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polymersArticleShear-Thinning in Oligomer Melts—Molecular Originsand ApplicationsRanajay Datta 1 , Leonid Yelash 2 , Friederike Schmid 1 , Florian Kummer 3 , Martin Oberlack 3 ,Mária Lukáčová-Medvid’ová 2, * and Peter Virnau 1, *123* Citation: Datta, R.; Yelash, L.;Schmid, F.; Kummer, F.; Oberlack, M.;Lukáčová-Medvid’ová, M.; Virnau, P.Shear-Thinning in OligomerMelts—Molecular Originsand Applications. Polymers 2021, 13,2806. https://doi.org/10.3390/polym13162806Academic Editors: Martin Kröger andPanayotis BenetatosInstitute of Physics, Johannes Gutenberg University, Staudingerweg 9, 55128 Mainz, Germany;rdatta@uni-mainz.de (R.D.); friederike.schmid@uni-mainz.de (F.S.)Institute of Mathematics, Johannes Gutenberg University, Staudingerweg 9, 55128 Mainz, Germany;yelash@uni-mainz.deDepartment of Mechanical Engineering, Technische Universität Darmstadt, Otto-Berndt-Str. 2,64287 Darmstadt, Germany; kummer@fdy.tu-darmstadt.de (F.K.); oberlack@fdy.tu-darmstadt.de (M.O.)Correspondence: lukacova@mathematik.uni-mainz.de (M.L.-M.); virnau@uni-mainz.de (P.V.)Abstract: We investigate the molecular origin of shear-thinning in melts of flexible, semiflexibleand rigid oligomers with coarse-grained simulations of a sheared melt. Entanglements, alignment,stretching and tumbling modes or suppression of the latter all contribute to understanding howmacroscopic flow properties emerge from the molecular level. In particular, we identify the rise anddecline of entanglements with increasing chain stiffness as the major cause for the non-monotonicbehaviour of the viscosity in equilibrium and at low shear rates, even for rather small oligomericsystems. At higher shear rates, chains align and disentangle, contributing to shear-thinning. Byperforming simulations of single chains in shear flow, we identify which of these phenomena are ofcollective nature and arise through interchain interactions and which are already present in dilutesystems. Building upon these microscopic simulations, we identify by means of the Irving–Kirkwoodformula the corresponding macroscopic stress tensor for a non-Newtonian polymer fluid. Shearthinning effects in oligomer melts are also demonstrated by macroscopic simulations of channel flows.The latter have been obtained by the discontinuous Galerkin method approximating macroscopicpolymer flows. Our study confirms the influence of microscopic details in the molecular structure ofshort polymers such as chain flexibility on macroscopic polymer flows.Keywords: shear flow; shear-thinning; semiflexible polymers; oligomers; heterogeneous multiscalemethods; molecular dynamics; discontinuous Galerkin method; soft matter; non-Newtonian fluidsReceived: 2 July 2021Accepted: 14 August 2021Published: 20 August 2021Publisher’s Note: MDPI stays neutralwith regard to jurisdictional claims inpublished maps and institutional affiliations.Copyright: 2021 by the authors.Licensee MDPI, Basel, Switzerland.This article is an open access articledistributed under the terms andconditions of the Creative CommonsAttribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).1. IntroductionUnderstanding the relation between viscosity and structure and its implications onmacroscopic flow is of prime importance, particularly for semiflexible polymers, whichare omnipresent in nature (DNA, actin filaments, microtubules), and synthetic polymers(polyelectrolytes, dendronised polymers). Technological applications are manifold andinclude, e.g., purifying DNA in microfluidic devices [1–3] or separation of polymers [4].Computer simulations at multiple scales nowadays provide powerful tools to probe andunderstand fundamental structure-flow relations as well as their applications.At the microscopic level, non-equilibrium molecular dynamics (NEMD) simulationshave been applied for forty years [5–16] to study how macroscopic flow properties, suchas shear-thinning, emerge from dynamics of microscopic structures. From the beginning,fundamental issues were approached from two sides. On the one hand, generic bead-springmodels (similar to the ones applied in this work) were used to probe the general behaviourof polymer melts under shear, such as shear viscosity at zero shear rate [5], progressivealignment and elongation with shear and corresponding correlations with stress [7], theincrease in viscosity when approaching the glass-transition in polymer melts and movementPolymers 2021, 13, 2806. dpi.com/journal/polymers
Polymers 2021, 13, 28062 of 20modes of individual chains [10]. On the other hand, research in this direction was alsodriven by modelling and comparing simulations with actual experiments involving specificpolymers [6,8,9]. The underlying models tend to be more involved in these cases andinclude bending and even torsion terms absent in the early studies mentioned above. Ittherefore comes as a bit of a surprise that the specific influence of stiffness on shear-thinningin polymers has only recently come into the focus of attention. Particularly, Reference [13]provides a comprehensive study and already anticipates some of the effects also discussedin this work, while [14] focuses on the influence of chain stiffness on individual movementmodes in single chain simulations in a MPCD solvent. We will argue, amongst others, thatthe emergence and decline of entanglements (e.g., as considered for melts of long flexiblechains under shear in [17] and for polyethylene in [18,19]) may also play an important rolefor short oligomers in this context.For complex multiscale systems, bridging over a large range of dynamically coupled scales is a challenging problem. In previous decades, this question has led to thedevelopment of new mathematical algorithms and hybrid multiscale methods. One possibility to build a multiscale algorithm relies on the Lagrangian–Eulerian decomposition,where the Lagrangian-type particles are embedded in the Eulerian description of fluid;see, e.g., [20–22]. Another approach