case where hundreds of DPD particles are employed to
represent a colloidal particle. The statistical uncertainty in
all the results presented in the tables was less than 0.5%. In
particular, the smaller is the Reynolds number the better
is the agreement with the theoretical results. To this end,
a modified weight function is recommended that enhances
the viscosity of the DPD fluid. For non-spherical objects a
few DPD particles can be employed to accommodate the
geometric shape. The new method leads to good results
in colloidal suspensions as torque is important to obtain
the right viscosity in dense concentrations [4]. It will also
be interesting to study polymeric solutions with the new
method, where the individual beads in a given chain are
allowed to rotate unlike the simulations using the standard
DPD approach [3].
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