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Summary 

In this thesis the mesoscopic modelling of fluid dynamics problems involving poly

mers is described. A special focus will be on the simulation of the melting of a 

polymeric object in shear flow, and the flow of polymers through a small capillary. 

In Dissipative Particle Dynamics the motion of particles, representing fluid pack

ages or blobs of molecules, is solved in such a way that Navier-Stokes equations 

are obeyed. Polymers are easily created by attaching springs between the particles. 

In this way a flow simulator is constructed in which polymers retain some of their 

molecular structure, which is completely lost in conventional flow solvers. Before 

this method can actually be used for the modelling of polymer melting, several 

issues had to be solved. 

Boundary conditions are a crucial ingredient of a flow simulator. Since the method 

of implementing boundary conditions in DPD, as used by other authors, did not 

result in the desired constant temperature or velocity boundary condition, a new 

way of implementing boundary conditions has been investigated. Both a constant 

temperature and a constant velocity condition, the so-called no-slip condition, has 

been implemented. The temperature boundary condition is validated by perform

ing heat penetration calculations and comparing the results with analytical solu

tions. The velocity boundary condition is checked by comparing flow calculations 

in a lid-driven cavity with results from conventional CFD calculations. With this 

new implementation the boundary conditions are successfully met for both cases. 

At various points in this work a validation of the results is performed by comparing 

simulation results with other calculation methods or analytical solutions. If no such 
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solutions are available a different approach has to be taken, to gain confidence in 

the results. A method to change the resolution of the DPD simulation is described, 

similar to mesh refinement in conventional CFD. In this way a check of the calcula

tions can be performed within the DPD method, and the optimal set of simulation 

parameters for a given flow problem can be found. 

When polymers flow inside small capillaries, the size of the polymer molecule de

termines the average distance of the centre of mass from the walls of the capillary. 

This will cause larger polymers to flow faster through the capillary than smaller 

polymers. This is the basis of a separation method called hydrodynamic chro

matography. Here, this principle is investigated with DPD. It was found that the 

polymers in DPD do indeed move at larger distances from the walls and their mean 

axial velocity is larger, proving that DPD is indeed capable of handling these kind 

of simulations. 

The simulation of a substance that undergoes a phase change was not possible with 

DPD. Therefore, a new equation of state, linking the energy of the particles to the 

temperature in such a way that the enthalpy of fusion can be incorporated, has been 

investigated. This was found to accurately describe the movement of a melting 

front through a solid substance. When flow is added to these melting simulations, 

it was found that a solid consisting of unconnected DPD particles melts faster than 

a polymeric solid. When the polymer thermodynamics are added to the simulation, 

the melting rate can also be influenced. These melting simulations again show the 

strength of this method when dealing with flow problems involving polymers. 



Samenvatting 

In dit proefschrift wordt het mesoscopisch modelleren van stromingsproblemen 

waarin polymeren een belangrijke rol spelen beschreven. Het smelten van polyme

ren in een afschuifstroming en de stroming van polymeren door een klein capillair 

worden als voorbeelden van dit type stroming gebruikt. In de simulatie methode 

'Dissipative Partiele Dynamics' wordt de beweging van deeltjes, die vloeistofpak

ketjes of een verzameling moleculen voorstellen, opgelost op een dusdanige wijze 

dat het collectieve gedrag van deze deeltjes voldoet aan de Navier-Stokes vergelij

kingen. Een polymeer is eenvoudig te simuleren door deze deeltjes met een veer 

aan elkaar te knopen. Op deze manier ontstaat een simulatiemethode waarmee 

numerieke stromingsleer bedreven kan worden, met als voordeel dat polymeren 

hun moleculaire karakter enigszins behouden, hetgeen compleet verloren gaat bij 

conventionele methoden. Voordat we deze methode kunnen gebruiken voor het 

modelleren van het smelten van polymeren, zullen verscheidene problemen opge

lost moeten worden. 

Randvoorwaarden vormen een cruciaal ingrediënt voor een stromingssimulator. 

De implementaties van randvoorwaarden in DPD, zoals die gebruikt zijn door 

andere auteurs, leverden niet de gewenste temperatuur of snelheid op. Daarom 

wordt in dit proefschrift een nieuwe implementatie onderzocht. Zowel een con

stante temperatuur- als een constante snelheidsrandvoorwaarde, de zogenaamde 

'geen-slip' voorwaarde, zijn geïmplementeerd. De temperatuurrandvoorwaarde is 

gevalideerd door een simulatie uit te voeren voor de warmte penetratie in een vaste 

stof. De resultaten van deze simulatie zijn vergeleken met een bekende analytische 

oplossing. De snelheidsrandvoorwaarde is getest door simulatie resultaten van 
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een DPD berekening te vergelijken met resultaten van een conventionele simulatie. 

Met de in dit proefschrift ontwikkelde implementatie wordt goed aan de gewenste 

randvoorwaarden voldaan. 

Op verscheidene punten in dit proefschrift worden resultaten van simulaties geva

lideerd door ze te vergelijken met resultaten van andere rekenmethodes of analy

tische oplossingen. Wanneer deze niet voorhanden zijn, moet op een ander wijze 

voor vertrouwen in de resultaten gezorgd worden. Daartoe is een manier bedacht 

om de resolutie van de DPD simulatie te veranderen, vergelijkbaar met rooster ver

fijning in conventionele stromingssimulaties. Hierdoor kan het simulatieresultaat 

worden getoetst binnen het raamwerk van de DPD techniek en kan de optimale set 

van parameters voor een gegeven stromingsprobleem gevonden worden. 

Wanneer polymeren door kleine capillairen stromen, zal de afstand van het massa

middelpunt van het polymeer tot de wand van het capillair mede bepaald worden 

door de lengte van het molecuul. Hierdoor zullen lange polymeren, die relatief ver 

van de wand verwijderd blijven, sneller door het capillair stromen dan korte. Deze 

observatie vormt de basis voor een scheidingsmethode, de zogenaamde hydrody

namische chromatografie. In dit proefschrift wordt dit principe gesimuleerd met 

DPD. Uit deze berekeningen blijkt dat DPD inderdaad het verwachte gedrag van 

polymeren onder stromingcondities kan voorspellen. 

Het simuleren van een materiaal dat een faseovergang ondergaat was tot op he

den niet mogelijk met DPD. De invoering van een nieuwe toestandsvergelijking, 

die de energie van de DPD deeltjes op een dusdanige wijze aan de temperatuur 

koppelt dat de smeltenergie wordt meegenomen, is daarom onderzocht. Met deze 

toestandsvergelijking is een nauwkeurige beschrijving van de beweging van een 

smeltfront door een vaste stof mogelijk. Indien het smelten onder stromingcon

dities plaatsvindt, wordt gevonden dat een vaste stof bestaande uit losse DPD-

deeltjes sneller smelt dan een stof bestaande uit polymeren. Ook het thermodyna-

misch gedrag van deze polymeren, dat in DPD eenvoudig is toe te voegen, blijkt 

de smeltsnelheid te beïnvloeden. 

Geconcludeerd kan worden dat DPD een krachtige methode is voor het oplossen 

van stromingsproblemen waarin polymeren een belangrijke rol spelen. 



Introduction 

In polymer processing, melting is always considered a crucial step. Blending of 

different polymers, which offers the potential of producing a great variety of prod

ucts, is preceded by melting. The devices in which melting takes place usually are 

extruders or kneaders. Modelling all the phenomena occurring during melting is 

known to be a difficult problem. First of all, the geometry of these machines is com

plex and non-stationary Even the problem of rigorously calculating the one-phase 

flow pattern in intermeshing twin-screw extruders is as yet unsolved. In addition, 

phase changes taking place inside the melting equipment are difficult to grasp with 

a physical model. Hence, generally speaking, the flow of a material changing from 

a powder to a highly viscous liquid is still far from being understood completely. 

In this thesis we will therefore focus on a small part of the melting process. We will 

try to gain some fundamental understanding of the specific nature of the melting of 

polymers when subjected to shear flow. In order to examine the impact of the chain 

character of polymers on melting we chose a mesoscopic modelling technique. In 

this thesis the focus will be on a particle-based method: Dissipative Particle Dy

namics. 
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1.1 Dissipative Partiele Dynamics 

Solving the Navier-Stokes equations is impossible using Molecular Dynamics. The 

steep potentials used in this simulation method demand small time steps, and 

would require extremely long computation times before flow phenomena are ob

served. However, when performing flow simulations using Computational Fluid 

Dynamics, all molecular detail is lost. 

A third possibility, that has gained much attention lately, is the mesoscopic ap

proach. The length scales to which this class of simulation methods apply lie in be

tween the two techniques mentioned before. For the modelling of large molecular 

structures, like polymers, this offers the possibility to retain their chain-like nature, 

while small molecules or atoms are lumped together in larger imaginary particles. 

The resulting interaction between coarse grained polymers and monomers is much 

softer than the one used in MD, allowing larger time steps and giving access to the 

time scales of macroscopic flow. 

Dissipative Particle Dynamics is one of these methods. Hoogerbrugge and Koel

man [1] introduced the method, and proved, both by simulation and theoreti

cal derivation, that it obeys the Navier-Stokes equations. The theoretical founda

tions of DPD have been discussed in more detail by Espanol [2] and Espanol and 

Warren[3], which led to a slight modification of the original algorithm to ensure a 

proper thermodynamic equilibrium. 

One attractive aspect of this method is the easy implementation of multiple phases, 

as opposed to conventional CFD. In DPD only a single parameter has to be 

changed to achieve this, being the interaction potential between similar and dif

ferent species. This makes DPD capable of dynamically simulating the phase sepa

ration of binary immiscible fluids [4, 5] or, for instance, the microphase separation 

of diblock copolymers [6]. While these two cases focussed on the dynamics of the 

separation, we noticed that to predict thermodynamic properties of DPD a more 

efficient sampling scheme could be used [7]. In fact, an advanced Monte Carlo 

technique under the name of Gibbs ensemble was combined with the DPD poten

tials. In Figure 1.1 the phase diagram as calculated with standard DPD and using 

the Gibbs ensemble is shown. Good agreement between the two is observed, al-
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Figure 1.1: P/wse diagram as calculated with DPD and Gibbs ensemble, pi is the 

concentration of one fluid in the two phases. 

though computationally the Gibbs ensemble is preferable, due to the small number 

of particles used. In addition to these flow simulations incorporating thermody

namics, other kinds of multiphase simulations can be performed as well. Koelman 

en Hoogerbrugge [8] simulated hard sphere suspensions under steady shear, and 

found excellent agreement between calculated viscosities and experiments. Clark 

et al. [9] successfully performed simulations of liquid drops in gravitational and 

shear fields. 

Since the incorporation of different phases has turned out to be straightforward 

with DPD, the method has attracted the attention of researchers in the field of poly

mers. It was discovered that the DPD particles, connected by springs, could easily 

represent polymers. In a first attempt, this approach was tested on the behaviour of 

an isolated chain in a solvent. Both the variation of the radius of gyration with the 

number of beads in the polymer and relaxation time were found to be consistent 

with Rouse-Zimm behaviour [10]. By adjusting the DPD parameters, the quality of 
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RMS 

100 

N-1 

Figure 1.2: Scaling of the mean square endpoint distance of the polymer with the 

polymer length. Both the case of a polymer in solution and a polymer in the melt are 

given. The number in the legends shows the scaling exponent for these cases. 

the solvent can also be changed, again showing consistency with well-established 

theory [11], Solubility is usually expressed in terms of the x-parameter in Flory-

Huggins theory. Groot and Warren [12] established a mapping of the DPD param

eters onto this x-parameter. Finally, the non-Newtonian behaviour as predicted by 

DPD was investigated [13], and a study of confining effects on polymer behaviour 

was carried out [14]. 

These promising results for the simulation of polymers using the DPD method were 

the incentive to our investigations using this method. A first check was to deter

mine whether agreement with theory could be found in the case of a polymer melt 

as well. A polymer in a solvent shows a self avoiding walk, but in the case of a poly

mer melt the great number of polymers together yield a random walk again [15]. In 

Figure 1.2 the scaling of the distance between the endpoints of the polymer (directly 

related to the radius of gyration) is plotted for the case of a polymer in a solvent or 

in the melt. It can be seen that for the case of a polymer melt, the polymer shows 

the correct scaling exponent. A value of 0.49 (theoretically 0.50) is found for the 

melt, as compared to 0.57 (in theory 0.588) for the case of a polymer in solution. 



1.1 DissiPATivE PARTICLE DYNAMICS 

-
1 ' ' 1 i i i 1 

; 

D 
D D D 

D 
D 

D 

-
O O O O O o o o o 

-
. . . 1 i . l 

-

-
. . . 1 i . l 

O connected particles 
O unconnected particles --

. . . 1 i . l 

0.01 0.1 

shear rate 

Figure 1.3: Shear rate dependence of the dynamic viscosity for the case of a polymer 

melt (connected particles) and a simple liquid (unconnected particles). 