is based on the domain decomposition. Hereby,a small accurate atomistic region is embedded into a coarser macroscopic model, see,e.g., [23]. Several hybrid models combining particle dynamics with the macroscopiccontinuum model can be found in the literature. In this context, we should mention,e.g., the hybrid heterogeneous multiscale methods [21,22,24–28], the seamless multiscalemethods [29,30], the equation-free multiscale methods [31,32], the triple-decker atomisticmesoscopic-continuum method [23], and the internal-flow multiscale method [33,34]. Anice overview of multiscale flow simulations using particles is presented in [35].In this paper, we apply a hybrid multiscale method that couples atomistic details obtained by molecular dynamics with a continuum model approximated by the discontinuousGalerkin method. In order to extract mean flow field information from the molecular dynamics, averaging needs to be performed. Specifically, the required rheological informationfor the complex stress tensor is calculated by means of the Irving–Kirkwood formula [36].Consequently, the averaged stress tensor is passed to the macroscopic continuum model.Thus, our method belongs to the class of hybrid particle-continuum methods under thestatistical influence of microscale effects. We note in passing that the degree of scale separation of a physical system influences the sensitivity of the accuracy of a solution and thecomputational speed-up over a full molecular simulation [34].The present paper is organised in the following way. First, we review and explore withNEMD simulations the molecular foundation of shear-thinning in low molecular weightpolymers as a function of chain stiffness in the framework of a microscopic bead-springmodel (Sections 2 and 3). In particular, we will show how shear-thinning emerges froman intricate interplay of molecular alignment, stretching and tumbling modes [12,14,37].The comparison of our high-density melt with simulations of single chains will also allow us to provide educated guesses for the density dependence of individual effects. InSections 4 and 5, we use microscopic data obtained from simulations in Section 3 as inputfor the study of various macroscopic channel flows using a hybrid multiscale method andinvestigate differences from Newtonian flow behaviour arising due to shear-thinning effects.2. Microscopic Model and Simulation TechniquesFor our microscopic model, we use standard bead-spring chains to represent theoligomers, as formulated by Kremer and Grest [38]. In this model, all beads interact witheach other via a repulsive Weeks–Chandler–Andersen potential [39]: 1σ 12 σ 6 1VWCA (r ) 4e ,r 26 σrr4(1) 0,1r 26 σ
Polymers 2021, 13, 28063 of 20with σ 1 and e 1. Adjacent beads are connected with an additional FENE interaction [40,41]: r 2 1(2)VFENE KR2 ln 1 2Rwith K 30 and R 1.5. Semiflexibility is implemented with a bending potential:Vθ κ (1 cos θ )(3)with θ being the angle between the three involved consecutive atoms and κ being thecoefficient of stiffness. A cosine type bending potential such as Equation (3) originatesfrom the well-known Kratky–Porod model [42–44] and is a common choice for modellingsemiflexibility in polymers [45]. Note that even though our short flexible chains are essentially unentangled, Reference [46] suggests for a very similar model that the entanglementlength drops steeply with increasing stiffness for semiflexible chains, implying that chainsof length N 15 are already entangled for our intermediate range of stiffnesses (κ 5).Non-equilibrium molecular dynamics simulations of a sheared melt at density ρ 0.8were performed using the LAMMPS simulation package [47]. System sizes were setto (15σ)3 if not mentioned otherwise. Shear along the x-direction was introduced bysuperimposing a velocity gradient on thermal velocities using the SLLOD equations [48–51]and coupling the latter to the Nose–Hoover thermostat [50,52]. Temperature T 1 wasmaintained throughout our simulations, and the Velocity Verlet algorithm was used tointegrate the equations of motion. Note that LAMMPS implements a non-orthogonalsimulation box with periodic boundary conditions that deforms continuously in accordancewith the applied shear rate [53,54]—an approach that has been shown to be equivalent tothe commonly used Lees–Edwards boundary conditions [51,55].Shear viscosity η (γ̇) was calculated using the relationη σxy,γ̇(4)where γ̇ is the applied shear rate and σxy is a non-diagonal component of the stress tensoras determined by the Irving–Kirkwood formula [36,56]:#" N N1 N(5)σxy mi vi,x vi,y rij,x f ij,y .V ii j iHere, mi is the mass of the ith particle, vi the peculiar velocity of the ith particle, and rijand f ij are the distance and force vectors between the ith and the jth particle, respectively.For comparison, we have also calculated shear viscosity via the Green–Kubo relation:ηGK VkB TZ 0σxy (t)σxy (0) dt.(6)where V is the volume of the system, and k B is the Boltzmann constant. ηGK is measuredunder equilibrium conditions (γ̇ 0) and serves as a reference value for η (γ̇ 0).Note that forces arising from the thermostat and its coupling to the SLLOD conditionsare not explicitly considered in Equation (5) and may potentially result in a small systematicerror. For a detailed discussion of this effect in the context of dissipative thermostats, thereader is referred to Reference [57].In addition, we have carried out Brownian dynamics simulations of single chains(same potentials as above) in an external shear flow profile. The equation of motion ofmonomers i is given by1r i fi γ̇zi ξ i (t),(7)ζwhere ζ is the monomeric friction, fi the intermolecular force acting on i, and ξ i,α (t) anuncorrelated Gaussian white noise with mean zero obeying the fluctuation–dissipationtheorem, i.e., hξ iα (t)ξ iβ (t0 )i (2k B T/ζ ) δij δαβ δ(t t0 ). In the simulations, we used an
