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Abstract

The orientation and deformation of polymer chains in a confined channel flow has been investigated. The
polymer chain was modeled as a Finitely Extensible Nonlinear Elastic (FENE) dumbbell. The Brownian
configuration field method was extended to take the interaction between the flow and local chain dynamics
into account. Drag and Brownian forces were treated as anisotropic in order to reflect the influence of the
wall in the confined flow. Both Poiseuille flow and 4:1 contraction flow were considered. Of particular
interest was molecular tumbling of polymer chains near the wall. It was strongly influenced by anisotropic
drag and high shear close to the wall. We discussed the mechanism of this particular behavior in terms of
the governing forces. The dumbbell configuration was determined not only by the wall interaction but also
by the flow type of the geometric origin. The effect of extensional flow on dumbbell configuration was also
discussed by comparing with the Poiseuille flow.

Keywords : FENE dumbbell, anisotropic drag, Brownian configuration field, molecular tumbling, wall

interaction

1. Introduction

In order to develop and control microfluidic devices in
which polymers are flowing as in DNA chips, it is impor-
tant to understand the dynamics of polymers in the micro-
channel flow. There are many researches on rheology and
configuration of dilute polymer solutions in both shear
(Hoagland and Prud’home, 1988; Lee et al., 1997; Smith et
al., 1999) and extensional flows (Perkins et al., 1997;
Smith and Chu, 1998). They have tried to understand the
characteristics of the complex flow and its physical origin.
Molecular orientation and deformation of polymers are rel-
atively well known for diverse flow conditions and poly-
mer characteristics (Hoagland and Prud’home, 1988; Lee
et al., 1997).

But in the confined flow as in the microfluidic devices,
the polymer solution shows an anomalous dynamics and
the chain dynamics is quite different from the case in the
free shear flow (Doyle ef al., 2000; Shrewsbury et al.,
2001). Many researches tried to describe the effect of wall
on the polymer behavior, focusing on the hydrodynamic
interaction and excluded volume effect using repulsive
potentials between the wall and polymers. Jendrejack ef al.
(2003a; 2003b) showed DNA migration and the config-

*Corresponding author: ahnnet@snu.ac.kr
© 2007 by The Korean Society of Rheology

Korea-Australia Rheology Journal

urational change due to confinement by considering the
hydrodynamic interaction at the wall. Skjetne er al. (1997)
showed the bending and curvature of fibers caused by the
wall interaction and hydrodynamic interaction in the sim-
ple shear flow, leading quite different rheology and con-
figurations near the wall. Radzyner and Rapaport (1998)
simulated flexible and rigid molecules, and described the
orientational effect using molecular dynamics (MD) sim-
ulation in Poiseuille flow. In their work, there was a com-
petition between the Maxwell orientation in which the
molecule tends to align at 45° to the flow direction and a
tendency of molecules close to the wall to align parallel to
the flow direction. Woo ef al. (2004a) pointed out that as
a consequence of chain confinement, the entropic force is
altered by the loss of chain configurational space, and the
viscous drag on the chain is increased due to the hydro-
dynamic interaction with the wall. They also reported the
theology and chain dynamics including the tumbling
motion and relaxation using the Brownian dynamics (BD)
simulation. Recently, Usta et al. (2005) examined the effect
of confined flow on the distribution of polymer chains
using the Lattice-Boltzmann simulation, and found that the
polymer migrates to the center of the channel due to hydro-
dynamic interaction. Fang et al. (2005) measured DNA
stretch as a function of distance from the wall. The mol-
ecules were compressed to the direction perpendicular to
the wall in the vicinity of the wall regardless of the flow
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strength but they stretched as the distance from the wall
increases at stronger flow.

However, many studies were limited to the polymer
dynamics in the prescribed velocity field. For better control
and design of the microfluidic devices, it will be important
to have a clear understanding on the flow behavior of poly-
mers in the complex flow fields. In this study, we inves-
tigate the orientation and deformation of polymers in a
channel flow as well as in the complex flow using the
micro-macro simulation technique that can consider the
interaction between the fluid flow and polymer dynamics.
To take the wall effect in the confined channel flow into
account, we apply the anisotropic drag and anisotropic
Brownian force that lead to the increased mobility toward
the flow direction near the wall. Even though more rig-
orous modeling will be required for better description of
the interactions between the wall and polymers, we have
compromised to introduce the concept of anisotropy to
reduce the computational burden, while taking the inter-
action of flow field and polymer dynamics into account.
We will describe not only average but individual config-
urations of polymers near the wall at the same time.

