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ABSTRACT: The zero-shear-rate intrinsic viscosity of a flexible polymer confined in a slit in Couette and
Poiseuille flow is investigated by Monte Carlo simulations of self-avoiding random walks on a simple cubic
lattice and by analytical calculations in the free-draining limit. In the simulations an equilibrium ensemble
of chains is generated and the intrinsic viscosities in Newtonian Couette and Poiseuille flows are calculated
by Zimm's algorithm. The intrinsic viscosity is calculated with hydrodynamic interaction and for the free-
draining limit. There is a striking difference between both flow types with respect to the influence of the
slit width on the intrinsic viscosity. As shown before,” the intrinsic viscosity in a Couette flow drops sharply
from its unconfined value for distances between the plates for which the coils are squeezed. For a Poiseuille
flow, on the other hand, the intrinsic viscosity starts to decrease gradually already at much larger distances.
This difference is due to the fact that, due to the confinement, the polymers have a tendency to concentrate
near the center of the slit, where in a Poiseuille flow the shear rate is 0. This occurs long before the real
squeezing starts. In the limit of large slit widths the values coincide. These results are in agreement with
analytical free-draining results and with calculations based on the Hookean dumbbell model of Goh et al.3!:32

Introduction

The behavior of polymer solutions in confined flows is
of great importance in hydrodynamic chromatography,!2
enhanced oil recovery,, drag reduction,*5 and (bio)lubri-
cation.® The influence of polymer solutes on the zero-
shear-rate intrinsic viscosity in a bounded and unbounded
simple laminar shear flow, Couette flow, was discussed
before.” The dependence of the zero-shear-rate intrinsic
viscosity on the distance between the two parallel walls,
L, which confine the Couette flow was discussed. For
distances smaller than the distance at which the coils are
squeezed,!4 the zero-shear-rate intrinsic viscosity, [7]y,
decreases sharply.

Since in practical applications confined pressure-driven
flows, Poiseuille flows, are at least as equally important
as Couette flows and since both Couette and Poiseuille
flows are used to obtain data on the intrinsic viscosity of
polymer solutions, it is worthwhile to compare both flow
types.

In the model of Chauveteau et al.38 for Poiseuille flow
in a tube, the zero-shear-rate intrinsic viscosity as deter-
mined in unconfined flow, [7]o, is used as an input
parameter: the intrinsic viscosity is kept constant for all
distances of the polymer chains to the pore wall and for
all diameters of the pore concerned. Our previous results’
on bounded Newtonian shear flow, however, show that
the intrinsic viscosity depends on pore diameter, distance
of polymer coils from the wall, and flow type.

The effects of confinement are noteworthy, i.e., the
tendency of the polymer to avoid small pores,®!! the
relative increase of the polymer segment density in the
center of a single pore,'21% and the orientation and
squeezing of the polymer coil in a pore.!4 These phe-
nomena lead to viscosities different from a system in free
space, i.e., where the distance between confining bound-
a.m?s3 is much larger than the radius of gyration of a polymer
coil

In this paper, Newtonian Couette and Poiseuille flows
between two parallel walls are discussed. The flows are
unidirectional and parallel to the walls with shear stress
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and shear rate constant in time. In Poiseuille flow the
shear stress, and hence the shear rate, is not spatially
invariant as for Couette flow but depends linearly on the
coordinate perpendicular to the direction of flow.

The boundary walls are perpendicular to the z-direction
and parallel to the direction of shear, x. The diameter of
the slit is L, with z = 0 in the symmetry plane of the slit;
i.e.,, -L/2 <z = L/2. The relation between shear stress,
o, shear rate, v, and viscosity, 5, in these laminar flows is

c=1y with"y=dvx/dz, v,=v,=0 1)

where v, is the o component of the velocity field, and «
= x, y, or 2. For Couette flow ¢ and y are independent
of 2. For Poiseuille flow ¢ and v arel®

_dP - _0P1

--6—.;2 Y =352 (2)

where P is the dynamic pressure.

