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Polymer chain dynamics in Newtonian and viscoelastic turbulent channel flows are examined by
Brownian dynamics simulations utilizing FENE and FENE-Hhitely extensible nonlinear
elasti¢—Peterlin] dumbbell models. The chain extension is predicted by using an algorithm that
combines the two-step semi-implicit predictor—corrector scheme for the evaluation of dumbbell
trajectories with the direct numerical simulation of turbulent flow field. The influence of maximum
extensibility of the polymer chair, the friction Reynolds number, Reand friction Weissenberg
number, We, on the chain dynamics in the viscous sublayer, buffer layer, and turbulent core is
examined. For a given value &f the average chain extensiofiQ|), approaches an asymptotic
value with increasing We For given values of Weand the friction Reynolds number, R&|Q|)/b
decreases althoudlQ)|) itself increases with increasiry Significant qualitative and quantitative
differences exist between the predictions obtained using the FENE and FENE—P models.
Specifically,(|Q|) values predicted by the FENE—P model are greater than those predicted by the
FENE model for given Weandb. The normalized probability distribution functidpdf) for (|Ql)
predicted by the two models also shows differences. Violated states, i.e., configuration®jwith

> /b, are seen for the FENE—P model while such states are not seen for the case of FENE model.
Despite these differences, the quantitative differences between the predictions of the two models for
(QQ) in the viscous sublayer and the buffer layer can be practically eliminated by suitable
renormalization of the maximum extensibility parameter. This renormalization also reduces the
disparity between the FENE and FENE—P model predictions for the shear stress and transient
extensional viscosity. Since mean chain extension and transient extensional behavior play a
significant role in drag reductiofDR) such renormalization procedures could be used to improve
the accuracy of continuum-level model predictions of DR. Comparison of simulation results
obtained for Re=125 and 180 shows that the dependence of pdf{f@f) on We and the
renormalization proposed are not strongly influenced by. R&owever, the fraction of highly
extended states is larger for ReL80 while the states with low to moderate extension are smaller.
ConsequentlfQQ) increases only marginally with increasing, Re© 2004 American Institute of
Physics. [DOI: 10.1063/1.1687415

I. INTRODUCTION cal studies were conducted on drag-reducing polymer
systems~* Based on these experimental observations the
The addition of small amounts of soluble high molecularproposed mechanisms of drag reduction rely on the exten-
weight polymers to inertia-dominated wall bounded flowssional viscosity characterizing the enhanced fluid resistance
not only affects their instability characteristicé but also  to extensional motiofg?3°-3%or relaxation time character-
reduces the turbulent drdg** It has been observed experi- izing the elastic memory effects-*?However, the extent to
mentally that even a very small amour®(100) ppnm] of  which either of these factors, i.e., chain relaxation and exten-
polymer additives in a flow can reduce drag up to 78%. sional thickening, contribute to drag reduction is unclear.
This has stimulated tremendous research effort. In the literaPart of the difficulty lies in the fact that it has not yet been
ture there are a large number of papers devoted to the expepossible to obtain experimentally all the kinematic variables
mental study of the wall layer structures in drag reducingin drag reduced flows that provide information on vorticity
flows. Several experimental observations have been madend kinetic energy transport. Moreover, experimental visual-
which indicate that the polymers modify the turbulenceization of polymer chain configurations in turbulent flows
structure$®~2* within the buffer layer which is the most ac- has not been possible. Consequently, experimental data for
tive region in wall bounded flows. These changes includehe coupling between polymer conformation and kinematics
increase in the dimensionless transverse spacing of the lowdo not exist. However, in order to obtain information on
speed streaks within the buffer layer and reduction in theolymer configuration-flow coupling that is central to drag
strength of the streamwise vortices?°In an attempt to in-  reduction, one has to resort to direct numerical simulations
vestigate the effects of polymer extensibility and relaxation(DNS) of viscoelastic turbulent flows.
on the onset and the extent of drag reductioR), rheologi- The development of accurate and efficient spectral meth-
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ods for viscoelastic turbulent flow simulation and their extensibility parameter in the FENE—P model. The paper is
implementation on high performance computers have maderganized as follows. In Sec. Il we present the governing
it possible to investigate turbulent drag reduction in diluteequations and dimensionless parameters. Section Il deals
polymer solution€®~*° Sureshkumaret al*® carried out with the numerical method used to solve these equations.
DNS of the turbulent channel flow of a dilute polymer solu- Section IV contains results and discussions. Conclusions are
tion from first principles using kinetic theory based constitu-presented in Sec. V.

tive equation for the polymer. They modeled polymer chains

as finitely extensible nonlinear elastic—PetelFENE—P

dumbbells. In this model, the viscoelastii: stress is related t GoOVERNING EQUATIONS

the departure of the conformation tensoy,characterizing

the ensemble average second moment of the polymer chain For the channel Poiseuille flow considered in this study,
end-to-end distance vector. Their simulation results showede choose thex axis as the mean flow direction, i.e., the
excellent qualitative agreement with experimental findingsdirection of the constant, externally imposed, pressure gradi-
In particular, they observed a decrease in the streamwise voent and they and thez axes as the wall-normal and spanwise
ticity fluctuations and an increase in the average spacing balirections, respectively. We denote zero-shear kinematic vis-
tween the streamwise streaks of low speed fluid within thecosity asv,, defined as the ratio of total zero-shear viscosity
buffer layer. They also demonstrated that the extent of drag.,, to the density of the polymer solution We use the
reduction depends on the maximum average chain extendiiction velocity, defined asU,=+r,/p, as the velocity
bility and the friction Weissenberg number, Wedefined as scale, wherer,, represents the shear stress at the wagllU ,

the ratio of the fluid relaxation time to the wall time scale as the length scale, am@/Uf as the time scale. Using these
vo/u? where v, is the zero shear kinematic viscosity of the scales the dimensionless equations for the conservation of
fluid andu, is the friction velocity?’ It has also been shown momentum and mass become

through continuum-level modeling that maximum chain

stretch occurs on the surface of axial vortices and polymer _V+\7.V\7= —V5+[[3V2\7+(1—B)V-T]+ iex

stretch is correlated with the sweep and ejection cyt¥e¥. at Re;
Although many of the salient features of turbulent drag (1)

reduction were captured by the DNS studi&si® details re- V.V=0, )

garding the specifics of polymer chain orientation and its hereV. % 4T denote th locity. th
coupling to the kinematics have not been extensively exy (;art?\\/’ P, anl » eno et _bet_ve C;C't);; teteIXC(tass pressure
plored. Since the DNS studi¥s*° are based on continuum 21¢ the Viscoelastic contribution to the fotal Sress, respec-

level models the details of polymer configuration are de—t'vely' The pressure is scaled by the wall shear strgssThe

scribed only in the ensemble-averaged sense. From the poiﬁ}St term in Eq.(1) represents the constant, mean pressure

of view of developing mechanistic ideas that can aid the fop per unit length across the channel which in the dimen-
development of simpler models of DR, it is desirable to c)b_sionless units used here is represented by the inverse of the

tain details of the polymer chain length and orientation dis—f”CtIon Reynolds number ReshU, /v, whereh is the chan-

tribution and how they depend on chain extensibility, therlel half'w'dth‘ The parametgs appearing in Eq(1) repre-

