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Abstract. This study investigates the impact of shear rate on flocculation dynamics in particle-fluid systems through 
Monte Carlo analysis of ensembles of Langevin dynamic simulations. The research explores the temporal evolution of 
cluster properties, including mean cluster size, maximum cluster size, and radius of gyration, by varying the shear rate 
within the range of 0.001 to 0.010. The simulations, averaging across 70 realizations, reveal that higher shear rates 
promote the formation of larger clusters, indicative of enhanced particle interactions and aggregation. Interestingly, 
midrange shear rates, particularly at a variable shear rate �̇� = 0.005, yield the largest clusters in terms of particle 
constituent numbers, suggesting a delicate balance between particle mobility and cluster stability. Moreover, analysis of 
the mean radius of gyration confirms the trend of increased cluster size with higher shear rates, highlighting the capacity 
of elevated shear rates to facilitate the formation of larger, but less compacted, clusters over larger distances. This 
research demonstrates the significance of shear rate in influencing flocculation dynamics and provides insights into the 
mechanisms governing polymer-particle interactions within shear flows. 
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INTRODUCTION 

The addition of small amounts of high molecular weight polymers to particle-fluid systems shows promise for 
numerous processing techniques, such as separating fine solids in liquid suspensions [1]. This method has proven 
effective in enhancing processes such as filtration and thickening in various industrial applications [2], [3]. 
Particularly relevant to this study are its applications in nuclear decommissioning, where it significantly aids in 
reducing turbidity and improving settling and sediment consolidation rates [4]. The use of polymeric flocculants also 
extends beyond industrial settings. Addressing the immobilization and removal of trace metal elements and 
pesticides from rivers, whether from natural or industrial origins, is increasingly critical. These organic and 
inorganic contaminants are transported through water systems, and polymeric colloidal-sized particles (with 
diameters less than 1 μm) require induced aggregation in order to instigate the settling process. In some instances, 
microorganisms in the river or water ecosystem release fibrillar extracellular polymeric substances, naturally 
facilitating flocculation [5]. Demonstration and comprehension of the underlying polymer flocculation mechanisms 
are crucial for industries to be able to fine-tune polymer species, dosages, and application methods in order to 
maximize performance. 

Despite successful demonstrations in laboratory-scale setups and wastewater streams, the mechanisms driving 
flocculation in such systems remain inadequately understood. Designing and optimizing gravity-driven separation 
processes necessitates a thorough understanding of the system's flocculation and sedimentation dynamics. 
Specifically, it is essential to comprehend how the emergent flocculant structures and morphologies (such as their 
fractal dimension and porosity) affect hindered settling regimes. Identifying the most influential size of flocculated 
aggregates is critical for determining the interfacial settling rate.   

Over the years, various polymeric-phase modeling techniques [6] have revealed intriguing behaviors in simple 
systems like stagnant tanks [7] and shear or turbulent flows [8]. Polymer-particle interactions have also been studied 



within the polymer synthesis industry, with such interactions further influencing the properties of polymer 
nanocomposites such as viscosity, glass transition temperature, and electrical conductivity [9]. 

[10] used Monte Carlo simulations to study the adsorption of a finite-length polymer to a surface, discovering 
that the polymer's conformations transitioned from a three-dimensional random coil to a nearly two-dimensional 
elongated coil at temperatures significantly lower than the critical adsorption point. Research suggests that the 
structures emerging from polymer-particle interactions depend heavily on interaction strength, which affects the 
proportions of chains and loops. The length of the polymer chain also significantly impacts the adsorption dynamics 
[11]. 

[12] investigated the structural characteristics of a polymer within an attractive sphere, characterizing the 
polymer's conformation by its radius of gyration and gyration tensor. This study produced a diverse system phase 
diagram, showing behaviors ranging from desorbed states to partially or entirely adsorbed conformations. [13] 
further examined adsorption dynamics, focusing on the conformational properties of an adsorbed polymer on a 
nanoparticle using off-lattice Monte Carlo and Metropolis algorithms. They described the resulting configuration in 
terms of trains, loops, and tails [14]. At low polymer-nanoparticle interaction strengths, all confirmations were 
observed, whereas high interaction strengths favored trains and tails, eliminating loops. 