In an unbounded flow ¢ and + are as stated in eqs 1 and
2, but due to the finite distance between the plates, the
values of ¢ and v are changed near the boundary plates.
In this paper we assume that the influence of the walls on
o and v can be neglected. Such an assumption seems
perfectly appropriate for simulations where the solvent is
treated as a hydrodynamic continuum and the segments
are implicitly assumed to be entities much larger than the
solvent molecules. Friction with the repulsive walls is
assumed to be absent. Experimentally, these assumptions
will break down when the distance between the walls is
too small to ignore slip of the solvent or the molecular
nature of polymer chain, wall, and solvent.16-19 Iftheshear
stress is not a constant, as in Poiseuille flow, the polymer
chains prefer regions with the lowest shear stress.?>-2% Since
we are interested in the limit v — 0 and ¢ — 0, it seems
reasonable enough to neglect this effect on the polymer
conformations.

Results are obtained with hydrodynamic interaction
(HI) between chain segments and between segments and
the boundary walls. To assess the effect of HI, and as a
check on the numerical algorithms used, the free-draining
limit (FD) is considered as well.

g
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The basics of the model to calculate [5]; can be found
in the literature.”?* Essential is the use of the spatial
distribution function of the polymer chain at rest,? the
treatment of a polymer conformation as a rigid body,
and the use of a modified Oseen tensor to model HI.28:29

In Couette flow the contribution to the zero-shear-rate
intrinsic viscosity from a single polymer conformation ig?:27

N+1

Nyt
[n],,——-g—u/wZz, " 3)

where N, is Avogadro’s number, M is the molecular weight,
7o is the solvent viscosity, and F; is the friction force on
theith chain segment. The only forces acting on the chain
segments in this model are the frictionforces. Inthesteady
state, the net force acting on the center of mass, averaged
over all conformations, is zero?

N+1

D (Fi) =0 )

Equations 3 and 4 give for the intrinsic viscosity

N+1

Ny1
([n]L>—-——(1/7)Z(Z’F.x) 2/ =2;~ 2oy ()

The superscript prime indicates a coordinate relative to
the coil’s center of mass. The superscript CM indicates
the center of mass.

The equation for the zero-shear-rate intrinsic viscosity
in Poiseuille flow may be obtained from a consideration
of energy dissipation in a way quite similar to a well-known
procedure for Couette flow, leading to eq 3.26:27

If v;° is the original velocity of the solvent fluid at the
point of location of the ith segment, the work done in unit
time by the fluid for the ith segment is -F;v,%. The Po-
iseuille flow is a laminar flow in the x direction with v;,°
=~—(9P/0x)(1/7)(1/2) [(L/2)2~z?2]. Theincreaseinenergy
loss in unit time and in unit volume due to the presence
of p polymer chains per unit volume is therefore (using
eqs 2 and 4) equal to

N+1

-p/2z~/(z ) 2F,, (6)

Now the slit is divided in infinitesimal slices of width
dz, in which the shear rate y(2) = Gz, with G = (3P/dx)-
(1/) constant. In the infinitesimal slice, the energy
dissipation may be obtained by considering a Couette flow
between two parallel plates at a distance dz.2” Suppose
that one of the two parallel plates of area A at a distance
dz is moving with a velocity dv = v(z) dz with respect to
the other. Then the frictional force on the moving plate
is F = nv(2) A, and the displacement of this plate per unit
time is dv = 'y(z) dz. Furthermore, the total amount of
work dissipated in the volume A dz per unit time is

Fdv=ny(2)?Adz N

By integration of eq 7 over the slit width the energy
dissipation per unit time in the Poiseuille flow is obtained
as

L2

2
MG Ade = (AL)n%G? (8)

(AL)YW =

Writing the energy dissipation per unit volume and unit
time, W,as W = W, + W, with W, the solvent contribution
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to W, gives
- L
W, = (- 9356 (€)]

