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Chapter 6

Inducing regular flow patterns

Dissipative Particle Dynamics was introduced as a particle method to model
the behaviour of fluids on length scales in between the atomic scale and the
“continuum scale” where thermal fluctuations play no noticeable role. The
beauty of this method lies in the inclusion of both thermal fluctuations and
hydrodynamics. Both of course within certain limits, DPD will probably never
be used to model anything larger than a millimetre, and getting the right rate
constant for micelle formation is also out of reach.

One thing we might be interested in, that should in theory be possible
with DPD, is the behaviour of small structures in small flows. There are many
problems where we can use DPD to model the inherent flow in a system
resulting simply from the system geometry, for example a droplet of species A
falling through a bulk of species B. Now one might also be interested in sys-
tems where we can specify the flow itself. Unfortunately there are not many
ways of doing this. The only relatively simple method is a shear flow using the
Lees-Edwards boundaries. There also exist more complex methods for simu-
lating elongational flow, but those methods are quite convoluted [124,125]. For
example the Kraynik-Reinelt method only allows for a periodic elongational
flow, not a constant over time flow. For comparison with experiment this is,
however, an important case. The response of polymers to microfluidic flows
of this type are used to probe their elastic behaviour [126–128]

From basic fluid dynamics we know that on small enough length-scales
any type of flow is a linear combination of an elongational/rotational and
a shear flow. Given that the shear flow problem is already solved ade-
quately through Lees-Edwards boundaries, we can focus on finding a time-
independent flow set-up that has the required elongational flow as a steady
state in (at least a large part of) the system. The important characteristic of
elongational flow is the linear velocity gradient in the direction of the flow
∂ ~vx
x = ε . It would be useful to be able to construct a flow with this property to
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6. INDUCING REGULAR FLOW PATTERNS

Figure 6.1: Schematic of the desired elongational “3D” flow with 4 flows
going towards and 2 going away from the stationary point.

verify certain theoretical predictions or to study breakup behaviour of complex
structures.

A very common approach in particle models is to model the system as a
periodic system, meaning particles that go out on one side of the domain come
in at the other side. Combining this with the requirement of a certain flow
will have us carefully consider conservation of mass and momentum since we
cannot simply use inflow and outflow conditions like in regular CFD. We can
also specify 2 different types of elongational flow, one that is basically the 2D
flow stacked on top of itself many times (fig 6.3) and the 3D flow that would
be 4 streams flowing in and 2 out or the other way around (type A in figure
6.1 and type B in figure 6.2). We will refer to these two as 2D and 3D flow
respectively, even though both of course represent a 3D system.

Since both of these flows do not directly allow them to be present in a
periodic system, we introduce 8 of these in a 2x2x2 way in a single simulation
box. For the 2D flow we can simply stack identical flows on top of each other
and alternate the flow direction in the other 2 directions for each unit. For the
3D flow we alternate type A and type B such that the 6 nearest neighbours
of a cell are of the other type.

This construction satisfies at the very least the mass conservation con-
straint for the periodic system. Now we only need to come up with a way to
induce this regular flow pattern. Unfortunately we cannot do this in a way
which is as elegant as the Lees-Edwards boundary condition for which one
directly enforces a velocity. We do it by applying a force to the fluid locally
at certain places. While it will be clear immediately that this will not allow
direct control of the exact flow pattern, we will show that this method is good

92



Figure 6.2: Schematic of the desired elongational “3D” flow with 4 flows
going towards and 2 going away from the stationary point.

Figure 6.3: Schematic of the desired elongational “2D” flow
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6. INDUCING REGULAR FLOW PATTERNS

Figure 6.4: Location and direction of “rotors” required to set up a periodic
2D elongational flow

enough for the relevant problems.

6.1 The methods

Since we are working with a mesoscale method, we will use the analogy of
a microfluid array. This is about the right length-scale and the periodicity of
an array is a good approximation of the periodic boundary conditions.

Using this analogy we can introduce tiny rotors into the system that stir
the fluid. In our simulation box we could do this by applying a force to small
bits of the fluid, assuming the rotors are small. For our desired 2D flow pattern
we could insert 4 long cylindrical rotors. Similarly we can set up 8 rotors to
achieve a 3D elongational flow as can be seen in fig 6.5.

The rotors themselves can be built in many different ways, but we choose
the following simple approach for the 2D flow. We define cylindrical regions
as shown in figure 6.4. The cylinders are all aligned, in our method all parallel
to the z-axis êz . The regions are spaced evenly and the cylindrical “rotor”
region has a radius Rr . Now for each particle i inside radius Rr of a rotor we
apply a force ~fi given by

~fi = mr êz × ~dri

where ~dri is the shortest distance vector to the axis of a cylinder, and mr is
the interaction strength of the rotor, that we can choose arbitrarily. The sign
of mr should alternate for the rotor regions in a checker-board style.