The potential applications of polymer additives in fragile systems, such as nuclear waste flows, rely on the 
advancement of a comprehensive understanding and proven effectiveness. Previous simulation and experimental 
studies have rarely considered the fundamental processes which lead to flocculation, nor the effects of 
hydrodynamic forces and shear, which have been shown to greatly impact the adsorption behavior and structure 
growth [15], [16]. This research seeks to both demonstrate a novel potential-based flocculation model and to unravel 
the underlying dynamics of polymer-particle interactions and adhesion within shear flows. The research further aims 
to investigate the role of shear rate on bulk emergent behavior, as well as its influence on the dynamics of adhesion, 
bridging, and subsequent flocculation. To achieve this, the study explores the shear rate's impact on conformation 
properties, such as the mean radius of gyration and fractal dimension of flocculents, discussing their implications for 
collision cross-sections for subsequent polymer-particle collisions promoting cluster growth, leading to eventual 
settling of the structure. The insights gained from this study are crucial for developing techniques that modify 
system behavior by tuning bulk parameters to achieve desired outcomes. 

PROBLEM FORMULATION 

The polymeric phase is represented as a series of bead-spring components using Langevin dynamics [1], 
incorporating a finite extensible nonlinear elastic (FENE) potential to capture polymer chain interactions. The model 
assumes that the polymer chain exerts a nonlinear elastic restoring force on each bead, which increases as the 
separation distance approaches the maximum extensible length. Calculations account for excluded volume through 
steric interactions between all solid phases, as well as the Kratky-Porod bending rigidity to account for flexibility. 
The particle phase is modeled as computational point spheres interacting sterically with polymer beads through a 
modified Lennard-Jones potential. Each monomer bead possesses diameter 𝜎, with 𝒓𝑖∗ = 𝒓𝒊/𝜎 the non-dimensional 
Cartesian position vector of monomer 𝑖. The dimensional position vector 𝒓𝑖 of each bead in a polymer chain evolves 
through obeying the following Newtonian equation of motion [2]: 
 

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

 
Here, 𝑚𝑏 is 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 at the bead position, 𝑘𝐵 is the Boltzmann constant, 𝑇 is temperature and 𝜼𝑖(𝑡) is a Brownian noise term satisfying both 〈𝜂𝑖𝑎(𝑡)〉 = 0 and 〈𝜂𝑖𝑎(𝑡)𝜂𝑖𝑏(𝑡′)〉 =𝛿𝑎,𝑏𝛿(𝑡 − 𝑡′). Given that a constant bead diameter, 𝜎, is used in this study, time can be nondimensionalised using 

the Brownian bead timescale 𝜏𝑏 = √𝑚𝑏𝜎/𝑘𝐵𝑇 and space can be nondimensionalised using the bead diameter, 𝜎. By 
introducing the diffusion coefficient, 𝐷 =  𝑘𝐵𝑇/𝜉, Eq. (1) can be transformed as follows: 
 

 

 

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



An example of a polymeric chain of monomers which forms the basis for the polymeric phase is presented in Figure 
1. 

 

FIGURE 1. Schematic of a single modelled monomer chain forming a polymer. The dashed lines depict fictional springs 
connecting the monomer beads (solid circles) 

 
The contributions to the overall non-dimensional interaction potential, 𝑉𝑖∗, for each bead are given by: 

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

 
Here, 𝑉𝑖,𝐹∗  represents the bonds between the monomers using the FENE spring potential: 

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

 
with 𝛿𝑟∗ = |𝒓𝑖+1∗ − 𝒓𝑖∗| the separation between two adjacent beads in the polymer chain, 𝐾𝐹∗ = 𝐾𝐹/𝑘𝐵𝑇 the non-
dimensional FENE energy scale, and 𝑅0∗ the maximum FENE bond length. This interaction potential is only 
considered for neighboring beads in the chain of monomers.  𝑉𝑖,𝐵∗  is the Kratky-Porod bending potential, 𝑉𝑖,𝐵∗ (𝜃𝑖) = 𝐾𝐵∗(1 + cos(𝜃𝑖)), used to model the effects of bending 
rigidity dependant on the angle, 𝜃𝑖, formed by adjacent monomer separation vectors, observed in real semi-flexible 
polymers. 𝑉𝑖,𝑊∗  represents steric interactions between monomers and is given by the Weeks-Chandler-Anderson 
(WCA) potential. Polymers interact with particles through 𝑉𝑖,𝑃∗ , which is a truncated and shifted Lennard-Jones 
potential. This assumes that interactions are pairwise, isotropic, and that long-range interactions can be neglected. 
Finally, 𝑉𝑖,𝑊𝐴𝐿𝐿∗  is a wall potential which is only active when the polymer position surpasses either extent of the 
vertical domain. 

The particle equation of motion is analogous to that of the monomer beads in Eq. (2). The potential term is 
replaced by: 

 
 𝑉𝑖,𝑃∗ = 𝑉𝑖,𝑊∗ + 𝑉𝑖,𝑃∗ + 𝑉𝑖,𝑊𝐴𝐿𝐿∗ , (5) 
 

Here, 𝑉𝑖,𝑊∗  represents the interaction between particles, and 𝑉𝑖,𝑃∗  denotes the interaction between particles and 
monomer beads. The strength of these interactions follows the same form as described in the previous subsection. 
Figure 2 provides an illustrative summary of the interactions between monomer beads and particles. 