Hence it is concluded that the polymer scaling is correct for a polymer melt as well. 

As a next check we examined whether the viscosity of the polymer melt also shows 

non-Newtonian behaviour, as is the case for the polymer in solution. Figure 1.3 

shows that this behaviour is found indeed; at high shear rate the viscosity de

creases, so shear thinning behaviour is observed in the case of a polymer melt. 

The simulation reveals the cause of this shear thinning behaviour: at high shear 

rates the polymers tend to stretch out completely, which facilitates flow and leads 

to decreasing viscosity. These results have strengthened our confidence that DPD 

is indeed suitable for describing the flow of a polymer melt correctly. 

Since energy is not a conserved quantity in the original DPD scheme, it is impossi

ble to perform thermal simulations. It was only after the introduction of an energy 

conserving form of the DPD scheme by both Espanol [16] and Avalos et al. [17], that 

this class of problems could be solved. In this thesis the energy conserving form of 

DPD is extended to incorporate a melting model. In the next section the history of 

melting modelling is discussed. 
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1.2 Melting 

Melting of a substance seems to be a phenomenon that can easily be described. No

body even thinks about melting behaviour when looking at the ice cubes in their 

soda, or when eating ice cream in the hot sun. However, melting is a difficult prob

lem in many industrial applications, like metal processing, thermal energy storage 

or the topic of this thesis - polymer processing. Due to increasing environmental 

concern, also the melting of the polar caps is a phase change phenomenon that is 

being studied by many researchers. 

1.2.1 Analytical methods 

The polar cap melting problem led to the first investigation into modelling of a 

melting process, as Stefan [18] did around 1890. He was the first to analytically de

scribe the movement of a melting front in time. A whole class of problems, called 

'moving boundary problems', still bears his name. Stefan describes the movement 

of a melting front in a semi-infinite region that is initially at the melting temper

ature of the substance being heated on one side. Since a temperature profile will 

only exist in the melt region, this problem is called a 'one-phase' melting prob

lem. Neumann [19] extended this problem to a 'two-phase' problem by lowering 

the initial temperature below the melting temperature. In both solutions only heat 

conduction is assumed. 

1.2.2 Numerical methods 

With the advent of computers a few decades ago, a numerical solution was also 

attempted, by discretising the differential equations through finite differences or 

finite element methods. Initially, in these cases convection was neglected as well. 

Several approaches exist to the solution. The first class is the strong solution class. 

Here, the position of the melting front is explicitly solved in time, and treated as 

a boundary condition. The movement of this boundary complicates the problem. 

When using a fixed grid, both in space and time, the front is not likely to coincide 
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with the grid points. Nonetheless, it is possible to interpolate the position between 

the grid points, see Crank [20]. A different approach is to use a variable grid. Gupta 

and Kumar [21] change the time step in such a way that the moving front always 

coincides with the spatial grid. Although this approach works in one dimension, 

it is difficult to extend this to more dimensions. This only becomes possible with 

an adaptive meshing technique introduced by Brackbill and Saltzman [22]. Here, 

a new mesh is created every time step to follow the changing shape of the solid. 

Although the mesh generation is very time consuming, with ever increasing com

puter power, it may become feasible in due time. 

The difficulty with the methods described so far stems from the fact that the moving 

front position is explicitly solved. Another approach is to reformulate the problem 

in such a way that the entire region is solved by a single equation. These solutions 

are called weak solutions, of which the enthalpy method is one. It was first pro

posed in 1947 by Eyres et al. [23] and later on improved by Voller and Cross [24]. In 

this method rather than calculating the temperature with the energy equation, the 

enthalpy is solved. A specific relation has to be provided to link the enthalpy to the 

temperature, which will involve the latent heat. Since this enthalpy formulation 

is very close to the original implementation of the energy conserving DPD model, 

this is a natural choice for the melting model to be used. 

1.3 Outline 

The remainder of this thesis is organised as follows: 

• In Chapter 2 the implementation of the enthalpy method into the Dissipative 

Particle Dynamics framework is described. The method is tested against 

an analytical solution, and a method to overcome an incorrect boundary 

condition is presented. 

• In Chapter 3 the boundary condition problems for non-thermal DPD are 

investigated. The new approach to implementing boundary conditions in 

DPD is extended for the case of a no-slip boundary condition. The method is 
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tested on both steady-state and instationary calculations. 

In Chapter 4 examples are given of the strength of DPD when simulating 

flows containing polymers. A detailed study on the phenomena of hydrody-

namic chromatography is presented together with some preliminary results 

of melting a solid object in shear flow. 

In Chapter 5 a method to investigate the accuracy of the DPD method is 

given. When simulating polymers in DPD, several spring force descriptions 

can be used. A method is provided to select from the alternatives. An 

elaborate study of the melting of a polymeric solid object in shear flow is 

described. The description of the polymer is changed to incorporate the 

thermodynamic behaviour of such a polymer, which is found to influence 

the melting rate. 

In Chapter 6 the main conclusions of the thesis are given, along with a short 

outlook into the future. 

The chapters in this thesis have been written in a form suitable for publication. Conse

quently, some overlap exists between the chapters, particularly in the introductions and the 

sections describing the DPD model. 



Modelling phase change with a 
consistent boundary condition 

Abstract 

With the introduction of an energy conserving dissipative particle dynamics (DPD) scheme, simulations 

of the thermal behaviour of complex fluids at hydrodynamic time scales became possible. In this chapter 

it is demonstrated that a different equation of state allows performing simulations of the phase change 

of materials. We indicate that thermal accurate simulations with a constant temperature boundary con

dition at high overlapping coefficients are only possible, if a newly developed consistent boundary 

condition is used. 

This Chapter has been published as: S. M. Willemsen, H. C. ƒ. Hoefsloot, D. C. Visser, P. ]. Hamersma, and P. D. ledema (2000). 
"Modelling Phase Change with Dissipative Particle Dynamics using a consistent Boundary Condition", ƒ. Comp. Phys., VaHl), 
385-394. 
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2.1 Introduction 

Dissipative Particle Dynamics has been introduced [1] as a method to simulate com

plex fluids. The idea is to simulate the motions of a collective of molecules (called 

fluid particles) rather than separate ones, which is common in Molecular Dynam

ics. The interaction between the particles exists not only through a conservative 

force, but also by a drag and a random force, springing from Brownian dynamics. 

With this choice of forces, this simulation method acts in the mesoscopic regime, 

and the hydrodynamic behaviour of complex fluids can be modelled. It can solve 

a variety of systems, ranging from suspensions [8] to dilute polymer solutions [10]. 

Also, phase separation has been studied using standard DPD [4], or a combination 

of DPD and advanced Monte Carlo techniques [7]. Besides these applications the

oretical progress has also been made. Espanol and Warren [3] derived the proper 

relationship between the interacting forces. Subsequently, Espanol [2] and Marsh 

et al. [25] proved the true hydrodynamic behaviour of DPD. 

The original method [1] could only simulate isothermal systems and consequently 

was not able to simulate heat transfer problems. Avalos and Mackie [17] and 

Espanol [16] solved this simultaneously by introducing an internal energy vari

able and a temperature for every particle. In this chapter we have extended this 

model to allow for a phase change within the DPD simulation. In the next sections 

the model will be introduced together with a new, consistent boundary condition. 

Finally, the results of the phase change DPD scheme are presented. 

2.2 Theory 

In this section the theory of energy conserving dissipative particle dynamics will be 

explained. Subsequently, the necessary conditions to simulate a phase change will 

be presented. 
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2.2.1 Energy conserving DPD 

Dissipative Particle Dynamics is a technique for simulating complex fluids at hy-

drodynamic time scales. The DPD scheme consists of the calculation of the position 

and momenta of interacting (fluid) particles over time. The energy conserving form 

also introduces an internal energy and a temperature for every particle. 

The equations of motion of these particles with positions rt(t), and momenta pi(t) 

is given by: 

drt = Vi dt 

dvt Oii 1 
Tc 

rij - y i j U J D ( T i j ) ( r i j • Vijjrtj 
v (2- 1) 

d t + CTijCURtTijjG^îij 

where a ĵ is the maximum repulsion between particle i and], rtj =ri—r J 7 rLi = | r t j | , 

îii = rij/l rij!/ and rc is the cut-off radius. The second and third parts result from 

dissipative and random interactions, with vtj = vt — Vj, cu(rtj ) is a weight function 

which tends to zero for r —> rc , and 9^ is a random number with zero mean and dt 

variance. 

In the original DPD algorithm the friction coefficient y^ and the noise amplitude 

cry were assumed to be identical for all particles and these parameters were re

lated to the temperature through a fluctuation-dissipation theorem a1 = 2Ty [3]. 

Since in energy conserving DPD every particle may have a different temperature, 

Espanol [16] suggests to keep the noise amplitude constant for all particles and to 

determine the friction constant from the fluctuating temperatures: 

^ r 1 11 
(2.2) Yij = 

1 1 

where Tt is the temperature of particle i. 
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Then the evolution of the internal energy et is given by: 

„-1 Y_ ["JD îjJYijfVij -fij)2 - ofjCulfTij)] d t - Y_ fij"'R(nj)(Vij -fijie 
j i 

+ ^ K ü f — - —J CUTp(Tij)dt+ Y «ijt"TR(Tij)8ii 

(2.3) 

The upper part of this equation is related to viscous heating of the particles, while 

the lower part is related to the conduction of heat, K^ represents a thermal conduc

tivity that depends on the temperature and internal energy of particles i and j and 

follows from [16]: 

K Tj + Tj Cj + £j 
Cii " A2 2 2 

(2.4) 

Here, À is the average distance between particles, and K is the thermal diffusivity. 

Finally, the detailed balance condition requires that oÄ = 2KIJ, and the following 

relationship between the weight functions [3]: 

CUR(TIJ ) = tU D (Ti j ) 

(2.5) 
CUTR(Tij) = tUTD(Tij) 

In this chapter the following weight function is used: 

cuTD = ^ J ( 1 +3-1(1 - - ) 3 (2.6) 

This weight function is normalised to one over the density when integrated over r. 

2.2.2 Phase change DPD 

In the previous section the energy conserving DPD model was described, which 

until now has been used for one-phase calculations only. In this case it may be 

assumed that the material has a constant heat capacity, independent of the internal 
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energy. Espanol [16] suggests the following equation of state: 

T ( e ) = ~ (2.7) 

with Cv the heat capacity of the substance to be simulated. 

In the case of a material that undergoes a phase change, three stages can be defined. 

First the material is solid (with a solid heat capacity), then the solid will melt, and 

finally the material is completely liquid (with a liquid heat capacity). In the melting 

stage, a change in energy (as calculated with Eq. 2.3) is not used to increase the 

internal energy e but employed to overcome the melting enthalpy L. So, in the case 

of melting the total energy is the sum of the internal energy and the melting energy: 

E = e + H. The temperature of the particles can now be determined from the level 

of the total energy: 

c^ - H = 0 

T(E) = 4 0 < H < E (2.8) 

Tm+E-L
c

T;f'" H>L 

where CV)S and Cv,i are the solid and liquid heat capacities, Tm is the melting tem

perature and L is the enthalpy of fusion. This equation of state is similar to the 

enthalpy method [26] commonly used in phase change problems. 

To investigate whether this equation of state, together with the energy conserving 

DPD model presented in the previous section, will properly simulate the phase 

change of a material, the model will be tested against an analytical solution of a 

well known problem [19]. Generally, these problems are fairly simple and consider 

a one dimensional phase change by heat conduction only. This implies that only 

the last two terms of Eq. 2.3, describing the evolution of energy, will be employed. 

Physically this means that particles are on fixed positions during the simulation. 



14 MODELLING PHASE CHANGE WITH A CONSISTENT BOUNDARY CONDITION 

2.3 Simulations 

In this section results of the simulation of phase change DPD will be shown. First, 

the mapping of the thermal diffusivity emerging from the energy conserving DPD 

model is shown. Then a novel boundary condition method is explained. Finally, the 

simulation results of the phase change DPD model are compared with the results 

of the analytical solution. 

2.3.1 Mapping the thermal diffusivity 

An important aspect of applying DPD to realistic science problems, is the transla

tion and mapping of the DPD parameters on physical parameters. As explained 

before, one of the parameters in the energy conserving DPD model is the thermal 

diffusivity K. In the article by Ripoll et al. [27] this parameter is mapped in the 

following way: a simulation is performed until a steady-state profile is reached 

between two thermal baths. Subsequently, the heat flux is calculated for different 

thermal gradients. From a plot of the heat flux versus the imposed thermal gradi

ent, the slope, representing the thermal diffusivity, is determined. Unfortunately, 

many simulations have to be performed to determine the thermal diffusivity. Fur

thermore, our aim of energy conserving DPD is to perform time dependent DPD 

simulations, which a phase change problem is by definition. It is not demonstrated 

that this is possible in an accurate way, if the thermal diffusivity is determined from 

a steady-state solution. 