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Polymers 2021, 13, 28064 of 20Euler forward algorithm with a time step t 10 4 ζσ2 /e. The time scales of the twomodels were adjusted by mapping the Rouse times of fully flexible chains (κ 0) atequilibrium (γ̇ 0). To determine the Rouse time, we determined the autocorrelationfunction of the squared end-to-end distance,CRee (t) h R2ee (t) R2ee (0)i h R2ee i2.h R4ee i h R2ee i2(8)For ideal Rouse chains, it can be calculated analytically, givingCRee (t) 8π2 podd1 p2 (t/τR )2 2,ep2(9)where p sums over the Rouse modes of the chain. At late times, the behaviour ispdominatedby the first Rouse mode with p 1. We thus fitted the late time behaviour of CRee (t) tothe function Ae t/τR for chains of length N 15 in a melt and for the corresponding singleBrownian chains. The fit parameters for the prefactor A were in rough agreement with thetheoretical value 8/π 2 0.81 in both cases (A 0.87 for melt chains, and A 0.90 forsingle oligomers). The fitted Rouse time of melt chains was τR (85.4 0.1) mσ2 /e, andthat of single oligomerswas τR (8.45 0.02)ζσ2 /e. Hence, the time scales match when choosing ζ 10.1 me/σ2 . We have also carried out a more intricate mapping (discussedin Appendix A), which matches Rouse times for each value of κ, but does not change ourresults qualitatively.3. Shear-Thinning in Oligomer Melts—A Molecular AnalysisIn the following section, we would like to investigate and review the molecularfoundation of shear-thinning in low molecular weight polymer melts. We will showand highlight that macroscopic flow properties of polymers are governed by an intricateinterplay of stretching, alignment and tumbling of individual molecules as well as collectivemodes at the molecular level.Figure 1a displays viscosity η as a function of shear rate γ̇ for flexible oligomers withdifferent chain lengths N. Flexible oligomers exhibit shear-thinning [10], i.e., decrease ofviscosity with increasing shear rate. For consistency, we also compare viscosities as derivedfrom Equation (5) with those obtained from the Green–Kubo relation, Equation (6) (pointson the y-axis). The latter agree with the values for γ̇ 0.001 within the error bars. Theoverall shape of η (γ̇), namely a plateau at low shear rates followed by a shear-thinningregime, which becomes more pronounced with increasing molecular weight, has also beenobserved for various polymers experimentally [9,58,59]. The inset shows that ηGK increaseslinearly with N for small chain lengths in agreement with simulations from [5].In Figure 1b, we investigate the dependence of viscosity on shear rate as a functionof stiffness for an oligomer melt with chain length N 15. While for large shear rates,viscosity decreases with increasing stiffness and intriguingly even drops below the valuedetermined for monomers (for κ 3), η (κ ) becomes non-monotonic for low shear rates.For γ̇ 0.001, flexible chains with κ 0 have the lowest viscosity, while viscosity increasesfor semiflexible chains and drops down again for rigid chains, an effect described in [13]for a similar model. A similar non-monotonic behaviour is exhibited by ηGK (shown onthe margins of Figure 1b as a function of κ). While the rise of viscosity can already beexplained with the emergence of entanglements for intermediate stiffnesses, at the end ofthis section we will associate the following decline with a collective alignment of chains(and associated disentanglements), which are amplified by shear (Figure 4).
Polymers 2021, 13, 28065 of 2010010linear fit510Nη11086420015monomersN 2N 5N 10N 15ηηGKa)b).monomer, γ 0.5κ 0κ 3κ 5κ 7κ 101010.0010.01 .0.110.11.γγFigure 1. (a) Viscosity η as a function of shear rate γ̇ for a melt of flexible oligomer chains (κ 0) withN 1, 2, 5, 10 and 15 beads per chain. Corresponding shear viscosities according to the Green–Kuborelation ηGK are shown on the y-axis and displayed as a function of N in the inset. Density ρ 0.8and box dimensions are 10 10 10σ3 for N 1, 2, 5 and 10 and 15 15 15σ3 for N 15. (b) η (γ̇)for a melt with N 15 and ρ 0.8 and varying stiffnesses. ηGK for κ 0, 3, 5, 7 and 10 are displayedon the y-axis. The viscosity for monomers at γ̇ 0.5 (blue triangle) is also shown for reference. If notdisplayed explicitly, errors are smaller than symbol sizes. All lines serve as guides to the eye.0.0010.01In Figure 2a, we quantify the stretching of individual chains with shear. The sizeof a flexible chain as measured by the mean square end-to-end distance h R2ee i increasescontinuously as a function of shear rate. For κ 5, the average size only increasesslightly towards moderate shear rates before decreasing again at high rates similar to [14],ruling out stretching as a main driving force for shear-thinning in this regime for melts ofsemiflexible chains. Figure 2b visualises the alignment of chains along the shear directionby plotting the ratio of the x-component to the total h R2ee i. Without shear, each componentcontributes equally, yielding a ratio of 1/3 (dotted line in Figure 2b). While this holdsfor flexible chains at low shear rates, deviations become more pronounced for shear ratesexceeding 0.01. This is also roughly the rate at which noticeable deviations from ηGKstart to occur in Figure 1a and shear-thinning sets in. This behaviour becomes even morepronounced for semiflexible chains. At γ̇ 0.001, chains are already partially aligned, andthe viscosity in Figure 1b already deviates significantly from the value obtained from theGreen–Kubo relation. Shear-thinning sets in at even lower shear rates and is reinforcedwith progressive alignment of chains. This relation provides a clear indication that chainalignment is strongly correlated with the occurrence of shear-thinning in agreement withprevious observations [13,14]. Note that for κ 5, chains are already stretched and alignedin equilibrium simulations without shear (values on y-axis of Figure 2a,b) indicating theemergence of nematic behaviour in agreement with previous observations in a similarmodel [46,60]. For κ 10, there is even an initial drop from the bulk ratio once shear setsin. Interestingly, stretching and alignment of chains can already be observed qualitativelyin simulations of single chains in shear flow (dashed lines in Figure 2a,b), indicating thatthese phenomena should in principle be observable for melts of all densities. However,while the alignment of flexible chains is well-reproduced, the increase is less pronouncedfor higher stiffnesses, indicating that collective alignment contributions due to stiffness arenot captured by single chain simulations.In the following, we turn to movement modes of individual chains.
