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ABSTRACT 

A novel potential-based model for resolving 
polymer-particle interaction is presented and used to 
study the effect of shear rate on the adsorption 
dynamics of polymer chains onto a stationary 
particle surface. The polymeric phase is modelled as 
a sequence of bead-spring components using 
Langevin dynamics with the finite extensible 
nonlinear elastic potential to represent the molecular 
interactions within the polymer chain. The effects of 
steric interactions and the Kratky-Porod bending 
rigidity potential are also included in the 
calculations. Particles are modelled as computational 
spheres which interact sterically with the polymer 
beads through a modified, truncated Lennard-Jones 
potential. Dependencies of conformation properties 
such as the mean radius of gyration and end-to-end 
distance on the diffusion coefficient, bending rigidity 
and the shear flow rate are discussed and their 
implications on the collision cross section for 
polymer-particle interactions are considered. 
Polymer-particle adsorption events are studied, and 
it is shown that low shear encourages full adsorption 
at the point of collision, whereas increased shear 
hinders it, with moderate shear causing shorter tail-
like structures upon adsorption. The findings of this 
study are of importance to the development of 
behavioural modification techniques where bulk 
system parameters are tuned to obtain a desired 
behaviour. 
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NOMENCLATURE 𝐷 [m2 s-1] Diffusion coefficient 𝐷𝑝 [m] Particle diameter 𝐾𝐵∗ [-] Bending rigidity 𝐾𝐹∗ [-] FENE potential strength 

𝐾𝐿𝐽𝑇∗  [-] LJT potential strength 𝑘𝐵 [J K-1] Boltzmann constant 𝑚𝑏 [kg] Bead mass 𝑁𝐴 [-] Number of adsorbed beads 𝑁𝐵 [-] Number of beads in chain 𝑁𝑇 [-] Number of tail beads 𝒓𝑖 [m] Bead position vector 𝒓𝑖∗ [-] Polymer position vector 𝑅0∗ [-] Maximum FENE bond length 𝑇 [K] Temperature 𝑉𝑖 [J] Total bead interaction potential 𝑉𝑖,𝐵∗  [-] Bending potential 𝑉𝑖,𝐹∗  [-] FENE potential 𝑉𝑖,𝑃∗  [-] LJT potential 𝑉𝑖,𝑊∗  [-] WCA potential 𝑉0,𝑃∗    [-] LJT potential shift 𝑉𝑊∗  [-] Wall potential 𝑊𝑒 [-] Weissenberg number 𝛿𝑟∗ [-] Bead separation 𝛿𝑟𝑚𝑎𝑥∗  [-] Maximum separation for WCA 𝛿𝑡∗ [-] Verlet integration timestep 𝛿𝑦∗ [-] Wall penetration distance 𝜉 [kg s-1] Bead drag coefficient 𝜼𝒊(𝑡) [s-1/2] Brownian noise term 𝜎𝑏 [m] Bead diameter 𝜏𝑏 [s] Bead timescale 𝜃𝑖 [-] Polymer chain angle 
 
Subscripts and Superscripts 

 
FENE Finitely extensible nonlinear elastic 
LJT Lennard-Jones (truncated) 
WCA Weeks-Chandler-Anderson 
i Bead in polymer chain 
x, y, z Cartesian coordinates 
< > Timewise mean − Polymer chain mean 
* Non-dimensional units 
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1. INTRODUCTION 

The addition of small concentrations of high-
molecular-weight polymers to particle-laden flows 
to separate non-settling fine solids from aqueous 
suspensions is a promising technique to instigate 
settling, suitable for many industrial challenges and 
requirements such as filtration and thickening [1-3]. 
Despite demonstration in laboratory-scale rigs and 
wastewater flows, the dynamics leading to 
flocculation in such systems are still poorly 
understood [4]. In such applications, natural 
flocculants are usually combined with synthetic 
polymers to tailor the additive properties to those 
required for maximum efficiency, with the process 
of doing so referred to as behavioural modification. 
However, without the ability to predict the system 
parameters which best exhibit a required outcome, 
these techniques are still performed inefficiently. 
Furthermore, the potential to use polymers in 
sensitive systems such as nuclear waste processing 
flows depends upon on the development of improved 
understanding and demonstrable effectiveness. In 
recent decades, the application of various polymeric-
phase modelling techniques [5] has uncovered 
remarkable behaviours in simple interacting systems 
such as stagnant tanks [6], as well as in shear and 
turbulent flows [7].  