This paper is organized as follows. The basics of molec-
ular modeling and the governing equations with spatial
constriction are introduced in Section 2. The numerical
algorithm and the conditions for numerical simulation are
presented in Section 3. The algorithm verification in the
simple shear flow and the simulation results in both Poi-
seuille flow and 4: 1 contraction flow are discussed in Sec-
tion 4, with particular emphasis on the molecular tumbling
behavior that is observed close to the wall under strong
anisotropic drag and high shear flow region. And the con-
cluding remarks will be followed in Section 5.

2. Governing equations

As a polymer consists of many repeating units, it is com-
mon to model the polymer chain as a series of beads con-
nected by springs or rods. The simplest but very efficient
method is to model the polymer as a dumbbell; two beads
are connected by a spring. Depending on the character of
the spring and the molecular concepts for diverse inter-
actions between the components, there arise many molec-
ular models for polymer dynamics. In this work, we model
the polymer solution as a suspension of finitely extensible
nonlinear elastic (FENE) dumbbells. In this model, the
spring force is linear at small extensions, but the spring
becomes stiffer as it is more extended. The configuration
of FENE dumbbell can be described by a connector vector
0 which connects two beads of a dumbbell, and the FENE
spring force is expressed as follows (Bird et al., 1987),

Fo-—H2 5 0. 1
1—(Q/Q0)2Q Qo (1)

148

where H is the spring constant and Q, is the maximum
extensible length of the connector vector @. This equation
means that the spring cannot be extended beyond a max-
imum separation O, because there exists a mathematical
singularity when O0=|Q/=0,. .

In the absence of an external force, the force balance for
each bead n of a dumbbell consists of a hydrodynamic drag
force F®, a Brownian force F, and an intramolecular
force F?;

FP+FO+F9=0. )

If we assume that the perturbation of the flow field at one
bead resulting from the motion of the other bead is neg-
ligible and the friction tensor is isotropic {=¢I, Eq. (2)
becomes

LR~k )k T g+ FP =0, (v=12) - (3)

where k is the velocity gradient tensor, r, is the position
vector of bead v, and v is the configuration-space dis-
tribution function. The subtraction of the two equations
about each bead makes the equation of motion for the
dumbbell connector vector @=r—r,. Then we can get a
diffusion equation from the equation of continuity for

m Q)

v —(ai -{[k~Q] y-2el2, 2po w}} : ©)

0

In microchannel flow, the motion of the dumbbells is
strongly affected by the wall when the characteristic length
of the geometry is small. We introduce anisotropic drag to
take this spatial restriction by the wall into account for sim-
plicity, although long range hydrodynamic interaction
should be taken into account for rigorous calculation. The
mobility of a dumbbell towards the wall direction is
strongly suppressed near the wall. So we assume that the
inverse friction tensor ¢'(x) is anisotropic to account for
the anisotropic mobility of the dumbbell (Bird and Deagu-
iar, 1983; Bird and Wies, 1984). Because the mobility of a
dumbbell may vary according to the position in the micro-
channel, we simply assume that the degree of anisotropy
has its position dependence in the form of an exponential
function,

= %1(1 — () I+ a(x)uu) . )

Vector u=QV/|Q| is the unit vector in the direction of the
connector vector @, and ofx) is the anisotropy parameter
and has the value between 0 and 1,

a(x) = awallge{;ﬂp% . (6)

L is the half of the channel width and x is the distance
away from the symmetry line. In the case of x=0 (sym-
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metry line), & equals zero, which means the mobility to all
directions is the same. As the position moves to the wall,
o increases exponentially, which means the mobility
toward the connector vector direction becomes dominant,
and for the extreme case of x=1 at the wall, & becomes
Qi (We set @, to be 0.99) and the mobility of the dumb-
bell is totally toward the connector vector direction. The
concept of anisotropic drag is also used to model the entan-
glements in concentrated solutions or melts, leading to the
encapsulated dumbbell model or the Giesekus model. Even
though the concept is similar, the origin of anisotropy (one
from the wall effect and the other from the entanglement)
and the system (one is dilute suspension of dumbbells and
the other is concentrated solutions or melts) are quite dif-
ferent. Here, the beads close to the wall may pass through
the wall because the center of the dumbbell can be located
at the wall of the Eulerian grid in the Brownian config-
uration fields, which will be explained later.