Polymers 2021, 13, 2806200a)κ 10κ 10, single chainκ 5κ 5, single chainκ 0κ 0, single chain Ree² 1501005000.0010.01 Ree,x² / Ree² 6 of 2010.90.80.70.60.50.40.30.20.10b)κ 10κ 10, single chainκ 5κ 5, single chainκ 0κ 0, single chain0.110.0010.010.11.γγFigure 2. (a) h R2ee i as a function of shear rate γ̇ for stiffnesses κ 0, κ 5 and κ 10 at densityρ 0.8. (b) Ratio of the x-component h R2ee,x i and h R2ee i as a function of γ̇ for κ 0, κ 5 and κ 10.The dotted line at the ratio of 1/3 marks the value for an unsheared melt. Results for a single chainin shear flow are shown as dashed lines (with points) in both figures. Values on the y-axis (in (a,b),colour scheme such as in Figure 1b) correspond to equilibrium simulations without shear. As there isno preferred orientation in the bulk, the value for the ratio refers to the largest component. For κ 5,there is no preferred orientation in the bulk. All lines serve as guides to the eye.Figure 3 shows the distribution of R2ee of individual chains in melts. While equilibriumsimulations (γ̇ 0) have a broad distribution of end-to-end distances for κ 5 (solid greenline in Figure 3a), conformations develop a preference for stretched chains at moderateshear rates (γ̇ 0.01, solid red line). At about this rate, h R2ee i displays a maximumin Figure 2a. For the highest shear rate γ̇ 0.5 (solid black line), U-shaped tumblingconformations coexist with stretched conformations explaining the decrease of h R2ee i inFigure 2a for γ̇ 0.02 [14]. For flexible chains, compact conformations dominate thebehaviour at small and large shear rates (Figure 3b), as already noted in [10], even thoughthe latter also exhibit some degree of stretched conformations. This also explains whyh R2ee i is significantly smaller in comparison to semiflexible chains (Figure 2a). It is worthnoting that the occurrence of compact conformations does not impede the continuousalignment of chains along the shear direction with increasing shear rate, as demonstratedin Figure 2b. The intricate interplay between stretching and tumbling as a function of shearrate and stiffness can also be observed for our single chain simulations (as noted for flexiblechains already in [10] and studied in [11]), indicating that these movement modes are not acollective phenomenon and should occur in melts of all densities [15].0.020.010.0100.κ 0, γ 0 (equilibrium).κ 0, γ 0.5.κ 0, γ 0.5, single chain0.03P(Ree²)0.02b) 0 (equilibrium) 0.01 0.01, single chain 0.5 0.5, single chainP(Ree²).κ 5, γ.κ 5, γ.κ 5, γ.κ 5, γ.κ 5, γa)0.0350100Ree²1502000050100Ree²150200Figure 3. (a) Probability distributions P(R2ee ) for stiffness κ 5 at shear rates γ̇ 0, 0.01 and 0.5.The two peaks of the distribution for γ̇ 0.5 correspond to U-shaped configurations and stretchedconfiguration of individual oligomers, respectively, as indicated by typical snapshots. (b) P(R2ee ) forstiffness κ 0 and shear rate γ̇ 0 and 0.5. Results for a single chain in shear flow are shown asdashed lines in both figures.In Figure 4, we finally investigate the non-monotonous behaviour of the Green–Kuboviscosity ηGK and viscosity at low shear rates (γ̇ 0.001) as functions of κ. ηGK increaseswith increasing chain stiffness, reaches a maximum at about κ 6 and undergoes a sharp
Polymers 2021, 13, 28067 of 20decrease after that. Furthermore, η (γ̇ 0.001) increases up to κ 5 and decreasessubsequently. Intriguingly, ηGK matches with η (γ̇ 0.001) up to κ 3, but, betweenκ 4 and κ 6, ηGK is significantly larger than η (γ̇ 0.001). As already pointed out,Reference [46] estimates that the entanglement length decreases with increasing persistencelength, l p , to a point at which the entanglement length becomes smaller than the chainsize. It estimates that at l p 1.5, 3, 5, the entanglement lengths are approximately equal to15, 8 and 6, respectively. Reference [61] estimates that the numerical values of l p are quiteclose to the numerical values of κ. For example, κ 3 and 5 correspond to l p 2.5 and 5,respectively. Therefore, chains become entangled, and this effect increases with increasingκ. It should be noted, however, that for both Reference [46] and [61], the number densitywas 0.85, which is a bit higher than the number density of our system (0.8). Bond andangular potentials forms also differ slightly in [46]. Incidentally, Reference [62] also obtainsan analytic expression that estimates entanglement length as a function of chain stiffnessfor isotropic polymer chains. Unaligned and entangled chains impede collective motionunder equilibrium conditions, and as a result, ηGK (κ ) increases up to κ 6. Followingκ 6, however, there is a sharp drop in ηGK . This is consistent with our observationfrom Figure 2b that for κ 7 and κ 10, chains are already stretched and aligned underequilibrium conditions, indicating that our system indeed undergoes an isotropic-nematictransition following κ 6. Entanglements decrease as chains align and conformationsbecome more susceptible to the applied shear, resulting in a decrease in ηGK . η (γ̇ 0.001)as a function of κ also exhibits a similar non-monotonous behaviour. While the initialincrease can also be attributed to progressive entanglements, for κ 4, the applied shearalready begins to align the chains towards the shear direction, counteracting entanglementeffects, as is evident in Figure 4b. As a result, η (γ̇ 0.001) are lower than the correspondingηGK values. For κ 6, chains are more strongly aligned along