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Abstract. A novel potential-based computational approach to modeling polymer dynamics within shear and turbulent flows 

is presented and demonstrated to aid understanding of the use of polymeric flocculants for nuclear waste treatment. The 

research investigates the effect of varying shear rates on polymer conformation within turbulent shear flows, to identify 

ideal shear rates for flocculation treatment. Direct numerical simulation is used to simulate the continuous phase, alongside 

modeling of the polymeric phase using Langevin dynamics and the finitely extensible nonlinear elastic bead-spring model. 

The Kratky-Porod bending potential and steric monomer interactions are also included in the calculations to account for 

more realistic conformation conditions. Following validation using experimental data from existing literature, the 

relationship between polymer conformation properties, including the mean radius of gyration, end-to-end distance, and 

increasing shear rate is investigated for wall-normal regions within Reτ= 180 and Reτ= 300 turbulent channel flows. It is 

demonstrated that polymer extension generally increases with shear rate and turbulence level; however, the largest 

extensions were observed at the lowest Reynolds number, which is likely caused by more pronounced tumbling 

mechanisms and drag reduction effects at higher turbulence. To aid flocculation, it is recommended that a low-to-medium 

shear rate should be used for the treatment of particle-laden flows, to promote polymer extension, and to increase the 

collision cross section with the particulate phase. 
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INTRODUCTION 

Nuclear waste clean-up stands as one of the most pressing challenges facing the UK nuclear decommissioning 

effort at present. One proposed treatment of particle-laden slurry flows at waste disposal and reprocessing sites is the 

addition of small concentrations of polymer additives to aid in the flocculation and agglomeration of particles, in an 

effort to separate suspended solids from the liquid flow which can then be treated using other conventional techniques 

[1]. This would result in cost savings as well as reduced timescales for the overall treatment of the waste and would 

lower the chance of accidental release or contamination of the environment. That said, polymer dynamics are very 

complex, with dynamics occurring on a multitude of scales from the bulk flocculation scale down to the molecular 

scale. Furthermore, there are limited studies available in the literature surrounding their behaviour in shear or turbulent 

flows, which plays an important role in their subsequent flocculation dynamics. Understanding of polymer activity 

within shear and turbulent flows is therefore essential to underpin the foundational knowledge needed before 

formulation of any treatment strategy. 

Langevin dynamics is used to study molecular systems using simplified models, with computational 

methodologies now able to predict and assess polymeric flow over time [2]. Previous computational studies provide 

several conclusions on the effect of polymers on turbulent flow. This includes effects in the buffer layer, including a 

reduction in streamwise vorticity fluctuations and increased spacing between turbulent streaks, suggesting turbulence 

suppression [3]. Further findings include that the extent of drag reduction is dependent on the maximum average chain 



extensibility and the friction Weissenberg number, Wi, due to the polymers suppressing turbulent eddies within the 

buffer layer [4]. 

Polymer conformation studies tend to suggest that greater shear rates lead to larger polymer extensions and greater 

streamwise extension within a turbulent channel [5]. Chain extension also increases from the bulk flow in the channel 

to the viscous sublayer. However, chain extension caused by turbulence has been found to be greatest in the buffer 

layer due to stronger velocity gradients. Turbulence structures then lead to greater polymer extension within this region 

[5], [6]. The existing literature provides conclusions surrounding polymer conformation for wall-normal regions, but 

is yet to directly compare the effect of increasing Reynolds number, which the present work aims to understand.  

The present work aims to use Langevin dynamic simulations to develop  understanding underpinning polymer 

conformation within shear flows, as well as to determine how varying shear rates can affect polymeric dynamic 

properties. A high-fidelity computational-based methodology has been selected in order to explore deeper into the 

fundamental hydrodynamic processes, as complex experimental methodologies would be required if the study was 

undertaken physically. Following the introduction of the governing equations, the simulation environment used in the 

following work is validated against existing literature results through calculation of the radius of gyration (Rg), end-

to-end distance (R0), and fractional extension under quiescent and simple shear conditions. With the aim of 

understanding polymer conformation under turbulent flows, DNS is used to calculate Rg and R0 distributions for 

Reτ= 180 and Reτ= 300, over the entire turbulent channel flow, as well as for specific wall-normal regions. Comparison 

of polymer conformation properties for increasing Reynolds number and varying regions using a potential-based 

finitely extensible nonlinear elastic (FENE) chain model is a novel approach and is yet to be widely adopted in the 

literature. Conclusions may then be drawn relating polymer conformations under varying shear rates to possible 

flocculation treatments for contaminated multiphase flows. 