Combining eqs 6 and 9 gives for the zero-shear-rate intrinsic
viscosity in Poiseuille flow

=oAL 8§ op (10)
ny=-———) 2/F,
L M5
With eq 4 [#] is written as
NA]. N+1
], =-———) (& +2z20\z))F,, 11
nly M%Lzaz owz)F,, (D

Conformational averages of [5];, obtained analytically for
Poiseuille flow will be calculated further on with the
equation

(nlp = /D) [ mondecy (12

where the angular brackets indicate an average over
polymer conformations and the angular brackets with
index CM a conformational average with zcy fixed.

The above discussion on energy dissipation in a Poi-
seuille flow (eqs 11 and 12) is valid if the correlation length
along the chain, b (Kuhn’s segment length), is such that
the change of y(z) over a distance b |cos 8] is small

a‘p 1blcos 6—0 (13)

or since |cos flmax = 1, (67’/6x)(1/n)b — 0, where 0 is the
angle between the z-axis and Kuhn's segment. In our
model of a flexible polymer we are interested in the limit
vy — 0, so (8P/dx)(1/g) — 0 and eq 13 is satisfied
automatically.

For confined systems averages over polymer confor-
mations depend on L. Hence, the angular velocity is a
function of L. In Zimm’s procedure the angular velocity
Q; of a polymer conformation is defined as26:30

N+1
(22"

N+1

<Z("i’2 +2/9)

The above defining eq 14 requires a priori knowledge of
(INM*12/2) and (IV*'x/%) to calculate [7]z. To avoid this,
we set the angular velocity for all distances L equal to Q.
or define an angular velocity w; for an individual con-
formation. The definition of wy, is

9,8C Q.=C2 (14

N+1

”2
2

wy = Cr——" (15)

Z(xi,2 + zi,2)
[

In the following, both cases of a conformational-indepen-
dent angular velocity w = Q. and a conformational-de-
pendent angular velocity w = wj, will be considered and
the consequences discussed. The expressions for Q; and
wy, in Poiseuille and Couette flow differ in the value of C
only (Table I).2

An explicit comparison between our model for Couette
and Poiseuille flow with the model of Goh et al.3!52 for a
dilute dumbbell suspension is made. The dumbbell
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Table I
Type of Flow
Couette
flow Poiseuille flow
. : P 1
¢ Y Yom = gy ; ZeMm
, 9P N+1
ucm YzeM _er 2_ _ 2N+
x — [(L/z) zon” {Z /(N + D)
. a? N+1
Vit R AL 2 {Z 2/Y(N + 1}

consists of two beads of negligible mass connected by a
linear Hookean spring.3® The probability density function
of the dumbbell conformation is assumed independent of
the dumbbell’s center of mass. The bead radius is assumed
small compared to the end-to-end distance, Ry, of the
dumbbell, so reflection occurs when a bead center attempts
to cross the boundary walls. Interaction between dumb-
bells as well as HI is neglected. The equations derived by
Goh et al. for the specific viscosity translated into our
notation are eqs 16-19.

for Couette flow

([ﬂ]L)

Ty = 2@ ert (9) do1 x
o

@n1/2
—_— £ (£) -
(2>\)1/2f° (er @ 27)

for Poiseuille flow

1 /zse“’) d¢ (16)

(Iny)
([ﬂ]o)

= 4@V [ * erf (9) doT X

1 @n12 g2
(2>\)1/2[f° (erf@ )WEeE)dE—

1 @n1/2 g2
ol et 0 -2t at] an
where erf () denotes the error functlon and A = (3/4)(L/
Rp)2. In the limit of Ro/L — 0 the asymptotic solution of
eq 16 is

R
([n]z,) = [ _ 2 0 (18)

