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A Gaussian polymer chain in simple shear flow is studied using Langevin equations. Incorporat-
ing hydrodynamic interactions to first order in e=4—d (d is the spatial dimensionality) with the aid
of field-theoretic methods, we solve these nonlinearly coupled kinetic equations for polymer-solvent
dynamics and analytically evaluate the second normal stress coefficient ¥, for small shear rates. It
is found that the mean-field (consistent preaveraging) approximation for hydrodynamic interactions
(HI) produces an unphysical positive ¥,, while inclusion of fluctuations in HI leads to a negative
value for ¥,, in agreement with experimental evidence.

I. INTRODUCTION

Recent years have seen a great deal of research activi-
ties in polymer physics.! 73 Many properties of polymers
can now be understood from a theoretical point of view,
ranging from equilibrium conformations of a single self-
avoiding chain to reptation dynamics of polymer melts
and to spinodal decomposition in polymer blends. Nev-
ertheless, in spite of enormous efforts,! ~3 theories of the
non-Newtonian flow characteristics are unsatisfactory
and incomplete. This is because non-Newtonian phe-
nomena involve strong flows and their adequate under-
standing requires sophisticated treatments of a highly
nonequilibrium many-body system. The most widely
used theory is that of Kramers* and Kirkwood,* based on
the Kramers formula for polymer contributions to the to-
tal stress tensor and on the Kirkwood diffusion equation
for polymer configurations. Many workers have applied
this theory to study both linear and nonlinear viscoelasti-
city of polymers. For weak flows, Zimm® modeled a po-
lymer chain with beads connected by massless springs
and developed a successful theory of linear viscoelasticity
by replacing the hydrodynamic interaction Oseen tensor
with its equilibrium average. Pyun and Fixman® (PF) in-
vestigated fluctuations of the hydrodynamic interaction
(HI) about its equilibrium average, in a subspace of eigen-
functions corresponding to the lowest excitations of the
polymer normal modes. Bixon and Zwanzig’ improved
the PF results by performing calculations in a larger
eigenspace. For strong flows, Peterlin® considered defor-
mations of the polymer chain in flow to obtain an aniso-
tropic steady state distribution for polymer conforma-
tions. Neglecting fluctuations in dealing with the HI,
Fixman® also studied the non-Newtonian intrinsic viscos-
ity. More recently, availability of large computers for the
first time has allowed Ottinger!® to adequately treat HI
and to systematically evaluate rheological properties of
polymers.

In all theoretical studies of polymer dynamics and hy-
drodynamics (rheology) of polymer solutions, the proper
treatment of hydrodynamic interactions (HI) between po-
lymer segments has presented a great challenge and led to
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severe mathematical complications, regardless of whether
there is flow or not (i.e., in both linear and nonlinear
response regimes). While recent field theoretic calcula-
tions of polymer properties have met some success in
treating HI for zero'' and weak'? flows, similar calcula-
tions for rheological features in strong flows have not
been reported. Since these modern field theoretic
methods apply independently of the presence of any sys-
tematic flow, it should be possible, in principle, to per-
form such studies of non-Newtonian fluid dynamics of di-
lute polymer solutions.

Parallel to the dynamical theory of the Kirkwood
diffusion equation, kinetic Langevin-type equations'? for
coupled polymer-solvent dynamics have recently been
proposed in analogy to Onuki and Kawasaki’s treat-
ment'* of critical dynamics of fluids under shear flow.
Using these kinetic equations, several calculations have
been made of the diffusion coefficient and dynamic chain
correlation function in the absence of flow!> and of dy-
namic mean-squared end-to-end distance of a Gaussian
chain in weak homogeneous flows.!> This Langevin ap-
proach, as opposed to the Fokker-Planck method (Kirk-
wood diffusion-equation approach), appears to be particu-
larly useful for studying polymer dynamics and rheology
involving strong linear and nonlinear flows. Here we
adopt the Langevin description of polymer dynamics to-
gether with a Navier-Stokes Langevin equation for the
solvent velocity field.!> 1316

We discuss the Langevin formulation and evaluation of
the polymer stress tensor o in as general a fashion as pos-
sible, specializing to particular examples only when fur-
ther development can not proceed without detailed
specifications. We consider directly the stress tensor o
because it is the central quantity in polymer rheology; for
example, shear viscosity of dilute polymer solutions is re-
lated to the off-diagonal 12 component of o (1 denoting
the flow direction and 2 that of the velocity gradient). In
this paper we evaluate the second normal stress ¥, for
small shear rates by performing lengthy calculations of
the diagonal elements of 0. Hydrodynamic interactions
are explicitly incorporated wusing the Gell-Mann-
Low-type renormalization-group methods, in the limit
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of dilute polymer solutions where dynamics of a single
chain in flow plays a crucial role. Calculations of poly-
mer properties—other than ¥,—such as viscosity, dynam-
ic scattering factor, and radius of gyration in strong
homogeneous flows, will be made in future studies.
Those who are not interested in the details of the present
calculation may skip to Sec. IV for discussions and sum-
mary.