Monte-Carlo modelling has shown that the 
resulting polymer-particle structure is highly 
dependent on the strength of the interaction 
potentials [8], with the relative proportion of trains 
to tails and loops increasing with interaction 
strength. Similar studies also indicate that the 
polymer chain length is an important parameter when 
predicting the critical adsorption point [9]. Despite 
reasonable progress in recent studies, many 
questions remain unanswered surrounding the 
dynamics leading to polymer-particle bridging and 
subsequent flocculation, particularly so in non-
stagnant systems, where shear has been shown to 
play an important role in polymer conformation [10]. 
Polymers within shear flows have been shown 
experimentally to undergo both elongational and 
rotational mechanisms which lead to tumbling 
motions, increasing the complexity of polymer-
particle interaction behaviour [11]. This study aims 
to use nonequilibrium Langevin dynamic 
simulations to elucidate the fundamentals of 
polymer-particle interaction and adhesion within 
shear flows, as well as the way in which chemical or 
bulk properties (such as ionic strength which 
modulates the molecular interaction potentials and 
shear rate which affects the conformity of the 
polymer chain) affect the dynamics of adhesion, 
bridging and subsequent flocculation.  

The development of the present technique also 
provides a foundation to study more complex 
rheological flows through interaction with the fluid 
stress tensor based on local polymer conformation. 

This allows for further study of processes such as 
drag reduction and viscoelasticity. 

2. METHODOLOGY 

In the present work, Langevin dynamics is used 
to simulate polymers as macromolecular chains of 
interacting beads (monomers), as employed in 
various Brownian dynamic studies [12-14]. The 
position vector 𝒓𝑖 of each bead (referenced using 
subscript 𝑖) in a polymer chain evolves by obeying 
the following Newtonian equation of motion [5]: 

 𝑚𝑏 𝑑2𝒓𝑖𝑑𝑡2 = −𝛁𝑉𝑖 − ξ (𝑑(𝒓𝑖)𝑑𝑡 − 𝒖𝐹,𝑖)+ √2𝑘𝐵𝑇𝜉𝜼𝑖(𝑡). (1) 

 
Here, 𝑚𝑏 represents the mass of the bead, 𝑡 is time, 𝑉𝑖 is the total interaction potential calculated at the 
bead’s current position, 𝜉 is the drag coefficient, 𝒖𝐹,𝑖 
is the local fluid velocity, 𝑘𝐵 is the Boltzmann 
constant, 𝑇 is the temperature and 𝜼𝑖(𝑡) is a 
Brownian noise term satisfying 〈𝜂𝑖𝑎(𝑡)〉 = 0 and 〈𝜂𝑖𝑎(𝑡)𝜂𝑖𝑏(𝑡′)〉 = 𝛿𝑎,𝑏𝛿(𝑡 − 𝑡′). If a constant bead 
diameter is used, 𝜎𝑏, then time may be 
nondimensionalised using the Brownian bead 

timescale 𝜏𝑏 = √𝑚𝑏𝜎𝑏/𝑘𝐵𝑇, and space using the 
bead diameter. Further introducing the diffusion 
coefficient, 𝐷 = 𝑘𝐵𝑇/𝜉, allows us to rewrite Eq. (1) 
as: 

 𝑑2𝒓𝑖∗𝑑𝑡∗2 = −𝛁𝑉𝑖∗ − 1𝐷 (𝑑𝒓𝑖∗𝑑𝑡∗ − 𝒖𝐹,𝑖∗ )
+ √2𝐷 𝜼𝒊∗(𝑡∗), (2) 

 
where variables superscripted with (∗) represent 
nondimensional terms.  