In this chapter, the thermal diffusivity is determined from (in principle) a single 

simulation. The system we chose will now be described. Suppose a solid body 

occupying the space from x = 0 to x = oo is initially at temperature T0. At time 

t = 0, the temperature at x = 0 is raised to Ti and kept at this temperature. Heat will 

penetrate the solid body by conduction only. The differential equation governing 

this one-dimensional problem is: 

at ox^ 
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with a the thermal diffusivity of the solid. The solution of this problem (see for 

instance [28]) is: 

T-Tp = 1 2 

Ti - To \/7t 
exp(-riz)dri = 1 - e r f ( ^ = ) = e r f c ( ^ = ) (2.10) 

o V4at V4at 

The thermal diffusivity can now be found instantly from a single energy conserving 

DPD simulation by fitting this formula onto a simulated temperature profile, at a 

certain time. 

Standard boundary condition 

The analytical solution given in the previous section is strictly valid only for an in

finite system, but for short times it represents finite systems well. The simulations 

of Eq. 2.3 with the equation of state of a solid (Eq. 2.7) are performed on a system 

with size 1 0 x 5 x 5 , containing 1250 particles. The boundary conditions are im

posed, as suggested by Ripoll et. al [27], through an extra layer (size rc = 1.0) of 

particles in which the particles are kept at a constant temperature. After simulating 

a certain time t, with a given thermal diffusivity i<, the results are used to perform a 

non-linear Least Squared fit (using the Levensberg-Marquardt method), to find the 

thermal diffusivity a as used in Eq. 2.10. 

In Figure 2.1 results of these simulations are depicted for two simulation times. 

The temperatures are determined by averaging over bins that divide the x-axis. It 

is clear from this figure that the boundary condition at x = 0 is not reproduced cor

rectly. Instead of remaining at the desired temperature (T = 2.0), it starts with a 10% 

difference (of the imposed temperature gradient), while moving to the true value 

as time progresses, but never reaching it completely. This behaviour was never 

observed by Ripoll et al. since their work focused on low overlapping coefficients 

s = rc/À. The temperature slip can be explained as follows. Consider the system 

after it has reached steady-state at the correct boundary value. In this situation 

the heat flowing to a particle equals that flowing from a particle. In the middle of 

the simulation box this condition is satisfied as the temperature profile is a straight 
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line. Focusing on the particles close to the boundary, a straight temperature profile 

is now only possible at low overlapping coefficients. At higher overlapping coef

ficients (and thus many particles in the boundary), the temperature profile has a 

slope within the simulation box, but is flat inside the boundary. Thus, a particle 

near the boundary loses a lot of energy to the particles towards the middle of the 

simulation box, while gaining hardly any energy from the boundary. Therefore, the 

steady-state temperature of the particles near the boundary is lower than intended. 

* » ™ % Ä . - . . . 

Figure 2.1: Average temperature of the particles in the 40 bins dividing the x-axis. 

The error bars are determined by repeating the simulation five times. Two simulation 

times (solid line ti = 10 and dashed line t2 = 40) are plotted. The close-up shows 

the non-averaged temperature of every particle close to the wall. 



2.3 SIMULATIONS 17 

Consistent boundary condition 

It is clear that the implementation of boundary conditions, as used until now, do not 

impose the desired constant temperature correctly. The explanation of the incorrect 

implementation of the boundary condition given above immediately leads to the 

solution of the problem. Obviously the particles near the boundary should still be 

subject to a heat flow from the boundary even when they have reached the bound

ary temperature. This is achieved by copying all the particles within a distance rc 

from the boundary into the extra layer. They are given the same ij, z-position, and 

their x-position is mirrored with respect to the x-position of the boundary. The tem

perature of the particles is changed in such a way that the average temperature of 

the original and the mirrored particle is equal to the desired boundary temperature 

(see Figure 2.2). In this case T = 2 at x = 0 and T = 1 at x = L. 

• • < > 

Tw = T, wall 

T 

0\ 
CK 

O, 
ö. 

rc 

T w - PT - T 
' i — ^ ' wall ' i Q 

O 
0̂ 

Q 
Q 

rc 

Figure 2.2: Illustrating the placement and température choice of the boundary parti

cles. On the left the old model, with a constant temperature for all the wall particles. 

On the right the new implementation, with positioning mirrored from the particles 

in the simulation box, and a modified temperature. The dotted line represents the 

desired temperature profile. 
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In Figure 2.3 simulation results are shown after the implementation of the new 

boundary condition. The resulting boundary temperature is now reproduced cor

rectly. A minor drawback is the occurance of stronger fluctuations at some distance 

from the boundary as compared to the original boundary condition. This is caused 

by the mirroring of the particles, leading to an increase in density fluctuations near 

the boundary. These higher density fluctuations give rise to larger fluctuations in 

the temperature at some distance from the boundary. However, at the boundary 

the temperature fluctuations are smaller than with the previous method. 

Figure 2.3: Average temperature of the particles in the 40 bins that divide the x-axis 

using the consistent boundary condition. The error bars are determined by repeating 

the simulation five times. Two simulation times (solid line ti = 10 and dashed line 

t2 = 40) are plotted. The close-up shows the non-averaged temperature of every 

particle close to the wall. 
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Results from the time dependent fit 

The time dependent heat transfer problem, described by Eq. 2.10, can be correctly 

simulated with the consistent boundary condition. From these results it is possible 

to determine the thermal diffusivity a. A graph is constructed to prove the possi

bility of determining the thermal diffusivity as described before. A simulation is 

performed on a system with size 40 x 5 x 5, containing 10000 particles. At a few 

time intervals the temperature profile is plotted. 

With the temperature profile of the first time interval, the thermal diffusivity a is 

determined. This value of a is used to predict the temperature profile at the other 

two time intervals. As can be seen from Figure 2.4 the agreement between the sim

ulations and the predicted temperature profile is good. Notice that in this case only 

a single temperature profile has been used to determine the thermal diffusivity. 

But to gain some insight in the accuracy of this value, it can be determined from 

» • i i I i 1 

1.8 -

• Ä -

1.6 _ 

QV\ 
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-
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Figure 2.4: Average temperature of the particles in the bins that divide the x-axis. 

The symbols represent the simulation results and the lines give the prediction based 

on the fit performed on the first temperature profile. Three simulation times (\ 25, 250 

and 450) are plotted. 



20 MODELLING PHASE CHANGE WITH A CONSISTENT BOUNDARY CONDITION 

temperature profiles at different simulation times. 

A kinetic theory based prediction (Ripoll et al. [27]) is given for the dependence of 

the thermal diffusivity on the overlapping coefficient and the thermal diffusivity R: 

Q = 2 4 K 
(2.11) 

Using the thermal bath approach Ripoll et al. found that the thermal diffusivity 

approximates the theoretical prediction for higher s-values, but never reaches it 

completely. Therefore, with the novel boundary condition several simulations have 

been performed at different overlapping coefficients. In Figure 2.5 the results from 

these calculations have been plotted, as well as the theoretical prediction and the 

original data of Ripoll et al. It can be seen that the theoretical and simulation results 

agree for sufficiently high values of the overlapping coefficient. 
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Figure 2.5: Thermal diffusivity for different values of the overlapping coefficient 

with the consistent boundary conditions (closed symbol), and the original data from 

Ripoll et al. [27] (open symbol). Also the kinetic theory based prediction is shown 

(solid line). 
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2.3.2 Phase change DPD 

In this section the phase change DPD scheme, as developed in section 2.2.2, will be 

tested. 

Description of the analytical model 

Freezing and melting has been described by Stefan [18] in the context of polar ice 

thickness prediction. Neumann [19] extended the mathematical description of the 

Stefan-problem to the following test case. Suppose a solid body, occupying the 

space from x = 0 to x = oo, is initially at temperature T0, lower than the melting 

temperature Tm of the substance. At time t = 0, the temperature at x = 0 is raised 

to Ti, above Tm, and kept at this temperature. A melting front X with temperature 

Tm will move into the solid. To describe the temperature evolution mathematically, 

two heat conduction equations similar to Eq. 2.9 are required: one for the liquid 

region, occupying space between x = 0 and x = X(t), and one in the solid region 

x > X(t). Solving these equations requires an additional boundary condition: 

, 3T , 3T T dX ,„.,„, 
k s - r - = k l — + Lp— (2.12) 

ox ox at 

with ks and kj. being the thermal conductivity of the solid and liquid respectively 

(assumed to be equal in this case), p the density, and L the enthalpy of fusion. This 

boundary condition states that the melting rate is equal to the difference of heat 

flow towards and from the melting front. The solution of this problem is expressed 

in terms of the moving interface position: 

X ( t ) = 2 £ V ô ï t (2.13) 

the temperature in the liquid phase: 

T - T , e r f f^f r - ) 

T m - T , " erf(t) 

and the temperature in the solid phase: 

T - T p = e r f c t ^ ) 

(2.14) 

(2.15) 
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The variable £, in these equations is the root of 

Cv>i(Ti — Tm) Cv,s(T,n — TojycLJ 

exp(^)erf(^) y z ü e x p ( ^ ^ ) e r f c ( ^ 
LE,y/n (2.16) 

In the next section, the results from phase change DPD simulations will be com

pared with the results from these analytical solutions. 

Results 

For short times, the analytical solutions given in the previous section can be com

pared to simulations performed in a finite system. The simulations of Eq. 2.3 with 

the equation of state incorporating phase change (Eq. 2.8) are performed on a sys

tem with size 40 x 5 x 5, containing 10000 particles. The enthalpy of fusion L = 106, 

Cv_s = CVil = 106, K = 1.0 and Tm = 1.5. 

In Figure 2.6 results of these simulations are depicted for three simulation times. 

Good agreement between the simulations and the analytical results is found. At 

the melting temperature (Tm = 1.5) a discontinuity in the temperature profile is 

observed. This is caused by the removal of heat that is used for melting the mate

rial, in accordance with Eq. 2.12. Notice that for these simulations no fitting was 

required. The thermal diffusivity has been determined from the one-phase simula

tions. The position of the melting front is determined by monitoring the x-position 

of the melting temperature in time. In Figure 2.7 this is shown together with the 

analytical solution. Again the agreement is very good. 

From these two graphs it can be concluded that the described extension to the orig

inal energy conserving DPD scheme can be used to successfully perform phase 

change calculations. 
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Figure 2.6: Average temperature of the particles in the bins that divide the x-axis. 

The symbols represent the simulations and the solid lines are the analytical results. 

Three simulation times (50, 200 and 500) are plotted. 

— analytical 
O simulation 

200 300 

time 

500 

Figure 2.7: Evolution of the melting front in time. The symbols represent the simu

lations while the solid line is the analytical solution. 
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2.4 Concluding remarks 

In this chapter, the possibility to simulate phase change with DPD has been pre

sented. To achieve this, an extension to the original energy conserving DPD has 

been proposed. In order to properly account for the different phases involved, i.e. 

solid, liquid and melting states, the equation of state has been divided into three 

parts. Concerning our objective to perform accurate time dependent calculations 

it was found that the commonly used implementation of a constant temperature 

boundary condition could yield incorrect results at high overlapping coefficients. 

A new consistent boundary condition has been introduced and applied success

fully for all overlapping coefficients. 

In conventional DPD simulations the problem of wall-slip has first been noticed by 

Revenga et al. [29]. Our new approach to implement boundary conditions can also 

solve this problem, as will be shown in the next chapter. 



No-slip boundary condition 

Abstract 

Dissipative Particle Dynamics (DPD) has, with only a few exceptions, been used to study hydrodynamic 

behaviour of complex fluids without confinement. Previous studies used a periodic boundary condition, 

and only bulk behaviour could be studied effectively. However, if solid walls play an important role in 

the problem to be studied, a no-slip boundary condition in DPD is required. Until now, the methods 

used to impose a solid wall consisted of a frozen layer of particles. If the wall density is equal to the 

density of the simulated domain, slip phenomena are observed. To suppress this slip, the density of the 

wall has to be increased. We introduce a new method, which intrinsically imposes the no-slip boundary 

condition without the need to artificially increase the density in the wall. The method is tested in both a 

steady-state and an instationary calculation. If repulsion is applied in frozen particle methods, density 

distortions are observed. We propose a method to avoid these distortions. Finally, this method is tested 

against conventional computational fluid dynamics (CFD) calculations for the flow in a lid-driven cavity. 