As the force applied in the rotor regions is not guaranteed to sum to zero
we are introducing an artificial drift into the system. To avoid this drift we
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Figure 6.5: Location and direction of “rotors” required to set up a periodic
3D elongational flow, notice how one gets 8 unique stationary points per
unit cell in this way. Of those 4 have 4 ingoing and 2 outgoing directions
and 4 have 2 ingoing and 4 outgoing directions.

keep track of the net total force ~fn applied in the rotor regions and apply a
force − 1

N
~fn to all N particles making up the system to avoid a drift.

For the 3D elongational flow we follow an analogues procedure, but in-
stead of defining 4 cylindrical regions, we define 8 spherical regions with
radius Rr . The 8 rotor regions in the cubic box with length L are located at
{(1

2 ± 1
4 )L, (1

2 ± 1
4 )L, (1

2 ± 1
4 )L}. The rotor rotation axis are aligned in one of

2 directions êr , {1, 0, 1} and {1, 0, −1}, when viewed parallel to the y-axis
again all in a checker-board fashion. For each particle i within distance Rr

of a rotor with a rotation axis êr we apply a force ~fi given by

~fi = mr êr × ~dri.

Here ~dri is the distance vector to the center of the rotor region and mr is
again the interaction strength of the rotor. The sign of mr is alternated such
that the effective force follows the directions as given in 6.5.

6.2 Results

A good test for the usefulness of our method will be by examining the flow
velocity along the axes that go through the stagnation points. The common
theoretical approach to treat elongational flow is by assuming that ∂vi

∂i = εi,
so it would be useful if our flow has that property. We set up a cubic system
with length L = 30 containing 27000 identical particles and used the 2D flow
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6. INDUCING REGULAR FLOW PATTERNS

rotors. Units are chosen such that the unit of length is the force interaction
radius, kBT = 1 and particle masses are 1. The choice for the rotor force
magnitude was such that the largest average local flow does not become
much larger than the typical thermal velocity. With an iterative approach we
find that for mr = 0.2 we get a maximum average flow magnitude of about 2.8,
not too much larger than relatively high thermal fluctuations when kBT = 1.
The interesting properties are now the x and y components of the average flow
velocity (remember the axes of the rotors are parallel to the z-axis). Because
the flow velocity has no expected dependence on the z coordinate, we average
the particle velocities for all z-coordinates in equal sized bins defined along
the x- and y-axes. As we can see in figure 6.6 the average flow has the
qualitative properties we expect, there is a clear symmetry, the stagnation
points are clearly visible and the area around the stagnation points follows
the pattern we expect. For a more quantitative analysis we can also take a
section of the flow profile along the x-axis at y = 15 (meaning we effectively
include the average velocity for 14 < y < 16. In figure 6.7 we see that the
flow along this axis also follows the quantitative constraint that the x-velocity
is linear with the x-coordinate.

6.3 Conclusion

While not as elegant as Lees-Edwards boundaries, we have found a relatively
simple and straightforward method to construct a time-independent elonga-
tional flow. The method will only generate a usable flow in a part of the
system, but in this part the flow has the desired properties and does not
fluctuate over time as other methods do.
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Figure 6.6: Flow field for the 2 dimensional rotor approach. The system
consists of a square box of size 30 containing 27000 particles. The external
force is applied within a range of the 4 axes where x = 15 ± 71

2 and y =
15 ± 71

2 . The DPD force parameter was set to 10, the temperature to 1kBT

and the system was simulated over 10000 time-steps with ∆t = 0.02. The
largest average velocity was 2.8, all velocity vectors have been rescaled
such that the largest has length 1. We choose the rotor interaction strength
to be mr = 0.2.
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Figure 6.7: The same data as described in 6.6, but now only the x component
of the velocity visualized only along the axis where y=15. Between x = 7.5
and x = 22.5 is clearly the straight line characteristic for elongational flow.
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Figure 6.8: Flow field for the 3 dimensional rotor approach. The system
consists of a square box of size 30 containing 27000 particles. The external
force is applied within a range 6 of the 8 axes described in the text. The
DPD force parameter was set to 10, the temperature to 1kBT and the
system was simulated over 10000 time-steps with ∆t = 0.02. The largest
average velocity was 1.3, all velocity vectors have been rescaled such that
the largest has length 1. We choose the rotor interaction strength to be
mr = 0.05. Note that we are looking along one of the axis here, just like in
6.6, but in this case there is a velocity dependence along this axis, so the
graph doesn’t show all the information.
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Figure 6.9: The same data as described in 6.8, but now only the x component
of the velocity visualized only along the axis where y = 15±1 and z = 15±1.
The data is noisier than the data in figure 6.7 since it is an average over
a smaller volume. The shape of the flow is more sinusodial than piecewise
linear, but is still relatively straight in the center region.
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