Weissenberg number and the locati@e., viscous sublayer sents the ratio of the solveni() to the total zero-shear rate

buffer layer, or turbulent coyen the flovx; ' solution viscosity fuo). Finally, note that the viscoelastic
To daté all investigations of chain.dynamics using ki- stress tensoi is made dimensionless using a viscous stress

. . 2 _ _ .
netic theory based models such as FENE, FENE—PM, antcaling, i-€. 50U/ v, Whereupo= o= us is the polymer

FENE chain have been limited to turbulent channel flow of acontr|but|on to the total z_ero—shear SO.IUt'On viscosity.
The system of equationd) and(2) is supplemented by

Newtonian fluicP® Although these studies have been limited . . e .
to Newtonian kinematics, they have demonstrated that thgnher selecting a closed form constitutive equation for the
' iscoelastic stress contribution or by evaluating the vis-

mean chain extension are qualitatively and nearly quantita\—/ . L . .
tively similar implying that the internal modes, i.e., Olegreescoelastlc stress contribution as an appropriate expectation

of freedom arising from a multibead spring model, do notfrom an ensemble of polymer trajectories evaluated via BDS

play a very significant role in determining the extent of dragas described in Secs. Il A and I B below.
reduction®* Consequently, single segment dumbbell-based . - :
models can be utilized to explore the role of kinematics,A' Continuum-level constitutive equation

chain extensibility and relaxation time on the distribution of The closed form constitutive equation used is the
chain extension and orientation in the flow. In this work we FENE—P (finitely extensible nonlinear elastic—Peteflin
perform Brownian dynamics simulatiofBDS) by utilizing ~ dumbbell model. The choice has been motivated by the fact
FENE and FENE—-P dumbbell models in drag reducing visthat prior DNS simulations with this model have been able to
coelastic turbulent channel fI3# *°for a wide range of ex- qualitatively describe the DR phenomenon and the accompa-
tensibility and We values to obtain detailed statistical infor- nying flow modificationg®=%° In this model, a polymer
mation on chain dynamics. For comparison purposes BDS ishain is represented by a dumbbell consisting of two beads
also performed for Newtonian kinematics as well. The resrepresenting the hydrodynamic resistance connected by a fi-
sults obtained for the FENE and FENE—P models are alsaitely extensible entropic spring. The viscoelastic stiess
used to seek renormalization procedures for the maximumelated to the departure of the conformation teris@harac-
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terizing the average second moment of the polymer chaimelaxation time of the polymekU) is the mean centerline
end-to-end distance vector, from its equilibrium unit isotro-velocity in the channel, andW(t) is the Wiener process

pic tensor statd, as which accounts for the Brownian force experienced by the
beads. The Wiener process is represented mathematically by

T= fe- 1, (3y @ Gaussian random vector with zero mean and variance d
We, In the above equatior) has been made dimensionless by
where We=\U?/v, is the Weissenberg numbex, is the VKT/H*, the equilibrium length of a(linea) Hookean
polymer relaxation time, and dumbbell. Hence the dimensionless spring force can be writ-
ten as F°=Q/(1—Q?%b) for FENE dumbbells where
T L2-3 @ =(H*Q§)/kT is the square of the dimensionless maximum
L2— tracdc) extensibility, i.e., tracgQQ)=<b and F°=Q/(1—(Q?)/L?)

5. ) ) . for FENE—P dumbbells whele?= (H* QS)/kT is the square
whereL® is the square of the dlrnzen5|on|e(ss/~eragaanz1axp of the dimensionless maximum extensibility for FENE—P
mum extensibility, i.e., tracef<L“. Note thatc andL“ are dumbbells.

made dimensionless with respectki®/H*, wherek, T, and

H* denote the Boltzmann constant, the absolute temperaturaiv

and the Hookean dumbbell spring constant, respectively.
The evolution equation for the conformation tensds

Equations(1), (2), and(8) combined with the force law
en by either(6) or (7) along with the no-slipr=0 bound-
ary conditions for the velocity on the channel walls, consti-

given by7:5550 ']Elti)t\?v the governing equations for the viscoelastic channel
g o o -1 The force law in the FENE—P model constrains the av-
ranl (VO —[C- (VW) +(VV)"-C]=~ We. (5)  erage square extensibility of the dumbbell to be less than the

square of the contour length. Clearly in flows where the
Equations(1)—(5) along with the no-slip boundary condi- polymer end to end distribution function is brofshear
tions for the velocity on the channel walls, constitute theflows at We-O(100)] or there are a large population of
governing equations for the viscoelastic channel flow whichextended state@xtensional flowsthis constraint is not ad-

are subsequently solved numerically. equate since a large number of chains will have lengths
_ o _ higher than the chain contour lengtii.e., violated
B. Stochastic description of polymer dynamics state$.>®~% Moreover, the contribution of the extended

Kinetic theory based models used in this work are thestates to the average polymer stress is considerable. Consid-
FENE and the stochastic description of the FENE—P dumbering the stochastic nature of the flow kinematics in a turbu-
bell models. Both models consist of elastic dumbbells havindent channel flow, the existence of highly extended states
two Brownian beads attached by an entropic spring. The difparticularly during ejection and sweep events is highly prob-
ference between the two lies only in the choice of the springible.
force. For the FENE dumbbell, the nonlinear spring force  Although the continuum and stochastic FENE-P model

law takes the forrf are equivalent, the continuum formulation only provides in-
formation regarding the conformation tensor. Hence, one
Fo— H*Q ©) cannot ascertain the number of violated states and their con-
Q\%» tribution to the overall stress. Thus, we have performed the
1_(Q_0> multiscale FENE—-P simulations.
Clearly performing multiscale simulations with the
whereas for the FENE—P dumbb#l, FENE model that excludes the possibility of having a state
H*Q with length greater than the contour length would allow one
FC:—Z_ (7)  to assess the influence of violated states on the percentage
1 (Q%) drag reduction predicted by the FENE—P model. However,
Qg performing hi-fidelity multiscale simulations with the FENE

. ) _ model is beyond current supercomputing power. The ratio-
In the above equations;” is the spring forceQ is the con- 316 pehind this statement is discussed below.
nector vector between the beadt’ is the spring constant, To date two basic approaches for multiscale simulation
Qs the length of the connecta, is the maximum exten- ot gijyte polymeric solutions have been developed. The first

sibility of the spring, and the angular brackets denote €Nzpproach is CONNFFESSTrand the second is the Brown-
semble averaging. In both the models, the dumbbell connegy, configuration field$BCF).526%In what follows the appli-

tor ve.ctogQ satisfies the following stochastic differential capjjity of these techniques to stochastic flows such as tur-
equation” bulent flows will be discussed.
1 BCF: This technique relies on spatial correlation of ki-
dt+ \/WedW(t), (8) netic species within a field. Hence, the evolution of each
field is evaluated using standard Eulerian techni§&és.
where « is the transpose of the velocity gradiefite., k  This approach is very attractive as it can be easily interfaced
=Vv'), We=\(U)/h is the Weissenberg numbex,is the  with standard Eulerian approaches such as finite element,