Excellent agreement between the two methods is found. 

This Chapter has been published as: S. M. Willemsen, H. C. J. Hoefsloot, and P. D. ledetna (2000). "No-Slip boundary condition 
in Dissipative Particle Dynamics", Int. ]. Mod. Phys. C, 11(5), 881-890. 
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3.1 Introduction 

Over the last few years, mesoscopic simulation methods have proven to be a valu

able asset in studying the hydrodynamic behaviour of complex fluids. Dissipative 

Particle Dynamics is one of these methods. Hoogerbrugge and Koelman [1] in

troduced the method as a way to study suspensions [8]. This coarse grained ap

proach for studying hydrodynamic behaviour could easily be extended to study 

many other problems involving polymers [10], phase separation [4, 7], and, with 

the introduction of an energy conserving DPD scheme [17, 16], thermal problems 

(see Chapter 2). 

It is interesting to note that in all simulation studies the simulated system is part of 

an infinite region. These simulations are performed using standard periodic bound

ary conditions. To our knowledge, the only exceptions are the work by Kong et 

al. [14], Jones et al. [30], and Revenga et al. [29]. Kong et al. study the behaviour of 

a polymer between two walls. The walls are created by freezing the DPD particles 

so that they can interact with the free particles, while no movement is allowed for 

these particles. To get an impenetrable wall, the density of the wall is chosen to 

be four times higher than the confined liquid. It is observed that this high-density 

wall produces large repulsion near the wall, excluding the solvent and polymer 

from the wall region. Jones et al. simulate a liquid drop near a solid interface under 

shear. The solid is again created by freezing the particles at a certain position, either 

in crystalline or random order. The density of the solid is the same as that of the 

liquid, but the repulsion between the liquid and the solid is taken higher, produc

ing a strong repulsive layer close to the wall. This causes density distortions in the 

fluid. Furthermore, the wall created in this way does not impose a no-slip bound

ary condition for the mean flow. Finally, Revenga et al. create a solid boundary by 

freezing the particles on the boundary of the solid object. If the density of the con

structed wall is equal to that of the fluid, slip at the wall is observed. No-slip can 

only be approached if the density of the wall is increased. The authors suggest a ra

tio of nine between the wall and fluid density. In their work no repulsion between 
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the particles was used, so no low density regions near the wall were obtained. It 

will be shown that using repulsion within this method will cause strong density 

distortions near the wall. 

Thus, we see that by using a high density layer of frozen particles the no-slip boun

dary condition can be approached, but it will also change the particle density near 

the boundary. Now, it depends on the level of coarse graining whether this is a 

desirable result. On an atomistic level, such a phenomenon is likely to occur near a 

wall. However, at a higher degree of coarse graining, which we want to pursue in 

order to study macroscopic flow phenomena, this is an undesirable effect. In this 

chapter, we will present a method to intrinsically get a no-slip boundary condition 

without the need for high density walls. Thus, the problem of density distortions 

near the wall can also be solved. 

After briefly introducing the DPD method, the novel boundary condition method 

is explained. The results of this method are shown for both steady-state shear flow 

and instationary flow using no repulsion. From these simulations the viscosity is 

determined. Finally some methods are explored on how to obtain a flat density 

profile when using repulsion. These methods are used to calculate the flow inside a 

lid-driven cavity. The calculated flow field is compared with results obtained with 

conventional computational fluid dynamics (CFD) calculations. 

3.2 Dissipative Particle Dynamics 

The DPD scheme consists of the calculation of the position and impulses of inter

acting (fluid) particles over time. The time evolution of these positions (rt(t)) and 

impulses (pi(t)) (for simplicity we take the masses of all particles 1) is given by: 

The force acting on the particles is a combination of three parts: 

f i ( t ) = X ( F , C j + F M + F i R
j ) (3-2) 
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The first part of the force is the conservative part 

dij ( l - 7 7 ) ^ (Tij < r c ) 
F« = (3.3) 

0 ( t i j > T c ) 

where a^ is the maximum repulsion between particle i and j , rij = n — tj, rtj = 

Ir-ijl, rti = rtj/lrijl, and rc is the cut-off radius. The second and third force are the 

dissipative and the random force: 

F ^ - y c u ^ r t j M V v i j t f i j 
(3 4) 

Ft
R = acuR(rij)9ijfij 

in which vy = v t - Vj, y is the friction coefficient and a is the noise amplitude, 

cu(rij) is a weight function which tends to zero for r = rc, and 9tj is a random 

number from a Gaussian distribution with zero mean and 1/dt variance. 

Espagnol and Warren [3] showed that the weight functions and constants in these 

forces can be chosen arbitrarily, but they should obey: 

[(v*{rii)]
2=a>°{Tii) 

a = 2Ty 

with T the temperature of the fluid. 

The equations of motion are solved using the modified velocity-Verlet algorithm as 

presented by Groot and Warren [12]. The weight function for the random force has 

the following functional form: cüR(rij) = 1 - -J-, and we chose a = 3.0, rc = 1.0. 

The repulsive interaction is excluded from the simulations unless stated otherwise. 

3.3 No-slip boundary condition method 

A well known boundary condition for imposing (unconfined) simple shear flow, is 

the Lees-Edwards boundary condition (see for instance [31]), according to which 

the periodic images at the top and bottom of the simulation box are moving with 
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a velocity equal to half the box height times the desired shear rate. The boxes at 

the top and the bottom move in opposite directions. This boundary condition pro

duces a linear velocity profile with the plane of zero velocity in the middle of the 

simulation box. Notice that in this case the density at the boundary is equal to the 

density in the simulation box. It is crucial in this boundary condition that the ve

locity profile continues beyond the boundary of the simulation box, which is not 

the case when a set of frozen particles is used. In the latter case slip is observed, as 

noticed in Chapter 2 for thermal problems. In order to explain this slip, one may 

consider a system that has reached steady-state shear flow. The drag force slowing 

down a particle is equal to the drag force accelerating it. At a constant density, this 

is only possible if a linear velocity profile is present everywhere, which is not the 

case in the boundary where a constant velocity is assigned to the frozen particles. 

Hence, a steady-state is reached with particles near the boundary having a lower 

velocity than intended. 

In conclusion: to construct a correct no-slip boundary it is necessary to have a ve

locity profile continuing beyond the boundary. We achieved this not by using a 

periodic image of the simulation box, but by creating an extra layer of particles, 

with thickness rc (the interaction radius) outside the simulation box. The position 

and velocities of the particles that are in this layer are determined from the posi

tion and velocities of the particles within the interaction radius of the boundary. 

Assume a flow system where a velocity (V) in the y-direction at x = 0 is imposed. 

For every particle between x = 0 and x = rc a particle is put inside the layer. To 

easily obtain the desired interpolated velocity profile, the distance to the boundary 

is kept constant. The tangential velocity of the layer particle is changed in such 

a way that the mean velocity of the original and the layer particle is equal to the 

desired boundary velocity (v l Q y e r = 2 * V - v0rtgmai), while the normal velocity 

components get an opposite sign from the original velocity. The y and z positions 

are given a random shift chosen from the interval (—rc,rc). This shift is added since 

in DPD a particle having a certain y and z-velocity has no viscous interaction with 

another particle having a different y and z-velocity, when these particles only differ 
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in location by their x-position (see Eq. 3.4). Should a DPD particle hit the boundary, 

a bounce back of this particle is induced. 

Simulations have been performed with this new boundary condition method in an 

8x8x 8 sized simulation box, containing 12800 (p = 25), 8960 (p = 17.5), and 5120 

(p = 10) particles. The time step is chosen such that yót = 5 1 0 2, and the imposed 

velocity is 0.5 at x = 0 and 0.0 at x = 8. In Figure 3.1 the averaged (over 104 

timesteps) stationary velocity profile is plotted. The agreement with the theoretical 

solution is excellent. 

V 

u.o 

"f. 
i ' 

"f. + p=10 T=0.01 -
"I x p=10 T=0.1 

0.4 '•!.. 
"1. 

'•« 

o p=10 T=1.0 
D p=17.5T=0.01 
o p=17.5T=0.1 

-

0.3 ''t. -1 , 
••!. 

A p=17.5T=1.0 
< p=25 T=0.01 
v p=25 T=0.1 

0.2 

••!. 
''*.. 

> p=25 T=1.0 
0.2 ''*.. 

' • I . 
'%. 

0.1 

-
'••, 

Figure 3.1: Average y-velocity of the particles in the 16 bins dividing the x-axis. 

Three temperatures (1 = 0.01,0.1 and 1.0) and three number densities (p = 10,17.5 

and 25) are shown, together with the theoretical solution. 
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3.4 Determining the kinematic viscosity 

As a further test of our new implementation of the no-slip boundary condition, we 

chose the following classical example: suppose a fluid occupying the space from 

x = 0 to x = oo is initially at rest. At time t = 0, the velocity at x = 0 is raised to v-\ 

and kept at this value. A velocity profile will develop according to: 

9v ô2v 

Yt=^ (3-6) 

with -v the dynamic viscosity of the fluid. The solution of this problem is known to 

be [28]: 

-='-4= 
vi Jn 

" e x p ^ 2 dn = 1 - e r f ( - ^ = ) = e r f c ( - 7 ^ ) (3.7) 
V4-vt V4yt 

The dynamic viscosity can now be found readily from a DPD simulation by fitting 

this formula onto a simulated velocity profile at a certain time. Simulations shown 

here are from the p = 25 calculations at T = 0.1. Results from such a fit are shown 

in Figure 3.2. The dynamic viscosity is estimated from the first simulation time and 

used to predict the other two simulation results. The agreement between prediction 

and simulation is very good, and the boundary condition is satisfied throughout the 

whole simulation, showing that accurate, instationary confined fluid simulations 

using DPD are possible. 

As an alternative to determining the viscosity from instationary profiles, it can be 

computed from stationary shear flow. The shear stress can be determined (see for 

instance [31]) using: 

i<j i 

in which V is the volume of the system, m is the particle mass, F y i j is the y-

component of the force exerted on particle i by particle j , rX)i is the x-position of 

particle i, vv>i and vXti are the y and x components of the velocity respectively, and 

v* is the theoretical value of the velocity. 
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The shear stress has been obtained by averaging over some 105 timesteps. Re

sults of these calculations are given in Figure 3.3 together with the results from the 

instationary calculations. Both methods yield the same results, although the in-

stationary calculations are computationally less expensive. The line in the graph 

represents the kinetic theory result by Marsh et al. [25] (-v = j§^f ) for the dissipa-

tive contribution only. Viscosities calculated by us are somewhat lower, but such 

a discrepancy between calculated viscosities and this theoretic prediction has been 

noticed before [32, 33]. 

3.5 Density profiles for different boundary conditions 

Another incentive for our implementation of the no-slip boundary condition is to 

achieve a flat density profile throughout the simulation box, even though a bound

ary is present. However, when a repulsive force was added to our calculations 

(a-u = 25), a certain effect of the boundary on the density profile was observed. 

To explore this behaviour, we made a plot of the conservative force exerted by the 

boundary onto the fluid. Simulations have been performed in a 15 x 8 x 8 sized box 

containing 9600 particles (p = 10) at T = 1.0. In the case of our boundary condition 

method, which means creating an extra layer of particles beyond the boundary, the 

repulsive force close to the boundary is too high. This causes a decrease of the den

sity in this region, as can be seen from Figure 3.4. For this reason, some attempts 

have been made to implement the repulsive force in a different way, while apply

ing the original calculation method for the dissipative and random force, since this 

yields a very good treatment of the no-slip boundary condition. 
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Figure 3.4: Density profile as calculated with the various implementations of the 

repulsive force of the boundary; the original mirrored way, a uniformly distributed, 

a single layer of particles, and the shifted particle method. 

Figure 3.5: Resulting repulsive wall force as calculated with the various positioning 

of the boundary particles; the original mirrored way, a uniformly distributed, a single 

layer of particles, and the shifted particle method. 
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If we would assume a uniform density in the extra layer, the repulsive force of 

this layer can be solved analytically. This leads to F^ = aijyf (1 — x)3(l + 3x). 

However, again some small distortions in the density profile were observed. This 

is due to the fact that the analytical solution does not assume a spatial correlation 

between the particles. In an attempt to preserve spatial correlation, the interaction 

with the layer particles is split into two parts. First, we create a layer of particles 

as described above (see section 3.3), from which the drag and random forces are 

calculated. Then, a second set of layer particles is created, from which the repul

sive interaction is calculated. The positions of the particles in the second set are 

determined by shifting all the particles located at a distance between rc and 2rc 

from the boundary into this layer. A spatial correlation should exist between the 

particles next to the wall and the ones between rc and 2rc. In Figure 3.4 the results 

from these calculations are given, showing that this method leads to an almost flat 

density profile. For the sake of comparison, also the density profile and wall force 

are determined for the case of one layer of particles located exactly at the boundary 

(as used in [29]). Clearly, the wall force (see Figure 3.5) is completely different in 

shape, leading to an undesirable density profile. In this case, the region near the 

boundary is completely depleted of particles. 