The contributions to the overall interaction 
potential for the beads are given by: 

 𝑉𝑖∗ = 𝑉𝑖,𝐹∗ + 𝑉𝑖,𝐵∗ + 𝑉𝑖,𝑊∗ + 𝑉𝑖,𝑃∗ . (3) 
 

The first term 𝑉𝑖,𝐹∗  represents the bonds between the 
monomers using the finitely extensible nonlinear 
elastic (FENE) spring force described using the 
potential: 

 𝑉𝑖,𝐹∗ (𝛿𝑟∗) = − 𝐾𝐹∗𝑅0∗22 ln [1 − (𝛿𝑟∗𝑅0∗ )2] , (4) 

 
where 𝛿𝑟∗ = |𝒓𝑖+1∗ − 𝒓𝑖∗| is the bead separation,  𝐾𝐹∗ 
is the FENE energy scale and 𝑅0∗ is the maximum 
FENE bond length. This interaction potential is only 
included in the calculation of neighbouring beads in 
the chain of monomers. The second term is used to 
model the effects of polymer bending rigidity 
observed in real polymers, wherein acute polymer 
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angles are less favoured energetically due to 
molecular constraints. The Kratky-Porod potential is 
given by: 

 𝑉𝑖,𝐵∗ (𝜃𝑖) = 𝐾𝐵∗(1 + cos(𝜃𝑖), (5) 
 

where 𝜃𝑖 is the angle formed by two neighbouring 
separation vectors, i.e. 𝜃𝑖 = cos−1(𝒏̂𝑖+1 ⋅ 𝒏̂𝑖) with 𝒏̂𝑖 = (𝒓𝑖∗ − 𝒓𝑖+1∗ )/|𝒓𝑖∗ − 𝒓𝑖+1∗ |. 𝐾𝐵 represents the 
strength of the bending rigidity. The penultimate 
term in Eq. (3) represents steric interactions between 
polymer beads and is given by a Weeks-Chandler-
Anderson (WCA) potential: 

 𝑉𝑖,𝑊∗ (𝛿𝑟∗) = 1 + 4 [( 1𝛿𝑟∗)12 − ( 1𝛿𝑟∗)6], (6) 

  
which contributes to the total potential for all pairs of 
monomers within a maximum distance 𝛿𝑟𝑚𝑎𝑥∗ . The 
final term represents interaction with a dispersed 
particulate phase. Particles are represented by rigid 
body isotropic spheres of constant diameter, 𝐷𝑃 =5𝜎𝑏. In all simulations considered here the particle 
remains fixed at the midpoint of the domain. Polymer 
beads close to the particle are able to interact 
sterically. The polymer-particle interaction potential 
is a truncated Lennard-Jones (LJT) potential which 
takes the form [14]: 𝑉𝑖,𝑃∗ (𝛿𝑟∗) = 𝐾𝐿𝐽𝑇∗ [( 1𝛿𝑟∗ − 𝑠∗)12

− 2 ( 1𝛿𝑟∗ − 𝑠∗)6]+ 𝑉0,𝑃∗ , (7) 

  
with the term 𝑉0,𝑃∗   representing shifting the 
interaction potential such that 𝑉𝑖,𝑃∗ (𝛿𝑟∗ > 5) = 0, 
given as: 
 𝑉0,𝑃∗ (𝛿𝑟∗) = 𝐾𝐿𝐽𝑇∗ [( 12.5)12 − 2 ( 12.5)6].  (8) 

  
To solve Eqs. (2-8), the Verlet-velocity 

integration method was employed with constant 
timestep 𝛿𝑡∗. For shear flows, the shear rate is 
parameterised by the Weissenberg number based on 
the bead timescale, 𝑊𝑒 = 𝜏𝑏𝑑𝑢/𝑑𝑦 = 𝑑𝑢∗/𝑑𝑦∗. 
The domain in all cases is a 90 × 30 × 90 
computational channel cell, with periodic conditions 
in the streamwise (𝑥∗) and spanwise (𝑧∗) directions, 
and a wall potential at the extents of the 𝑦∗direction, 
with form: 

 𝑉𝑊∗ (𝛿𝑦∗) = 10.0𝛿𝑦∗2 , (9) 
  

with  𝛿𝑦∗ the wall penetration distance. The domain 
is illustrated in Figure 1. In the case of shear flows, 
the lower wall (𝑦∗ = 0) possesses a constant 
streamwise velocity of 𝑢𝑥∗ = 0 everywhere on the 

wall, and the top wall is kept at 𝑢𝑥∗ = 30𝑊𝑒, with the 
gradient constant within the domain. The particle 
diameter is fixed at 𝐷𝑃∗ = 10. 
 