1 ~
dQ(t)= K(t)'Q(t)—z—We':C
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finite difference, finite volume, and spectral formulations for 1-8 -~ ~

solving conservation equations. In addition, it provides abso- 7=y ((FQ) ~(FQ)eqom, 9

lute spatial variance reduction and various variance reduction ~

techniques have been developed to improve tempora¥here (FQ)eqpri=1, the unit tensor and We=We/(1
accuracy’>®* Hence, this is a very efficient technique for +5/b). We note that the Weissenberg number We defined
multiscale simulations for deterministic flows. However, the@P0Ve is related to the friction Weissenberg numiesed
fact that in this approach the kinetic species are spatiall?n Wall scalesas We=We R€/Rey where Rg, denotes the
correlated limits its use to deterministic flows. Therefore, ond€YN0lds number based on the mean flow rate.

cannot use this technique to perform multiscale simulation? I AltTfOUQh t_hf aiaove ﬁorppl{;]atllozrée;\llétr?egy dWIIII t%rodkgce
of turbulent channel flows. ully self-consistent results for the —P model, the kine-

CONNFFESSITThis technique relies on tracking indi- matics usgd n the FENE.S|muIat|ons IS an.apprOX|mat|on of
. . . . ._the true kinematics. At a first glance one might conclude that
vidual polymer chains. This Lagrangian approach require

) ._Tthis approach would not produce accurate predictions of the
very large ensembles as well as very accurate particle traje((‘t'hain dynamics. This is true if one is interested in the short

tories to provide accurate results. Hence, it is extremely CPLtJ|me dynamics of the macromolecules, however, we are in-

and memory intensive. To reduce the CPU and memory regested in the average chain extension over several eddy

quirements of this technique, new approaches have been dgjnoyver times as this has been shown to be the quantity that

veloped that use few kinetic specig¢., dumbbell, etg.ina  getermines the extent of drag reduct®BrTowards this end
particle (used in the tracking algorithyrto provide spatial  our assumption should be very reasonable as prior DNS stud-
variance reductiofi®® Although the most advanced version jes with various kinematic theory dumbbell based models
of the CONNFFESSIT technique is not as computationally(e.g., FENE—P, Giesekus, and OldroygitBave shown that
efficient as the BCF method, they are the methods of choicéme averaged kinematics such as the average velocity and
for performing multiscale simulation of turbulent channel rms velocity fluctuations predictions are very similar for this
flows. However, a number of issues need to be addressedlass of models provided that they are compared at a given
before one can perform high-fidelity simulations. These isvalue of average chain extensith.
sues are outlined below.

Particle trajectory Although backward Eulerian particle
tracking techniques have been developed for deterministiy, NUMERICAL METHOD
flows their application to stochastic flows is not a trivial task.
Any deviation of the particle trajectory from the true particle The numerical algorithm used for the time-integration of
trajectory will give rise to large errors in the polymer dynam- Egs. (1)—(5) was developed by Sureshkumar and Beris
ics because the chains will sample an incorrect velocity graan earlier work, based on a semi-implicit, time-splitting,
dient. Indeed, this could give rise to excessive center of maspectral algorithni>*° In this section we describe the two-
diffusion of the polymer in a very similar fashion as the usestep semi-implicit predictor—correct@®IPQ scheme for the
of excessive artificial diffusion in purely Eulerian formula- timeintegration of Eq(8).”” This algorithm circumvents con-
tions. This is particularly important during highly localized figurations in the unphysical range since in this algorithm the
dynamical events such as ejections and sweeps. In fact, a,?rlng-fo_rce law is treated implicitly. In this i"lgo”thm given
error in tracking the particles could give rise to a negativelNe solutionQ" at timet=nJt, the solutionQ"" " at the next
value of the trace of the conformation tensor. time stept=(n+1)4t, is obtained as follows.

Ensemble sizeln order to obtain reasonable chain dy- Predictor-step,
namics in the stochastic floygee Sec. Il B a large ensem- —
bel size is requiredi.e., O(10%)]. With a reasonable mesh Q" H=Q(t") +
size for a spectral simulatiof64x<65x64) at most 100 ki-
netic species can be tracked with the current supercomputing 1

o . L + \/ == dW(t").

power. Clearly this is insufficient for obtaining a reasonable We
distribution function, particularly since many trajectories will
violate the condition that the trace of the conformation tensor
should be positive. 1 —

Considering the above issues we have adopted the fol- QU™ H=Q(t") + E[K(tn+1)'Q(tn+l)+K(tn)

11~
K1) QUM — 5 Pt ot

(10

Corrector-step,

Fe(t")

lowing strategy for performing multiscale simulations. Spe-
cifically, Egs. (1)—(5), i.e., the continuum-level governing .Q(tn)]é\t_i[if_—'can+l)
equations for the FENE—P fluid are solved self-consistently 2|2 We

to obtainVv, p, ¢ for drag-reduced flows for 6.25We, 1

<125. The velocity field from these simulations are used to +— St+ /—dW(t”). (11
perform BDS[using Eq.(8)] of FENE and FENE—P dumb- 2 We We

bells to obtain the evolution oQ. Once Q(t) have been For the FENE model the second step upon rearrangement,
evaluated for a number of trajectories, the viscoelastic stresgsults in the following cubic equation for the magnitude of
contribution can be obtained by using Kramer’s expresSion Q:
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TABLE |. Weissenberg number vs percentage drag reduction. TABLE II. Convergence with respect to ensemble size and time step.

We, 0 6.25 125 25 375 50 625 75 87.5 100 125 trac€QQ) Ng ot

% DR 0 08 56 182 245 29.6 327 33.6 345 359 37.0369.75+ 7.55 1000 0.002
371.67* 5.36 2000 0.002
367.17* 5.32 2000 0.006

Q- Re[Q-b[ 1+ oellol+bR=0, (2 | .
whereNjg is the number of dumbbells. The corrector step is
whereR is the magnitude of the right-hand side vector in Eq."éPeated until num,erlcal convergence is achieved. _
(11). This equation has one unique root between 0 dod Once all theQ's have been evaluated, the polymeric
and thus by choosing this root, we ensure {(@itis always SU€SSTp IS obtained by using E9).
less than or equal tgb. . . y
For the FENE—P model due to the presence of the terrﬁ" Simulation conditions
(QQ) which depends o) values of all the dumbbells, the Recent computations by Housiadas and Brisave
second step upon rearrangement results in a set of highshown that the extent of DR is relatively insensitive to
nonlinear system of equations. In order to solve this set oRe, (125<Re,<590) at a fixed WeandL2. Hence, we have
equations, similar to our earlier studies on dynamics ofperformed simulations at two Renamely, 125 and 180.
FENE chaing we split the term{(QQ)" " into (QQ)""* for  Extensive parametric studies are performed only for Re
the dumbbell for whichQ| is being solved andQQ)" for ~ =125. Due to the significant increase in CPU time and
the rest of the dumbbells. This again leads to a cubic equanemory, simulations performed for Rel80 are primarily
tion of the form(12) which can be easily solved. Once every used to test the influence of flow inertia on the res(dte
Q"*1is known, the residuat is calculated as the difference Sec. IV Q. The simulations are carried out in a unit cell of
between the solution® andQ"*! according to the follow- dimensions 18x2hx5h for Re=125 and 6.944x 2h
ing equation: X 3.47X for Re,=180 in thex, y, andz directions, respec-
tively. The streamwiséx) dimension of the unit cell is cho-