Using the anisotropic friction tensor, we can derive a new
Fokker-Planck equation (Deaguiar, 1983; Baxandall, 1987,
Biller and Petruccione, 1988).

a_lg 0 - O )
= [aQ {[k Qly-2k,1 " Qw 2% F D (7)

The Fokker-Planck equation can be transformed into an
equivalent stochastic differential equation for the connector
vector @ by Langevin approach as follows (Ottinger,
1996),

Q(1+A) = Q(p) +At[k Q-2 (k) FO>)+
“2h1( 22 £ 000 |+ B 10 ®)

where 4-4" = 4kBT§ ", A can be obtained by Cholesky
decomposition of ¢ and the components of fare Gaussian
random numbers with zero mean and unit variance. In Eq.
(8), the inverse friction tensor £~ (x,f) and the tensor A(x, 7
can be updated from Q(r) for each time step, but the veloc-
ity gradient tensor k should be specified analytically or be
solved from the conservation equations.

Here we choose the latter and couple the conservation
equations with the stochastic equations for dumbbell model
by using CONNFFESSIT (Calculation Of Non-Newtonian
Flow: Finite Elements and Stochastic Simulation Tech-
nique) approach, which uses stochastic simulation from the
molecular kinetics explained above as an alternative to the
traditional constitutive equation for the simulation of vis-
coelastic flows. We used the Brownian configuration field
method of Eulerian approach among the CONNFFESSIT-
type methods to circumvent individual dumbbell tracking,
by introducing spatially continuous, convected and de-
formed Brownian configuration fields. In the Brownian
configuration field method, the connector vector Q(7) is
replaced by the spatially continuous Brownian configura-
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tion field Q(x,?) (Hulsen et al., 1997; Ottinger et al., 1997;
Somasi and Khomami, 2000). For the convenience of cal-
culation, non-dimensionalized variables and parameters are
introduced to the governing equations, then the non-dimen-
sionalized governing equation becomes

Q(x,1+Af) = Q(x,0) + J—IW;A(x,t) - AW(1)
+ At|:—v VO, )+ k- Q(x 1)~ ZLng*l(x,t) FO(x)

+2;Vl(agc e 1] ©)

Here @ is now non-dimensionalized by ./k,7/H, v
denotes the dimensionless velocity vector. The Weissen-
berg (Wi) number is defined by AV/L where V is the char-
acteristic velocity, L is the characteristic length, and the
relaxation time A is defined by J4H. AW refers the Wiener
process of Gaussian random numbers with zero mean and
At variance. Spring force of FENE is also non-dimen-
sionalized as follows,

Fo-—2 (10)
1-0%/b
Nonlinear parameter 5=HQ; /(ksT) is a dimensionless
constant that relates to the maximum extensibility of a
dumbbell. The inverse friction tensor is modified as in Eq.

an,
(1=(1—a)1+0mu, (11

where A is obtained from 4-4"=¢'. The polymeric
stress of dumbbells can be obtained by the ensemble aver-
age of the Brownian configuration fields using the
Kramer’s expression

T (60) = _@( jans gle (HFx, t)) it = Z .
where N, is the number of dumbbells to be ensemble
averaged at each node, =1/ 1,= 1/(n,+ 1,) is the ratio of
the solvent viscosity to the total viscosity, and Q(x,?) rep-
resents the Brownian configuration field of the i dumbbell
used in the ensemble average.

The isothermal flow of incompressible polymer solution
is governed by the momentum balance equation and the
continuity equation. For the conservation equations, we
assume the creeping flow and use the discrete elastic vis-
cous split stress (DEVSS-G) scheme in the formulation of
the finite element method to stabilize the governing equa-
tions as follows,

~Vp+V-1,+ Vi (1-HV k=0
k-(Vv)'=0, (13)
Vv=0

where p is the fluid pressure. A polymeric stress t,
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obtained from the above stochastic process can be coupled
with the flow field.