3.6 Testcase: lid-driven cavity 

In order to validate the method proposed above to treat the repulsive particle in

teractions, the flow inside a lid-driven cavity has been calculated. A lid-driven 

cavity consists of a two-dimensional box, of which the lid is moving with a certain 

velocity. The flow inside such a geometry has been studied extensively both exper

imentally [34] and computationally [35]. Here, a comparison is made between the 

results from the DPD method and the commercial Computational Fluid Dynamics 

(CFD) package Fluent. 
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The 3D DPD calculation has been performed in a 10 x 10 x 4 sized box containing 

4000 particles (p = 10) at T = 0.33. The repulsion parameter a t j is 3.0 and the vis

cosity of this fluid was determined to be 0.517. The lid is moving with a speed of 

0.517 leading to a Reynolds number of 10. The velocity is determined by averaging 

in space over a x,y-grid of 52 x 32, and in time over 106 timesteps. These calcu

lations took 2,6 hours on a Pentium-II 400 machine. The 2D CFD calculations have 

been performed on a 128 x 128 grid with dimensions 1.0 x 1.0 a viscosity of 0.1, 

and a velocity of 1.0, again leading to a Reynolds number of 10. These calculations 

took 4 hours on the above mentioned machine, to achieve a residual of 5 • 10~4 for 

all variables. 

Results of DPD and CFD computations are depicted in Figures 3.6 and 3.7. In the 

first figure the flow field is shown. The agreement between the two methods is 

very good, only in the top left and right corners small differences can be observed. 

This is due to the fact that in the corner the velocity is not well defined, since, in 

principle, it should obey the boundary condition of both walls, which leads to an 

inconsistency. The two methods treat this inconsistency in different ways, which 

explains the different velocities near the corners. 

The second figure shows the x and y velocity at the centreline of the cavity. The 

agreement between the two methods is excellent. The only difference between the 

two methods is the simulation time. Note, however, that the CFD calculations were 

performed in two dimensions only. Evidently, this demonstrates that DPD and 

CFD yield identical results for flow systems. However, it should be realised that 

the great potential of DPD is not present is classical flow problems, but in problems 

where the continuum approach of CFD fails. Typical examples are multiphase flow 

and polymeric liquids with complex rheology (viscoelasticity). 
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(a) CFD (b) DPD 

Figure 3.6: Comparison of the flow field as calculated with a commercial CFD pack

age (Fluent) and with the DPD method. 
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3.7 Concluding remarks 

In this chapter, we have introduced a novel implementation of a no-slip bound

ary condition within the dissipative particle dynamics simulation method. This 

method intrinsically imposes a no-slip boundary condition. Care must be taken 

when repulsive interactions between the particles come into play. This will require 

a special positioning of the boundary particles for which the spatial correlation 

within the fluid is preserved. Shifting the particles located at a distance between rc 

and 2rc from the boundary meets this requirement, as can be seen from the results 

for flow inside a lid-driven cavity. 



Polymers in fluid dynamics 
problems 

Abstract 

In this chapter Dissipative Particle Dynamics is used effectively as a modelling technique to perform 

Computational Fluid Dynamics. DPD preserves some molecular detail whereas in classical CFD this is 

lost. The technique is tested in two cases of macromolecules in flow simulations. First, the behaviour 

of a polymer within a square capillary is studied, which is the basis of hydrodynamic chromatography 

Secondly, the effect of polymers on the melting in shear flow is simulated. 

This chapter lias been submitted for publication as: S. M. Willemsen, H. C. ]. Hoefsloot, and P. D. ledema "Mesoscopic 
Simulation of Polymers in Fluid Dynamics Problems", to the Journal of Statistical Physics 
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4.1 Introduction 

Dissipative Particle Dynamics [1] can best be described as a type of coarse grained 

Molecular Dynamics. The particles in DPD are not single molecules but represent a 

mesoscopic cluster of molecules. The method has proven to be a very flexible tool 

especially for complex fluid simulations. It has been used in a wide variety of areas 

such as suspensions [8], multicomponent flows [5], phase separation in polymer 

systems [12], and thermal problems ( [36], and Chapter 2 of this thesis). 

In DPD particles experience interaction forces from particles in their proximity. The 

interaction is pairwise and total momentum is conserved. It has been shown both 

theoretically [3] and by simulation (see Chapter 3) that the macroscopic behaviour 

is hydrodynamical. Since the interactions have a stochastic component, Brownian 

motion can be taken into account. 

As a shortcoming in DPD the total energy is not conserved, but this problem has 

been solved recently by both Avalos and Mackie [17] and Espanol [16]. Another 

deficiency arises in the modelling of solid walls. When modelling the solid as par

ticles with zero velocity, a no-slip condition at the wall could only be achieved by 

increasing the density of particles in the wall which resulted in a low density region 

near the wall. A method to solve these problems is described in Chapter 3. 

As one of the merits of DPD polymers can be simulated very easily, by attaching 

springs between particles. This just adds an extra spring force between the two 

attached particles. This concept has been shown to adequately describe both ther

modynamic [12] and fluid flow behaviour of polymeric liquids [10]. The beauty 

of the method lies in its preservation of some molecular detail while simulating 

macroscopic flow. This means that, along with the position of the polymer, the 

orientation and radius of gyration can be calculated. 

In this chapter the advantages of incorporating polymers in a DPD simulation will 

be exploited. We will show that DPD is a powerful tool when studying the be

haviour of polymers in a flow field. In order to do so, two systems are considered. 
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The first describes the behaviour of polymers of different sizes flowing in a nar

row channel. In the other a solid polymer particle is melted in shear flow. In both 

cases the coordinates of the beads of the polymer are known so the behaviour of 

the polymer can be studied with a resolution down to the molecular shape. 

In the case of flow through a narrow channel the mean velocity of the polymer 

will differ from the mean velocity of the solute. This is due to the difference in 

size of the solute and a polymer molecule. The larger the polymer molecule, the 

more difficult it is for the centre of mass of this molecule to be close to the wall. 

Therefore, the polymer will not be subjected to the low velocities in the vicinity 

of the wall and hence, on average, have a larger velocity than a solute molecule. 

A macromolecule separation technique, called hydrodynamic chromatography, is 

based on this principle. 

In the case of melting in a shear flow, the solid consists either of single DPD particles 

or of a number of strings of particles (polymer). In this way, the effect of the solid 

consisting of a polymer can be studied while all other properties are kept constant. 

The difference between the systems becomes clear at the very instant the individual 

particles (either in a chain or not) reach the melting temperature. A single particle 

becomes mobile and can move away from the solid instantaneously. In contrast, 

the mobility of a particle of a chain is co-determined by the conditions of the other 

particles in the chain. 

The remainder of this chapter is organised as follows. First, the model is explained. 

Then the two cases: hydrodynamic chromatography and melting in shear flow, a 

problem description, computational details and results are presented. Finally, in 

the last section some conclusions are drawn. 
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4.2 The DPD model 

4.2.1 Classical DPD 

For the sake of completeness the DPD scheme will be given, although it can be 

found in many places in literature. The time evolution of the positions (rt(t)) and 

impulses (pi(t)) (for simplicity we take the masses of all particles 1) of the imagi

nary particle is given by: 

§ = v i ( t ) , ^ = £ i ( t ) (4.1) 
dt dt 

The force acting on the particles can be seen as a combination of three parts: 

The first part is the conservative force F{j = < 'V W (4.3) 
[ 0 (tij > r c ) 

where a^ is the maximum repulsion between particle i and j , r^ = ri — r j , r^ = 

\tij\, îij = rij/lrijl, and rc is the cut-off radius. The second and third force are the 

dissipative and the random force: 

Fij = -ycu°(r i j)(f i j -Vij^tj 
(4.4) 

Ff, = (jajR(r ij)9 ijî i j 

in which vtj = vt — Vj, y is the friction coefficient and a is the noise amplitude, 

tu(rij) is a weight function which tends to zero for r = rc, and B^ is a random 

number from a Gaussian distribution with zero mean and 1 /d t variance. 

Espagnol and Warren [3] showed that the weight functions and constants in these 

forces can be chosen arbitrarily, but they should obey: 

[tüR(T l ,)]2=ü)D(T l j) 
(4.5) 

a2 = 2Ty 
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with T the temperature of the fluid. 

The equations of motion are solved using the modified velocity-Verlet algorithm as 

presented by Groot and Warren [12]. The weight function for the random force has 

the following functional form: cuR(rij ) = 1 — y-, and we chose rc = 1.0. 

4.2.2 Energy conserving D P D 

When energy conservation plays an important role, as in our melting simulations, 

two extra variables need to be considered: the internal energy and the temperature. 

Since the temperature of the individual DPD particles may vary, it is no longer pos

sible to use Eq. (4.5) to calculate the friction coefficient y and the noise amplitude cr. 

However, Espanol [16] suggests to keep the noise amplitude constant for all parti

cles and to determine the friction constant from the fluctuating temperatures: 

a2 r 

™ = T 
i i (4.6) 

where Ti is the temperature of particle i. The evolution of the internal energy ê  is 

given by: 

de t _1 
~dT " 2 

Y_ [u>D(Tij)Yxj(Vij -fij]2 - afjOj|(Tij)] -£_CTijU>R(Tij)(Vij -tij)9> 

+ H K i ' \T ~ T-) a , T D '1 ' i i ' + y «ijiUTR(rij)9jj 
j \ 1 ) / j 

(4.7) 

9^ and 9^ are uncorrelated random numbers from a Gaussian distribution with 

zero mean and 1/dt variance. 

The upper part of this equation is related to viscous heating of the particles, while 

the lower part is related to the conduction of heat, K^ represents a thermal conduc

tivity, that depends on the internal energy of particles i and j and follows from [16]: 

< Tj + Tj et + Cj 
Kii = X ^ ^ 2 — ( 4 '8 ) 
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Here, A is the average distance between particles and i< is the thermal diffusivity. 

Finally, the detailed balance condition requires that a?, = 2KiU and the following 

relationship between the weight functions [3]: 

C u | ( T i j ) = t U D ( T i j ) 

2 (4-9) 
CU T R (T i j ) = C U T D ( n j ) . 

In this chapter both dissipative weight functions have the following functional 

form: 

cuD(nj) =o)TD(rij) = (1 + 3 — )(1 - — )3 (4.10) 

This just leaves the relation between the energy and the temperature of the DPD 

particles. In the case of a material that undergoes a phase change, three stages can 

be defined. First the material is solid (with a solid heat capacity), then the solid 

will melt, and finally the material is completely liquid (with a liquid heat capacity). 

In the melting stage, a change in energy (as calculated with Eq. 4.7) is not used to 

increase the internal energy e but employed to overcome the melting enthalpy L. 

So, in the case of melting the total energy is the sum of the internal energy and the 

melting energy: E = e + H. The temperature of the particles can now be determined 

from the level of the total energy: 

E 
Cv,: 

T ( E ) = < 

H = 0 

Tm 0 < H < L (4.11) 

Tm + E ' L - T - C v . H > L 

where CV)S and C v [ are the solid and liquid heat capacities, Tm is the melting tem

perature and L is the enthalpy of fusion. This equation of state is similar to the 

enthalpy method [26] commonly used in phase change problems. 
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4.3 Hydrodynamic chromatography 

4.3.1 Problem description 

Pressure driven flow through a rectangular pipe is a problem that is interesting 

for chromatography as shown by Cifuentes and Poppe [37]. We want to study the 

principles of a chromatographical method called hydrodynamic chromatography. 

Macromolecules are separated according to their difference in size. This is realised 

in capillaries of small sizes, sometimes even on chip-like devices [38]. The lateral 

dimensions of the capillary are only between one and three orders of magnitude 

larger than the dimensions of the polymer. This circumstance enables us to perform 

a DPD simulation of the macroscopic flow together with a polymer. The system 

under consideration in this section is a square pipe where the driving force for the 

flow is a pressure drop. 

4.3.2 Computational detail 

Simulations are performed in a 8 x 8 x 8 sized simulation box containing 5120 

particles. The z-direction is the direction of flow, solid walls are created at both 

sides (x-direction) and top and bottom (y-direction) on which a no-slip boundary 

condition is imposed as described in Chapter 3. Because we want to simulate a very 

long capillary, a periodic boundary is created in the z-direction. The first problem 

is to check whether the box is large enough in the z-direction, in order to have 

no effect from the polymer molecule on itself. By performing simulations with 

different sizes it turned out that 8rc in the z-direction is sufficient for polymers up 

to length 20. 