The simulation domain in all cases is a 100 × 100 computational channel cell in (𝑥∗, 𝑦∗), chosen to ensure 
sufficient space for flocculants to form while making sure the initial injection condition concentration of both phases 
would lead to prompt interactions to reduce long runtimes. A Monte Carlo approach was adopted, performing 𝑁𝑀𝐶 = 70 full simulations within the domain to predict the mean flocculation behaviour across multiple realisations. 
To initialise each realisation, 𝑁𝑃𝐴𝑅  =  15 particles were randomly injected throughout the domain. Depending on 
the number of polymers studied, an initial bead for each polymer was then injected before "growing" the polymer 
randomly. This was done by selecting a direction on the unit circle and injecting subsequent polymers, ensuring no 
overlap with previously injected beads or particles. This process continued until a total of 𝑁𝐵𝑃𝑃  =  32 beads per 
polymer had been injected, after which the injection routine moved to the next polymer. 



At each simulation step, the equations of motion for each particle and polymer bead were solved using the Verlet 
integration method with a constant timestep 𝛿𝑡∗  =  0.002, providing a truncation error order of 𝒪(𝛿𝑡∗4). Wall 
conditions were enforced by activating the wall potential in both Cartesian directions beyond either extent, i.e., 0 
and 100. To account for shear, the fluid velocity varied linearly with wall-distance, according to 𝑢𝐹∗ =  �̇�𝑦∗, with �̇� 
the variable shear rate. Each realization was performed for 𝑁𝑇 = 40,000 timesteps (𝑡∗ = 80), during which time 
significant flocculation would occur. Simulation results are subsequently averaged across 70 independent 
realizations, ensuring negligible statistical error in temporal observations of cluster properties such as radius of 
gyration. 

 

FIGURE 2. Summary of potentials involved in the interactions between two particles (gray circles) and a three-bead polymer 
(white circles). Gray arrows indicate the potentials included in the calculations between particle and monomers 

PROBLEM SOLUTION 

We consider the effect of shear on flocculation dynamics through statistical analysis of the simulations. The 
quantification of emergent behavior is facilitated by a Monte Carlo approach, as successfully applied in previous 
studies [10], [17]. Once the simulations are complete, we then average across 70 realizations to monitor and predict 
the temporal evolution of observables such as the mean flocculent radius of gyration and constituent numbers. The 
shear rate, γ̇, is varied between 0.001 and 0.010. An example of a single realization is presented in Fig. 3. Over the 
course of the simulation, clustering occurs due to the interactions between the polymers and particles. Tails tend to 
be extended from the particles in the streamwise direction due to shear stretching, though a cluster of four particles 
can be seen to have formed near the center of the domain which is aligned perpendicular to the streamwise direction. 
Further investigation into temporal effects shows that this cluster was rotating due to the shear across the structure. 
 

    
FIGURE 3. Example of one realization of Monte-Carlo simulation. Initial injection condition (left) and final flocculated state 

under shear flow with �̇� = 0.010 (right) 



Figure 4 demonstrates the effect of shear rate on the mean cluster size, 𝐶𝑀𝐸𝐴𝑁∗ . In all cases, by around 𝑡∗ = 60, 
the simulations reach equilibrium, inferring that flocculants have reached their maximum stable size, and that 
breakup and adsorption events are occurring at similar rates. At the lowest shear rate, �̇� = 0.001, the mean number 
of particle constituents in a flocculated cluster settles around 𝐶𝑀𝐸𝐴𝑁∗ = 4, meaning that there are four particles on 
average residing in a particular structure (two or more particles which are joined together by polymer chains). It is 
interesting to note that the midrange shear rate, �̇� = 0.005, tends to produce the largest clusters in terms of the 
number of constituents. This is likely because two effects are at play: firstly, the increased shear rate enhances 
particle mobility and interaction, which instigates tighter bonds within the clusters; secondly, the shear rate is not so 
high as to disrupt the forming clusters, allowing them to grow steadily. 
 

