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functionality from the single amine-cured epoxies might 
account for the gross difference in the deformation be- 
havior. The amount of the elongation along the amine 
direction exceeds the macroscopic strain slightly. The 
amine chain occupies only part of the specimen volume, 
and the other part of the volume is occupied by the epoxy 
chains which is too rigid to be stretched. The scattering 
intensity of the first peak is enhanced along the stretch 
direction, an indication of the alignment of the amine 
chains along the stretch axis. After the deformation, the 
second peak remains unchanged in its position as well as 
its intensity. Neither reorientation nor elongation takes 
place along the epoxy linkages. I t  is noteworthy that the 
network structure of the epoxy cured with a mixture of two 
amines has not been completely resolved so far, let alone 
the mechanism of the network formation process. The 
interpretation regarding the possible formation of D-230 
gel particles is rather speculative. Nevertheless, the de- 
formation result demonstrates once again the deformability 
of the amine chains and the rigidity of the epoxy linkages. 

Another phenomenon commonly observed in most of the 
scattering results of the deformed samples was a decrease 
in the small-angle intensity in the stretch direction. Since 
there is no detailed molecular model available for the 
deformation process in epoxies or any highly cross-linked 
polymers, no interpretation can be attached to this finding. 

In summary, the epoxies cured with di- or triamines with 
a narrow molecular weight distribution display an inter- 
esting deformation behavior; the flexible amine chains are 
preferentially aligned in the stretch direction without a 
significant increase in the length of the chains between the 
cross-links. The evidence supporting the chain alignment 
comes from the enhancement of the peak intensity in the 
stretch direction and the presence of the birefringence. For 
these samples containing the D-2000 diamine, the evidence 
of the alignment of the amine chain in the stretch direction 
is apparent; the changes in the intensity and the position 
of the scattering maximum all occurred a t  the q region 
corresponding to the average end to end distance of the 
amine chains. When the SANS results between the 
swollen sample and the solid-state deformed ones are 
compared the unfolding mechanism seems to operate in 
the later case; this is contrary to what the unfolding 
mechanism was originally proposed for. However, more 
data from other measuring techniques such as NMR are 
definitely needed before a definite model can be built. 

All of the deformations were conducted at a temperature 
below the glass transition temperature of the samples. 
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However, annealing above the glass transition temperature 
had no effect on the conformation of the chains in the 
deformed sample as judged by the scattering results. 

The neutron scattering result of the swollen D-2000 
cured epoxy clearly demonstrates the deformability of the 
flexible amine chains within the epoxy network. Fur- 
thermore, the scattering result of the cured epoxy sample 
made from mixed long and short amines suggest the im- 
portance of the topological connectivity on the deformation 
behavior for epoxies and possibly for other cross-linked 
polymers. 
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ABSTRACT An analysis is presented of hydrodynamic screening in a suspension of mobile Brownian particles. 
It is shown that screening is a transient phenomenon which vanishes for stationary flows unless the particles 
interact so strongly that they form a rigid network of immobilized obstacles. 

1. Introduction randomly distributed collections of interaction sites which 
In two earlier papers1,* we have analyzed the screening scattered the flow of the solvent and thereby dissipated 

of hydrodynamic interactions in gels and porous media. its energy. Because of the immobility of the matrix ma- 
The nonfluid parts of these systems were modeled as terial the locations of the sites were permanently fixed. 
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It is natural to wonder whether similar screening effects 
will occur when the interaction sites are mobile, as are the 
solute particles in polymeric and macromolecular solutions 
and in concentrated suspensions. This problem has been 
addressed previously by a number of authors3-13 but not 
in ways that we judge to be satisfactory. Although it is 
not our intention to present a systematic critique of these 
earlier studies, we do advise readers who peruse this lit- 
erature to be wary of heuristic arguments which in dif- 
ferent papers have led to diametrically opposed conclu- 
sions. 

Several of the previous  investigator^"'-'^ share the 
opinion that screening occurs for steady flows of solutions 
containing mobile particles, provided that the spatial in- 
homogeneities fall within specified ranges (characterized 
by certain values of the wave vector 9). In the present 
paper we analyze hydrodynamic screening for a simple 
model of a suspension. Our conclusion is that when the 
solute particles (hydrodynamic scattering sites) are mobile, 
screening is a transient phenomenon which ceases as the 
flow tends to stationarity. 

The following section contains the mathematical details 
of our analysis. The third and final section is a brief 
discussion of results. 

2. Theory of Dynamic Screening 
We begin with an equilibrium system consisting of 

Brownian solute particles uniformly dispersed throughout 
an incompressible Newtonian fluid. At the time t = 0 an 
external field with force density f(r;t) is turned on. What 
we wish to determine is the effect of the solute particles 
on the flow generated by the action of this external field. 
For simplicity the Brownian particles will be treated as 
interacting material points which exert point frictional 
forces on the surrounding fluid. 