PROBLEM FORMULATION 

A novel potential-based approach using Langevin dynamics and the finitely extensible nonlinear elastic bead-

spring model is used. This model assumes that each polymer is modeled as macromolecular chains of interacting bead-

spring components, where each monomer bead is subject to a nonlinear elastic force, increasing with polymer 

extension. 

 A force-balance governing equation which models the position vector of each bead is used [2]: 

  

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

(1) 

where 𝑚𝑏  is the monomer bead mass, 𝒓𝑖 is the position vector of bead 𝑖, 𝑡 is time, 𝑉𝑖 represents the interaction 

potentials, 𝜉 is the drag coefficient of each bead given by Stokes’ law, 𝒖𝐹,𝑖 is the interpolated fluid velocity vector, 𝑘𝐵 

is the Boltzmann constant, 𝑇 is the ambient temperature and 𝜂𝑖 represents the Brownian noise. This may be converted 

to non-dimensional units (denoted by the symbol ∗ ) using a constant monomer bead diameter 𝜎𝑏. Time is non-

dimensionalized using the Brownian bead timescale 𝑡𝑏∗ = √𝑚𝑏𝜎𝑏/𝑘𝐵𝑇. The diffusion coefficient 𝐷 = 𝑘𝐵𝑇/𝜉 may 

also be substituted and Eq. (1) can then be re-written in non-dimensional units: 

  

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

 

The interaction potential is where the FENE bead and spring model is utilized, alongside any other interactions to 

be modeled. The overall interaction potential is given as: 

 

 

𝑉𝑖∗ = 𝑉𝑖,𝐹𝐸𝑁𝐸∗ + 𝑉𝑖,𝐵 ∗ + 𝑉𝑖,𝑊𝐶𝐴∗ + 𝑉𝑊𝐴𝐿𝐿∗ . 
 

(3) 

Here, 𝑉𝑖,𝐹𝐸𝑁𝐸∗  is the FENE bead-spring potential, used to represent the flexible bonds between a monomer bead and its 

neighbours: 

 



  𝑉𝑖,𝐹𝐸𝑁𝐸∗ (𝒓𝑖,𝑖±1∗ ) =  − 𝐾𝐹𝐸𝑁𝐸∗ 𝑅0∗22 ln[1 − (𝒓𝑖,𝑖±1∗𝑅0∗ )2],  
 

(4) 

where 𝒓𝑖,𝑖±1∗  is the bead separation (𝒓𝑖,𝑖±1∗ = |𝒓𝑖±1∗ − 𝒓𝑖∗|), 𝐾𝐹𝐸𝑁𝐸∗  is the non-dimensional FENE energy scale and 𝑅0∗ 

is the maximum FENE bond length. The Kratky-Porod bending potential represents polymer bending rigidity: 

 

 𝑉𝑖,𝐵∗ =  𝐾𝐵𝐸𝑁𝐷∗ [1 + 𝑐𝑜𝑠(𝜃𝑖)], (5) 

 

where 𝐾𝐵𝐸𝑁𝐷∗  is the bending rigidity potential strength and 𝜃𝑖 is the angle between two neighbouring separation vectors, 

i.e.  𝜃𝑖 =  𝑐𝑜𝑠−1(�̂�𝒊+𝟏. �̂�𝒊) with �̂�𝒊 = (𝒓𝒊∗ − 𝒓𝒊+𝟏∗ )/|𝒓𝒊∗ − 𝒓𝒊+𝟏∗ |. The Weeks-Chandler-Anderson (WCA) potential is 

used to represent steric interactions between each of the monomer beads: 