This paper is organized as follows. In Sec. II, we first
describe the kinetic Langevin-type equations for coupled
polymer-solvent dynamics and formally solve these non-
linearly coupled dynamical equations by decomposition
of polymer dynamics into drifting motion of the center of
mass (c.m.) and internal dynamic motion of the chain rel-
ative to c.m. Then the Kramers-type formula for the
stress tensor is derived in the present language. Explicit
calculations for the stress tensor are carried out in Sec.
III. In particular, we consider a simple shear flow and
evaluate the stress tensor with and without the mean-
field-type preaveraging approximation. In Sec. IV we dis-
cuss our results in the light of other previous calculations
and present a brief summary of this work.

II. GENERAL FORMULATION AND SOLUTION

A. Coupled Langevin equations
Suppose that a homogeneous (laminar) flow

vo(r)=y-r (2.1)

is applied to a dilute polymer solution at time ¢ =0,
where the velocity gradient tensor ¥ is a traceless d Xd
unit matrix (d is the spatial dimensionality). The total ve-
locity field in the polymer solution is then given by
u(r,t)=vy(r)+v(r,t), where v(r,t) is the deviation from
the unperturbed field vy(r) due to the presence of poly-
mers. The Fourier transform of the perturbation v(r,?)

obeys the following Navier-Stokes Langevin equa-
tion 213,16
pog!(a—l;’—tl+170k2v(k,t)=T(k)-[F(k,t)+ f(k,0)], (2.2)

where p, and 7, are solvent density and viscosity, respec-
tively. The transverse projection tensor

T(k)=1—Kkk/k? (2.2a)

arises from use of the incompressibility condition to elim-
inate the hydrostatic pressure. F(k,z) is the Fourier
transform of the polymer force density,
N,
s N —ik-c (r,t) 8H {c}
F(k,t)=— d @ . 2.3
(k,1) > f o 97ae bc. (2.3)

a=1

H is the dimensionless Edwards Hamiltonian!” for a poly-
mer chain with configurations {c}. The random force f
is associated with solvent hydrodynamic fluctuations and
therefore is present without polymers. Furthermore, we
assume that f remains unaffected in presence of a small
amount of polymers in dilution. We use here a standard
continuum chain model for the polymers: c,(7,t) denote
the position at time ¢ of the polymer segment at the con-
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tour point 7 along the ath continuous chain (of length
Ngy). N, is the total number of polymer chains in solu-
tion.

The single-chain dynamics is governed by a Langevin
equation (omitting the subscript a)

ici(—‘r’—t)-—vo(c(T,t))-l——LM=V(C(T,t),t)+0(7',t) ,
ot & Oc

(2.4)

where §, is the friction coefficient of a chain segment and
O(t,t) at 7 is an uncorrelated random noise describing the
Brownian motion of the segment 7. The random noises 6
and f each have zero mean and their covariances are
given by (in units where kz T =1)

(0(1,0)0(7',t')) =(2/8)8(r—7")8(t —t')1,  (2.5a)
(f(k,)f(k',t")) =2nok 28(k+k')8(t —¢t')1, (2.5b)
with 1 being the dXd unity matrix. Equations

(2.2)-(2.4) are analogous to those employed to study criti-
cal fluids under shear flow!* and have become a well es-
tablished description of polymer dynamics.!>!%15.16

In writing (2.2) we have neglected the nonlinear fluid
inertia term since the applied flow v, is laminar and poly-
mers are very small at hydrodynamic scales. For Gauss-
ian chains the polymer force §H {c} /6c can be modeled
by harmonic springs so that it is linear in {c(7,#)}. Then
the left-hand side of each of (2.2) and (2.4) is linear in its
own variable v(k,?) and c(r,t?) respectively. However,
due to the inhomogeneous terms on the right-hand side
(RHS), Egs. (2.2)-(2.4) are highly nonlinearly coupled,
making exact solutions difficult to obtain.

B. Solutions to Egs. (2.2)-(2.4)

Solution of (2.4) relies on obtaining the velocity pertur-
bation v(x,t) near the polymer chain from the solution to
(2.2). In the long-time limit (steady state), the fluid dy-
namics represented by the first term of (2.2) can be ig-
nored, i.e., the Markovian approximation is legitimate.'®
The real space solution to Eq. (2.2) is first derived
through inverse Fourier transformation

v(c(r,1),t)= fk(‘r’okz)_'lT(k).[fk(t)+F(k’t)]eik~c(r,l)

=vylc(r,t),t)+velcl(r,1),t), (2.6)

where fk=(21r)—dfddk in d dimensions and v, and vg
denote the contributions from the random force f,(¢) and
F(k,?) respectively.

Polymer dynamics involves the internal motion of a
polymer chain and the drifting motion of its center of
mass. In the present study the internal dynamics plays
the crucial role. Therefore we decompose the polymer
motion into that of the center of mass R_ ,, (¢) and rela-
tive motion R(7,t), namely, c(7,2)=R_, (¢)+R(7,1?).
Denoting the c.m. velocity by v, ., (¢£)=0R_ , (¢)/3t, we
transform (2.4) to a dynamic equation for polymer inter-
nal motion
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R(r,1) 1 8H{R]
FY v-R(7,t)+ Z, R
=[Vo(Rem. (1)) =V (D] +V(R, (1) +R(7,2),1)
+6(r,t), (2.7

where use is made of (2.1). The first term on the RHS of
(2.7) is independent of the contour variable 7 and is
denoted below as v%(z).

The Edwards Hamiltonian H is given by
2
oR(1,?)