([nly) 6m2 L
and of eq 17 is

(["]L) [ 4 Ro RO ]
=|1- +
([nly) 6m2 L ( ) 19

with values of {[n]o) equal in Couette and Poiseuille flow.
For this Hookean dumbbell the intrinsic viscosity is
independent of shear rate and does not show shear
thinning. Its applicability is limited to the low-shear-rate
regime. T'o compare our results with the dumbbell results,
Ryisidentified with either the end-to-end distance or with
twice the length of the largest principal axis of the ellipsoid
defined by the radius of gyration tensor of a self-avoiding
random walk (SAW). The orientation of the axis is defined
by the eigenvector for this eigenvalue. Although both
choices for R, are somewhat arbitrary, the latter identi-
fication for R, is motivated by the fact that the largest
principal axisseems to be the characteristic lengthrelevant
to the confinement of polymer chains in a slit.14
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Model and Simulation Method

Monte Carlo simulations of an athermal SAW on a
simple cubic lattice with periodic boundary conditions in
the x- and y-direction were performed. The two parallel
walls were perpendicular to the z-axis. The length of the
lattice in the directions with periodic boundary conditions
varied with the chainlength considered. In allthese cases,
this length exceeded the root-mean-square end-to-end
distance of the SAW. The number of steps of the SAW’s
were N = 59,79, and 150. For each chainlength considered,
the lattice length in the x- and y-direction was fixed. For
the shortest distance between the walls considered, the
densities, expressed as the fraction of lattice sites occupied,
varied between 0.8% for N = 59 and 0.9% for N = 150.
With larger distances between the walls, the densities were
correspondingly lower. Thelargest distance between walls
was L = 121. For each chain length and distance between
the walls, a representative sample was obtained by the
reptation algorithm. To speed up equilibration, chain
growth and reptation took place simultaneously.

The first 2 X 108 attempted moves after completion of
chain growth were ignored. From the subsequent interval
of 2 X 10° attempted moves 26 times, at equally spaced
intervals, quantities of interest were calculated and
averaged afterward. This procedure was repeated for five
independent runs. After averaging again, the statistical
errors were calculated as usual from the averages per run.

In Zimm’s procedure® for the calculation of the zero-
shear-rate intrinsic viscosity, the polymer coil is considered
to be a rigid body. In our adaptation to the confined
situation it is assumed that the coil does not rotate if it
is hindered by either of the walls, which is the case if the
following two conditions are satisfied. The first condition
is that one or more segments of the SAW are in a lattice
layer one step length apart from either of the boundary
walls. For Couette flow the second condition is that for
at least one of these segments the coordinate in the
direction of shear relative to the coil’s center of mass is
positive in one layer or negative in the other. Due to
symmetry it is irrelevant which layer is associated with
which sign of the segment coordinate, but the coupling
should be fixed during one computer run. For Poiseuille
flow the angular velocity changes sign when the center of
mass of the coil passes through the center of plane at z =
0. In the case of Poiseuille flow, therefore, the second
condition is modified; the association of a positive or
negative segment with each of the boundary layers is
reversed when the center of mass passes through the center
plane. If rotation is hindered, we assume for the angular
velocity w = 0 as before.” Then each segment of the coil
has a translational velocity component equal to the velocity
of the center of mass. The basic equations can be found
elsewhere; 262" however, to clarify the above considerations,
we will give a brief overview of the equations involved

v,=v v (20)
F,={(u-v) ({=6ma n=1 (21)
N+1
' = ZT” j (22)
1]

where v;? is the velocity of the solvent at the position of
the ith segment if that segment would have been absent,
u; is the velocity of the ith segment, { is the friction
coefficient of a segment, a is the Stokes radius of a segment
instep length units (@ =1/;), F;is the friction force exerted
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on the solvent by a segment, v;* is the contribution to v,
due to hydrodynamic perturbation from all other segments
of the polymer chain, and T is the Oseen tensor. Equations
20~22 give the equations to be solved numerically,? with
HI