 

 𝑉𝑖,𝑊𝐶𝐴∗ =  1 + 4 [( 𝜎𝒓𝑖𝑗)12 − ( 𝜎𝒓𝑖𝑗)6], (6) 

 

with 𝑟𝑖𝑗  the distance between monomer 𝑖 and monomer 𝑗. Finally, a potential for the wall is also included, but only 

when the monomer position exceeds the impenetrable domain boundaries: 

 

 𝑉𝑊𝐴𝐿𝐿∗ (𝛿∗ ) = 10𝛿∗2. (7) 

 

The domain in the turbulent channel case, shown in Fig. 1, is a 0.28𝑚 × 0.04𝑚 × 0.12𝑚 dimensional turbulent 

channel with periodic conditions in the streamwise (𝑥) and spanwise (𝑧) directions, and no-slip conditions at either 

limit of the wall-normal direction (𝑦). The direct numerical simulation (DNS) solver, Nek5000, was used to generate 

the continuous phase solution [5].  

 
FIGURE 1. Domain geometry for the 𝑅𝑒𝜏 =180, 300 turbulent channel flow. 

 

The constant flow rate was maintained by a pressure gradient across the channel:  

 

 𝜕𝑝∗𝜕𝑥∗ = (𝑅𝑒𝜏𝑅𝑒𝐵)2, (8) 

 

where 
𝜕𝑝∗𝜕𝑥∗ is the pressure gradient and 𝑅𝑒𝐵 is the bulk Reynolds number. A chaotic initial profile is used to ensure 

turbulence within the channel. A summary of the channel simulation parameters is given in Table 1.  

 

TABLE 1. DNS Turbulent Channel Parameters. 

Runs 1 2 

Reτ 180 300 

ReB 2800 4900 

Ex × Ey × Ez 27  18  23 

Lx × Ly × Lz 0.28  0.04  0.12 

 

Langevin dynamics simulations were performed concurrently with the DNS, using spectral interpolation to obtain 

the fluid velocity at the position of the monomer beads. 



RESULTS AND DISCUSSION 

Validation of the Simulation Environment 

Preliminary polymer conformation results in both quiescent conditions and shear flows were predicted from 

Langevin dynamic simulations, with polymer properties matching previous experimental studies of DNA [7]. 

Polymeric properties are given in Table 2 for λ-phage DNA. This type of polymer was selected for the current work 

due to the number of validation studies published within the literature, ensuring an accurate methodology was 

employed for the novel simulations presented in this study. 

 
TABLE 2. Polymeric properties of λ-phage DNA. 

Property λ-phage DNA  

Contour Length (μm)  21 

Persistence Length 0.066 

Effective Persistence Length 0.082 

Bead Radius (μm) 0.0693 

 

The resulting polymer conformation predictions were used to validate the methodology employed in the remainder 

of the study. Time-averaged plots are presented in Fig. 2 for the ensemble-averaged end-to-end chain distance (𝑅0) 

and the radius of gyration (𝑅𝑔 ). These were calculated for 100,000 10-bead DNA polymer chains under quiescent 

conditions, demonstrating the fluctuation of each value against time, and compared against the mean experimentally 

measured value. It is evident that after an initial transient period of around 1s, the simulations correctly predict end-

to-end distances and radii of gyration very close to experimental values [7]. 

 

  
        (a)         (b) 

FIGURE 2. Temporal evolution of the mean value of 𝑅0 (a) and 𝑅𝑔 (b) for polymer ensemble compared to experimental results 

[7].  

 

The effect of shear rate on polymer conformation dynamics was also considered for the validation. Here, the 

magnitude of the shear rate is represented by the Weissenberg number. As Wi increases, the shear across the polymer 

chain causes the physical distance between each bead in the chain to grow, leading to stretching behavior. This is also 

known as the fractional extension and is illustrated in Fig. 3, which compares the probability distribution function of 

fractional extension against experimental observations [8]. Good agreement is obtained between the current simulation 

and the validation data. 