the shear direction, thusη (γ̇ 0.001) as a function of κ decreases beyond κ 5 [13]. This behaviour is, in contrastto stretching and alignment with increasing shear rate, a collective phenomenon thatcannot be observed in corresponding simulations of single chains and should thereforevanish gradually at smaller densities. Our finding that rheological properties in rathershort oligomeric systems are dominated by the emergence and decline of entanglementsmay come as a surprise. However, it should be noted that some prior studies have alsoassociated shear-thinning with decreasing entanglements, albeit for much longer chains.Reference [18] shows that in a linear polyethylene melt (C400 H802 ) system comprisingpolymers with a finite stiffness, the number of entanglement strands per chain decreasewith increasing shear rate. Reference [19] argues along similar lines for a melt comprisingof even longer linear polyethylene chains (C700 H1402 ), and Reference [17] shows a similardecrease in entanglements with increasing shear rate for flexible polymer chains (N 200and 400). In Appendix B, Figure A2 displays various configuration snapshots of oligomermelts, which further visualise the interplay between disentanglement, alignment and shear.50a)1.γ 0.001ηGK0.8 Ree,x² / Ree² 40η3020.γ 0.001.γ 0.001, single chain0.60.40.2100b)024681000246810κκFigure 4. (a) Viscosity η as a function of stiffness κ for shear rate γ̇ 0.001. Shear viscosity at zeroshear rate ηGK are shown as green dots. (b) h R2ee,x i/h R2ee i as a function of κ at γ̇ 0.001 for melt andsingle chain simulations (dashed lines). All lines serve as guides to the eye.
Polymers 2021, 13, 28068 of 204. Hybrid Multiscale MethodAfter studying the molecular origin of non-Newtonian behaviour of short polymermelts, we now turn our attention to macroscopic simulations combining them with theresults of molecular dynamics.The motion of an incompressible fluid flow at the macroscopic level is governed bythe continuity and the momentum equations · u 0, u u · u · σ g, tu uD ,σ · n 0,u ( t 0 ) u (0)in Ω [0, T ](10a)in Ω [0, T ](10b)on Ω D(10c)on Ω N(10d)in Ω,(10e)where u is the velocity vector, σ the Cauchy stress tensor, and g an external body force. Theboundary of the computational domain Ω consists of the Dirichlet, Neumann and periodicboundary, i.e., Ω Ω D Ω N Ω P .The Cauchy stress tensor can be split into two parts σ pI τ with p beingan isotropic hydrostatic pressure and τ a viscous stress tensor. For the Navier–Stokesequations, we have τ η ( u u T ) with η being a constant viscosity. This relation ismore complex when non-Newtonian polymer fluids are considered.In this work, we apply the hybrid multiscale method that couples the moleculardynamics simulations with the macroscopic model (10a–e). As explained in Section 2, themacroscopic stress tensor can be derived from the Irving–Kirkwood formula (5).Our extensive molecular dynamics simulations imply that the stress tensor can actuallybe expressed in the following simple wayτ η (γ̇)( u u T ).(11)Finally, the viscosity–shear rate dependence leads to a well-known Carreau–Yasudarheological model [63]η (γ̇) η (η0 η )(1 ( a2 γ̇) a3 ) a1(12)with the following coefficients: for flexible polymers (stiffness κ 0) η0 7.76, η 1.08441,a1 0.425387, a2 54.3905, a3 1.28991; and for semiflexible polymers with κ 5η0 36.052, η 1.09319, a1 0.214969, a2 2143.96, a3 2.78713.We note in passing that for a particular situation considered in this paper, our hybridmultiscale method can be seen as a parameter passing sequential coupling multiscalemethod, see, e.g., ref. [29] for a detailed description of the concurrent and sequentialcoupling strategies.The oligomer chain length in both cases is N 15. Figure 5 compares the MD dataand the fitting with the Carreau–Yasuda model.Our next goal is to calculate the shear-dependent viscosity η (γ̇). In what follows, weconsider for simplicity the situation of two-dimensional shear flows and use the notationu (u, v). Applying (12), we need the value of the shear rate γ̇ of the polymer flow. It canbe obtained from the strain-rate tensor u v u u uT S u x v 2 y x2 y x2 v y by rotating it with respect to the streamlines to the anti-diagonal matrix(13)
Polymers 2021, 13, 28069 of 200TS ΘSΘ 0γ̇/2γ̇/20 (14)). Here, Sij are comby an angle θ, which for incompressible flows is θ 12 tan 1 ( SSxxxyponents of the strain-rate tensor S and Θ the rotation matrix [64,65]. The new strain-ratetensor S0 corresponds to a pure-shear deformation (i.e., in absence of normal stresses). Theshear rate can therefore be calculated from the components of the original strain-rate tensorS and the angle θγ̇/2 Sxy cos(2θ ) Sxx sin(2θ ).(15)The stress tensor in the shear flow can be calculated in the normal-stress free basis andtransformed back to the original basis according to (11) τ Θ T 2η (γ̇)S0 Θ.(16)As shown in (16), we consider in the present work shear dependent flows, wherethe stress tensor or, more precisely, the viscosity are nonlinear functions of the local shearrate. In order to consider more general flow conditions, such as the extensional flow, rigidrotation and mixed flows, one needs to take into account not only the shear rate dependencebut a complete decomposition of a three-dimensional symmetric tensor (stress tensor) intoa six-dimensional basis. In such a way, not only the viscosity but also additional responsecoefficients will be computed from microscopic simulations in order to determine the localstress tensor. We refer the reader to our recent 
methods [29,30], the equation-free multiscale methods [31,32], the triple-decker atomistic-mesoscopic-continuum method [23], and the internal-ﬂow multiscale method [33,34]. A nice overview of multiscale ﬂow simulations using particles is presented in [35]. In this paper, we apply a hybrid multiscale method that couples atomistic details ob-
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Nonlocal shear-thinning effects substantially enhance helical propulsion 