; /2 (Qn+1 (13) sen to be the largest to capture the elongated quasistream-
wise vortical structures. The simulations reported in this
1 - " n 1 " e " i i n L 1 " - 1 . L N L i 1 . L i . ] i i n i 1 |-
0.8 ! 3 08 3 We, = 12.5 3
1i We, =125 : 1) g
i = = E F
>3 / We. =500 we 1000 0.6 We, = 1000 -
J! o = o
0.4 7! - 0.4 4% . / We,_ = 50.0 -
R"“ 0.2 ] ‘I - / / i Ruu 3 ‘1 S \'\ / ! -
b= I N A N . A - 0.2 4 \ v -
1 /\i /v \\ I/ Il\\ \ // \,\ 7y - . \‘ . /r\ —{, \\ PR o
4 A : " ; kR g F 3] ! v o
0_: “/I 'I\\//' /Ill \\\\ .’! \'\/ ’—/' —\\"—;’/ I- 0 “ ! \\ II \\/’\ \‘ / \&‘—_/ E
i v/ VARG A y/ ! AN - 1\ SN A /o F
024 ) WAV Ay A ’ - 024 M N/ S WO
] ’ 7 o 7 Y /,/4 e -
0.4 . ——————— : -0.4 F——r———————r—y T :
0 1 2 3 4 0 1 2 3 4
(a) 14 : (b) t
1 1 i . " 1 . 1
A | We, = 100.0 3
o6 / E
it W o
Jb -
0.4 \\ -
R, ] Vvl We, = 50.0 :
0.2 —: N \ / :—
0 3 4 T\‘\ /We,=125 3
] A 7 o
3 o "\~ 4 A ‘s [-
- - ., ./ =
02 . \"('\ /‘\\'\f 7 S 3
] N4 o
-0.4 L e L | T
0 1 2 3 4
(©) !

FIG. 1. Autocorrelation functioR,, for b=900.(a) y* =4.0; (b) y"=14.6; (c) y"=100.
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[=% = i 3
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0 ) 1 M 1 x
0 5 10 15 20

Q| t

FIG. 2. Probability distribution function for chain extensiorydt=14.6 for ~ FIG. 4. Variation of averaged tra(@Q) as a function of time fory™
We, = 100,b= 900 for 64x65x 64 mesh(solid lineg, and 64x97x64 mesh ~ =14.6,b=100, and We=12.5(¢), 25.0(00), 37.5(4), 50.0 (O), 75.0
(dashed lines (V).

work were performed with 64(ix) X 65(iny) X 64(inz) and .
64(inx) X 97(iny) X 64(inz) meshes for Re=125 and a (viscous sublayer 14.6 (b+uffer Iaygb, and 100(turbulent
64(inx) x 97(iny) X 64(inz) mesh for Re=180. Note that C€ore for Re=125 andy™=6.1 (viscous sublayer 21.2
periodicity conditions were applied along the streamwise andbuffer laye) for Re,=180 although results for several other
spanwise directions, with their respective sizes chosen to adecations are also reported for certain selected cases. The
equately capture the streaky structures and the elongated vdfe interval for performing BDS is chosen by examining the
tical structures, respectivel§.In the two periodic directions, autocorrelation functions so that the correlation between the
x, z, Fourier representations were used, whereas, in the noguPsequent DNS data sets590%. This procedure is illus-
homogeneous wall-normal direction a Chebyshev approxitrated by using an example in Figs(al-1(c) that show the
mation was employed. Thé&imensionlesstime-step size, autocorrelation functionr,, for the streamwise velocity
At, used in the viscoelastic simulations is typically COMponentu obtained from the(viscoelasti¢ DNS aty™
10" “h/u, whereas in the Newtonian case it is f0h/u.,. =4.0, 14.6, and 100.0, respectively, for R4 25. It is seen
The friction Reynolds numbers Rel25 and 180 corre- that velocity correlations are 90% or more fétr lower than
spond to mean flow Reynolds numbers based on the chann@04. Based on this we have chosen time siep0.04 for
half-width (Re,) of 1840 and 2800, respectively. the integration of Eq(8). It should be noted that while inte-
We, values used in this study range between 6.25 andrating Eq.(8) the information from one step is used as
125. For the FENE—-P fluid with?=900 and=0.9, We. initial condition for the next step. Hence we need to ensure a
=6.25 roughly corresponds to the onset of DR whereas fohigh degree of correlation between the DNS data used for
We,= 125 DR of 37% is seeff The percentage DR vs We BDS.BDS is performed until a stationary state is obtained at
for L2=900 andB=0.9 is presented in Table I. Performing each spatial location. Time averaging is performed over at
BDS of dumbbell trajectories at every spatial location in thel€@st 15 eddy turn over times. Typical CPU time for a single
mesh and for every t|me Step in DNS is Computationa”yrun W|th ensemble Slze Of 2000 .|S 10 dayS on a 64 b|t DEC-
demanding. For this reason, we primarily focus ph=4  alpha 667 MHz LINUX workstation.

0.14 L L L

] g 0.25 L 1 1
0.12 4 - ] [
A 0.1 3 = 0.2 5 o
0.08 = A} : C
X = E - = 0.15 -
Q 0.06 - . . - ] s
8 3 Averaged over 2000 trajectories s X S . -
&= 0.04 = é 0.1 -
3 - = ] -
0023 - 0.05 - -
0 T T T —+ ] L
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FIG. 3. Variation of tracQ) at three different points and averaged
tracdQQ) over the entire plane as a function of time fpt =14.6, b FIG. 5. Variation of averaged tra@@Q) as a function of time fory™
=100, and We=12.5. =14.6, We=12.5 andb=25 (<), 100(J), 400(A), 900(O).
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FIG. 6. Variation of averaged tra@Q) as a function of time for We " . _
=125 andb=100 at three different planes’ =4.0 (), 14.6(CT), 100.0 FIG. 7. Variation of averaged tra@@Q) as a function of Wefor b=100

) (solid lineg and for b=900 (dashed lingsat three different planey™
' =4.0(¢), 14.6(00), 100.0(A).

B. Numerical convergence ) ) ) ) _ o
uncertainty associated with these simulations is inversely

We tested the convergence of the BDS results with rey qnortional to the square root of the number of trajectories
spect to mesh refinement, ensemble size, and time step fggeq as expecté&d.

the integration of Eq(8). Figure 2 shows the normalized

probability distribution function for chain extensionQ(

=|Q|), p(Q), for We,=100, Re=125 obtained by perform-

ing BDS for the FENE dumbbell model fdy=900 aty™ IV. RESULTS AND DISCUSSION
=14.6 for two different meshes namely, 64X 65(iny)
X 64(inz) (solid lineg and 64(inx) X 97(iny) X 64(inz)
(dotted lines. It can be seen from this figure the results ob- In this section we present BDS results for the FENE
tained with the two different meshes show the same qualitadumbbell model obtained by using Newtonian turbulent
tive behavior with a very insignificant quantitative differ- channel flow obtained from DNS for Re125. The initial
ence. We also note that Sureshkureal *® have shown that condition forQ corresponds to equilibrium state of trajecto-
for Re,=125 the mesh used he{@4x 65X 64) is sufficientto  ries, i.e., we allow the evolution d(t) in absence of the
obtain accurate results for turbulence statistics. Table Iflow. The evolution ofQ(t) from the initial state subject to
shows the influence of ensemble sikk, and time stepdt, Eq. (8) is then computed. Typical result is shown in Fig. 3
on the BDS results obtained for the FENE dumbbell modelwhere the variation of tra¢®Q)/b with time fory* =14.6

and viscoelastic kinematics for Rel25 and We=125 in  is presented fob=100, We=12.5. It is seen that after an
the buffer layer. Once again, it is seen that the BDS resultfitial transient period trac®Q)/b becomes statistically sta-
are statistically converged with respectNg and 6t. Based tionary and fluctuates around a mean value. As expected at
on these results, ensemble averaging has been performed famy (x,z) point on the plang/™=14.6 tracéQQ)/b fluctu-
2000 trajectories. We also have verified that the statisticahtes significantly whereas the ensemble averggedr the