The external force density is assumed to be of the form 
(2.1) 

with Ro a fixed point that does not coincide with the lo- 
cation of any solute particle. The motions of the Brownian 
particles (i = 1, 2, ..., N) are governed by the stochastic 
Langevin equations 

f(r;t) = F(t)G(r - Ro) 

MRl = CF,,(R, - R,) + K,(R,,R,;t) + S(R,;t) + E(R,;t) 

(2.2) 
with M denoting the mass and R, and Rl the position and 
velocity of solute particle i. F, is the force on particle i 
due to its interaction with particle j ,  E(R,;t) = -aC#J(R,;t)/ 
aR, is the force on i due to an external conservative field 
with potential and S is the “random” force which ensures 
that at equilibrium the solute particles and the solvent will 
share a common temperature. Finally, K, is a frictional 
force, 

Ki(Rl,Rl;t) = -@,(t) - w*(R,(t);t)l (2.3) 
proportional to the phenomenological coefficient 5. The 
symbol w*(R,;t) appearing here is the “virtual” velocity 
of the fluid, that ig, the flow velocity a t  the location of 
particle i calculated as if that one particle were absent but 
all others were placed at their instantaneous locations. 
This virtual flow field is determined by the expression 

J 
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solvent in response to an imposed force. 
We now introduce 

fii(r,t) = 6[r - R,(t)] (2.5) 

ji(r,t) = Ri(t)6[r - Ri(t)] (2.6) 
the microscopic density and current of an individual 
Brownian particle. The total microscopic solute density 
and current are then 

and 

N 

i=l  
ii(r;t) = C iii(r;t) (2.7) 

and 

w*(Ri,t) = x t d t ’  Jdr’ T(Ri-r’;t-t?. 
N 

j # i  
[f(r’;t’) - C Kj(Rj,Rj;t?6[r’ - Rj(t?]l (2.4) 

with T(r ; t )  denoting the time-dependent generalization 
of the Oseen which characterizes the flow of the 

i=l 

respectively. By combining (2.3) and (2.4) and using the 
definitions (2.5) and (2.6), we obtain the set of coupled 
equations 

ki(r;t) = -&(r;t) + [ S t d t ’  S d r ’  T(r-r’;t-t?- 
0 

N 

j # i  
[f(r’;t? - kj(r’;t?]fii(r;t) (2.9) 

for the microscopic friction force densities, 
ki(r;t) E fii(r;t)Ki(Ri,Ri;t) (2.10) 

The fluid velocity field generated by the external force 
density f(r;t) is related to these friction force densities by 
the formula 

f@(r;t) = Jtdt’ S d r ’  T(r-r’;t-t?.[f(r’;t? - ki(r’;t?] 

(2.11) 

This velocity field is a functional of the random force S 
which, in turn, depends on the positions and velocities of 
all the Brownian particles. These quantities are known 
only in a statistical sense, namely, in terms of appropriate 
probability distributions. Thus, our real concern is with 
the average response of the fluid to the external force, 
characterized by the average velocity field 
W(r;t) = (w(r;t))  = 

N 1  

i = l  

N 

i= l  
Jtdt’ S d r ’  T(r-r’;t-t?.[f(r’;t? - C (ki(r’;t’))] (2.12) 

The bracket (.-) appearing here indicates an average over 
all random variables related to the motion of the Brownian 
solute particles. 

In order to compute the average flow field from formula 
2.12 we must express the average frictional forces as 
function& of the external force density. According to (2.9) 
these average forces are related to the force-density cor- 
relation functions by the formulas 

(kL(r;t))  = -t(j,(r;t)) + t S t d t ’  S d r ’  T(r-r’;t-t?. 
0 

N 

I # ,  
[f(r’;t?(Ci(r;t)) - (k,(r’;t?fi,(r;t))] (2.13) 

Equations 2.13 are the lowest order members of a hierarchy 
that can be generated by averaging (2.9) with products of 
single-particle microscopic densities. 

To transform relationships 2.13 into a closed set of 
equations for the specific friction force densities, we in- 
troduce the simple mean-field approximation 

(k,(r’;t’)C,(r;t)) = (kl(r’;t’)) ( f i , (r; t ) )  (2.14) 
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and then linearize about the initial, uniform state of 
equilibrium. This linearization of the averaged fields is 
indicated as follows 

(iii(r;t)) = V-I + 6ni(r;t) 

(ji(r;t)) = o + Gji(r;t) 

(ki(r;t)) = 0 + Gki(r;t) (2.15) 

with V denoting the volume of the system and Gni, Sji, and 
6ki the averaged distortions produced by the external force 
f(r;t). The mean-field approximation and linearization 
lead from (2.13) to the equations 

Gki(r;t) = -@ji(r;t) + .$V-’Stdt’ S d r ’  T(r-r’;t-t?. 
0 

N 

j # r  
[f(r’;t? - C Gki(r’;t?] (2.16) 

It is the total frictional force density, 
N 

i=l 
Gk(r;t) = C Gki(r;t) (2.17) 

that is needed in eq 2.12. According to (2.16) this quantity 
satisfies the linear integral equation 

Gk(r,t) = -@j(r,t) + ,$cStdt’ Jdr’ T(r-r’;t-t?. 