ﬂuid observed in recent experiments [40], suggesting the crucial role of nonlocal shear-thinning effects on this mode of propulsion. To fully capture the shear-thinning effects, we use ﬁnite-element analysis and solve the momen-tum equation in the inertialess regime, ·T 0, for the incompressible ﬂow ( ·u 0) around the helix.
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Pulsed eddy current testing of wall‐thinning through cladding and insulation was studied for various wall thinning situations. The simulation results show the capability of this system in pipe wall thinning detection. Keywords: Finite Element Analysis, Pulsed Eddy Current, Encircling Probe 1 Introduction
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Problems with oligomer in dyeing polyester yarns and fabrics. 


the dyeing machine can reduce the build -up of white powder deposits on the winding machin e mechanism with polyester containing high concentrations of oligomer
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Appendix 4 (Laboratory and In situ Direct Shear Results) 
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FRP shear strengthening of RC beams and walls 


Concrete contribution to the shear force capacity of a beam [N] V d Design shear force [N] V s Steel stirrups contribution to the shear force capacity of a beam [N] V p Axial load contribution to the shear force capacity of a beam [N] V i Other contributions to the shear capacity of a beam [N] V frp FRP contribution to the shear capacity [N]
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Stabbing Resistance of Soft Ballistic Body Armour ... 