A. Newtonian kinematics

0.5 ~ 1 bl
o5 :
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0.4 S 5 & ol .
A o o 1 . B
0.3 & g w]® -
MES = 1 i - :
5} O o & 01 <} FIG. 8. Variation of averaged tra@@Q) as a function
8 0.2 o M - o OF of y* for b=900 and We=12.5 (<), 50.0(0J), 75.0
= R VA af (2), 100.0(0), 125.0(V), 150.0(>).
0.1 CF
< < -
oF
O ] ] ¥ '
0 5 10 15
+
y

Downloaded 01 Mar 2009 to 160.36.32.176. Redistribution subject to AIP license or copyright; see http://pof.aip.org/pof/copyright.jsp



Phys. Fluids, Vol. 16, No. 5, May 2004 Polymer chain dynamics 1553

0.5 NI N T S ST U T T UG RS T G A E

0.3

FIG. 9. Variation of tracQ) as a function ofb for
y*=14.6 and We=12.5(9), 37.5(0J), 50.0(A), 75.0
(O), 100.0(V).

0.2

0.1

Trace <QQ>
b
o
~
llllllllJ'Illlllllllllll
Illl'll]llllll||lll|lfl|

o
n
o
o
IS
o
o
o
o
[=]
-]
(=]
(=]
-
o
o
o

entire plang value has much lower fluctuations. In order to Figure 5 shows the variation of tra@@Q)/b with time
perform time averaging, only the ensembled average data iat y*=14.6 for We=12.5 andb=25, 100, 400, 900. It is
the statistically stationary regime is used. seen that ag increases the magnitude of tra@®)/b de-
Figure 4 shows the variation of tra@@Q)/b with time  creases. This implies that for a fixed \\Mand Re a polymer
for y*=14.6 for various values of Weand b=100. It is  chain with a higher maximum extensibilitywill produce a
seen that as Weincreases the magnitude of trédQ€)/b lower percentage molecular extension. Figure 6 shows the
increases. It is also seen that for a lower value of We  variation of tracéQQ)/b with time for b=100 and We
stationary state is reached earlier than for a higher value of 12.5 at three different plangs™= 4.0 (within the viscous
We,. This implies the expected trend that as the polymeisublaye)y, 14.6 (within the buffer layey, and 100.0(in the
relaxation time is increased the polymer chain takes moréurbulent corg It can be seen that molecular extension is the

time to achieve a stationary configuration. greatest in the viscous sublayer while it is the lowest in the
0.25 44—l — 0.25 —rm———e—
0.2 —: :— 0.2 - -
0.15 - = 0.15 — -
o~~~ -1 - . -
3 . S ] ¥
S o . - B L
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0 . T T r " " " T y Y - 0 ] L
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lQl
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0.7 3
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0
0
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FIG. 10. Probability distribution function for chain extension at,w&0 (<), 75 (), 100 (A), 125(O) for b=900.(a) y*=4.0; (b) y*=14.6; (c) y*
=100. Inset shows the variation of averaged molecular extension with We
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FIG. 11. Orientation distribution at We 50 (<), 75 (0), 100(A), 125(0) for b=900.(a) y*=4.0; (b) y*=14.6; (c) y*=100. Inset shows the variation
of averaged orientation with e

turbulent core. This implies that a polymer chain experience§5, 100, 125 fobh=900 andy " =4.0. The pdf obtained for
greatest configurational changes in the viscous sublayer antfe.=100 and 125 are practically identical. These trends are
lowest in the turbulent core. This is not surprising since areflected in the values of mean chain extengi@) reported
polymer chain will experience greatest configurationalin the inset in Fig. 1(8). It can be seen that as Wes in-
changes if it moves from a nearly isotropic flow regime creased(Q) increases and tends to asymptote at around
(core to a highly anisotropic flow one near the wall. We,=125. Similar conclusions can be drawn from Figs.
Results similar to those reported in Figs. 4-6 are used ta((b) and 1Gc) where we plotp(Q) for We,=50, 75, 100,
construct Figs. 7-9. Figure 7 shows the variation of125 forb=900 andy™ =14.6 andy ™ =100.0, respectively.
tracgQQ)/b as a function of Weat three different planes Figures 11a)—11(c) show the pdf for the orientatiofl with
y"=4.0,14.6, 100.0 fob=100 andb=900. It can be seen respect to the gradient directiay), p(6), corresponding to
from this figure that for a given chain extensibility value figs. 1Ga)—10(c). It can be seen from Fig. 18 that p(6)
(i.e., parameteb is kept constani the chain extension char- for we =100 and 125 are practically identical. These trends
acterized by trad®Q) tends to approach an asymptotic 5re giso reflected in the values of mean orientatiénre-
value with increasing We Once again it is clearly seen that ported in the inset in Figs. 14—11(c). It is seen that in the
asb increases the percentage molecular extension decreas¢go s sublayer and the buffer layer a polymer chain is

Fi+gure 8 S_hOWS the variann of trg@@Q)/b as a function of 1,0 o1 jess aligned to the mean flow directio while in
y* for b=900 and We=12.5, 50.0, 75.0, 100.0, 125.0, 40y op o = B0 5

150.0. It can be seen from this figure that tk@®)/b is

maximum near the wall and.decre_ases rapidly to a minimgné_ Viscoelastic kinematics

value at the channel centerline. Figure 9 shows the variation

of trace QQ)/b with b aty™ =14.6 for various Weissenberg In this section we present results obtained from BDS for

number values. It can be seen that a combination of largghe FENE and FENE-P dumbbell models and viscoelastic

values ofb and We leads to larger values of chain extension. kinematics for Re=125. We first present results for the

Moreover, it is shown that the chain extension tends to apFENE model. Figure 12) showsp(Q) for We,=12.5, 25,

proach an asymptotic value with increasibgfor a given 50, 75, 100, 125 fob=900 andy* =4.0. It can be seen that