 

Figure 1. Overview of polymer-particle 

adsorption event within cell. Particle is 

represented by the large grey circle, while 

polymer beads represented by small white 

circles. Thick black arrowed lines represent 

direction and magnitude of shear flow 

3. RESULTS AND DISCUSSION 

We first consider the tuneable parameters in our 
model, of which there are many. The number of 
beads in a polymer chain is fixed at 𝑁𝐵 = 32. To 
complement previous studies [13], both the FENE 
potential and the maximum FENE bond length are 
fixed, with 𝐾𝐹∗ = 30 and 𝑅0∗ = 1.6. The impact of 
these parameters on the components of the individual 
bead-bead interaction potentials as well as their total 
as a function of separation distance is illustrated in 
Figure. 2. Here, a stable minimum is observed at just 
below 𝛿𝑟∗ = 1.0, which would be the equilibrium 
separation without the influence of Brownian forces 
or fluid interaction. 

 

Figure 2. Interaction potentials for neighbouring 

polymer beads with 𝑲𝑭∗ = 𝟑𝟎 and 𝑹𝟎∗ = 𝟏. 𝟔 
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Figure 3. Effect of bending rigidity, 𝑲𝑩∗ , on 

interaction potential for neighbouring polymer 

beads 

The effect of the bending rigidity strength on the 
full potential as a function of chain angle is also 
illustrated in Figure 3. For increased strengths, the 
minima at more obtuse angles becomes more stable, 
hence less bending between the polymer beads is 
expected leading to more straightened-out 
conformities. 

Initial simulations were performed under 
quiescent conditions in order to determine how the 
bending rigidity, 𝐾𝐵∗, affects the conformity of the 
polymer. The effect of variation of the diffusion 
coefficient, 𝐷, was also considered, which 
determines the extent of damping within the system. 
For all simulations presented here, Monte-Carlo 
techniques were employed, meaning that multiple 
instances of the same simulation were performed 
with measurables averaged over all instances. For the 
quiescent simulations, 1000 samples were obtained 
with individual polymers injected into a stagnant cell 
and allowed to disperse freely. The timestep 
remained constant at 𝛿𝑡∗ = 0.005.  

The effect of 𝐾𝐵∗ and 𝐷 on the temporal evolution 
of the mean end-to-end polymer chain distance is 
illustrated in Figure 4. The system exhibits the 
greatest elongational behaviour when both the 
bending rigidity and the diffusion coefficient are 
greatest, with the increase in 𝐷 having the greatest 
effect when compared to the overdamped 𝐷 = 0.5 
system. In the other two cases, at 𝐾𝐵∗ = 3 and 𝐾𝐵∗ =1, the variation of diffusion coefficient had the 
opposite effect, meaning that the larger coefficient 
systems exhibited lower polymer end-to-end 
separations. This is likely due to the dominance of 
the Brownian term in Eq. (2) leading to more 
compact conformity states where bending rigidity 
plays a less important role. This is clear for the low 
damping system with 𝐾𝐵∗ = 3 and 𝐾𝐵∗ = 1 where the 
eventual mean end-to-end distance vectors are very 
similar. 