 

 



 

FIGURE 3. Effect of Wi number on the probability distribution function of fractional extension, 𝑥/𝐿. Comparisons are made 

with simulation results. [8]. 

 

Prior to the addition of polymers, the turbulent channel flow environment was validated to ensure turbulent flow 

conditions had been reached and statistically stationary averaged flow profiles were observed. The channel 

environment was selected as it is a simple geometry for the analysis of polymeric properties under turbulent conditions, 

and wall-proximity-dependent phenomena such as the effect of the local turbulence kinetic energy on conformation 

properties could be studied. There is also extensive research surrounding simulations in turbulent channels, including 

at 𝑅𝑒𝜏  = 180 [5], [9]. 

Turbulent channel flow simulations in the absence of a polymeric phase were first performed for shear Reynolds 

numbers 𝑅𝑒𝜏 = 180 and 300 to examine near-wall flow dynamics. An instantaneous snapshot depicting the velocity 

magnitude in the 𝑥 − 𝑦 plane is presented in Fig. 4. The velocity magnitude demonstrates turbulent structures across 

various regions of the channel, depicting turbulent flow. 

 

FIGURE 4. Instantaneous velocity magnitude pseudocolor plot of 𝑥 − 𝑦 plane for turbulent channel flow at 𝑅𝑒𝜏 =180. 

 

To validate the predictions quantitatively, the mean streamwise fluid velocity and root-mean-square (RMS) 

velocity fluctuation profiles were plotted against the wall-normal (y) position and compared to the existing published 

DNS database [9]. The profiles for 𝑅𝑒𝜏 = 180 are presented in Fig. 5. 

 

 
 

(a) (b) 

FIGURE 5. Mean streamwise velocity profile (a) and RMS velocity fluctuations (b) for turbulent channel flow  at 𝑅𝑒𝜏 = 180. 



The 𝑅𝑒𝜏 = 180 mean streamwise velocity and RMS velocity fluctuations are compared against the DNS result database 

to assess the accuracy of  mean velocity and turbulence statistic predictions. As can be seen in Fig. 5, current results 

fit closely with those given in the validation database, indicating the turbulent flow field has been accurately created. 

The maximum streamwise velocity is seen at 0.17 m s-1 at a y position of 0.02m, and the greatest velocity fluctuation 

is seen in the streamwise direction at 0.0006 m s-1. The current predictions using Nek5000 exhibit good agreement 

with the validation results, demonstrating that the turbulent flow field is accurate. Following this validation DNA 

polymers were injected into the turbulent channel simulations.  

Polymer-laden Turbulent Channel Flows 

The polymer conformation quantities, 𝑅0 and 𝑅𝑔, were calculated for the DNA polymers in the 𝑅𝑒𝜏 = 180 and 300 

turbulent channel flows. Their distributions throughout the entire channel are presented in Fig 6. Quantitative mean 

values from each distribution are also provided in Table 3. 

 

  
    (a)       (b) 

FIGURE 6: 𝑅0 distributions (a) and 𝑅𝑔 distributions (b) for polymer confirmations in turbulent channel flows at 𝑅𝑒𝜏 = 180 and 

300. 

 

TABLE 3. Polymer conformation mean values. 

Reτ Quiescent  180 300 

R0 (μm) 1.66 2.95 3.09 

Rg (μm) 0.68 1.20 1.31 

 

When comparing the two Reynolds numbers, an overall increase in end-to-end distance and radius of gyration is 

observed. These properties greatly increase when the polymers are placed in the channel flow, compared to their 

values under quiescent conditions, and continue to increase with 𝑅𝑒𝜏. The effect of turbulence on the conformation 

properties is due to increases in shear across the polymer chain, leading to greater stretching. These results are hence 

expected when considering the forces acting on the polymer; the shear rate in the turbulent regions is higher with 

increasing Reynolds number and therefore, increasing turbulence. As the shear forces increase, the polymer is 

extended and observations of instantaneous conformation configurations (not presented here) demonstrated that most 

polymers in high shear regions close to the wall are uncoiled. These results are in line with those seen in the literature 

[7], [8], as well as both the quiescent and simple shear results present within this study. 