2.13.1 Understanding the rheology of structured fluids [149].61 2.13.2 Theory of STF . thickening (dilatant) fluids: (a) shear stress as a function of shear rate; (b) viscosity as a function of shear rate. .65 Figure 2.16 Schematic representation of shear-thinning and shear-thickening .









32 Views




2y ago






















ATTREZZATURE SPECIALI PER PROVE SU COMPOSITI 


A-3 Short Beam Shear (ASTM D 2344) A-4 Two-Rail Shear (ASTM D 4255) A-5 Three-Rail Shear (ASTM D 4255) A-6 Shear Strength by Punch Tool (ASTM D 732) A-7 Sandwich Panel Flatwise Shear (ASTM C 273) A-8 Special Sandwich Panel Shear Fixture (ASTM C 273) SEZIONE B: PROVE DI COMPRESSIONE B-1 Wyoming Combined Loading Compression (ASTM D 6641) B-2 Modified ASTM D 695 (Boeing BSS 7260) B-3 IITRI .
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Introduction to Qualitative Field Research 


Introduction to Qualitative Field Research 3 01-Bailey-(V-5).qxd 8/14/2006 6:24 PM Page 3. He observed, interviewed, and took photographs of them, even one of “Primo feeding cocaine to Caesar on the benches of a housing project courtyard” (p. 101). Purpose of Research and Research Questions Although all field research takes place within natural settings, it serves different purposes. It is .
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Legal Proceedings and Legal Privilege Exemptions: Myth-busting - ICO

If asking for legal advice, say so, and start new email chain If giving legal advice, say so Involve lawyers (before litigation contemplated) Maintain confidentiality of legal advice documents Limit dissemination of legal advice (need to know; original only) Make internal communications re legal advice factual
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Smart People Ask for (My) Advice: Seeking Advice Boosts .