N,
H{R(’r,t)}z%fo ‘dr =

N, N
0 0 0
+w8/2) [ Vdr [ Cdrs(Rir,n
—R(7,1)), (2.8)

where v is the two-body excluded volume parameter and
6 is a Dirac delta function. The first term is the elastic
(entropic) free energy of a harmonic spring, correspond-
ing to a Gaussian backbone in a chain. The second
represents repulsive excluded volume interactions be-
tween different portions of the chain. The polymer force
in (2.7) thus consists of two parts, a linear spring force
and a repulsive one due to excluded volume interactions

SH{R(r,1)} _  3R(r,1)
SR(T,t) o2

Here the second term has been expressed in terms of the
monomer number density p(x,?) of a single chain, defined
— M
asp(x,t)—f0 dr8(x—R(T,1)).
Inserting (2.9) into (2.7) allows the Langevin equation
(2.7) to be formally solved in term of its Green’s function
Go as

R(7,0)=Ry(7,0) +Rp(7, 1)+ R (7, 1)+ Ry(7, 1) .

+0Vp(x, )| iegiry - (2.9

(2.10)

The leading order solution—i.e., that which would ob-
tain in the absence of hydrodynamic and excluded
volume interactions—is given by

Ro(r,t)=f0'dt'P(t—t’)-v°(t')
N() ' ! ’
+ fON d7'Go(rr'|)P(£)-R(7")
o t ’ get PRy
+f0 fodrdt Golr7'|t —t')
XP(t—t")0(r,¢t") . (2.10a)

Here the flow propagator P is a matrix, defined by

P(t)=e" (2.10b)
and G is found to have the form
Go(r7'[1)=(2/N;y) 3, cos (pT)cos (P’ )e ! , (2.10c)
pr=1
with the relaxation rate A, given by
A, =p2/Lo P=mp/N, . (2.10d)

For the evaluation of polymer stress tensor, the first term
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of (2.10a) does not enter into the actual calculation; its
second term involves the initial polymer configurations
{R(7)} and therefore also becomes irrelevant in the
long-time steady-state limit. Thus only the third term in
(2.10a) contributes to o.

The correction terms due to the velocity perturbation v
(i.e., hydrodynamic interactions) and excluded volume in-
teractions are similarly determined to be

NO

Ry(7,t)= fo foth'dt'Go(TT’“ —t")P(t—t')

VE(R(Z, 0,1 (2.10¢)
N,
R/(r,0= [ [drdeGolrr'|t =Pt 1)
VAR (I)+R(F, 1), (2,100

and
— NO d ! ’ ! ’ ’
Rm,(f,z)——fo fo d7rdt'Gy(r7' [t —t')P(t—1t')
(Ug/go)

XVp(x',t")| o —rirr) - (2.10g)

where v and v, have been defined by (2.6)

C. Kramers formula

In order to obtain an expression for polymer contribu-
tions to the stress tensor, let us consider the small wave
number limit of (2.2) and (2.3). The magnitude of the rel-
ative coordinate R, is at most as large as the polymer size
R (radius of gyration); thus at hydrodynamic scales
(small |k|Rg) the factor e R can be expanded to
leading order in k-R, and the expression (2.3) becomes

X oMo 8H{R,}
F(k,t)=2f0 d7oik-R,(7,0)%
a=1

e ~ik-Rc.m.a
R(7,t)

(2.11)

where use is made of the fact that the total intramolecu-
lar forces sum up to zero. Now the stress tensor o can be
identified through the relation F(k,¢)= —ik-o,. Compar-
ing with (2.11), we obtain o in real space

8H (R}

—_—_SR(TG,I) . 2.12)

N, Ny
o=-73 8(r—RC_m_a)fo d7 R (7,1)
a=1

Consideration of a dilute solution of polymer chains with
a uniform distribution allows us to neglect interactions
between different polymer chains. In this dilution limit
the dynamics R,(7,t) of the ath chain does not depend
on the motion of others. Thus averaging (2.12) over
Gaussian random forces {8(r,¢)} and f(r,¢) and over the
uniform distribution of polymers, and taking the long-
time limit, we derive the final expression for the steady-
state polymer stress tensor

dor

(2.13)

N SH{R(r,1)
‘7'Langevin=_nptl_l.’n;l0 fo dT<R(T’t) SR(T,t)
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where n, =N, /V is the polymer number density. Notice
that (2.13) is identical in form to the Kramers formula™*
for the stress tensor in the Kirkwood-Kramers theory.

III. EVALUATION OF STRESS TENSOR

A. First-order solution

The polymer dynamics, in terms of the dynamic posi-
tion variable R(r,?), has been treated here without ap-
proximations by the nonlinear integral equation (2.10)
with (2.10a)-(2.10g). If the integral kernel is small this
nonlinear integral equation for R(r,#) permits a perturba-
tive solution. Our observation is that Ry(r,¢) is the
leading-order term in the integral equation and that the
other terms in (2.10) are small corrections!® of order O (€)
J
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in higher dimensions than 3, i.e., in d =4—e¢. Namely,
Rp(7,t), Ry(r,t) and Ry(7,7) are small when
€=4—d —0. The reason for the smallness (in d ~4 di-
mensions) of excluded volume and hydrodynamic interac-
tions among a polymer chain is that the fractional dimen-
sionality (which is 2 for a Gaussian chain) of a polymer is
very low at four dimensions (roughly equivalent to a line
of measure zero in three dimensions) and interactions
rarely occur between different parts of such a low dimen-
sion polymer. So it is justified to perform perturbation
calculations for hydrodynamic and excluded volume in-
teractions at a high dimensionality d =4 —¢, near 4 and
expand in the small parameter €. Below we employ this
widely applied e-expansion technique and perform calcu-
lations to first order in €. Thus O (€) corrections to the
zero-order polymer dynamics Ry(7,¢) of (2.10a) are ob-
tained by iterating (2.10) a single time,