N+1 o
(1/OF; + ;T” = - v (23)
or in the case of FD
1/OF, =u,- v} (24)

Both Couette and Poiseuille flows are laminar with

Ui,xo(z )
vi=| o (25)
0

As the chain is assumed to behave as a rigid body, the
velocity of the ith segment is

0 UcMx
w=w uCM = 0
0 0

where R; is the position vector of the ith segment with
respect to the center of mass, ugy is the velocity of the
center of mass, and w is the angular velocity vector of the
polymer chain. The choice made for wis w = wyp or w =
Q.. The velocity v/ = u; - v;% can be written as

V‘r't = uCM _ viO v L w X Ri (27)

Ui,:cr't wzi,
vi*=l o0 |} and v/'=| O (28)
0 -wx;’

If rotation is impossible (w = 0)
V,"t = uCM - Vio Vir’r = O (29)

The dimensionless quantity actually computed is E;, ~
[n1..28 For Couette flow

| . X1 rr
vi=v +y

| S 5 1
vV, =V,

N+1

E = (—2/&)Zzi'Fu (30)
and for Poiseuille flow
12 N+1
E, =-—) @2+ 22¢2))F;, (31)
L2G*=

In the steady state the average moment of the force about
the center of mass is zero:2 L V'z/F; = LV 'x x/F,,. This
can be used to reduce the statistical errors in E; if
calculated by a Monte Carlo method: for a single con-
formation both z/F;, and x;/F;, terms can be used in the
computation of E;.2% The substitutions of quantities
necessary in eq 28 for Couette and Poiseuille flow are given
in Table I and egs 14 and 15.

The HI of a segment with each of the walls is modeled
as the HI of a solid sphere with a wall. Asa =1/;and the
distance d; between one of the walls and the ith segment
instep length units satisfies d; > 1, results on HI published
for a/d; « 1 are used. Corrections to the HI with both
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walls are superimposed, and only terms linear in a/d; are
retained for the diagonal elements of the Oseen tensor:3435

no HI between segments and the walls
T3=Ty=T;=1¢ (32)

HI between segments and the walls

%% =T = ——g- aL
13 14 (1/0(1 16 (L d )d "‘) (33)
= _aL
T (1/0( 8- Dd, ) 34

Results and Discussion

Characteristic lengths of athermal SAW’s in three
dimensions, like the radius of gyration and end-to-end
distance, scale with N*. The Flory scaling exponent for
anexcluded-volume chain isy = 0.6.3637 The most accurate
value available to date for a SAW on a simple cubic lattice
is » = 0.592.383 To compare results for different values
of N, the distance between the walls is expressed in units
A defined by

AsL/N (35)

The following equations are all derived for the FD limit.
These equations are presented to clarify some of the Monte
Carlo results. From now on the superscript R indicates
a rotating conformation (w # 0) and the superscript T
indicates a sliding conformation (« = 0). Equations 36—
41 are obtained with eqs 24, 27, and 28 and Table I, setting
w = Q.. For Couette flow, using eq 5, the conformational
averages are

N+1
=——f- & 36
(") M%r Z(z ) (36)
N, 1 N+1
(1" = ﬁ—rZu ) @

For Poiseuille flow with the use of eq 11 and realizing that
odd powers of z; disappear, conformational averages (for
zcoMm fixed) are

N 16N+1

A
([TI]LR)CM ﬁ__fZ(zCM (2; 2>cm+ (2 >CM
0 l N+1
<z,-'2sz'2/<N +1))cp) (38)
N 16 N+1
([l om = EA_‘ _§Z(2ZCM2<Z/2>CM + (2" em -
L2 S

N+1

(zi’zzzk’z/ N+ 1)ew) B9

Decoupling the position of the center of mass from the
averages for a fixed coordinate zou is valid in the limit A
— =, Using eq 12 gives the conformational averages
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(In),®) =
N+1
2 /2
Nog v @y @ G 2N+ D)
M, t—" 40)
M N @ 12 L2 L2
(1" =
N+1
2 ”2
N, g N1 (zi/2> (zi/4> (2; Z:Zk /(N+1))
M t— 1)
Mﬂo i 6 L2 L2

In the limit L — = eqs 40 and 41 reproduce eqs 36 and
37 for Couette flow.