advice strategically is likely to be a different experi-ence for the advice seeker than seeking advice with the intention of using it, from the advisor’s perspec-tive, strategic advice seeking may elicit the same per-ceptual effects as authentic advice seeking because the advice seeker’s intentions (and her reliance on advice)
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Legal Action Group The Role of Advice Services in Health Outcomes

The Role of Advice Services in Health Outcomes Evidence Review and Mapping Study June 2015 The Role of Advice Services in Health Outcomes . tor.!Our! r,!
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Legal Information vs Legal Advice Guidelines - TMCEC

giving legal advice. Legal advice is a written or oral statement that: o Interprets some aspect of the law, court rules, or court procedures; o Recommends a specific course of conduct a person should take in an actual or potential legal proceeding; or o Applies the law to the individual person's specific factual circumstances. What is Legal .
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ProQual L2 Certificate Supporting Access to Legal Advice

R/502/7657 Communicating with legal advice clients 2 3 D/503/0822 Supporting clients to make use of the legal advice service 2 3 R/502/7660 Enabling legal advice clients to access signposting and referral opportunities 2 3 Optional Units - a minimum of 6 credits Unit Reference Number Unit Title Unit Level Credit Value
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Guidance for opponents in civil legal aid cases - Scottish Legal Aid Board

injury case - may apply for civil legal aid (since this leaﬂet deals only with civil legal aid, where we refer to "legal aid" we mean "civil legal aid"). Legal aid is ﬁnancial help from public funds. It helps people who qualify to get legal advice and the help of a solicitor to put their case in court.
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Priority Banking Tariff - Standard Chartered

Foreign exchange rate Free Free Free Free Free Free Free Free Free Free Free Free Free Free Free SMS Banking Daily Weekly Monthly. in USD or in other foreign currencies in VND . IDD rates min. VND 85,000 Annual Rental Fee12 Locker size Small Locker size Medium Locker size Large Rental Deposit12,13 Lock replacement
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legal and ethical dimensions of practice - Dovetail

Material in this Guide should never be taken as providing you or any other person with legal advice. Legal advice regarding the application of the law to a particular circumstance or situation can only come from a legal practitioner. A range of sources for legal advice can be found in the Guide.
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How Social Welfare Legal Advice and Social Prescribing can work .

The position of social welfare legal advice and its role in London's recovery The Mayor of London and partners should position social welfare legal advice as a core pillar of Londons recovery from the OVID-19 pandemic, with a core focus on ensuring adequate funding and practical support for advice agencies to ensure ongoing viability.
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WHAT TO DO IF YOU ARE SEXUALLY HARASSED

There are many legal clinics or legal information centres you can contact to obtain legal information, educational resources or legal referrals. Alberta Central Alberta Community Legal Clinic (Red Deer) Centre for Public Legal Education Alberta Pro Bono Law Alberta Women's Centre Legal Advice Clinic (Calgary)
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Legal Advocacy Essentials

Legal Advocacy Essentials: a core training for legal advocates Presented by the Washington State Coalition Against Domestic Violence, 2008. This information is not intended as a substitute for legal advice. 1 Legal Advocacy Essentials . A core training for legal advocates . Table of Contents . What is a legal advocate?




1y ago




233 Views






















Legal & Corporate Services: Strategic Plan - CP6

the provision of legal advice, managing legal risk and managing the legal supply chain. By doing this well, the team will move towards its vision. Legal Services is made up of 4 teams, each serving different customers with a dedicated legal resource. This is summarised in the figure right. Although Legal Services has customerdistinct, -focussed .
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Regulatory Guide RG 90 Example Statement of Advice: Scaled advice for a .

representatives and advisers who give personal advice to retail clients. It explains how and why we have developed an example Statement of Advice (SOA) for scaled advice (i.e. personal advice that is limited in scope) on personal insurance for a new retail client. The example SOA was developed in consultation with stakeholders, and we
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Removal of licence disqualification - Legal Aid WA

agencies, permission must first be obtained from Legal Aid Western Australia. This Kit provides information about the law only and does not constitute legal advice. You should seek legal advice if you have a specific legal problem. Every effort is made to ensure that the information contai
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Legal Information vs - txcourts.gov

giving legal advice. Legal advice is a written or oral statement that: Inter p rets some as ect of th elaw, courtles, or du s; Recomme nd s a pecific c ourse of ndu ters h ld k ein an actual or ntial legal proceeding; or 'sApplies th elaw to individu alperso n seci fic actu circums a . What is Legal Information?
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