The second problem is how to deal with the pressure gradient. Applying standard 

DPD with a periodic boundary condition would not lead to the desired result of 

a constant pressure drop but it would give a saw-tooth pressure profile. Because 

the pressure drop over the pipe is constant it can be treated as being simply a body 
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force in the z-direction. So in the momentum balance for every DPD particle a force 

in the z-direction is added. The value of this force is 0.005. 

As has been pointed out by Groot and Warren [12] the difference in maximal re

pulsion between two different species (eg. ûAB — ûAA) is proportional to the 

Flory-Huggins x-parameter. This is a measure of the polymer's solubility in the 

solute: if x = 0 the polymer would be perfectly soluble, a larger x stands for a 

reduced solubility. Since the solubility influences the radius of gyration this is an 

important parameter to describe the separation. We have chosen the parameters 

for polymer-polymer and monomer-monomer interaction to be Qu = 3 . 0 and the 

polymer-monomer interaction to be a^ = 4.0. 

The temperature of the simulations is chosen to be T = 0.1, a = 10.0 and the 

timestep is 0.01. The system was equilibrated for 104 timesteps after which the 

simulation ran for 2.5 • 106 steps. 

4.3.3 Results 

Before studying the flow of solute plus polymer, the flow of solute only is analysed. 

Therefore the axial velocities are averaged in space over a 29 x 29 (x,y) grid, and 

in 5 • 105 steps over time. In the article by Cifuentes and Poppe [37] an analytical 

solution is given for this flow. It reads: 

V l (x,v) = l ^ - - 6 I , _ „ V c o s l ? , c o s h , y , s e c h , ^ l 

) = 1,3,5... 

where (0,0) is the middle of the pipe, and the x-coordinate is normalised to run 

between [—1,1], and the y-coordinate between [—c|), <$>}. In Figure 4.1 the results are 

depicted for the simulation together with the analytical solution. As can be seen 

from the graphs the simulation results agree well with the analytical solution. 
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Figure 4.1: Comparison of the averaged Vzfrom the DPD simulation and the an

alytical solution. The simulation results are normalised with the maximal velocity 
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Having demonstrated that the flow inside the rectangular pipe can be calculated 

accurately with DPD, polymer is added. During this simulation the position of the 

centre of mass of the polymer is determined, and the axial velocity is monitored. 

Initially the polymer is placed in the middle of the pipe. For the sake of comparison 

the movement of a single DPD particle is also analysed. In Figure 4.2 the movement 

of this centre of mass can been tracked during a simulation of 2.5 • 106 timesteps. 

The DPD simulation predicts that the larger polymer remains more distant from the 

wall than the smaller polymer. Also, the monomer can move up to or even collide 

with the wall. 

In Table 4.1 the radius of gyration and the mean velocity of the polymers is shown. 

It is apparent that this restricted movement through the cross-section of the pipe 

does influence the mean axial velocity. A general trend is: the longer the polymer 

chain, the larger the mean velocity. The discrepancy in this reasoning is the polymer 

of length 10. However, from Figure 4.2 we can see that this is probably due to the 

method of sampling. This polymer seems to stay in the lower right corner of the 

capillary for a long time, reducing the mean axial velocity. 

In conclusion: apart from accurately calculating the flow through pipes similar to 

standard CFD simulations, the incorporation of polymers in DPD indeed enables 

us to study the behaviour of polymers in these flows. It is demonstrated that the 

observed behaviour of the polymer chains in such flows is qualitatively well pre

dicted by the DPD simulations. 

Table 4.1: Radius of gyration and mean velocity for different polymer lengths. 

Length Radius of gyration Mean axial velocity 

1 - 0.117 

5 0.239 0.138 

10 0.409 0.135 

20 0.549 0.163 
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4.4 Melting in shear flow 

4.4.1 Problem description 

Melting of polymeric materials is an important step in polymer processing. Since 

this mainly takes place in large scale extruders, the dimension of these machines is 

beyond the reach of DPD. However, the interaction between flow and the melting 

process can be studied on a smaller scale, giving insight in the specific behaviour 

of macromolecular materials as compared to non-polymeric materials. We have 

already shown (see Chapter 2) that it is possible to describe the movement of a 

melting front in a solid within the DPD framework. In this reference, only the 

change of internal energy was calculated, while the particles were not allowed to 

move. Here we apply this method to the melting of a solid object in a flow field. 

The system to be considered consists of two plates moving in opposite directions, 

causing shear flow between them. The plates have an elevated temperature (above 

the melting point of this material). Then a cold particle (below the melting point) is 

placed between these plates. The particle may consist of monomeric DPD particles 

or polymeric ones. The difference in melting behaviour has been studied. 

4.4.2 Computational detail 

In these simulations two phases exist. A fluid phase, which has a temperature 

above the melting point, and a solid phase, which has a temperature equal to or 

below the melting point. The interaction between the solid and the liquid has been 

treated in the following way: the update in energy is calculated (Eq. 4.7). With 

this updated energy value the new temperature is calculated using the equation of 

state (Eq. 4.11). Only if the new temperature of the particle is above the melting 

temperature an update in the velocity and position is calculated. This means that 

the particles remain at their fixed position and keep a zero velocity as long as they 

stay under the melting temperature. 
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The first step in the melting simulations is the creation of the solid. To this end a 

simulation is performed in a 4 x 4 x 4 (x, y, z) sized simulation box containing 640 

particles. The particles put in the simulation box are either non-connected particles 

or connected ones. This system is allowed to equilibrate for 104 timesteps. At 

the end of this equilibration simulation the particles are shifted to the middle of a 

12 x 24 x 4 sized simulation box and given a temperature of 0.029, which is below 

the melting temperature (Tm = 0.0295). Then particles are placed randomly in the 

remainder of this larger box, until a total of 11520 particles is reached. These new 

particles are given an initial temperature of 0.030. 

At x = 0 and x = 12 solid walls are present which move with velocities of VVJ = 1.0 

and Vu = —1.0 respectively. Again, these walls are modelled as no-slip bound

aries. In the other two directions, periodic boundaries are used. The walls have a 

temperature of 0.030. 

Further simulation parameters are: cr = 1.0, thermal diffusivity K = 0.1, solid and 

liquid heat capacity CVjS = CV)i = 105, heat of fusion L = 500, the repulsive be

tween all particle monomers or polymers au = dij = 3.0, and the timestep is 0.01. 

4.4.3 Results 

In Figure 4.3 two snapshots of the velocity vectors and the temperature profiles are 

shown. In the first picture, the conduction of heat in the solid can be seen. Also the 

formation of two circulation loops, one above and one below the solid is visible. 

Because of this reversal of flow the solid melts faster on the bottom left and top 

right corners, causing an elliptical shape to form in the later stages of the melting 

process, as shown in the second picture. Mind that this is not due to a rotation of 

some sort (since the solid is kept stationary at all times), but merely caused by the 

asymmetry in the melting process itself. 
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Figure 4.3: Two snapshots of the temperature profile and velocity vectors between 

the two moving plates. At time = 120 the solid is completely at the melting temper

ature. 
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The melting process can also be studied by monitoring the lowest temperature in 

the simulation, which typically is the centre temperature of the solid. A graph of 

this lowest temperature is given in Figure 4.4. In the first part of the graph the 

heating of the solid (through conduction) can be seen. At the instant when the 

solid reaches the melting temperature (0.0295) its temperature remains constant 

until the solid has melted completely. Finally it rises to reach the temperature of 

the walls (0.030). The second line in the graph represents the case when the solid 

is made of polymer chains of length 10. The heating of the solid (the first part of 

the graph) is not affected by the construction of the solid. However, it can be seen 

that the total melting time (this is the time at which the minimal temperature rises 

above the melting temperature) has changed. It takes 5.8% longer for the polymeric 

solid to melt. This can be explained as follows: when a DPD particle has reached a 

temperature above the melting point it is free to move. The bulk flow will take up 

this particle and move it away from the solid. However, if this particle is part of a 
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Figure 4.4: The minimal temperature occurring in the simulation plotted against 

simulation time. The dotted line represents the solid created by separate DPD parti

cles, while the solid line represents the solid created by polymer chains of length 10. 
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polymer chain, some part of this chain might still be solid. Therefore, the molten 

DPD particles will still be attached to the solid, and stay near the solid for a longer 

time, thus hindering the flow of fresh hot particles. So, the heat-flow towards the 

solid will be slower, resulting in a longer total melting time. 

This shows that DPD allows the incorporation of molecular effects in a melting sim

ulation, which is not possible in an equally convenient way in conventional CFD. 

This again demonstrates the benefits of DPD over conventional CFD in problems 

involving polymers. 

4.5 Conclusions 

In this chapter we have demonstrated the benefits of Dissipative Particle Dynamics 

as a method to solve complex flow problems involving polymers. First, DPD was 

tested by comparing the predicted velocity profile for pressure driven flow within 

a square pipe with an analytical solution. The agreement between the two was 

found to be good. However, the DPD method has an additional merit: it is easy to 

incorporate polymers, which is impossible in the classical CFD framework. 

These benefits of DPD have been shown in two case studies. First, the separation 

principle of hydrodynamic chromatography has been investigated, and observed 

trends were predicted well by the DPD method. Secondly, the effect of polymer 

chains on the melting in shear flow has been studied, and the melting of polymers 

turned out to be slower than of solids constructed of non-connected DPD particles. 

The next step in this research is to get quantitative results from the DPD simula

tions. This requires mapping of DPD parameters. For the case of hydrodynamic 

chromatography the Flory-Huggins x-parameter has to be mapped with the re

pulsion difference between the polymer and the solvent. Furthermore, the ratio 

between the diffusion coefficient and viscosity has to be matched with experimen

tal conditions. For the case of melting, a detailed study is presented in the next 

chapter. 



Polymer melting in shear flow 

Abstract 

Dissipative Particle Dynamics has been shown to be a suitable flow simulator, while having an addi

tional benefit over existing methods in preserving molecular detail that otherwise is lost. In this chapter 

the effect of the molecular makeup on the melting behaviour of a solid object in shear flow is simulated. 

DPD particles that form the solid object are connected to simulate a polymer, and also their thermody

namic behaviour is changed. Melting of the polymeric solid proceeds more slowly than a solid with 

unconnected particles. Furthermore, reducing the solubility of the polymers is found to decrease the 

melting rate even further. 

This chapter has been submitted for publication as: S. M. Willemsen, H. C. }. Hoefsloot, and P. D. ledema "Mesoscopic Modelling 
of Polymer Melting in Shear Flow", to Physical Review E. 
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5.1 Introduction 

Even with today's computer power, the simulation of flowing polymer systems re

mains a difficult task. The difficulty arises from their macromolecular structure, 

which introduces multiple length and time scales into the problem. For instance, 

for a polymer solvent system, the molecular size of the polymers is orders of mag

nitudes larger than the size of a solvent molecule. However, both length scales have 

to be solved in a single simulation. In conventional Computational Fluid Dynam

ics, the molecular structure is completely neglected. This eases the computational 

burden, but specific macromolecular effects are also lost. In order to retain some 

of the complex rheological behaviour, a constitutive equation has to be employed. 

On the other hand, performing atomistic Molecular Dynamics not an option either; 

this would lead to astronomical computation times before flow behaviour can be 

observed. 

Dissipative Particle Dynamics [1] opens the way to another approach. DPD can 

best be described as a type of coarse grained Molecular Dynamics. The particles 

in DPD are not single molecules but represent a mesoscopic cluster of molecules. 

The method has shown to be a very flexible tool especially for complex fluid sim

ulations [8, 5,12, 9]. With the introduction of energy conservation within the DPD 

framework [16, 17], thermal problems can also be solved ( [36] and Chapter 2 and 

4 of this thesis). 

In DPD, particles experience interaction forces from particles in their proximity. The 

interaction is pairwise and total momentum is conserved. It has been shown both 

theoretically [3] and by simulation (see Chapter 3) that the macroscopic behaviour 

is hydrodynamical. Since the interactions have a stochastic component, Brownian 

motion can be taken into account. Polymers can easily be simulated by attach

ing springs between particles. However, there are two methods to describe these 

springs [12, 10]. In this chapter we express our ideas on how to choose between 

them. 
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So, with DPD we have a method which allows us to perform flow simulations with 

preservation of some molecular detail. In order to employ this method as a flow 

simulator, some issues have to be solved. Firstly, care must be taken when incor

porating solid walls. When modelling the solid as particles with zero velocity, a 

no-slip condition at the wall could only be achieved by increasing the density of 

particles within the wall. However, this high density repels the particles near the 

wall, resulting in a low density region near the wall. A method to solve these prob

lems is described in Chapter 3. Secondly, the numerical results obtained with DPD 

have to be tested for accuracy. In the chapter mentioned above, the flow in a lid 

driven cavity was simulated with both DPD and a commercial CFD code. In this 

chapter we present a method to test the numerical results intrinsically from DPD 

simulations. This is accomplished by simulating the same problem at different reso

lutions, similar to mesh refinement in conventional CFD. The resolution is changed 

by increasing the number density in the simulation or enlarging the simulation box. 