In Table II results are presented for A > 6. Simulation
data on the intrinsic viscosity in unbounded Couette flow
were published in a previous paper.” The data are also
reported in Table II. The values of the intrinsic viscosity
in FD can be calculated analytically for unbounded Cou-
ette flow with eqs 30 and 36. These values are also
tabulated. It is clear now that for A > 6 Couette flow is
essentially unconfined: for FD the analytical values of E;,
in Couette flow are in excellent agreement with the nu-
merical simulation results. It is obvious that in the large
slit-width limit, the results for Couette and Poiseuille flow
coincide for HI as well as in the FD limit. For FD this is
shown by the eqs 36, 37, 40, and 41.

For Couette flow eqs 5, 14, 15, 24, 27, and 28 and Table
I give in the FD limit

(1P, = % ;’1—0§< G+ %}") 42)
(1P, = %‘;};c(&fﬁ &) @

where A= T¥*'2/2and B=L"'x/% Equations 42 and 43
and some simple statistics prove

s ([11%),, ~ (] %)g, <O (44)

in agreement with the data in Table II. In the limit A —
= the scaling behavior of 6 is that of [7)y in FD¥

5 ~ N (45)
Assuming the same functional relation between é and 7],
in the nondraining limit (infinite HI) gives*®

5~ N¥1 (46)

Not enough different chain lengths have been investigated
to test these scaling predictions quantitatively. Qualita-
tively, the correct behavior is observed.

Figures 1-5 show E;/E; = [n]r/[nlo as a function of A
for various different situations. The value of Ej is the
value of E; for Couette and Poiseuille flow with L = 121
as given in Table II. Results for FD as well as results for
HI are presented. The values of Er/E, with N = 59 are
somewhat higher than with N = 79 and NV = 150 especially
with w = w;. It indicates that N = 59 with w = w; is not
in the long chain limit for E;/E,."* From Figures 1-4 it
is obvious that in Poiseuille flow E./E is less than E;/E,
in Couette flow. Er/E, for Couette flow decreases for A
< 1.5, when the coil is squeezed.l* For larger values of A,
Ei/Eq = 1. For Poiseuille flow it is obvious that E;/E,
increases continuously with increasing A. In the limit of
large slit widths also for Poiseuille flow E;/E; — 1. This
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Table II
Ep for A>6and A — =2
E/H E,FD
N L flowtype Q. wr O wy E.P Q.
59 o Couette 22 71
121 Couette 21 16 66 46 70
121 Poiseuille 17 12 54 36
79 o Couette 27 101
121  Couette 28 23 104 81 98
121  Poiseuille 27 24 100 87
150 Couette 40 201

121 Couette 43 3 221 170 210
121 Poiseuville 34 28 173 135

7 E.FD ig E;FD calculated from ([4].R) for A — « with eqs 30 and
36. E.FP = 0,1772xN1184 (gee also ref 38).

10+
E/Eo
I 0.5F
00k .
0 2 4 6
—_— A

Figure 1. E;/E, as a function of A, with w = w; and HI: (m,0)
N=59;(@,0) N=179;(¢,0)N=150. Opensymbolsand dashed
line: Poiseuille flow. Solid symbols and solid line: Couette flow.
Maximum error is 0.28 in Couette and 0.18 in Poiseuille flow.