 

Figure 4. Effect of bending rigidity, 𝑲𝑩∗ , and 

diffusion coefficient, 𝑫, on temporal evolution of 

end-to-end polymer chain distance in quiescent 

conditions. Black: 𝑫 = 𝟎. 𝟓, Red: 𝑫 = 𝟓 

The mean radius of gyration associated with a 
polymer chain was calculated using: 

 𝑅0,𝑖∗ = √ 1𝑁𝐵 ∑(𝒓𝑖∗ − 𝒓∗̅)2𝑖 ,  
(10) 

   
 with 𝒓𝑖∗ the position of bead 𝑖 and 𝒓∗̅ the mean bead 
position. The temporal evolution of the mean of this 
quantity is illustrated in Figure 5. Once again, the 
system with the high diffusion coefficient and 
bending rigidity exhibited large radii of gyration and 
the greatest deviation between the damped and 
undamped cases.  

 

Figure 5. Effect of bending rigidity, 𝑲𝑩∗ , and 

diffusion coefficient, 𝑫, on temporal evolution of 

polymer chain radius of gyration under 

quiescent conditions. Black: 𝑫 = 𝟎. 𝟓, Red: 𝑫 =𝟓 

From Figs. 5 and 4 it is clear that polymers in 
these cases are stretching and forming long elongated 
strands. For lower bending rigidities, varying the 
diffusion coefficient has a much more pronounced 
effect than varying the rigidity, with the most curled-
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up polymers occurring in the undamped, low rigidity 
case. Here beads are able to visit locations close to 
the polymer centre of volume during their random 
diffusion, with little tendency to extend away from 
their neighbouring beads. 

To investigate the effect of Weissenberg 
number, 𝑊𝑒, on the conformation properties of 
polymers, subsequent simulations were performed in 
a shear flow within the domain outlined in Fig. 1. 
This time, the diffusion coefficient and bending 
rigidity were set constant at 𝐾𝐵∗ = 1 and 𝐷 = 5 (i.e. 
the most curled polymers under quiescent 
conditions) in order to isolate stretching effects due 
to shear. Root beads were initially injected into a 
random location within the domain and allowed to 
‘grow’ randomly ensuring that the following bead 
was located on a surrounding unit sphere. Grown 
beads were also not allowed to overlap.  

 

Figure 6. Effect of Weissenberg number, 𝑾𝒆, on 

temporal evolution of end-to-end polymer chain 

distance under shear flow conditions 

The temporal evolution of the mean end-to-end 
distance as a function of 𝑊𝑒 is illustrated in Figure 
6. This property is maximised for the highest shear 
rate, meaning the velocity gradient across the 
polymer chain induces stretching. Interestingly, for 
the midrange shear, 𝑅𝑒2𝑒∗  is actually reduced. 
Tumbling behaviour was observed, consistent with 
previous studies [15], which counteracted the 
extensional behaviour associated with the shear, 
wherein chains would begin to extend and then, due 
to the torque applied by the variation in fluid velocity 
across the chain, would begin to rotate. When the 
chains are orientated streamwise there is no longer 
any velocity gradient across the polymer and hence 
the curling mechanisms can occur, bringing the two 
ends of the polymer closer together. At the lowest 
shear rate, this curling dynamic is dominant (as in the 
quiescent flows) but the polymer chain contracts in 
on itself across the full chain, offering greater 
distance between the start and end beads. In Figure 
7, the effect on the radius of gyration of the resulting 
conformities is clear. For high Weissenberg number, 
the polymers sample more elongated states, with 

intermediate distances between beads generally 
larger. Even though the mean end-to-end distance is 
lowest for 𝑊𝑒 = 0.5, the radius of gyration remains 
moderate, which implies slightly elongated spherical 
conformities (which was confirmed by visual 
inspection of the systems). Finally, for low 
Weissenberg number, 𝑅0∗ remains low, as the chains 
form tightly bound conformities. 

 

Figure 7. Effect of Weissenberg number, 𝑾𝒆, on 

temporal evolution of polymer chain radius of 

gyration under shear flow conditions 

If an applied shear flow causes the polymer 
radius of gyration to increase, it is expected that the 
collision cross section between polymers and 
particles would increase for flocculation 
applications. However, it is also known from the 
literature that there exists competition between 
coagulation and fragmentation, which depends 
highly on the shear rate [16]. To elucidate further the 
dynamics at the point of polymer-particle impact and 
interaction, the effect of Weissenberg number on the 
adsorption of polymer chains onto a spherical 
particle was also studied. In these simulations, a 
single particle was fixed in the centre of the domain, 
with bead-particle interactions governed by the LJT 
force as in Eq. (7). Parameters for these simulations 
are presented in Table 1. 