3. Numerical scheme and simulation conditions

For the spatial discretisation, we used the finite element
method in both Brownian configuration field and the con-
servation equations. For the Brownian configuration field,
the use of semi-implicit predictor-corrector method pro-
posed by Ottinger (1996) makes the FENE dumbbells
avoid unphysical condition of Q(|@">5 ). But the corrector
step of that scheme has different stiffness matrix at each
time step, and it makes computing time exorbitant. To
remove this difficulty, we applied the semi-implicit pre-
dictor-corrector method only for the dumbbells having
unphysical configurations so that we could achieve high
computational efficiency with little loss of accuracy,

(1) predictor step

Qr',+1 - Qj [—Vn‘VQ;‘“"kn‘Q;—ZLVVi((l'F’(C));
g
2WiNG0

(2) corrector step

sl ]AHT”(A AW,

Qn+1 - Q] [_vn'vQ;,+kn.Q;_2+m(:1 .F»(C));'

1 ( 0 )n} ll: s a1 g+l antl
o A+ VO KO
2WiNoQ 3 2 Vo kg

_ﬁ((l F(c))n+1 (aaQ 9’1)%1*}&

(A AW) ]

" 1
2JWi
il >b goto (3)

(3) semi-implicit corrector step
( _“LWH —(Q?;””/b(l) z"

~ QA K G( FN e“)"]m
+ 5.1_%(%. gl)qu

[(A- AW+ AWy,

+%{_vn+l .VQ;H-I +kn+1 _Q;l+l

14
J_z (14)

where the superscript #, n+1, and asterisk stand for the
variables of present step, next step and predictor variables
of the next step, respectively. In the semi-implicit corrector
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step in the above adaptive scheme, Eq. (14), we can get a
cubic equation

xS—Rx2~(1 +4Aut/' bx+Rb=0 15)

where x=|Q"", R is the right-hand side term of the third
step of Eq. (14). Eq. (15) has a solution between 0 and /5,
so unphysical configuration of FENE dumbbell can be
avoided.

We used bilinear polynomials as the interpolation func-
tions for the Brownian configuration fields. The discon-
tinuous Galerkin (DG) formulation was used to stabilize
the hyperbolic character in the stochastic differential equa-
tion of the Brownian configuration field. Also, we per-
formed parallel computing which distributes the configura-
tion fields to the processors using the Massage Passing
Interface (MPI). In solving Eq. (13), we used biquadratic
polynomials for the velocity field, and bilinear polynomials
for the pressure and velocity gradient tensor as interpo-
lation functions. The conservation equations were solved
serially because the dominant time-consuming step was the
solution step of the Brownian configuration fields. The
advantage of this algorithm, which solves velocity field
and polymer stress self-consistently, consists of 1) it pro-
vides information for both flow field and polymer dynam-
ics, 2) it considers the interaction between fluid and
polymer, 3) it can solve chain dynamics in complex flow
fields, 4) computationally effective and 5) many polymer
chains (dumbbells) can be incorporated (dramatic when
compared with Stokesian dynamics simulation).

Two different geometries were used in this study. One is
planar channel and the other is 4:1 planar contraction. The
former is to investigate the effect of various conditions on
the polymer configuration, while the latter is to investigate
the polymer configurations in complex flow fields. In the
mesh of planar channel, the number of elements was 300,
and the degree of freedom (DOF) of conservation equa-
tions was 4,222. After the parameter study in the Poiseuille
flow, we applied this algorithm to the 4:1 planar contrac-
tion geometry to investigate the dumbbell configurations in
complex flow fields. The number of elements was 1,985
and DOF of conservation equations was 26,802. The num-
ber of the Brownian configuration fields used for the
ensemble average was 2,000 per node and we set the
dimensionless time step At=0.001. The stochastic error in
the steady state solution was found to be less than 8% of
the mean stress value.

4. Results and discussion

In order to verify the reliability of the algorithm, we first
compared our result with the previous report of Biller and
Petruccione (1988) under constant anisotropic drag coef-
ficient, in which the Brownian dynamics simulation was

Korea-Australia Rheology Journal



Orientation and deformation of FENE dumbbells in confined microchannel and contraction flow geometry

10" b Y

102 Lot .
107 10° 10

(b) 0.30
0.25

0.20
0.15

stress

0.10
0.05
0.00

-0.05
0 5 10 15 20
time

Fig. 1. (a) Shear viscosity of Hookean elastic dumbbell (lines)
compared with Biller and Petruccione’ work (ref. 18;
symbols) as a function of Wi at various anisotorpic param-

eters; B=0; (b) simulation results by Brownian config-
uration field method (solid line) and by Brownian
dynamics simulation (dashed line); Wi=1, #=0.9, a=0.5.
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Fig. 2. Definition of orientation angle.