—
(=3
w

T

0.0r

—l L i L i 1 1

0 2 IN 6

— A

Figure 2. E;/E, as a function of A, with v = Q. and HI: (m,0)
N=59;(®,0) N="179;(®,0) N=150. Opensymbols and dashed
line: Poiseuille flow. Solid symbols and solid line: Couette flow.
Mazximum error is 0.26 in Couette and 0.15 in Poiseuille flow.

was already discussed above for FD (Table II). This
difference in behavior is due to the tendency of the polymer
coils to concentrate near the center of the slit. This
tendency, which is already present at distances between
the plates that are much larger than the distance at which
the squeezing starts, reduces the viscosity in a Poiseuille
flow because of the parabolic velocity profile with a shear
rate 0 in the center of the plates.

Comparison of Figure 1 with Figure 2, and Figure 3 with
Figure 4, shows that the data scatter in Er/E, for w = «r,
is larger than that for w = Q... This is due to the fact that
Q. is fixed for all L, while w; on the other hand is a con-
formational property prone to statistical fluctuations (eqs
14 and 15). Values of E1/E, are slightly larger with w =
wr than with w = Q.. This is due to the fact that, for A
— 0, wr, goes to zero, while Q.. is constant for all A. With
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Figure 3. E;/E; as a function of A, with w = vz, and FD: (m,0)
N =59;(8,0) N=179;(#,0) N =150. Opensymbols and dashed
line: Poiseuille flow. Solid symbols and solid line: Couette flow.
Maximum error is 0.13 in Couette and 0.16 in Poiseuille flow.
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Figure 4. E;/E as a function of A, with w = Q.. and FD: (m,0)
N=59; (0,0) N=179;(#,0) N =150. Opensymbols and dashed
line: Poiseuille flow. Solid symbols and solid line: Couette flow.
Maximum error is 0.09 in Couette and 0.11 in Poiseuilie flow.

00k 1

__yA

Figure 5. Contribution of conformations not hindered by the
walls, to E;/E; as a function of A, with w = w; and HI: m,0) N
=59; (@,0) N =179; (¢,0) N = 150. Open symbols and dashed
line: Poiseuille flow. Solid symbols and solid line: Couette flow.
Maximum error is 0.50 in Couette and 0.42 in Poiseuille flow.

w = 0 the coils slide, this gives a higher intrinsic viscosity
than with w ## 0 for both flow types (eqs 36, 37, and 38,
39).

From Figure 5 it is obvious that in Couette and Poi-
seuille flow the major part of the intrinsic viscosity is
contributed by conformations which do not touch either
of the walls. Table III shows that there is no significant
difference between results for the contribution of con-
formations not hindered by the walls to E;, considering
either w = w;, or w = (. for Poiseuille flow. Only when the
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Table 111
Contribution of Nonhindered Conformations to E; with
N =150
EHI E,FD
L flow type Q wr, Qo WL
5 Couette 0 0 0 0
Poiseuille 0 0 Q 0
9 Couette 8 2.6 38 8.4
Poiseuille 0.6 0.6 1.0 1.1
17 Couette 29 19 136 77
Poiseuille 4.7 47 12 13
33 Couette 38 30 186 140
Poiseuille 14 14 53 54
67 Couette 41 33 204 154
Poiseuille 19 19 84 81
121 Couette 42 34 216 164
Poiseuille 33 27 165 128

slit width is large compared to the coil’s size (L = 121) is
there a significant difference for Poiseuille flow. For Cou-
ette flow, on the other hand, this contribution to E; is
larger with Q. than with w as expected from eqs 44—46.
These differences are explained by the fact that for Cou-
ette flow all conformations not hindered by either of the
walls do rotate; for Poiseuille flow, on the other hand,
conformations with their center of mass in the middle
plane of the slit also slide, just as the conformations
hindered by the walls.