R p(7,1) f "[drdrG,(rrlt =P =) v Rg( 1), 1] (2.10€")
R,/ (7,1) =f f dT'dt'GO(TT'|t—'t')P(t—‘t')'vf[Rc.m "H+Ry(7,t),t'], (2.10f)
R, (71 f f drdt'Go(rr |t —t )P (t —1)-(03 /&) V(X' t )| w=r ) » (2.10g")

where the subscript 1 denotes the fact that
(2.10e’)-(2.10g’) are first-order corrections. In terms of
Egs. (2.6) and (2.10a), the first-order solutions
(2.10e')—-(2.10g’) are completely specified. Now we are
ready to evaluate the stress tensor to O(e€) through the
derived expressions (2.13), (2.10a), and (2.10e")-(2.10g’).
From now on we consider Gaussian chains only, defer-
ring calculations with excluded volume interactions to fu-
ture work. So we drop R, (7,?) in (2.10), keep only the
first term in (2.9), and introduce the following quantities
for notational simplicity:

’R(7,1)
Qo(r,t)=<R0(r,t)T>9 . (3.12)
T
yRmmﬂ
Qys(7,2) < a2 >6f) (3.1b)
aZRO(T t)
QIO(T t < 2 >9,f ’ (3.10)
7‘
a RlF(T’ t)
Qo] T,t) <R0 )9"' . (3.1d)

Q4 T)—f ‘dr f dT"f dt'Gy(r,7|t' )‘-—Go(’r, s )f 20k [P (t')-O(k

o

where the (zero-order) steady-state scattering factor is
defined by

In terms of these quantities, our expression for the poly-
mer stress tensor o (2.13) can be concisely written as [in-
serting only the first term in (2.9) into o]

) No
azn”,]in; fo dr[Qo(7, 1)+ Qfp(7,0)

+0(1, 1)+ Qg (1, 0], (3.2)

where the subscript “Langevin” is dropped from now on,
with the proper understanding of this different Langevin
formalism for the stress tensor. Our next job is to evalu-
ate the Q’s of (3.1a)—(3.1d) in the long-time limit.

Using (2.10a), (2.10f"), and (2.6) and averaging over 6
and f according to (2.5a) and (2.5b), we find for (3.1a) and
(3.1b) after some simple algebra

)=Qy(7)
=_,,§1 J T, P

QO(T,t—>oo

[Pt Te M cost(pr), (3.3)

and similarly for ¢t — co dropping the time variable ¢ in all

Q’s

K1 [P()-0K)]S, k|7, 7 |y), (3.4)
[
0(k|7",r”|y)=tlim (eik-[RO(‘r',t)—Ro(‘r”,r)]>6 . (3.5)
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and the Oseen tensor is given by
Ok)=(1/1kHT(k) ,

with T (k) defined in (2.2a); the superscript 7 denotes
transpose operation.

Before proceeding to (3.1c) for Q,,, we discuss, in gen-
eral, preaveraging approximations for hydrodynamic in-
teractions in the present Langevin formalism. Consider a
quantity X involving the following average:

X = <J{R0(T’t)} iQ(k)eik‘[Ro‘#’t,)%RO(Tu,t’)]}‘r’T" >9,f ’

where J is an arbitrary function and the { } ... involves
the hydrodynamic interaction between polymer segments
7' and 7"’ in Fourier space. The preaveraging approxima-
tion means breaking X into two separate averages as

ik-[Ry(7, ') —Ro(7", "
70} g i{ Ok)e TR T TRy

so that the hydrodynamic interaction is now replaced by
its mean value. Clearly such an approximation is un-
necessary in the present theory since we know how to

i

(3.6)

X(pre)=<J{R0(

Q(pre)
X | P(t'):
J paun-ok
where G, is defined by

G(1,7"[)=(2/Ny) 3, 2A,p *cos(pr)cos(pr")e
p=1

Fluctuations in HI gives rise to a more lengthy expression
N N
wol(ry=— [ a7 [ °dr [Tar [ “dr, [ “adt,G
Q™ (7 fo Tfo T fo fo 1fo o™,

fo
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perform the average { )4 ¢ according to (2.5a) and (2.5b).
Nevertheless, the preaveraging approximation as de-
scribed above can often immensely simplify algebraic
computations. It is noted that this approximation is
equivalent to the self-consistent preaveraging approxima-
tion (SCPA) introduced by Ottinger in his treatment of
hydrodynamic interactions.!® Consequently, with the
preaveraging approximation described above, we antici-
pate similar results!® as obtained previously using the nu-
merically implemented SCPA.