Table 1. Polymer-particle adsorption simulation 

parameters 

Parameter Value 𝑊𝑒 0.1, 0.5, 1.0 𝑅0∗ 1.6 𝐷 5 𝐾𝐹∗ 30.0 𝐾𝐵∗ 1.0 𝐾𝑃∗ 10.0 𝛿𝑡∗ 0.005 𝑁𝐵 32 
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Figure 8. Instantaneous snapshots of 𝒕∗ = 𝟏𝟓. 

Effect of 𝑾𝒆 on eventual polymer adsorption 

state is indicated with 𝑾𝒆 = 𝟎. 𝟏 (upper), 𝑾𝒆 =𝟎. 𝟓 (middle) and 𝑾𝒆 = 𝟏. 𝟎 (lower) 

In each Monte-Carlo instantiation, a single 
polymer was injected in a random location with a 
conformation chosen at random from the samples 
obtained in the polymer-only systems. This initial 
position means that the shear flow would direct the 
polymer towards the particle in time. This chosen 
setup aims to capture a single polymer-particle 

interaction event typical of those taking place in 
shear and turbulent flows. Once injected, the 
simulation is allowed to evolve for a set amount of 
time (𝑡∗ = 15). The final positions of each bead were 
then recorded, with some instances ending with 
polymer-particle adsorption and some without. 

Examples of three typical eventualities for each 
Weissenberg number are presented in Figure. 8. The 
top plot demonstrates the low shear (𝑊𝑒 = 0.1) 
simulation, where most of the beads have clearly 
adsorbed onto the surface of the particle. Given the 
spherical ‘ball’ nature of the conformity of these 
polymers, collisions with the particle are likely and 
the lack of flow strength allows the chain to unravel 
across the particle. The middle plot illustrates a 
typical medium shear example, where some beads in 
the polymer chain have successfully adsorbed onto 
the particle, but the full polymer remains curled and 
has not fully unravelled. Finally, in many cases at 
high shear, 𝑊𝑒 = 1.0, the polymers are unsuccessful 
in adsorbing onto the particle. In some cases 
temporary adsorption was observed, but the shear 
flow was strong enough to remove the polymer from 
the particle. 

To further quantify the extent of polymer bead 
adsorption, an adsorption condition is defined such 
that the surface-to-surface distance between a bead 
and the particle is lower than an arbitrary value 𝜎𝐴 =2. Table 2 shows the percentage of instantiations 
resulting in at least one polymer bead remaining 
adsorbed onto the particle surface. For low shear, 
over half the interactions resulted in adsorption, 
whereas as the Weissenberg number increases, the 
occurrence of adsorption becomes increasingly 
unlikely. In the case of 𝑊𝑒 = 1.0, the shear is too 
strong for beads to remain bound to the particle 
surface, and it is likely that any instances of 
adsorption at the sample time was due to their 
random walk being close to the particle.  

Table 2. Adsorption efficiency dependence on 

Weissenberg number 𝑾𝒆 % Adsorption 0.1 67.4 
0.5 37.6 
1.0 12.1 

 
To further examine the conformity of the chain 

at the particle surface, the probability density 
function for the number of adsorbed beads in each 
polymer chain, 𝑁𝐴, sampled over all 100 Monte-
Carlo instances is presented in Figure 9. Starting 
with the low shear rate system, these interactions 
exhibited the most 𝑁𝐴 = 𝑁𝐵 = 32 (i.e. full 
adsorption) events where all beads in the chain 
remained bound to the surface. The distribution is 
also fairly uniform, and so there existed some 
interactions where only a few of the beads fully 
adsorbed and others where the chain failed to adsorb 
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at all. As the shear rate increases, the number of fully 
adsorbed chains is reduced and the number of chains 
in the region where fewer than half of the beads 
adsorb increases. This is indicative of tail- and train-
like adsorption behaviour, where the particle has a 
polymer chain attached, with a free end or loop still 
subject to fluid dispersion. Finally, the high shear 
system peaks at 𝑁𝐴 = 0 indicating the dominance of 
events with no adsorption, however, there did still 
exist a few events exhibiting tail- and train-like 
behaviour.  