The effect of HI is a very slight increase of E;/Ej,
compared to the FD limit for both w = w;, (Figures 1 and
3)and w = Q.. (Figures 2and 4). A priori one would expect
anincrease of the intrinsic viscosity as the effective friction
with the wall is enhanced (eqs 32-34). That the effect is
only marginal is basically due to the tendency of the
polymer segments to concentrate in the center of the slit,
away from the walls. In the region where the coil is
squeezed with A < 1.5,1¢ an additional effect might come
into play, reducing the importance of HI, as indicated by
some theoretical studies.*!42 The hydrodynamic inter-
actions are screened, and the squeezed conformation
behaves as a free-draining coil. Nevertheless, it should be
reminded that due to intersegmental hydrodynamic in-
teraction the intrinsic viscosity (not Er/Eg, but Ey, itself)
is considerably reduced as compared to the free-draining
limit, as shown in Table II.

It should be noted that eqs 33 and 34 used to model HI
are based on some crude approximations. The basic
equations underlying eqs 33 and 34 are those for the HI
of a solid sphere with a single wall. Superimposing the
single-wall contributions to model HI with two walls is a
rather strong approximation.3> Furthermore, the equa-
tions are based on a moving sphere in a quiescent solvent
instead of a sphere in a Couette or Poiseuille flow giving
rise to additional corrections not taken into account here.*
Third, the HI of a chain with a wall is dealt with as the
HI of a collection of N + 1 independently moving spheres;
that is not a trivial assumption. Therefore, results on HI
with the walls of a chain based on eqs 33 and 34 are likely
to be only valid qualitatively. Especially at high shear
rates, at small pores, and with a strong attractive inter-
action between chain segments and the walls, a more exact
approach to model HI with the walls is desirable.

In Figure 6 the numerical calculated solutions of the
Hookean dumbbell eqs 16 and 17 are plotted as a function
of A. The parameter A in terms of A is

A= (3/4)(1/Q)A? 7

with @ = 1,134 (identifying Ry with the end-to-end distance
of the SAW) or @ = 0.5562 (identifying R, with twice the
largest principal component of the radius of gyration).!438
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Figure 6. E;/E;as a function of A, for a Hookean dumbbell:3!32
(P) Poiseuille flow; (C) Couette flow. Solid lines: R, identified
with the end-to-end distance of a SAW. Dashed lines: R,
identified with twice the largest principal component of the radius
of gyration of a SAW.

From Figure 6 and the limiting dumbbell eqs 18 and 19,
it is clear that qualitatively the agreement between our
own results and the dumbbell calculations is striking. In
both models the intrinsic viscosity in Poiseuille flow is
below its value in Couette flow. In both models for A —
« the values of intrinsic viscosities coincide. The differ-
ences between E;/E, in Couette and Poiseuille flow are
less than in our own model. Identification of Ry with the
end-to-end distance of the SAW gives the best fit to our
results on Poiseuille flow. Identification of Ry with twice
the largest component of the radius of gyration gives the
best fit to our results on Couette flow.

Concluding Remarks

Thesimulation model presented here on the zero-shear-
rate intrinsic viscosity of a lattice chain allows easy
incorporation of static and hydrodynamic interactions
between segments and between segments and the walls.
Results are in good agreement with free-draining calcu-
lations and with the dumbbell model of Goh et al.3132 In
contrast to a dumbbell, the SAW chain is essentially
flexible. The intrinsic viscosity in Poiseuille flow reaches
its unbounded value at larger slit widths than in Couette
flow. In Couette flow the intrinsic viscosity drops when
the coils are squeezed, A <1.5.714 The unbounded values
of intrinsic viscosity in Couette and Poiseuille flow
coincide.

It will be of interest to extend this work to cylindrical
pores and porous media with random tortuous channels.
The rather weak effect of the hydrodynamic interaction
with the wall on the value of E;/E, suggests that
approximate expressions for the segment-surface hydro-
dynamicinteractions will probably be sufficiently accurate
for the purpose of treating the cylindrical and tortuous
pore problem.

Although results presented here are for athermal SAW’s
(good solvent conditions), it is likely that these conclusions
hold equally well for © solvents, as shown before explicitly
for Couette flow, because the confinement will turn a 6
solvent into a “good” solvent.”
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