Weissenberg number. for values of We=25, the distribution is skewed to lower
Figure 1@a) shows the normalized probability distribu- values of |Q|. However, as Weg is increased,p(Q) is

tion function (pdf) for chain extensionp(Q), for We,.=50,  strongly skewed to higher values. Moreove(Q) obtained
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FIG. 12. Probability distribution function for chain extension obtained using the FENE dumbbell mode}att@/B (< ), 25 (), 50 (A), 75(0), 100(V),
125 (>) for b=900. () y* =4.0; (b) y*=14.6; (c) y" =100. Inset shows the variation of averaged molecular extension with We

for We, =100 and 125 are practically identical as reflected in ~ Similar conclusions can be observed from Figs(bl2
the data fof Q) reported in the inset in Fig. 18. Itis also ~ and 13b) where we plotp(Q) and p(Q), respectively, for
instructive to examine the contribution to tr4Q€) arising  b=900 andy " = 14.6 which corresponds to a location in the
from dumbbells with a given range of mean extension. Thiduffer layer. However, in the turbulent core, the behavior is
statistics can be represented by the percentage contributisifferent as shown in Figs. 1@ and 13c). It can be seen
function, p(Q), defined such that(Q')dQ’ represents the that(|Q|) remains practically at its equilibrium value=v3)
percentage contribution to tra@@Q) arising from dumbbells for We;<40 and increases sharply to a maximum at,We
with mean extension betwee®’ and Q'+dQ’. In Fig. ~75 and decreases to a value greater than the equilibrium
13(a) we plot p(Q) corresponding to the(Q) data pre- one for We=75. This indicates that as DR increases the
sented in Fig. 1@). It can be seen that as \Wes increased interaction between the polymer and turbulence transcends
the contribution from highly extended polymer moleculesthe buffer region into the turbulent core. However, the chain
progressively increases. Inset in Fig.(d3shows the varia- €xtension in the core is insignificant as compared to that in
tion of percentage contribution to total stress, arising the buffer layer. This is also reflected in the data Q)

from trajectories withQ=0.8/b as a function of Weissen- reported in Fig. 1&). Inset in Fig. 18) shows thatxy is

berg number. It can be seen from this inset bhatncreases identically zero. Table 1l shows a comparisomqffor vari-

as we increase Wend eventually asymptotes. It can be also

seen from Fig. 1&) that p(Q) for We,=100 and We

=125 nearly overlap consistent with the asymptotic behaviolfABLE lil. Percentage contribution to the total stressarising from tra-
seen for(|Q|) in Fig. 12a). This observation is consistent iectories withQ=0.8/b.

with the asymptotic trend seen in percentage DR for. We

68 . y'=4.0 yt=14.6 y*=100.0

=100.° Moreover for DR>35% approximately 50% of the
total stress is contributed by the small fraction of highly e- X X X
extended molecules. This analysis clearly shows that highlyi2.5 0.0% 0.0% 0.0%
extended molecular states play a very central role in deter-25.0 2.53% 0.01% 0.0%
mining the maximum achievable DR for any ReHence  °0.0 18.15% 5.22% 0.0%

: -, : 75.0 31.34% 16.60% 0.0%
flow induced scission of the highly extended molecules ca 47.87% 33.66% 0.0%
greatly deteriorate the drag reducing capability of the addi 5 50 69% 40.24% 0.0%

tives, as observed experimentdify.
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FIG. 13. Variation of % contribution to molecular extension as a function of extension obtained using the FENE dumbbell mogell& V& ), 25 (0),
50 (A), 75(0), 100(V), 125 (>) for b=900.(a) y"=4.0; (b) y* =14.6; (c) y"=100. Inset shows % contribution to the total stress, arising from the
trajectories withQ=0.8\b.

ous values of Wein the viscous sublayer, buffer layer and We, in the viscous sublayer, buffer layer, and the turbulent
the turbulent core. It is seen that for a given Weissenbergore. It is seen that for a given Weissenberg nunykés the
numberxy is the largest in the viscous sublayer while it is largest in the viscous sublayer and the lowest in the turbulent
practically zero in the turbulent core. Figures(d)414(c) core. Since the major contribution to viscoelastic stress arises
show the distribution functiop(6) for the orientatiordwith ~ from the near wall region, this clearly indicates that quanti-
respect to the gradient directidy) corresponding to Figs. tative predictions of percent DR cannot be made with the
12(a)—-12c). It is seen that in the viscous sublayer and theFENE—P model where the model parameters are determined
buffer layer the mean orientation is practically independenbased on the molecular details of the additive.

of Weissenberg number. In the turbulent coye €100.0)

(6) increases, attains a maxima at around,A80, and de- 1. Influence of kinematics on mean square extension

creases as Weissenberg number is further increased. Figure 18 shows the influence of flow kinematics on

Results similar to those reported in Figs. 12—14 A&race 0KQQ) for y* =4.0, 14.6, 100 anti=900 for various

shown in Figs. 15-17 obtained from the BDS using\ye \ajyes for the FENE dumbbell model. It is seen that
FENE—-P dumbbell model and viscoelastic kinematics for

L2=900. It can be seen that the instantaneous valu@ aHn
exceed the maximum average extensibility as was ex- TABLE IV. Percentage contribution to the total stregs from violated
pected. However, the satisfaction of the FENE—P model criStates.

terion requires that the ensemble averé@é)<L?. Inset in

. e o y'=4.0 yt=14.6 y*=100.0
Fig. 16 shows the variation of percentage contribution to
total stressy, arising from the “violated states,” i.e., con- We: yr yr yr
figurational states witlQ>L, as a function of Weissenberg 125 15.3% 0.85% 0.0%
number. It can be seen thgf increases as we increase We 25.0 43.9% 20.9% 0.0%
and eventually asymptotes. In the viscous sublayer and the?0-0 59.3% 49.4% 0.0%
buffer layer this contribution is approximately 70% and 66%, 183' o 23'55’(;’, 2?‘32//‘1’) ii‘;’?ﬁ;
respectively, for We=125 at which DR of 37% is seéfi. 1,5, 70.4% 65.9% 39.1%

Table IV shows a comparison of; for various values of
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FIG. 14. Orientation distribution obtained using the FENE dumbbell model at2\WR.5 (<), 25 (0), 50 (A), 75 (O) for b=900. (a) y*=4.0; (b) y*
=14.6; (c) y"=100. Inset shows the variation of averaged orientation with We

viscoelastic kinematics produce larger mean square extemighly extended chains are introduced into the core. It can
sion as compared to the Newtonian one. It is also seen froralso be seen that in the turbulent core, mean square extension
this figure that for a given value &fthe mean square exten- increases as we increase Weissenberg number, attains a
sion in the buffer layer increases as We increased and maximum for We~75, and decreases for We75. As
e\./ehnt#alllcy asgmp;totes at W91|25' This is in agreemint pointed out earlier this behavior is qualitatively different
with the fact that for a given value dfas We. increases ége from those seen in the viscous sublayer and the buffer layer.
%DR increases and eventually asymptotes at¥\25. . . .