 

FIGURE 4. Temporal evolution of mean cluster size for flocculated clusters of particles. The effect of �̇� is demonstrated 
 

 

FIGURE 5. Temporal evolution of maximum cluster size for flocculated clusters of particles. The effect of �̇� is demonstrated 
 

Figure 5 shows the effect of modifying the shear rate on the temporal evolution of the maximum cluster size, 𝐶𝑀𝐴𝑋∗  (i.e., the maximum number of particle constituents of all clusters present in one realization). Over time, the 
results show divergent behavior such that systems subjected to a low shear rate, �̇� = 0.001, tend to possess the 
smallest clusters. This is likely due to the lower energy input from the fluid phase, which limits the movement and 
collision frequency of particles, reducing the opportunities for cluster growth. As the shear rate increases, clusters 
with larger constituents can occur. At a midrange shear rate, �̇� = 0.005, the increased energy facilitates more 
frequent collisions and interactions, leading to the formation of larger flocculants. The largest flocculants were 
found in the �̇� = 0.010 simulation, where the higher shear rate results in more extensive movement and interaction. 
As the shear rate increases, the increased mobility enhances the likelihood of particle-particle and particle-polymer 
collisions, which are essential for initiating flocculation. Furthermore, the energy imparted by the highest shear rate 
facilitates more dynamic interactions, with the energy required to bind the monomer to the particle surface much 
more likely to be sufficient. This makes the formation of flocculants with increased constituent number energetically 



possible, though since the mean cluster size is lower at �̇� = 0.010, these large-constituent structures are not as stable 
as they are more infrequently observed.  

The size of a cluster may also be characterized by its radius of gyration, which is calculated using the following 
expression: 

 
 𝑅𝐺∗2 = 1𝐶 ∑|𝒓𝑃,𝑖∗ − 𝒓𝑚𝑒𝑎𝑛∗ |2,𝐶

𝑖=1  (6) 

 
where 𝐶 is the total number of particle constituents in a cluster, and 𝑟𝑚𝑒𝑎𝑛∗  is the location of the centre of area of the 
cluster, considering adjoining polymer chains. 
 

 
FIGURE 6. Temporal evolution of maximum cluster size for flocculated clusters of particles. The effect of �̇� is demonstrated 

 
Figure 6 illustrates the effect of shear rate on the temporal evolution of the mean radius of gyration of clusters. In 

agreement with Fig. 5, the lowest shear rate, �̇� = 0.001, leads to smaller clusters on average, reaching values of 
around 𝑅𝐺∗ = 9.0, which is consistent with a tightly packed three-particle cluster. Increasing the shear rate leads to 
larger clusters beyond 𝑅𝐺∗ = 10.0, though the adjustment from �̇� = 0.005 to �̇� = 0.010 shows only a small 
difference, despite the significant increase in mean cluster constituent numbers in Fig. 4. Even though the highest 
mean constituent numbers were found in the �̇� = 0.005 simulation, the continued influence of the shear flow is 
likely to encourage particles with bridges to stretch apart, increasing the radius of gyration of the cluster. The 
combination of these observations implies that the increased shear rate in both cases provides the ability for similar 
sized flocculants to form with particle constituents possessing larger separation distances. 

CONCLUSIONS 

This study investigated the effect of shear rate on flocculation dynamics in particle-fluid systems using Monte 
Carlo analysis of Langevin dynamic simulations. By varying the shear rate across a range of values, its influence on 
the temporal evolution of cluster properties such as mean cluster size, maximum cluster size, and radius of gyration 
was examined. 

The results demonstrated that higher shear rates promote the formation of larger clusters, indicating enhanced 
interactions and aggregation of particles. Additionally, we observed a notable dependence of mean cluster size on 
shear rate, with midrange shear rates producing the largest clusters. This suggests a balance between enhanced 
particle mobility and cluster stability under moderate shear conditions. Furthermore, analysis of the mean radius of 
gyration of clusters revealed a similar trend of increased cluster size with higher shear rates, indicating the ability of 
increased shear rate to facilitate the formation of larger clusters with particles at larger separation distances. 

The results presented in this study focus on the effect of shear rate on the flocculation process and analysis of the 
structures formed. The use of Langevin dynamics simulations with the present potential-based formulation and non-
dimensionality allows the results to stand as a useful reference for generalized behavioural modification under 
variation of the flow conditions. They also serve to predict the expected behavior in various regions of wall-bounded 
flows, where the local shear rate varies greatly with proximity to the solid boundary. 



Though these simulations provide a solid groundwork for fundamental knowledge generation of these systems, 
to further advance our understanding of polymer-particle interactions and flocculation dynamics within shear flows, 
several avenues for future research should be explored. Firstly, investigating the influence of additional parameters 
such as polymer concentration and other contributions to the interaction potential on flocculation behavior could 
provide deeper insights into the underlying mechanisms. Additionally, extending the study to consider more 
complex systems in three dimensions with varying particle shapes and sizes should offer a more comprehensive 
understanding of flocculation dynamics in realistic scenarios. Finally, incorporating experimental validation of the 
simulation results could enhance the reliability and applicability of the findings. 
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