performed with the Hookean elastic dumbbell model in
simple shear flow. Fig. 1(a) shows the shear viscosity vs.
Wi. The results from the Brownian dynamics simulation
agree well, with some deviations which are within statis-
tical error tolerance. The robustness of the Brownian con-
figuration field method is also supported in Fig. 1(b), in
which good agreement can be found in the start-up behav-
ior of simple shear flow. The agreement between the pre-
dictions from different algorithms in spite of the stochastic
nature confirms the reliability of the algorithm suggested in
the previous section. We now change the elastic spring
force to more realistic FENE spring force.

We performed a parameter study to understand the effect
of flow conditions and polymer characteristics on the ori-
entation and stretching of FENE dumbbells in the Poi-
seuille flow. The average orientation angle (¢) and average
stretching (S) of FENE dumbbells are defined by the

3.5 =
e x=0
30+ & x=(1/4)L
| o x=(2/4)L
2.5 o x=(3/4)L

35
30+

2.5-"

0.0 L 1 1

0 5 10 15 20
time

Fig. 3. Average orientation and stretching of dumbbells as a function of position in a channel when (a) isotropic drag and (b) aniso-
tropic drag are imposed respectively; Wi=0.5, £=0.9, h=100.
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ensemble average over 2,000 Brownian configuration
fields. We take the ensemble average <QQ> of Brownian
configuration fields, from which two principal axes are
obtained by solving the eigenvalue problem. Then the
direction of the major principal axis is defined as the aver-
age orientation direction, and the average stretching is
defined by the length of the major principal axis of <QQ>
divided by its equilibrium length. The orientation angle 0°
means that the dumbbell aligns perpendicular to the flow
direction. The positive sign in the orientation angle is the
counter-clockwise direction, and the negative sign is the
clockwise direction from the 0° axis as shown in Fig. 2.
The orientation angle lies in the range of —90°~+90°, Ulti-
mately —90° and +90° represent the same orientation, that
is, the alignment of dumbbells with the flow direction.

The average configurations of FENE dumbbells in a
channel are shown in Fig. 3 with isotropic and anisotropic
drag, where the position x=0 denotes the symmetry line
where the velocity gradient is zero, and the position x=L
denotes the wall where the velocity gradient becomes the
maximum. They are used simply for convenience to indi-
cate the position in the flow domain. In both cases, the
FENE dumbbells at the symmetry line show random ori-
entation due to the Brownian motion, but in the shear flow
region away from the center they align to the flow direc-
tion with larger angle and the dumbbells stretch more as
they come closer to the wall. The difference between iso-
tropic and anisotropic drag becomes clearer near the wall.
When the anisotropic drag is imposed, the polymers more
orient and more stretch. Near the wall, it takes longer time
to reach the steady state than other cases. Anisotropic drag
caused by the wall interaction in a channel makes dumb-
bells more align to the flow direction and stretch because
the mobility to the flow direction becomes more pro-
nounced and the orthogonal motion is suppressed.

The configuration of dumbbells can be affected by
parameters relating to the flow conditions. We performed
parameter studies to understand the influence of viscosity
ratio, shear rate and maximum extensibility of FENE
dumbbells in planar channel flow. The orientation and
stretch of FENE dumbbells depend not only on the flow
conditions but also on the position where the dumbbell is
located within the channel. From now on, we will compare
the configurations of FENE dumbbells near the wall (at the
fixed position x=3.88L/4), to remove the position-depen-
dence of the configurations. In Fig. 4(a), the average ori-
entation angle is rarely affected by these parameters. But as
far as the average stretching is concerned, lower Wi and
lower maximum extensibility reduce the degree of stretch-
ing of dumbbells quite significantly in Fig. 4(b). The veloc-
ity profile is almost the same with the Newtonian parabolic
profile but deviates as £ changes. It slightly changes from
parabolic ($=0.9) to bell-shaped profile ($=0.5) as in Fig.
4(c). Near the wall, the velocity change is small but the
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Fig. 4. Effect of viscosity ratio, Wi, and the maximum exten-
sibility of FENE dumbbells on (a) average orientation, (b)
stretching of dumbbells, and (c) velocity profiles.

shear rate slightly increases when the polymer contribution
increases, which affects the average stretch as in Fig. 4(b).