It is straightforward to show Qg =(Q,)7, so that only
the evaluation of Q,, is needed. Further calculations
lead to the following exact expression for Q,:

Q=01 +0%" , (3.7)
where the superscript (pre) designates use of the preav-
eraging approximation and (npc) corresponds to contri-
butions from fluctuations of hydrodynamic interactions
(HI), i.e., nonpreaveraging corrections to the preaveraged
value. The preaveraging result is given by

f drf v [ e [ Tt Go(r, 710G (r, 7+ 20

t")[P(t'+t")]TS, k|7, 7" ]y) (3.7a)
-}\.pt
TGy (1,7, 77 28, " +2t5)
)-:0(k)-{P(z,)[k-P(z])]}
X{P(t'+1,)[k-P(t;)]}So(k|7, 7" |y) (3.7b)

where G, is a double summation over polymer modes,

G, (1,7, 7" |2t,,t'+2t,)=(2/N,y)?
p1=1p,=1

X [cos(p,7')—cos(p,7"")]e

In principle there is no guarantee that the mean-field
preaveraging value (3.7a) is much larger than its correc-
tion (3.7b) due to HI fluctuations. In fact such
preaveraging approximations for HI are shown below to
be crude, leading to the possibly incorrect results.

B. Preaveraging results

According to (3.2) and (3.7), we define the preaveraged
part of o as

0P =n fNOdT{Q )+ Q1)+ QR (r
v J, of 11

+1Q® (M7} . (3.8)

> 3 4kplkp2cos(ﬁ27)cos(ﬁlr")[cos(ﬁl‘r')

—cos(p,7")]

~2Aplz] 7}‘!,2(: +2t5)

r

In order to proceed with the evaluation of (3.8), we need
to know y in (2.10b) which appears in (3.3), (3.4) and
(3.7a), (3.7b). In this paper we consider a simple shear
flow which is a most widely studied flow for polymers.
Thus the velocity gradient tensor y introduced in (2.1) is
specified as

=0 otherwise , (3.9)

Y=Y, Vi

where subscript 1 denotes the x direction of shear flow
and 2 that of the velocity gradient perpendicular to 1,
e.g., the y direction. The scattering factor S, in a shear
flow 1is first calculated by inserting (2.10a) with
(2.10b)—(2.10d) and (3.9) into (3.5),
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K2 = 2 —ak ke — b2 ot _
So(k|T',T”W)=e k4|7 [/2—ak k,—bky ’ (3.10a) b:%(Z/NO)E (2ﬁ2) 1(’)7/)\.;,)2
p=1
. . X pr)— pr? . 3.10
where the subscripts i/ on k indicates the ith Cartesian [cos(p)—cos(pr")] ( c)
component of k and the quantities @ and b have the fol- Due to shear flow, the scattering factor is no longer iso-
lowing forms, respectively: tropic in k space as a result of chain deformation. This

flow-induced chain deformation also affects hydrodynam-
ic interactions (HI) among chain segments since HI ex-
plicitly depends on chain configurations. Consequently,

- S (95 2) 1(x
a=(2/Nog) X (2p°) (7 /%) the Oseen tensor O(k) for HI is modified by the presence

Pl of the matrices P as shown in (3.7a)-(3.7b).
X[cos(p7')—cos(pr'")]?, (3.10b) Substituting (3.4) and (3.7a) into (3.8), we obtain
|
2790 79 0
o y)=—n,3¥ | ¥, 0 O
P 0 0 0
© Ny Ny
+n, S fo dr' [ " dr(2/No)Go/2)cos(pT heos(pT")
p=1
X fkfo'”da e (1 /mok 2L +LDSy(k|7, 7' |y),
(3.11)
502 .0
(at+2)y,)° 7, O
L =P(a7)-T(k)- 79 0 0
0 0O O
where the dimensionless bare flow parameter is defined by
Y o=y (3.12a)
with the bare polymer relaxation time given by
=11, =(5/2)(Ny/m)p 2. (3.12b)

S, has been given by (3.5) and (3.10a)—(3.10c). The isotropic portion of o'P™/, involving a unity matrix, is omitted since
it only contributes to the hydrostatic pressure.

Since in our continuum chain model no cutoff'® is introduced along the chain contour to forbid 7'=7"" in (3.11), some
singularities arises due to short-distance hydrodynamic interactions. This singularity occurs!! even in absence of a mac-
roscopic flow (2.1). If we denote the singular part of (3.11) by o!P"’=¢'?P™'(y =0), then the nonsingular part is defined
by oPre'=g Py ) — Py =0), so that 0P’ =g P’ + o P, The singular part o{P" involves the isotropic zero flow
scattering factor So(klr’,r”\y=O)=e7"'2‘7'7"”‘ for which T (k) of (2.2a) can be replaced by the unity matrix 1 times
(1—1/d) in carrying out the k integration in (3.11). Then the integration over a can be readily performed, yielding

20y 9 [1—=225(2/e=Inp — f,)] 7 pl1—z5(2/e—Inp —f,)] O
oP'=—n,3 7 9[1—z}(2/e—Inp — f,)] 0 0, (3.13)
Pl 0 0 0

where use is made of (A1) for the k integration and of (B5a) and (B5b) for contour integrations in Appendixes A and B.
The function f, is given in (B5b) and the parameter zJ in (3.13) is the bare hydrodynamic interaction (HI) variable,
defined as (here e =4 —d, with d being the dimensionality)

20 =027N) (& /m)l(1—1/d) /(d /72— 1)) 27) *=uf(2mN /L), (3.14)

where the second equality identifies another natural parameter u}} for HI which is independent of chain length N, and
27N, /L measures the hydrodynamic “blob” size.'?