[f(r’;t? - (1 - l/N)Gk(r’;t?] (2.18) 

wherein Gj(r,t) = CzlSji(r;t) and c = N / V .  Because the 
number of Brownian solute particles is much greater than 
one, the integrand factor (1 - 1 /M differs insignificantly 
from unity. 

It is both convenient and natural to introduce the 
Fourier-Laplace transforms of Gk(r;t) and W(r;t) and of 
the functions f(r;t) and T(r;t) to which they are related 
by eq 2.12 and 2.18. These integral transforms are defined 
as follows 

0 
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of the Na~ier-Stokes-Brinkman’-~ equation for flow 
through porous media. 

The averaged total solute current Gj(q,w) which appears 
in (2.24) is itself a functional of the external force density 
f (q,w). To determine this functional relationship an 
equation of motion must be constructed for the current 
of the Brownian solute particles. This we do by returning 
to the equations of motion, (2.2), from which it follows that 
M&j(r;t) + V,.b(r;t) = ij(r,t) + k(r,t) + @(r,t) (2.26) 

Here k(r,t) is the total friction force density defined by 
(2.17). The quantities 

G(r,t) = S(r;t)ii(r,t) (2.27 a) 

and 
@(r,t) = E(r;t)ii(r,t) (2.27b) 

are the densities of the random and external forces, re- 
spectively. Finally, the microscopic osmotic stress tensor 
2 is the sum of a kinetic part 

N 

r = l  
Ckin(r,t) = M C  Rr(t)Ri(t)6[r - R,(t)] (2.28) 

and a potential part 

cDot(r,t) = 

and the transforms of (2.18) and (2.12) are 

and 

@ir(q,w) = F(q,w)*[f(s,4 - G h , w ) l  

F(q,w) = [po(iw + voq2)]-’[I- qq] 

(2.21) 

(2.22) 

Here po is the mass density of the solvent, vo = qo /po  its 
kinematic viscosity, and q E q/q. 

@ / P o  

iw  + voq2 + @ / p o  

respectively, ~ i t h ’ , ~ J ~  

It follows from (2.20) that 

Gii(q,w) = -@j(q,w) + [ I  - Wi1. 

[ f ( s , w )  + E&q,w)l (2.23) 

Consequently, the averaged flow velocity can be written 
in the form 

W(q;w) = Fsc(S;u).[l(S,w) + @S(q;w)l (2.24) 

with 

‘Fsc(q,w) = [&OW + aoq2 + @ - ‘ [ I -  441 (2.25) 

denoting the Fourier-Laplace transform of the screened 
(SC) Oseen tensor. This tensor is the response function 

(r - r’)(r - r’) 
Ir - r’l F(Jr - r’l)ii(r;t)ii(r’;t) (2.29) -y2 s dr’ 

wherein F(lr - r’l) denotes the magnitude of the two-body, 
central force F(r,r’) = F(r-r’). 

The Fourier-Laplace transform of the average of eq 2.26 
is 
MiwGj(q,w) + iqa(q,w) = Git(q,w) + 66(q,w) (2.30) 

with 
66(q,w) = cE(q,w) = -icq$(q,w) (2.31) 

denoting the Fourier-Laplace transform of the linearized 
form (cf. eq 2.15) of e(r,t) = E(r;t)[c + Gn(r,t)]. To obtain 
eq 2.30 we also have set the average of the random force 
density equal to zero (viz., E(q,w) = (t(q,w)) = 0) and used 
the symbol 5 for the transform, 

a(q,w) = ( C ( s , w ) )  (2.32) 

of the averaged osmotic stress tensor. In the remainder 
of this paper it is assumed that this average stress tensor 
can be represented by the Newtonian form 
a(r;t) = 