Of particular interest is the tumbling of molecules (Smith
et al., 1999; Woo et al., 2004b; Teixeira et al., 2005;
Schroeder er al., 2005). We could observe tumbling of
individual dumbbell and the tumbling was outstanding near
the wall. The orientation angles of some FENE dumbbells
are shown in Fig. 5. We observe random orientation at the
symmetry line, but near the wall at x=3.88L/4 some indi-
vidual molecules undergo tumbling motion as shown in
Fig. 5(b) although they have random orientation near the
wall in the case of isotropic drag. At the position at x=3L/
4 in Fig. 5(a), the tumbling of dumbbells appears more fre-
quently and the number of dumbbells having random ori-
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(a) 90 —
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N
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Fig. 5. Orientation of individual FENE dumbbells at, (a) x=3L/A4,
(b) x=3.88L/4 and (c) average number of tumbling per
dumbbell for r=20; Wi=0.5, =09, b=100.

entation becomes larger than near the wall. Average
number of tumbling per a dumbbell during the simulation
time is also given in Fig. 5(c). However, there was no
apparent cyclic dynamics related to molecular tumbling as
reported in the previous studies (Teixeira et al., 2005;
Schroeder et al., 2005).

This particular behavior is now to be discussed in terms
of the dominating forces and their roles. If we only con-
sider the effect of flow field on the dumbbell configuration
and if the individual molecule is aligned with negative
angle, the dumbbell extends and aligns more along the
flow direction as in Fig. 6(a) because the bead far from the
wall moves faster than the bead close to the wall. The
dumbbells whose orientation angles are near —90° can
sometimes fluctuate to the positive angles due to the
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Fig. 6. Effect of ambient flow field on the configuration of
FENE dumbbells; (a) stretching and alignment, (b)
shrinkage and tumbling.

90

.90 Wd&h‘\.ﬂ‘! : .
0 5 10 15 20
time

Fig. 7. Orientation angle and stretching of a dumbbell near the
wall; Wi=0.5, =09, b=100.

Brownian motion. If a molecular configuration has a pos-
itive orientation angle, the molecule tumbles over and
stretches again as in Fig. 6(b). So the probability of tum-
bling becomes higher near the wall because the velocity
gradient is larger near the wall than far from the wall. But,
the dumbbell configuration is not affected by the flow field
alone. When we observe the orientation and stretching of
the individual dumbbell as in Fig. 7, they seem to be
affected in a complex way by the flow field, spring force,
and Brownian force rather than simple mechanism of
stretching and alignment (Fig. 6(a)) or shrinkage and tum-
bling (Fig. 6(b)). To tumble over, the dumbbells should
occasionally have positive angles by Brownian force.
Then, they experience shrinkage and tumbling at high
shear rate through the mechanism of Fig. 6(b). In other
words, the Brownian force plays a role as a cause of tum-
bling and high shear rate facilitates it. In addition, the
anisotropic drag near the wall makes dumbbells more
stretch and align than the isotropic drag at the symmetry
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# of tumbling

0.0

Fig. 8. Effect of Pe on the individual tumbling of FENE dumb-
bells; (a) Pe=35, (b) Pe=500 (c) average number of tum-
bling per dumbbell for r=20; Wi=0.5, f=09.

line, while anisotropic Brownian force makes the Brown-
ian motion act along the dumbbell direction. These aniso-
tropic effects facilitate tumbling as well as stretching and
alignment. Tumbling was seldom observed under isotropic
drag at the symmetry line, because the dumbbells less
stretch and align compared to the case with anisotropic
drag and they have random orientation due to isotropic
Brownian force that disturbs tumbling. Next, we investi-
gated the relationship among the acting forces on the
dumbbells to understand the effects of the governing forces
on molecular tumbling. Here we define the Pecler number
(Pe) as the shear rate () multiplied by the characteristic
time for the Brownian motion (Tzum).

= _ 800 Wi
Pe= =220 = = = Wi-
€= Viproun = 7 ¥ yAb i-b (16)
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(b

Fig. 9. (a) Orientation and (b) stretching of FENE dumbbells
with extensional rate along the center line in the exten-
sional flow region of 4 : 1 planar contraction flow near the
reentrance; Wi=0.5, #=0.9, b=100; y=0 denotes the
reentrant position.