The nonsingular portion of o P™’ is more involved and has the following structure which we derive after integration
over a and matrix multiplication in (3.11),
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© N, N,
o8 =n,2/No)bo/10) T 73 f Odr’fo OdT"cos(’p‘T‘)cos(ﬁT”)fkk‘Z[So(klr’,f”\?)——So(k\f’—r"h'/:O)]M(k,}'/) .
p=1

The symmetric matrix M is given by

where k=k /k with the subscript i on k denoting the ith
Cartesian direction, as specified in (3.9), and 772 has been
defined before in (3.12a).

The presence of 1/¢€ pole terms in (3.13) is due to use of
the continuum chain model and to the neglect of a cutoff
in hydrodynamic interactions'® and therefore requires a
Gell-Mann-Low-type “mass” renormalization. These
singular terms (singular as €—0) can be removed through
the following renormalization procedure. The renormal-
ized variable uy, is related to the bare 1} through the ex-
pression uf=uy[1+(2/€)uy+ - - - ]; then according to
(3.12b) and (3.14), the bare relaxation times 72 also need
to be renormalized as T°=7'p[1+(2/6)u”+ -++]. The

P
renormalized o "™ has the form

2097, (1 +2uy f,) v7,(1tuyf,) 0

o0

a(sl"e)=—-np2 y7,(1+uyf,) 0 0],
Pl 0 0 0
(3.16)

where the Rouse-Zimm relaxation times are defined as

(pre) __ _(pre) — (pre)
oh o =0,

=—n,uyld(d—2)/(d —1)](2#(7?,)fo‘dx'fo‘dx“ S pZcos(mpxcos(mpx K 1, (x",x")
p=1

where K |, is given by
Kip(x',x")= [ q,4,¢ *[Solalx",x"|7)
q

—Solqlx,x"|y=0)], (3.19a)
with Sy’s given by (3.10a)-(3.10c), where x’'=7'/N, and
q=kN; 2. The explicit result for K, is presented in
Appendix A and here we expand it to first order in the di-
mensionless flow parameter 7, to obtain

K= — () 773" +x") = x"—x"]

—()(x"+x")P2]+0[(y7,)’] . (3.19b)

(3.15a)

kitk3—2kk,y) —kyky/2—(2)k kyp )

—k\k, — )k k; » (3.15b)
—(Lk,k, 0
[

7,=7,(2mNo/L) ", (3.172)
with the parameter 7, defined by

— 2 T2tuy
7, =(E/2)(No/m)p . (3.17b)

The renormalized friction { is related to uy in the same

way as (, is related to u}y in (3.14). Thus 7, scales with

the chain length N, as Né ““ namely, 7,~N3’? in the
strong hydrodynamic interaction (HI)—Zimm chain—
limit (i.e., at the nondraining fixed point uj=e€/2=1,
d =3). When excluded volume interactions are present
the scaling law is modified as TP~N3" for the Zimm
chain with v=0.6.

In this paper we are interested in the evaluation of the
second normal stress difference for reasons that will be
clear later. To this end, we consider the second and third
diagonal elements of oP™ in (3.8). Since these two ele-
ments are zero in o'P™’ of (3.16) we are only concerned
with those of o™ in (3.15a) and (3.15b). In particular,
we write down their difference

(3.18)

Using the identity (B1) in Appendix B, and inserting
(3.19b) into (3.18), we finally arrive at the preaveraged
second normal stress difference to O (€), with aid of (B6)
for the double integration over x’ and x"’,

=—n,uy(w*/38880)(y7) > +0[(y7))*],
(3.20)

where 7, is the polymer number density, u,, is the hydro-
dynamic interaction parameter, y is the shear rate, and 7,
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is the longest polymer relaxation time. We note that
within the preaveraging approximation o{§*’=0, as is
evident from (3.15b). Thus a negative ‘5™ shown in
(3.20) tells us that in a two-parallel-plate device which
generates the simple shear flow, the force due to polymers
on any surface in the solution parallel to the middle y =0
plane would be directed towards the latter. This is just
the opposite to our anticipation that elastic polymer
chains should resist their deformation—they are
compressed by flow in the y direction—and produce out-
ward forces on the two plates.’ Similar unphysical results
have been found in previous consistent preaveraging cal-
culations'® using the Kirkwood diffusion equation theory.
All this suggests that the preaveraging approximation
could be seriously in error and should be avoided when
describing the compression in the direction of velocity
gradient.

N,
a(npc)zf OdT[Q(lgpc)+(Q(lr01pc))T]
0
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C. Nonpreaveraging correction

The preaveraging approximation for hydrodynamic in-
teractions would be a good one if the solvent motion was
so slow that the polymer chain had enough time to sam-
ple all of its conformations before hydrodynamic distur-
bances could propagate appreciable distance between
chain segments. In reality, it is the opposite which is
true: namely, the solvent dynamics is always much faster
than that of a long polymer.!® Therefore it is crucial that
we be able to correctly describe hydrodynamic interac-
tions in a chain. This implies that we must incorporate
the nonpreaveraging corrections neglected in Sec. III B.
Inserting (2.10c) into (3.7b) and integrating over 7 ac-
cording to (3.2) and (3.7), the “fluctuating” part of the
stress tensor for a general homogeneous flow (2.1) is
found to have the form

© © N, N,
=—(n,/2)2/N*'S 3 fo Odr'fo "d " cos(p 7 )cos(p, 7 [ cos(p, ') —cos(P, 7)) [ cos (P ) —cos(P,)]

p1=1p,=1

x [ar [ Tdr, [ Tdie TR [ Sokle, ) THTT)

T=[7,, Al21)B(2)+(12)]  (3.21)

where vector functions A, and B, are, respectively, defined as

A (21)=P(t',p,)-O(k)-a,, B(2)=P(t',p,)a, ,

t

Yp.
with a,=P(t;,p,)-[k-P(t;,p;)] and P(t,p,)=e " .