To examine the effect of the various shear rates across the turbulent channel flow on conformation properties, 𝑅0 

and 𝑅𝑔 were sampled within the various wall-normal regions. These are the viscous sublayer (vs), the buffer layer 

(bl), the log-law layer (ll), and the bulk flow (bf). Table 4 demonstrates the boundary conditions of each region.  

 

 

 

 

 

 



TABLE 4. y position for each turbulent flow region.  

Region Y(Channel Centre = 0)  

 Start End 

Bulk Flow 0 0.016 

Log-law 0.016x 0.0169 

Buffer Layer 0.0169 0.0195 

Viscous Sublayer 0.0195 0.02 

 

 The effect of Reynolds number is also compared, considering p.d.f.s for both 𝑅𝑒𝜏  = 180 and 300. These 

distributions are presented in Figs. 7 & 8. Quantitative mean values are provided in Table 5. 

 

TABLE 5. Conformation properties of polymers based on channel flow region and shear Reynolds number. 

Region R0 Rg 

 180 300 180 300 

Viscous Sublayer 5.35 4.06 2.06 1.68 

Buffer Layer 3.64 3.60 1.45 1.49 

Log-law 2.89 3.13 1.18 1.32 

Bulk Flow 2.76 3.01 1.13 1.28 

 

 

 

 

 

 

 

FIGURE 7. Probability distribution functions of conformation property, 𝑅0 (a) and 𝑅𝑔 (b).The effect of the channel flow region 

is demonstrated at 𝑅𝑒𝜏 = 180. 

 

 
 

(a) (b) 

FIGURE 8. Probability distribution functions of conformation property, 𝑅0 (a) and 𝑅𝑔(b). The effect of the channel flow region 

is demonstrated at 𝑅𝑒𝜏 = 300. 

 

  

      (a)     (b) 



As expected, as the shear rate within each channel increases, moving from the center of the channel to the wall, 

the polymeric conformation metrics increase due to the increased shear force acting on each polymer. The largest end-

to-end distance and radius of gyration values are seen in the viscous sublayer, and the smallest values recorded in the 

bulk flow for both the 𝑅𝑒𝜏  = 180 and 𝑅𝑒𝜏  = 300 channel flows, as can be seen in Table 5. This is reflected in results 

in the literature [5], [6] where the largest polymer extensions are also observed in the viscous sublayer and the buffer 

layer, due to the increased shear force acting on each polymer within these regions.  

However, within the viscous sublayer and almost all of the buffer layer, conformation property values at 𝑅𝑒𝜏  = 

180 exceed those at 𝑅𝑒𝜏  = 300, despite the increase in shear rate. This is unexpected, in line with previous conclusions 

surrounding the positive relationship between increasing shear rate and greater polymer extension. The buffer layer 

properties also resemble much closer to those calculated in the viscous sublayer.  

These polymer conformation metric results are thought to be due to turbulence within the flow, leading to 

mechanisms resulting in polymer extension. Previous literature results have observed similar results, with the 

dominant turbulent mechanisms such as sweeps and ejections mainly occurring beyond the viscous sublayer, leading 

to longer extensions in these regions [5], [6]. In regions of increased turbulence, greater tumbling mechanisms have 

also been observed, which acts to reduce the extension of the polymers [7]. It has also been recognized that when the 

bulk Reynolds number is less than 5,000 (𝑅𝑒𝐵 =  2800 for 𝑅𝑒𝜏 = 180) a fully developed log-law layer is not produced, 

which may affect turbulence interaction dynamics in the entirety of the near-wall region [10]. It is therefore recognized 

that the greatest chain extension due to shear rate occurs in the viscous sublayer, whereas extension due to turbulent 

mechanisms is greatest in the buffer layer.  

It should also be noted that the number of polymers within each wall-normal region increases from the viscous 

sublayer to the bulk flow, indicated by the shorter p.d.f. peaks in Figs. 7 and 8. Therefore, extension values recorded 

in the viscous sublayer and buffer layer are averaged over fewer polymers, resulting in more extreme extensions 

having a larger impact on the average end-to-end distance and radius of gyration value. The mechanisms present in 

the buffer layer, and the turbulent boundary layer as a whole, and the underlying reasons behind their impact on 

polymer conformation properties are still elusive and require further investigation.  