We will show that in this way confidence in the simulation results can be obtained, 

when no other means of comparison are available. Here, the focus is on the melting 

in shear flow. Since polymers in DPD retain a certain level of molecular detail, the 

melting behaviour of a solid object consisting of polymers can be compared to that 

observed for unconnected DPD particles. 

This chapter is organised as follows: The DPD model is explained and the prob

lem description is given. Then the results for different simulations to check the 

numerical accuracy are presented. Subsequently, polymers are introduced into the 

problem. Our ideas on choosing a spring force selected from several alternatives 

available in literature are presented. Results are given for simulations performed 

for different shear rates and different levels of Brownian motion. Also, we present 

results for the case where the repulsion between the polymeric solid and the fluid 

is chosen differently, in accordance with the reduced solubility of the polymer. The 

differences between the results of these simulations are discussed. 
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5.2 The DPD model 

5.2.1 Classical DPD 

For the sake of completeness the DPD scheme will be given. The time evolution of 

the positions (ri(t)) and impulses (pi(t)) (for simplicity we take the masses of all 

particles 1) of the particle is given by: 

§ = v i ( t ) , ^ = f l ( t ) . (5.1) 
dt at 

The force acting on the particles can be seen as a combination of three parts: 

fl(t) = ^ ( F l
c ; + F » + F i

K
j ) (5.2) 

The first part is the conservative force 

F c = { ^ O - C ^ ( l ' i < r J (5.3) 
l ' \ 0 (Tij >rc) 

where CUJ is the maximum repulsion between particle i and j , rij = n — ij, r^ = 

|rij |, fij = rtj/lrijl, and rc is the cut-off radius. The second and third force are the 

dissipative and the random force: 

F5=-ycüD(Tij)(«u-vij)«iJ 
(5.4) 

Ff, = acuR(r i j)e i jr i i 

in which v^ = Vi — Vj, y is the friction coefficient and a is the noise amplitude, 

tu(rij) is a weight function which tends to zero for r = rC/ and 9^ is a random 

number from a Gaussian distribution with zero mean and 1/dt variance. 

Espagnol and Warren [3] showed that the weight functions and constants in these 

forces can be chosen arbitrarily but they should obey: 

[a)R(ri,)]2 = a .D (n , ) 
(5.5) 

o~ = 2Ty 
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with T the temperature of the fluid. 

The equations of motion are solved using the modified velocity-Verlet algorithm as 

presented by Groot and Warren [12]. 

5.2.2 Energy conserving DPD 

When energy conservation plays an important role, like in our melting simulations, 

two extra variables need to be considered: the internal energy and the temperature. 

Since the temperature of the individual DPD particles may vary, it is no longer pos

sible to use Eq. (5.5) for calculating the friction coefficient y and the noise ampli

tude ex. However, Espanol [16] suggests to keep the noise amplitude constant for all 

particles and to determine the friction constant from the fluctuating temperatures: 

r2 r 
Yij = 

1 1 
(5.6) 

where Tt is the temperature of particle i. The evolution of the internal energy eL is 

given by: 

dei _ 1 

~dT ~2 
Y_ [<^D(rij)Yij(vij -?ij)2-OijWR(nj)] -^autURlrnHvi j -njie^ 

^ K i j f — - — j UJTu(ï i j ) + ^ O i j ( U T R ( T i j ) 0 i j 

(5.7) 

0^ and dj: are uncorrelated random numbers from a Gaussian distribution with 

zero mean and 1 / d t variance. 

The upper part of this equation is associated with viscous heating of the particles, 

while the lower part is related to the conduction of heat, K^ represents a thermal 

conductivity, that depends on the internal energy of particles 1 and j and follows 

from [16]: 

i< Ti + Tj Ci + Cj 

A2 2 
(5.8) 
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Here, A is the average distance between particles and R the thermal diffusivity. 

Finally, the detailed balance condition requires that a?; = 2Ky, and the following 

relationship between the weight functions [3]: 

U)|(Ti j )=<DD (Tu) 

tÜTR(Tij) = CUTD(nj)-

In this chapter both dissipative weight functions have the following functional 

form: 

COD (Tij) =0)TD(Tlj) = (1 + 3 - ) ( l - f )3 (5-10) 
rc 1 c 

Thus, only the relation between the internal energy and the temperature of the DPD 

particles is still left open. In the case of a material that undergoes a phase change, 

three stages can be defined. First, the material is solid (with a solid heat capacity), 

then the solid will melt, and finally the material is completely liquid (with a liquid 

heat capacity). In the melting stage, a change in energy (as calculated with Eq. 5.7) 

is not used to increase the internal energy e but employed to overcome the melting 

enthalpy L. So, in the case of melting the total energy is the sum of the internal 

energy and the melting energy: E = e + H. The temperature of the particles can 

now be determined from the level of the total energy: 

T ( E ) = < J T m 0 < H < L (5-11) 

T , n + E ' L c ' " : C - H > L 

where Cv>s and Cv,i are the solid and liquid heat capacities, Tm is the melting tem

perature and L is the enthalpy of fusion. This equation of state is similar to the 

enthalpy method [26] commonly used in phase change problems. 
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5.3 Problem description 

It has already been shown (see Chapter 2) that it is possible to describe the move

ment of a melting front in a solid within the DPD framework. In this reference only 

the change in internal energy was calculated, while the particles were not allowed 

to move. Here we apply this method to the melting of a solid object in a flow field. 

The system to be considered consists of two plates moving in opposite directions, 

causing shear flow between them. The plates have an elevated temperature (above 

the melting point of this material). An initially cold (below the melting point) solid 

object is placed between these plates. The solid object will start to heat up and 

eventually melt in the hot liquid. 

In these simulations two phases are present: liquid and solid. The interaction be

tween them has been treated in the following way: the update in energy is calcu

lated (Eq. 5.7). Using this updated energy value the new temperature is calculated 

with the equation of state (Eq. 5.11). Only if the new temperature of the particle is 

above the melting temperature an update in the velocity and position is calculated. 

This means that the particles remain at their fixed positions and keep zero velocity 

as long as they stay below the melting temperature. 

The first step in the melting simulations is the creation of the solid object. To this 

end a simulation is performed in a simulation box the size of the object. The par

ticles are put in this box, and the system is allowed to equilibrate. After this equi

libration period the particles are shifted to the middle of the total simulation box 

and are given a temperature below the melting temperature. 

Shear flow is enforced by imposing no-slip boundary conditions on the right and 

left sides of the simulation box. The top and bottom boundaries are periodic but 

the temperature is changed to the wall temperature once the particles cross these 

borders. The front and back of the simulation box are also periodic. 
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5.4 Numerical accuracy 

No analytical or other solution exists for the melting of a solid in shear flow, to 

compare our numerical solution with. It is possible to calculate the solution for 

a non-polymeric melting problem with a commercial CFD package and compare 

these solutions. However, we alternatively choose to check the accuracy of the so

lution within DPD itself, which requires modification of the resolution by adjusting 

parameters while simulating the same physical problem. Consider the melting in 

shear flow problem as described above. In this problem there are two important 

dimensionless numbers, the Reynolds number, and the Prandtl number: 

R e = ^ , P r = A (5.12) 
n pa 

in which p is the density, v is the mean velocity, D is the size of the solid, r\ is the 

dynamic viscosity, and a is the thermal diffusivity. 

Keeping these dimensionless numbers constant means solving the same physical 

problem, although the actual size or density of the system is changed. By increas

ing the density, the resolution is effectively enlarged, similar to mesh refinement 

in conventional CFD. The system parameter a is changed in such a way that the 

dynamic viscosity is increased with the same amount. Since changing the density 

and viscosity also effects the thermal diffusivity, K has to be modified as well to 

correct this. An alternative method is to adapt the system size. Enlarging or de

creasing the system requires changing the imposed velocity too. This will lead to a 

different time scale of the problem. The DPD parameters used to achieve the same 

dimensionless numbers (Re = 12.7,Pr = 0.72 with a = 0.088) are summarised in 

Table 5.1. 

Now, several approaches to compare the results of the different simulations may be 

taken. A comparison of the velocity and temperature fields at similar times is de

picted in Figure 5.1. As can be seen from the graphs, both the penetration depth of 

the low temperature and the flow field are the same in both simulation cases. Even 

the shapes of the solid object are practically identical. However, these comparisons 
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Table 5.1: Choice of DPD parameters for the different systems, which ensures the same 

dimensionless numbers (Re = 12.7', Pr = 0.72) 

Base Case High Dens Big Box Small Box 

size 12 x 12 x 4 12 x 12 x 4 24 x 24 x 4 6 x 6 x 4 

solid size 4 x 4 x 4 4 x 4 x 4 8 x 8 x 4 2 x 2 x 4 

density 10 20 10 10 

particles 5760 11520 23040 1440 

V w u u 2.0 2.0 1.0 4.0 

time t t t * = 4 t t* = 0.25 t 

sigma 1.0 0.68 1.0 1.0 

Tl 6.3 12.6 6.3 6.3 

K 0.1 0.03 0.1 0.1 

only show the similarity at a single instant of simulation. A more comprehensive 

picture is obtained when regarding the complete melting process. This is achieved 

by monitoring the lowest temperature in the simulation, which is basically the cen

tre temperature of the solid object. These graphs are depicted in Figure 5.2. In the 

first part of the graph the heating of the solid (through conduction) can be seen. At 

the instant the solid reaches the melting temperature (0.0295) the temperature re

mains constant until the solid object is melted completely. Finally the temperature 

rises to reach the temperature of the walls (0.030). In the graph showing different 

systems, the time axis is changed for the large and the small system to achieve the 

same time scale. It can clearly be noticed that the small system deviates consider

ably from the other three, so it can be concluded that in this case the system size is 

too small. The other three graphs are nearly identical, so in terms of computational 

effort the 12 x 1 2 x 4 sized box at p = 10 is preferable. 
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(a) base case 

(b) high density 

Figure 5.1: Temperature and vector field for two different systems at the same simu

lation time (1021 The base case at density 10 is shown together with the simulation 

at density 20. 
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Figure 5.2: Comparison of the lowest temperature in the simulation for four different 

cases. 
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5.5 Choosing the spring force 

Once numerical considerations yield the optimal choice of the system size, poly

mers can be introduced into the system. Creation of polymers is achieved by con

necting springs between the DPD beads, which leads to an extra force in the DPD 

scheme. In literature, two implementations of the spring force exist. Groot and 

Warren [12] choose the harmonic spring option: 

pjprlng = K r . . ( 5 1 3 ) 

with K the spring constant. The mean distance between two connected DPD beads 

is determined by both this spring force and the repulsive interaction. Groot and 

Warren adopted a spring constant of 2.0 for their set of parameters (p = 3, CUJ = 25, 

T = 1.0). In this case the mean distance between the connected particles coincides 

with the point where the pair correlation function is at its maximum. However, 

if shear is important in the problem to be considered, the above mentioned pa

rameters would result in many connected particles that are more than rc apart. 

This is undesirable since: (a) hydrodynamic interaction between beads within the 

same polymer chain is absent, resulting in a more Rouse like polymer model [39] 

instead of the preferable Rouse-Zimm behaviour [40], (b) the beads of one poly

mer could be in very different flow regions, resulting in a doubtful movement of 

the total polymer chain, and finally, (c) it would be fairly easy for the polymers to 

cross one another. To decrease this large distance between the polymer beads, the 

spring force K could be enlarged, resulting in a stiffer spring. However, increasing 

K would also lead to a smaller mean distance between the polymer beads, and thus 

effectively increase the density of the polymers. 