(3.21a)

The renormalized dimensionless flow parameter y » is related to the

shear rate as y7,=y,. 7T in (3.21) is a d Xd matrix and its transpose is given by the last term in the last set of

parentheses. The difference between the second and third diagonal elements of (7 + 77) has the truncated form (to the

lowest nontrivial order in 7 ,) after integrations over ¢', ¢, and ¢,
V7p Tp [ 2k ko (1=2k 342k D+ k(1 =4k 3+2k )y, +7,)], (3.21b)

where k;’s are defined below (3.15b). Thus the nonpreaveraging portion of the second normal stress is given by, with

the aid of (A4)-(A8) in the Appendix A

o) — o= —(8n, /3)uy (7))

Xy 3 fodx’fodx"pl Py 2(x'—x") %cos(mp x’)cos(mp,x"")

py=1py=1

X[cos(mp x")—cos(mp,;x")][cos(mp,x')—cos(mp,x"")]

X { —(%)|x’—x"|[3(x'+x")—-|x’~x"l—(%)(x'+x")2]+(1/61rz)(p T24p )

Substituting (B4) for the double summation over p, and
P, into (3.22) and using (B2) and (B3), we find the value
for (3.22), according to (B7) and (B8) for the twofold in-
tegrals over x’ and x"/,

o3P — o3P =n,uy (417* /68 040)(y 7))+ O((y7))*) .

(3.23)

(3.22)

r

Notice that this nonpreaveraging correction to the
second normal stress tensor is much larger in magnitude
than its preaveraged value (3.20) and has an opposite sign.

It is convenient to define the second normal stress
coefficient W, through o,,—0;;= — W,y so that accord-
ing to (3.20) and (3.23) we have, respectively, the preaver-
aged ¥,,
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WiPre =2 23X 10" %M ([n]yno)*/RT , (3.24)
and the unpreaveraged V,,
W,=—5.00X10"2cM([n]yn,)*/RT , (3.25)

where ¥, has been given in terms of experimental observ-
ables: c is the polymer concentration, M is the polymer’s
molecular weight, [7], is the intrinsic viscosity at zero
shear rate, R the gas constant, and T the temperature. In
the transition from (3.20) and (3.23) to (3.24) and (3.25),
we have used the relationship® between the longest relax-
ation time 7, and the zero shear intrinsic viscosity:
71=~0.422[n]ono/RT. Here ¥,’s are obtained for small
shear rates so that ¥, is independent of y, the shear
rate.’® In general, material functions of polymer solu-
tions such as ¥, and the intrinsic viscosity are functions
of the dimensionless flow parameter y7,.

IV. DISCUSSION

With the second normal stress ¥, as an example, we
have considered the analytical evaluation of the stress
tensor using coupled Langevin equations for polymer-
solvent dynamics. The distinct advantage of pursuing
such an alternative path to polymer dynamics and rheol-
ogy lies in the fact that in presence of a macroscopic flow
it offers a more direct formulation of the dynamic motion
of polymer chains and a more convenient treatment of hy-
drodynamic interactions between polymer segments.
This superiority arises from the significant difference be-
tween the present Langevin formalism and the more fa-
miliar Kirkwood diffusion equation approach. In our
formulation the effect of flow on a polymer chain is de-
scribed by a Langevin dynamic equation so that the solu-
tion for its dynamic motion {R;(?)} contains all the non-
equilibrium information involving flow. By contrast, in
the Kirkwood diffusion equation formalism the effects of
flow are reflected solely in the nonequilibrium distribu-
tion function P for polymer configurations, a steady-state
solution to the Kirkwood diffusion equation. This
difference should be evident from some of previous stud-
ies,'® but unfortunately it was not as fully recognized be-
fore.

Very often mean-field-type preaveraging approxima-
tions or some other approximations are necessarily in-
voked in dealing with the Kirkwood diffusion equation or
with equations of its moments,'® leading to undesirable
results. Here no such approximations are needed any-
where so that we are able to assess the validity of these
approximations. Clearly the preaveraging approximation
of hydrodynamic interactions (HI) is rather severe be-
cause propagation of the solvent mediated HI at length
scales of a polymer chain is very fast in terms of polymer
relaxation times. For example, the typical time scale for
propagation of HI through a distance of the polymer size
Rg is po(Rg)?/my while the overall polymer relaxation
time is 7o(Rg ) /kz T, much larger than the former for a
long polymer chain in a typical solvent. Consequently
the propagation of HI—depending on the instantaneous
configuration of a polymer chain—can not be faithfully
described by its average over all the chain configurations,
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as implied in the preaveraging approximation.