The maximum extension seen in the core could correspond

Moreover, the mean square extension at given M/slightly u o : :
larger in the viscous sublayey{=4.0) than in the buffer to a “locking in” mechanism where the time scale of burst-
layer (y*=14.6). In addition, the mean square extensionNd T is comparable to the average fluid relaxation tixén

produced in theore by Newtonian kinematics is very insig- Other wordsx/T~1 for We~75 for which maximum ex-
nificant in comparison to that produced by viscoelastic kine{ension is seen in the core. However it is also possible that
matics. This is due to the fact that polymer chain extension irthis is an artifact of performing decoupled BDS. In either
the buffer layer is much more significant in the viscoelasticcase as seen from Table V, the magnitude of the chain ex-
flows. Hence, during ejection/sweep cycles much mordension in the core is negligible compared to that in the

TABLE V. Comparison of percentage mean square extengiative tob) from Newtonian and viscoelastic
kinematics(New: Newtonian; vis: viscoelasbic

yt=4.0 yt=14.6 y*=100.0
We, New vis New vis New vis
125 5.6% 12.9% 1.7% 4.9% 0.34% 0.36%
25.0 12.8% 23.8% 4.6% 12.3% 0.35% 0.41%
50.0 23.8% 33.1% 11.1% 26.8% 0.38% 0.55%
75.0 31.5% 37.6% 16.9% 33.0% 0.50% 6.34%
100.0 33.8% 44.1% 20.6% 37.9% 0.56% 3.30%
125.0 36.9% 45.3% 23.9% 41.3% 0.67% 2.45%
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FIG. 15. Probability distribution function for chain extension obtained using the FENE—P dumbbell model=at2¥&( ¢ ), 25 (OJ), 50 (A), 75 (O), 100
(V), 125 (>>) for L2=900. (a) y* =4.0; (b) y" =14.6; (c) y"=100. Inset shows the variation of averaged molecular extension with We

buffer layer. Consequently the maximum in extension seen idifferent locationsy*=4.0, 14.6, 100.0 for three different
the core is unlikely to have an appreciable effect on DR. values ofb. It is apparent from these figures that this normal-
ized difference is practically nonexistent in the viscous sub-
square extension seen that in the buffer layer the enhanced extension caused
In order to investigate the influence of turbulent fluctua-by turbulent _fluctuations attains two maxima, one located at
tions on the mean square extension we compared(@&2e We7~_30 vv_h|Ie the other located at _WelOO, which are
obtained from the BD—DNS to the mean square extensiorﬁ)racuca”y independent di. Howeyer, n the. turpulent core
obtained from BDS using the mean turbulent flow velocityxz Sb;; r\llr? t%r:ybgggr S|;C2r nt]r?;(";ri]rusrtnmv:;icnr:ulri Ig:ﬁf%eat
profile U(y). Figures 18a)—19c) show the variation of the T yer, the i o :
difference(normalized withb) in the mean square extension at.trlbgted to .the facF that the initial increaselipy is rapid
obtained from the simulation and that obtained for the mearilwnlt? |ncreia3|r;gWW§|ZS(\al\r;}$)E;\;lg nnli\rlr;]ti)ler and tr?gcvthedrate of
shear flow as a function of Weissenberg number at three crease Is siowed dowit. Mea € Urms & ms A€

TABLE VI. Influence of maximum extensibility on percentage mean squareTABLE VII. Influence of maximum extensibility on percentage mean
extension(relative tob). square extensiofrelative tob).

yt=4.0 y*=14.6

FENE FENE FENE FENE-P FENE-P FENE-P FENE FENE FENE FENE-P FENE-P FENE-P
We, b=900 b=1600 b=3600 L?=100 L?=400 L2=900 We b=900 b=1600 b=3600 L?=100 L2?=400 L?=900

T

125 12.9% 9.4% 5.6% 46.5% 28.2% 19.1% 12,5 4.9% 3.1% 1.6% 26.0% 11.3% 6.8%
25.0 23.8% 19.3% 13.8% 63.2% 47.6% 36.6% 250 12.3% 9.2% 5.7% 43.7% 26.6% 19.1%
50.0 33.1% 28.9% 22.6% 74.0% 61.6% 52.1% 50.0 26.8% 22.8% 17.1% 66.6% 51.7% 41.6%
75.0 37.6% 33.7% 27.4% 78.8% 68.1% 58.7% 75.0 33.0% 29.1% 23.5% 70.9% 60.9% 51.6%
100.0 44.1%  41.0% 35.4% 83.9% 75.8% 67.4% 100.0 37.9%  35.2% 30.9% 76.4% 64.3% 55.2%
125.0 453% 41.5% 36.2% 84.8% 77.2% 69.9% 125.0 41.3%  38.0% 31.9% 80.4% 70.4% 61.1%
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FIG. 16. Variation of % contribution to molecular extension as a function of extension obtained using the FENE—P dumbbell mogellat3xe ), 25
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the violated states.

crease with increasing Weissenberg number. This mechanisincreaseb or L? at given Wetracd QQ)/b achieved de-

is not applicable to the turbulent core since the fluctuationgreases although the mean square extension increases. This is

are more or less isotropic. The maximum seen in the normaklearly demonstrated in Figs. @) and 21b) where we plot

ized difference in the turbulent core may be attributed totrac€ QQ)/b achieved in the buffer layer as a function tof

global events, i.e., sweep-ejection cycles that could haver L? for FENE and FENE—P dumbbell models, respectively.

time scales comparable to the relaxation time of the molComparison of Figs. 2&4) and 21b) shows qualitatively

ecule. similar behavior for trac&Q) vs b or L2. This, and the data
reported in Tables VI and VII, suggest that the predictions of

3. Influence of extensibility parameter on mean the two models for trac@Q) may be matched by suitable

square extension: Comparison of FENE and FENE P renormalization of the maximum extensibility parameter.
predictions Furthermore one can see from Figs.(@0and 2@b) that

trac€QQ) obtained from FENE dumbbell model simulation

Figures 20a) and 2Qb) show the influence of maximum for b=1600 is approximately the same as that obtained from

extensibility parameteb on the ftracéQQ)/b for various
Weissenberg number values in the viscous sublayer (
=4.0) and the buffer layery(" =14.6), respectively. Also TABLE VIII. Influence of maximum extensibility on percentage mean
presented in the same figures are the results obtained feguare extensiofrelative tob).

trac€ QQ)/b for the mean(sheay flow. It can be seen that
stochastic nature of the turbulent flow produces more chain
extension. It is also seen that a combination of larger values FENE FENE  FENE FENE-P FENE-P FENE-P
of b and We leads to a larger value of chain extensionWe: ~ b=900 b=1600 b=3600 L?=100 L*=400 L?*=900
though percentage chain extension decreases. Moreover, ii25 036% 020%  0.09% 3.22%  0.83%  0.37%
can be seen that the chain extension tends to approach a@5.0 0.41% 0.23%  0.10% 3.61%  0.94%  0.43%
asymptotic value with increasing \Wéor a givenb. Tables 32-8 g-gigﬁ; g-gg/;%’ g-igg//;’ 121122 11-3?‘;’) 1%-%%;
VI gnd VIl show comparison of tra;ﬁ@Q)/b achlev_ed for 1000 330% 214%  121%  2113%  13.96%  12.51%
various values ob (for FENE) andL“ (for FENE-B inthe 1550 2450

viscous sublayer and the buffer layer, respectively. As we

y*=100.0

1.47% 0.68% 25.28%  18.47%  17.64%
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FIG. 17. Orientation distribution obtained using the FENE—P dumbbell model at®&5 (<), 25 (), 50 (A), 75 (O) for L2=900. (a) y"=4.0; (b)
y"=14.6; (c) y*=100. Inset shows the variation of averaged orientation with We