We examined the effect of Pe on tumbling in Fig. 8. At
low Pe, even though some dumbbells have positive angles,
many of them still have a tendency to keep the random ori-
entation because shear force is not strong enough to induce
tumbling compared to the Brownian force. On the other
hand at high Pe, the dumbbells keep on tumbling once they
have positive angles because the flow field is strong
enough to overweigh the restoring force to the random ori-
entation. However, the number of dumbbells that undergo
tumbling is smaller at high Pe because the dumbbells have
less chance to align to the positive angle due to the rel-
atively weak Brownian force.

The degree of anisotropic drag has been used as the form
of Eq. (6), but on the other hand the exponential form of
anisotropy may not be accurate and we have also checked
the sensitivity of Oyay. AS Oy varies from 0.9 to 0.99, the
dumbbell configuration changes only close to the wall. The
average orientation angle differs by 3.9% for o, =0.95,
and 7.0% for a,,;;=0.9 compared to the case of oLy, =0.99.
And the change of average stretch is 3.8% for o,.;=0.95
and 7.3% for o,,;=0.9. The effect of alpha is more pro-
nounced in the motion of individual dumbbell. The number
of tumbling of a dumbbell during 20 time units differs by
less than 8.3% for oy larger than 0.95, while it differs sig-
nificantly for o,;=0.9. The dynamics (whether individual
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or average) does not change significantly provided that
Oy 18 larger than 0.95.

Contraction flow is frequently encountered in many flow
devices. In contraction flow, the extensional flow is dom-
inant along the symmetry line near the contraction, and the
polymer configuration in this region differs from that in
Poiseuille flow. We performed simulation of 4:1 planar
contraction flow with the same flow rate used in the Poi-
seuille flow above. We plotted average orientation angle as
well as the average degree of stretching together with the
extension rate along the symmetry line in Fig. 9. The
extension rate was defined as 6v,/9y. The extension rate
increases along the symmetry line and reaches maximum
before the reentrant region (y=0), and decreases afterwards
while the dumbbells stretch and relax. But there exists
some time lag. The dumbbells relax slowly after the exten-
sional flow region being not completely relaxed after-
wards. In other words, the memory is not eliminated
completely after passing through the extensional flow
region. Moreover, the dumbbells in extensional flow region
keep their alignment along the flow direction from the
extensional flow region to the end of the channel. The indi-
vidual FENE dumbbells in the extensional flow region
undergo quicker and more frequent tumbling compared to
shear flow. The extensional flow is so strong that the
dumbbells more align to the flow direction, and are influ-
enced by random Brownian force that is isotropic in this
region. In the shear flow, on the other hand, the flow is less
strong and the Brownian force is anisotropic near the wall.
Therefore, the dumbbell configuration is determined not
only by the wall interaction but also by the flow type such
as shear or extension resulting from the geometric origin.

5. Conclusions

In this study, we investigated the polymer configuration
in both simple shear and complex flow field by modeling
the dilute polymer solution as a suspension of FENE
dumbbells. By using the micro-macro approach, we could
obtain the average macroscopic configuration as well as
the individual configuration of each polymer chain at the
same time. In particular, the anisotropic drag and aniso-
tropic Brownian motion were considered in order to model
the interaction between the polymer and the wall in a con-
fined channel flow. Molecular tumbling was observed near
the wall, and we investigated the mechanism of tumbling
behavior in terms of the acting forces. It was strongly influ-
enced by anisotropic drag and high shear close to the wall.
We discussed the mechanism of this particular behavior in
terms of Pe which is the ratio of shear force and Brownian
force. At high Pe, the dumbbells keep on tumbling once
they have positive angles, but the number of dumbbells
that undergo tumbling is reduced. The dumbbell config-
uration could be determined not only by the wall inter-
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action but also by the flow type such as shear or extension
resulting from the geometric origin. In the contraction
flow, the memory was not eliminated completely even after
passing through the extensional flow region. The dumb-
bells keep their alignment along the flow direction from
the extensional flow region to the end of the channel and
they are not completely relaxed after stretching. The indi-
vidual FENE dumbbells in the extensional flow region of
4:1 contraction flow undergo quicker and more frequent
tumbling because the dumbbells more align to the flow
direction and are influenced by random Brownian force.
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