By numerically analyzing the Kirkwood diffusion equa-
tion?! with consistent preaveraging approximation, previ-
ous studies obtain a positive value for W¥,, whereas it
should be negative. It was thus natural for us to demon-
strate that avoidance of preaveraging approximations
leads?! to a negative ¥,. In this paper, the serious errors
due to the preaveraging approximation (PA) are exam-
ined by calculating the second normal stress ¥,, both
with and without using this approximation (in Sec. III B
and III C, respectively). Indeed, with the PA, we find
positive ¥, in coincidence with previous theoretical stud-
ies.!® Indeed, without using the PA we analytically ob-
tain for the first time a negative ¥, in (3.25) for a continu-
um polymer chain which is much larger in magnitude
than the preaveraged value in (3.24). This is the reason
for first calculating the basic material function ¥, in this
paper, studies of many other polymer properties will be
pursued in later work following the Langevin formulation
presented here.

We have confined ourselves to considering the small
shear rate limit in the evaluation of the second normal
stress. In this limit we have obtained analytical results.
However, the power of the present Langevin theory lies
precisely in its ability to deal with strong homogeneous
and inhomogeneous flows while avoiding implementation
of mean-field preaveraging approximations. Future stud-
ies employing this formalism will explicitly treat strong
shear flows and evaluate, among other properties, intrin-
sic shear viscosity and the radius of gyration of a single
chain in flow, as a function of the shear rate.
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APPENDIX A
Derivation of (3.13) involves the following integration:
fkk -2, —k2|1-’—1'"|/2=[1/(d _2)](27)—:1/217_1_7_“'5/2—1 ,
e=4—d . (Al

The integral in (3.19a) can be evaluated by introducing
the identity

© .2
f daae 9%=g*
0

into the former, permitting the q integration. Then, it is
found

K,=2"9%"9"24y |x"—x"|"!
><folzix(1~;c)x[1+(19x—Azxz)y%]‘”2
=2"97742 gy |x'—x"|"[L+0(y D], (A2)

where A4 and B are functions of x’' and x’ and are
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defined, respectively, as

=2/m)|x'—x"|"' 3 p "*[cos(mpx ') —cos(mpx"")]?

p=1

=(72/6)|x"—x"|[3(x"+x")—|x"—x"|

—(3)Nx"+x")?], (A3a)

and

B=4/m)|x"—x"|"' S p ~*[cos(mpx’)—cos(mpx"')]*,
p=1

(A3b)

and the flow parameter is given by y,=v7,. The second
equality in (A2) gives (3.19b) for d =4, although (A1) can
be analytically integrated without the expansion in
powers of 7.

Similarly, integrals corresponding to (3.21b) are given
as follows. To the lowest nontrivial order in y,, we have
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K(12)=qu,qzq“zso(q|x',x”|17)
=—(LH2m)24y,x' —x"|7*+0(y ], (A4)

K(12)= [ q1a3 ~*Solalx'—x"I7)
=—(L)2m) 24y |x'—x"|2+0(y]),  (AS)

K(123%)= [ q1a:a% ~*Solalx",x"17)

=—(5)2m) 24y Ix'—x"|72+0(y}), (A6)
K(1%2%)= [ glglq™*So(alx —x")ly)
=(5)2m)x'—x"|7+0(y ), (A7)
K(1")= [ ala*Solalx"x"17)
=(Lem) Yx'=x"|"2 40 ], (A8)

where A is given in (A3a).

APPENDIX B

Calculations in this paper often involve summations
over polymer normal modes. Here are some of the
relevant sums required in our evaluation of the stress ten-
sor:

3 p “2cos(mpx’)cos(mpx ") =(w*/2)[L —(L)(x"+x"+|x'—x")+(1)x"*+x" )], (B1)

p=1

Ep 2cos(mpx ') cos(mpx’)—cos(mpx")]=(m*/4)[x" —x'+|x'—x"| +(x'2=x" )], (B2)

zp 2cos(mpx')[cos(mpx')—cos(mpx’)]|=(m/4)[x" —x'—|x'—x"|+(x'?—x"2)] , (B3)

I(x',x")= 2 S Py pr 4y H)x'—x") " %cos(mp,x’)cos(mp,x ")

py=1p,=1
X[cos(mp;x')—cos(mpx")][cos(mp,x')—cos(mp,x"")]
=(7/48){[2—(x"+x")](x"+x")[1=3x"+(1)(x" 2 +7x"?)]
—(x"x")x"+x"—(x"2+4x" 2+ x'x")F(L)x 3+ Tx 34+ Tx " x5 )], (B4)
which has been obtained for x’>x".
To get (3.13) we need to perform the following twofold integral:

foldx’foldx”cos(rrpx’)cos(vpx”)lx’—x”|‘/2_1=2/6—1np —f,+0(e), (B5a)
where the mode-dependent function f), is given by

S, =C+Inm—ci(mp)+(1/mp)[si(mp)+m/2] . (B5b)

C is the Euler’s constant ( =~0.577), ci(x) and si(x) are cosine and sine integral functions. Also involved in our calcula-

tions are some other two-dimensional integrals whose values are listed as follows:

f dx f dxu[l % x'+x”+|x'—x"|)+(—;—)(x'2+x"2)][3(x'+x”)—|x'—x"]—(%)(x’-}-x")z]:”ﬁ R (B6)
f dx' [ dx"[2—(x"+x ") ](x" 2= x" D 2x" +ax" — (1) (x +x" )] =18 (B7)
f dx' [ * dx"I(x',x")(48/79)=—2 , (B8)

where I (x’,x'") is defined in (B4).
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