This problem is solved by using a two parameter description for the spring force, 

like the Fraenkel spring, which is used by Schlijper et al. [10]: 

F?jP r t n B=K(Tij-Te q) l t , (5.14) 

Here req is a predefined equilibrium distance, that can be chosen independently 

(req = -X=) from the stiffness of the polymers. 
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The size of the spring force is determined in the following way. Since in the melting 

problem shear flow is applied, the behaviour of the polymers should be studied in 

shear flow. Polymers are inserted in the simulation box, and shear flow is switched 

on. The distance between two consecutive beads in a polymer is sampled while 

the simulation runs. In Figure 5.3 the distance distribution is plotted for different 

choices of the spring force, while the cumulative distribution is also given. A good 

choice for this density (p = 10) and temperature (T = 0.03) turns out to be K = 9. In 

this case 98% (the black dotted line) of all distances between the polymer beads is 

within one rc , which is desirable for reasons given above. Of course, this amount 

depends on the shear-rate applied (in this case y = 0.6), but these calculations are 

performed at one of the highest shear-rates used in the remainder of this chapter. 
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Figure 5.3: Cumulative and distribution distance between particles in a DPD poly

mer, for three different spring forces at an applied shear rate of 0.6 
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5.6 Polymer melting 

Once the spring force has been chosen, the polymers can be used in the melting 

simulations. In this way, the effect of molecular properties (structure and thermo

dynamics) on the melting process can be investigated. In the first case the molecu

lar structure of the solid object is changed by replacing non-connected (monomeric) 

DPD particles by connected ones (polymers) of length 10. The solid is assumed to 

be surrounded by a liquid consisting of non-connected particles. In Figure 5.4 the 

evolution of the lowest temperature in the simulation is plotted for the cases of 

monomeric and polymeric solids. As can be seen from the graph the polymeric 

solid melts more slowly than the monomeric solid. This difference grows with in

creasing shear rate. The decreased melting rate is caused by the reduced mobility 

of the polymers. In the case of a monomeric solid, once a DPD particle has be

come liquid it can easily move away from the solid surface, while being replaced 

by hot DPD particles. However, in the case of the polymeric solid, the other beads 

0.0300 

0.0298 

0.0296 h 

0.0294 -

0.0292 

0.0290 
600 

Figure 5.4: Comparing the lowest temperature graphs for the solid made up of un

connected or connected particles, for different shear rates. 
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in the polymer chain also determine the movement of a single bead. The polymer 

chain cannot be removed from the solid surface before it is completely melted. The 

higher the shear rate, the stronger this effect will be, since the convective term in 

the overall heat transfer becomes more important at higher shear rates. Hence, by 

only changing the molecular structure of the solid, the melting process is already 

influenced. 

However, it is well known that polymers can phase separate in solvents or other 

polymers. DPD has been used to study phase separation by several authors [41, 4, 

6,7], among which are Groot and Warren [12] who established a link with the Flory-

Huggins theory. The application of this theory was extended to polymer phase 

separation by van Vliet et al. [42]. In this chapter, the effect of phase separation on 

the melting process is studied. Increasing the repulsion between the fluid and the 

polymer yields a poorer solubility. In the base case all repulsive interactions are 3.0, 

while in the poor solubility case, the repulsion between alike particles remains 3.0 

and that between polymer and liquid becomes 3.5. In Figure 5.5 the position of the 

solid particles is shown at the same time step (27 • 103). It is clear that in the case 

of no extra repulsion the molten polymer is easily removed from the solid, and the 

melting rate is expected to be higher in this case, which will be shown later. 

Before showing the calculated melting rates, a third case is presented. In the first 

simulation case the temperature of the fluid was chosen to be 0.03. In this case the 

random force is rather small, resulting in a self-diffusion coefficient of 1.6 • 10 3 . 

To see the effect of faster diffusion, a simulation is also performed at a temperature 

of 0.3, in which case the self-diffusion coefficient is 2.0 • 10 . The parameter a is 

changed in such a way that the dynamic viscosity remains the same. The repulsion 

is changed, so the pair distribution function holds the same shape, while the pro

cedure of section 5.5 is also repeated at this temperature, leading to a spring force 

of 18 as the most suitable. Finally, since the random temperature is increased, the 

fluctuations of the energy become rather large. To suppress these, the heat capacity 

is increased. 
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Figure 5.5: The position of particles that were part of the solid at the beginning of 

the simulation. The positions at time (270) are shown for all cases. 
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While doing so it should be kept in mind that the melting process is governed 

by another dimensionless quantity, the so-called Stefan number: St C\.AT 
L 

which AT is the temperature difference between the solid and the liquid. So, if the 

heat capacity is changed, the melting enthalpy has to be adapted. In Table 5.2 the 

changes in the DPD parameters are given. In Figure 5.5 the positions of the particles 

at this higher diffusivity are shown. It is obvious that the polymers remain closer to 

a random coil configuration in this case. Since this will hinder the flow of hot fluid 

particles towards the solid, the melting will proceed more slowly in this situation. 

In Figure 5.6 the relative increase in the melting time is depicted; the melting time 

is defined as the time instant at which the temperature in the graph of Figure 5.4 

rises above the melting temperature. Starting with the base-case (T = 0.03), for 

low shear rates hardly any difference between polymers and non-connected DPD 

particles is observed. This is logical as the melting process is mostly conduction 

dominated at low shear rates. When the shear rate increases, the difference in melt

ing time increases due to the reduced mobility of the connected particles. This effect 

is present even more strongly in the case of a higher diffusivity (T = 0.3). Apart 

from the reduced mobility of the polymers, it has been shown before that in this 

case the polymers remain in a random coil formation, reducing the overall heat 

transfer. Furthermore, non-connected DPD particles can be mixed up with the hot 

fluid even more quickly than under lower diffusivity. These two effects lead to a 

larger difference between monomer and polymer melting. 

Table 5.2: Choice of DPD parameters for the different systems for the low and high tem

perature systems 

CT K Cv L 

T = 0.03 

T = 0.3 

1.0 

2.9 

9.0 

18.0 

105 

10fa 

5 - 1 0 2 

5 - 1 0 4 
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Finally, it should be noticed that the graph with the increased repulsion between 

the fluid and the polymer differs even for low shear rates. This can be explained 

by a decrease in density in the layer between the solid and the liquid. Here, par

ticles will be repelled more strongly than in the remainder of the simulation box, 

which is not a favourable position for the particles so that they are forced to move 

away. The resulting fewer particles present will reduce the overall heat transfer 

between the solid and the liquid, leading to a difference in melting time, even for 

low shear rates. For the high shear rates it seems that the difference continues to 

increase for the larger diffusivity, while the other two cases seem to have reached a 

plateau value. However, since the influence of the random motion becomes larger 

for the latter case, the error in these points will be larger than for the other two 

cases. Therefore, it is impossible to draw a firm conclusion at this point. Perform

ing multiple calculations should bring clarity here. 
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Figure 5.6: Relative difference between the melting time of the solid constructed from 

unconnected or connected DPD particles. Melting times are calculated at different 

shear rates and for three different systems. 
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5.7 Conclusions 

In this chapter the effect of molecular structure and polymer behaviour on the melt

ing of a solid in shear flow have been studied. It was found that a solid consisting 

of connected DPD particles melts more slowly than one consiting of unconnected 

DPD particles. This difference is increased further at enhanced random motion, or 

in the case that the molten polymer is less soluble in the fluid. 

The numerical accuracy of the simulations has been determined within the DPD 

simulation technique. To this end we developed means to basically change the 

DPD parameters without changing the governing dimensionless numbers of the 

problem at hand. Furthermore, a consistent way of choosing the spring force has 

been described. 





Conclusions & Outlook 

In this thesis the mesoscopic simulation method Dissipative Particle Dynamics has 

been successfully used to model fluid dynamics problems in which polymers play 

an important role. Especially the influence of polymeric behaviour of solids melting 

in shear flow has been investigated in detail. 

6.1 Boundary conditions 

Although the DPD method has been used successfully in unconfined systems, to 

simulate bulk behaviour, few studies have focused on the presence of a real wall 

as a boundary to the system. However, such a boundary is obviously a crucial in

gredient of flow simulators, like Computational Fluid Dynamics codes. It turned 

out that implementing a constant temperature boundary condition (Chapter 2) or a 

constant velocity boundary condition (Chapter 3) is less trivial than it first appears. 

In grid based discretisations of the governing equations, such as finite difference or 
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finite element formulation, the implementation of boundary conditions is usually 

straightforward. A constant temperature is applied by keeping the boundary grid 

points at this temperature. In an off-lattice method, like DPD, all particles interact 

with other particles in their interaction radius. This implies that a boundary cannot 

be represented by a line of points, but should also have the thickness of this inter

action radius. In earlier work, researchers have given all the particles that are part 

of this boundary a constant temperature or velocity. However, when using this im

plementation, the desired boundary condition was not met. To overcome this error, 

in Chapter 2 the temperature of these boundary particles is given a slope instead of 

a constant value. In this way a correct boundary condition is achieved. 

The situation for a no-slip condition in velocity can also be solved in this manner, 

which is described in Chapter 3. In this chapter an additional problem is solved. 

An undesirable aspect of former boundary condition implementations is the occur

rence of density distortions near solid walls. These are caused by elevated wall 

densities that were used to ensure a no-slip condition. The repulsive interaction 

present in the DPD scheme will force the particles away from the wall, leading to 

a low density region at that point. However, when using the newly developed 

boundary condition method, the density fluctuations become almost negligible. 

6.2 Melting model 

By assigning an energy variable and a temperature to every particle in the DPD 

scheme, an energy conserving form has been created. In Chapter 2 this approach 

was used to simulate the phase change of materials. This required the definition of a 

new equation of state, linking the energy of the material to the temperature in such 

a way that the enthalpy of fusion can be incorporated as well. In this chapter the 

new DPD model was tested against analytical solutions of a phase change problem 

and excellent agreement was found. 



6.3 VALIDATION 77 

6.3 Validation 

In addition to these validations of the melting model, the calculated flow fields 

were compared with other solutions. In Chapter 3 the flow inside a lid-driven cav

ity was calculated with both DPD and a commercial CFD code, yielding perfect 

agreement. In Chapter 4 the analytical solution of pressure driven flow in a rectan

gular cavity was compared with the results of the DPD calculation, again showing 

very good agreement to CFD. 

In both cases mentioned, a solution to the problem could be found with other meth

ods. However, when melting polymers (as performed in Chapter 5), no such solu

tion exists. Therefore, a method to check the simulation results within the DPD 

method is described in that chapter. This basically comes down to keeping the 

physical problem the same, while changing the system size of the simulation box. 

In fact, this changes the resolution of the method and turns out to be a good test of 

the accuracy of the simulation results. 

6.4 Polymers in fluid dynamics problems 

6.4.1 Hydrodynamic chromatography 

When polymers flow inside small capillaries, the size of the polymer molecule de

termines the average distance of the centre of mass of this polymer from the walls 

of the capillary. This will cause large polymers to flow faster though the capillary 

than smaller polymers, and thus a way of separating polymers of different lengths 

becomes possible. In Chapter 4 this system was simulated using DPD. It was found 

that large polymers indeed move at larger distances from the walls of the capillary, 

which results in a larger mean axial velocity. Thus, the simulation of these systems 

is feasible with DPD. 
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6.4.2 Melting in shear flow 

The influence of molecular make up on the melting behaviour of a solid object in 

shear flow is described in Chapter 6. It was found that a solid consisting of con

nected DPD particles melts more slowly than one consisting of unconnected parti

cles. This increase in melting time is enhanced even further if thermodynamic prop

erties of the polymer are incorporated in the model. If the polymer is less soluble 

in the fluid, the polymers tend to stick together, even though they are molten and 

free to move. This decreases the heat flow to the solid, and thus melting progresses 

is even slower. This shows that DPD is capable of simulating a phase change prob

lem with fluid flow involving polymeric substances. It should be realised that this 

is difficult, if not impossible with conventional CFD methods. 

6.5 Outlook 

In this thesis it was shown that DPD is a valuable tool when studying fluid flow 

problems involving polymers. This thesis has created a foundation for further in

vestigations into this field. Once the problem of boundary conditions has been 

solved, other issues should be considered in order to render DPD a competitive 

flow simulator: 

• A major disadvantage of DPD is the fact that macroscopic fluid properties 

are difficult (if not impossible) to predict, given the DPD parameters. In or

der to upgrade the existing method to a more mature flow simulator, a more 

thorough understanding of this problem is required. 

• An advantage of conventional CFD is the option to use mesh refinement in 

areas where interesting phenomena take place and coarse meshes in 'smooth' 

areas. A way to implement this within the DPD scope has to be found. We en

vision an adaptive coarse/fine graining of DPD particles when needed. This 

is by no means a trivial task, but it should be tackled. 
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• In this thesis moderate Reynolds and Peclet numbers have been simulated. A 

detailed study is required in areas of more extreme values, where the method 

fails to give correct results. 

• An issue in modelling polymer melts remains the handling of entanglements. 

It is not clear if DPD can or cannot capture this phenomena. The soft re

pulsions and relatively large time step could result in underestimation of this 

phenomenon. Perhaps an extra constraint could be added to the DPD scheme, 

or an adaptive time integration scheme could be implemented when poly

mers tend to cross each other. 

• Finally, an interesting addition to the simulation of polymer melting in shear 

flow would be to let the solid move with the flow instead of keeping it steady 

as has been done in this thesis. The solid object is likely to start rotating 

differently for the various systems that have been studied here. This could 

lead to some interesting effects on the melting behaviour. 
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