FENE—P dumbbell model simulation fa’=900 for given  L2. It can be seen that a ratio 6fL?>=1.7 is required in
We,. We investigated whether similar behavior could beorder to obtain quantitative agreement between the predic-
seen for other values df as well. Figures 2@&) and 22Zb) tions of the FENE and FENE—P dumbbell models. A similar
show the variation of the tra¢®@Q)/b with We_ in the vis-  conclusion is reached from Figs. (2Band 23b) where we
cous sublayery"=4.0) and the buffer layery("=14.6), show variation of(QQ)xy/b with We_ corresponding to
respectively, for three different values lof=169, 676, 1521. Figs. 2Za) and 22b). If we were to match plateau exten-
The values for maximum chain extensibility for the FENE—Psional viscosity predicted by FENE and FENE—P dumbbell
model that match the FENE model predictions are found tanodels a ratio ob/L?=1 is needed. On the other hand, a
be L2=100, 400, and 900, respectively. The insets in Figsratio of b/L?=7/3 is required to match the zero shear vis-
22(a) and 22b) show the variation ob/L? as a function of cosity. Since in a wall-bounded turbulent flow shear and
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o ] N obtained using the FENE dumbbell model fo+900
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elongational deformations are present, it is not surprising that ex; Uy=— 3ey; v,=— 3ez. The results are shown in Figs.
theb/L? ratio required to obtain agreement between the pre24(a) and 24b) where = (74— 7,,)/ € is plotted as a func-
dictions of the FENE and FENE—P dumbbell models wouldtion of the extensional strairef) for Ae=3 and 15, respec-
lie somewhere in between these two limits. However, agively. For large values of strain the plateau extensional vis-
mentioned earlier a chain never reaches its maximum extercosity value ng., is reached. As expectegg.. is linearly
sion in the flows under consideration. Hence, a better estiproportional tob or L2. However, for relatively small strains
mate of the lower bound for this ratio could be obtained(2<et<5) the FENE and FENE—P responses are signifi-
based on the transient extensional viscosity. Hence, we hawantly different, i.e., FENE predicts a gradual increasegn
also examined the influence of the renormalization of thewhile FENE—P predicts a sudden transition to #ie, limit.
extensibility parameter on the prediction of transient extenNote that these range of strains€2t<5) in an extensional
sional viscosity in purely extensional flow given hy,  flow would produce chain extension values similar to those
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FIG. 20. Mean square extension for FENE=900 (<), 1600 (0), 3600 (A) and FENE—P:L>=900 (O). (a) y*=4.0; (b) y"=14.6. Dashed lines
correspond to the results obtained from BDS in the absence of turbulent fluctuations.
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predicted in the viscous sublayer and the buffer layer in theye ~75 and decreases for We75. However, FENE—P
turbulent flow. As seen from Figs. & and 24b) the dis-  dumbbell model predicts mean square extension which pro-
parity between the FENE and FENE—P predictions for smallressively increases as we increase Weissenberg number.
strain values in pure extensional flows can also be reducegyple Vil shows comparison of percentage chain extension

by applying the renormalization discussed above. Thigychieved for various values dfin the turbulent core.

clearly shows that although the renormalization brings the

predictions of the two models closer it does not provide & |nfluence of flow inertia

one to one correspondence between the transient extensional

viscosity of the two models. This is expected as the flow  In this section we investigate the influence of Reynolds
kinematics are nonhomogeneous and contain both shear aRgmber on polymer chain dynamics by performing BDS in

extensional gradients in velocity. conjunction with DNS for Re=180. In particular, we would
like to investigate the influence of Reynolds number on the
4. Mean square extension in the turbulent core pdfs for stretch and orientation and the renormalization dis-

It was shown in Fig. 18 that fdo=900 the dependance cussed in Sec. IVB3. We perform BDS of FENE and

of chain extension with Weis qualitatively different in the TENE—P dumbbells for 25We, <100 aty " =6.1 (viscous
turbulent core as compared to that in the buffer layer. wesuPlayer and 21.2(buffer layej for Re,=180.

investigated whether similar behavior could be seen for other ~ Figure 2&a) showsp(Q) for We, =25, 50, 75, 100 for
values ofb as well. Figure 25 shows the variation of meanP=900 in the buffer layer. It can be seen that as,\We
square extension with Weissenberg number in the turbulerifcreasedp(Q) gets progressively skewed to higher values
core (y* =100) obtained from FENE dumbbell model simu- of Q. Moreover, the dependence of the pdf on \iesimilar
lation for three different values di=900, 1600, and 3600 to that seen for Re=125. A comparison shows that pdf for
and that obtained from FENE—P dumbbell model simulationRe,=180 has more extended states. However, the fraction of
for L2=900. The behavior of the tra@@Q)/b vs We, data  states with low to moderate extension is lower. The inset in
obtained from FENE dumbbell model simulation is similar Fig. 26a) shows the variation of mean chain extens{@)

for all three values ob, i.e., mean square extension increasesas a function of We. Consequently for a given Wethe

as we increase Weissenberg number, attains a maximum famean chain extension for Re180 is only marginally higher
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FIG. 22. Mean square extension for FEN#®lid line: b=169 (<), 676 (), 1521(A) and FENE—Rdashed lings L2=100(<), 400 (), 900(A). (a)
y*=4.0; (b) y"=14.6.
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than that for Re=125. This could help explain the relative layer, and turbulent core. Molecular extension is the greatest
insensivity of %DR to Re observed in continuum-level in the viscous sublayer while it is lowest in the turbulent
simulations and the fact that very high Rend We are re-  core. However, the chain extension contributed by turbulent
quired to perform simulations near MDR. fluctuations is largest in the buffer layer. For a given chain
Figures 2@b) shows the pdf for orientatiop(#) corre-  extensibility, the chain extension tends to approach an
sponding to Fig. 2@). It is clear from Figs. 2@) and 2@b)  asymptotic value with increasing Weissenberg number and
that increasing Refrom 125 to 180 has only minor quanti- vice versa. For given values of the Weissenberg and Rey-
tative influence on the prediCtionS. In both cases, the averagkplds numbers the percentage maximum extension achieved
orientation approaches 90° indicating flow alignment of thejecreases although the mean square extension increases.
polymers. Results similar to those reported in Figs. 22 a”‘i(/loreover, the chain extension in viscoelagticag-reduced

23 for Re=125 are shown in Figs. 227 and 28 obtained fory, p jent channel flow is greater than that in the Newtonian
Re,=180. Once again, for a ratio df L-=1.7, a fairly good

guantitative agreement between the predictions of the FENE

and FENE—P dumbbell models is obtained. The pdf ofQ predicted by the FENE and FENE—P mod-

els gets progressively skewed to larger valueQaods DR

increases. Moreover, consistent with the observation that
V. CONCLUSIONS (QQ) approaches an asymptotic value with increasing DR,

Polymer chain dynamics in Newtonian and viscoelastich® pdf of Q also becomes relatively insensitive to DR for

turbulent channel flows have been simulated by using®DR=30%. Even for DR of 37% the pdf exhibits a long tail
Brownian dynamics techniques utilizing the FENE andof relatively unextended molecules.
FENE—P dumbbell models. The influence of polymer relax- It is shown that “violated states” in the FENE—P simu-
ation time, chain extensibility, and wall shear rate on mearations contribute to a large fraction of the stress. Our find-
chain extension, pdf of chain stretch and viscoelastic stres®gs suggest that the interaction between transient quasi-
has been examined in detail in the viscous sublayer, buffestreamwise vortices and the polymer chain is a key
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FIG. 24. Variation ofzg with et for FENE: b=1521 (solid line§ and FENE—P:1.2=900 (dashed lines 1521 (long dashed lings (a) Ne=3; (b) \e
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