 

 

Figure 9. Probability density function of the 

number of adsorbed beads 𝑵𝑨. Effect of 

Weissenberg number is illustrated 

Lastly, to further quantify the existence of tails 
within the adsorbed state, 𝑁𝑇 is defined as the 
number of ‘tail’ beads within a polymer chain which 
are connected to a ‘free’ end as well as an adsorbed 
bead. Connected in this case refers to an eventual 
neighbour further down the chain in either direction. 
The distribution of the number of tail beads in our 
adsorbed states is presented in Figure. 10.  

 

 

Figure 10. Probability density function of the 

number of tail beads 𝑵𝑻. Effect of Weissenberg 

number is illustrated 

Evidently, tails formed generally had 𝑁𝑇 < 10 
and were more common in the high shear systems 

because in the 𝑊𝑒 = 0.1 system most beads were 
adsorbed onto the particle. It is also interesting that a 
secondary wide peak forms around 𝑁𝑇 = 20 which 
likely corresponds to polymers with two tails and an 
adsorption region. Similar analysis of train-like 
(sequences of adsorbed beads) and loop-like 
(sequences of unadsorbed beads but attached at 
either end) behaviour was performed which 
indicated trains forming with low shear. 

4. CONCLUSIONS 

A novel potential-based particle-polymer 
simulation adsorption simulation technique has been 
developed in order to explore the fundamentals of 
flocculation and polymer-surface interaction. The 
polymeric phase has been modelled using the FENE 
bead-spring approach and time-evolved using 
Langevin dynamics. Interactions within the polymer 
chain as well as the Kratky-Porod bending rigidity 
potential have been included in the calculations. The 
particle phase was modelled as a finite-size 
computational sphere, which interacts sterically with 
the polymer beads through a modified truncated 
Lennard-Jones potential. 

From Monte-Carlo studies of quiescent flows it 
was shown that polymers exhibit the greatest 
extensional behaviour when both the diffusion 
coefficient and the chain rigidity is high. For 
undamped systems, the influence of rigidity is very 
low beneath 𝐾𝐵∗ = 3, whereas for damped systems, 
the parameter affects the eventual radius of gyration 
and mean end-to-end distance vector, with increased 
rigidity leading to more elongated conformities. 

Studies of polymers in shear showed that for 
high shear rates, chains were longer and possessed a 
larger radius of gyration. For medium shear, the 
polymers would undergo tumbling motion and the 
end-to-end distance vector would be reduced while 
their radius of gyration remained moderate. Finally, 
for the low shear system, conformities were 
generally ball-like and both properties were low. 

Monte-Carlo simulations of shear flows in the 
presence of a single stationary particle were also 
performed to determine mechanisms for adsorption. 
Most adsorption took place in the low shear rate 
system, with beads able to resist the flow and 
unravelling across the particle surface. For the 
medium shear rate, some beads were able to adsorb 
onto the particle, forming tails and trains which 
increase the effective flocculation radius of the 
particle. For high shear rate, most beads were unable 
to adsorb onto the particle, with those successful 
often being removed later in the simulation.  This is 
an interesting phenomenon for understanding the 
conditions which lead to most effective flocculation 
and should be studied further. Another important 
parameter to consider is the polymer-particle LJT 
interaction strength, which can be influenced by 
modifying the ionic strength of the solution. In doing 
so, the effects of shear which reduce adsorption 
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could be counterbalanced by stronger attraction 
between the polymer and the particles. Using the 
techniques described in this paper, multi-particle 
simulations may also be performed to observed the 
way in which, and under what conditions, two or 
more particles begin to flocculate. Finally, the 
polymer contribution to the fluid stress tensor may 
also be included for study of more complex 
rheological measurements such as drag reduction, 
viscoelasticity and turbulence modulation [17-18]. 
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