Increasing polymer extension aids flocculation as it increases their collision cross-sections with suspended 

particles. Polymers are also more likely to form longer tails, and further act as bridges between particles and polymers 

[11]. However, only a minor increase in polymer extension is seen from Reτ = 180 to 𝑅𝑒𝜏 = 300. Therefore, industries 

considering wastewater treatment through agglomeration of particles using polymer additives should evaluate whether 

the increase in turbulence and shear rate to generate polymer extension is actually beneficial, compared to other effects 

increased shear may have on the flocculation mechanism, such as break-up and degradation of flocculants at high 

shear rates [12], [13]. 

Limitations of the present work include the incomplete quantitative validation of polymer conformation metrics in 

each wall-normal region, due to a lack of published studies in this area. The methodology utilized throughout the 

current study has been quantitatively validated for quiescent and simple shear conditions; however, the novel approach 

to the simulation of wall-normal regions means only qualitative comparison to the existing literature is possible, 

although this compares well leading to confidence in the presented results. Also, in this study, only two turbulent 

channel simulations are compared. This should be expanded upon to ensure the highlighted relationships between 

polymer extensions, shear rate, and turbulent fluctuations are reflected at higher Reynolds numbers.  

CONCLUSIONS 

The relationship between polymer conformation properties and shear rate, representative of turbulent regions, is 

presented for both 𝑅𝑒𝜏  =  180 and 300 turbulent channel flows, with the aim of understanding how polymer additives 

in shear and turbulent flows may most efficiently be used to induce flocculation of particles for slurry flow treatment. 

Modeling of the polymeric phase was achieved using the FENE bead-spring model and a potential-based Langevin 

dynamics simulation, with direct numerical simulation used to predict the continuous phase.  

Initially, setup and validation of the simulation environment were completed for the polymer chains, as well as the 

turbulent channel flow. This was achieved through the simulation of DNA polymers under quiescent and simple shear 

conditions, comparing calculated 𝑅𝑔 and 𝑅0 values against those observed in both computational and experimental 

studies. Streamwise mean velocity and RMS velocity fluctuation profiles were also validated for the turbulent channel 

flow at 𝑅𝑒𝜏 = 180. Very good agreement was exhibited in each instance indicating high accuracy in the simulation 

methodology and generating confidence in the novel results.  

Simulations of DNA polymers in turbulent channel flow for differing 𝑅𝑒𝜏 were performed using DNS. Averaged 

across the wall-normal direction in each channel, it was found that both 𝑅0 and 𝑅𝑔 increased with higher turbulence, 



indicating longer polymer extensions due to the increased shear rates present in the 𝑅𝑒𝜏 = 300 flow, in-line with recent 

literature observations. However, this relationship was not fully produced when comparing the individual turbulent 

regions, with the largest extension values present at 𝑅𝑒𝜏  = 180 rather than 𝑅𝑒𝜏 = 300.  Possible conclusions include 

that tumbling mechanisms seen at higher Reτ numbers, especially in the buffer layer where turbulence dominates, may 

impact the conformities by reducing both conformation metrics. The literature surrounding specific mechanisms of 

polymer-fluid interaction in turbulent regions in wall-bounded flow is limited and it is recommended that these 

phenomena be studied further.  

For particle-laden waste flows, it is recommended that a low to medium shear rate should be used alongside 

polymer additives to ensure successful flocculation. Shear rates should be high enough to induce polymer tails and 

greater polymer extension, but not so high they produce detrimental effects to the flocculation mechanism. It is 

suggested that further investigation should be undertaken into turbulent mechanisms in the viscous sublayer and buffer 

layer, following polymer addition. The research could also be expanded by modeling larger shear Reynolds numbers 

to ensure polymer conformation trends recognized in the current study are also present within channels with higher 

levels of turbulence. 
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