Ir(r;t) - MvB[VrGj(r;t) + (V,Sj(r;t))T - 2/3IV,.Gj(r;t)] 
(2.33) 

with a(r;t) a nonequilibrium analogue of the osmotic 
pressure that depends only on the solute concentration c 
= c ( r , t )  [so that V,P = ( d ~ / d c ) V , c ]  and vB = aB/Mc a 
kinematic viscosity characteristic of the Brownian (B) 
solute particles. According to the ansatz (2.33) the sym- 
metric second-rank tensor a(q,w) is represented by the sum 
of two terms, one the isotropic tensor Iii(q,w), with ?r a 
function of E = E(q,w), and the other proportional to the 
symmetric and traceless part of qGj(q,w). This seems quite 
reasonable in the long-wavelength limit but i t  surely is 
inadequate for large values of q. Thus, we cannot expect 
predictions based upon (2.33) to be reliable in the short- 
wavelength limit. It also should be recognized that the 
mean-field approximation (2.14) will produce errors that 
are likely to be large in the short-wavelength regime. 
Although it is obvious from these comments that one 
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should not place too much trust in the predictions of our 
theory for short wavelengths, approximations similar to 
or even more restrictive than ours have been used by other 
investigators (e.g., ref 10 and 12) who then argued for the 
existence of static screening. 

The result of substituting the Fourier-Laplace transform 
of the constitutive formula (2.33) into eq 2.30 is the rela- 
tionship 
M i o S j ( q , o )  + i q i i ( q , o )  + 

MvBq2[aj(q,w) + f/3$b'Sj(q,w)l = a%(q,W) + Gg(q,w) 
(2.34) 

Then with Sk given by (2.23) we obtain for 63 the sum of 
tranverse and longitudinal components 

a j , ( q , a )  = (&/pO)M-'[(ia + vBq2) 
(io + voq2 + S C / P O )  + ( t / M ) ( i w  + vos2)1-'[I- dQI.f(s ,w) 

6?11(q,o) = 

(2.35) 

and 

M-'[io + 4/3vBq2 + t/kfl-'[-iq%(q,w) + c E ( q , w ) ]  (2.36) 

The second of these can be rewritten in the form 
Sj11(q,W) = -D(q,w)iqc'  + R ( q , w ) E ( q , w )  (2.37) 

with R = M-'[iw + 4/3vBq2 + t/i~1-1 and D = R(aT/ac) 
identified as the solute mobility and self-diffusion coef- 
ficient, respectively. in the low-frequen-q, long-wavelength 
hydrodynamic limit K t  K = 5-l and D-- D = E-l(da/ac). 

Because the tensor T s c ( q , w )  [and T ( q , w )  as well] is 
transverse, only-the corresponding transverse proiection 
of the current S j  contributes to the flow velocity W ( q , w )  
given by (2.24). Therefore, from (2.24) and (2.35) we 
conclude that 

W ( q , o )  = ! P ( q , o ) . f ( q , w )  (2.38) 

The response tensor appearing here is related to the 
unscreened Oseen tensor of (2.22) by the formula 

P F F ( a , w )  = % c ( s , 4 i i ( c l , 4  (2.39) 

with 

R(q,a) = [ ( M / f ) ( i w  + + ll[(M/t) 
(iw + vBq2) + (iw + voq2)(iw + voq2 + @/PO)- ' ] - '  (2.40) 

The function g ( q , o )  determines the influence of the par- 
ticle mobility on the effective hydrodynamic interaction, 
which oJherwise would be given by the screened Oseen 
tensor Tsc(q ,w) .  

The characteristic frequency of the perturbing force 
f (q ,w)  fixes the value of o. Thus, in the low-frequency (or 
long-time) limit, the tensor TEFF(q,o) assumes a stationary 
value 

lim p F F ( q , o )  = [q2nEFF(q)]-'[I - qQ] (2.41) 

dependent upon an effective viscosity nEFF(q) defined by 
the formula 

W - 0  

vEFF(q) = 
nO[l + (M/t)vBq2]-'[1 + (M/t)vBq2 + MCvB/nO] (2.42) 

When the "solute viscosity" vB is set equal to zero, nEFF(q) - no and expression 2.41 reduces to the familiar formula 
for the low-frequency limit of the Oseen tensor. There 
clearly is no screening in this case. However, if the solute 
fluid is viscous (va # 0), there are two different low-fre- 
quency limits of TEFF, depending on the value of wave- 
number q or, equivalently, on the distance separating a 
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point within the fluid from the location at  which the 
perturbing force f is applied. In the large wave vector 
regime defined by (M/[)vB~~ >> 1 + McvB/qo one finds that 

lim nEFF(q) = vo (2.43) 

Thus, close to the source of the perturbation the effective 
viscosity is that of the solvent, and since so few solute 
particles can interfere with the solvent flow, there is no 
hydrodynamic screening. 

For small values of q (or at large distances from the 
source) the effective viscosity reduces to the sum of the 
solvent and solute viscosities, viz., 

Q" 

Again, there is no screening. 
By rewriting (2.42) in the form 

nEFF(4) = no[ 1 + (tc/?oq2)( 1 + ( M / t ) v B q 2  1 )'I (2.45) 

we see that the low-frequency limit of p E F F ( q , o )  given by 
(2.41) will exhibit screening only if the value of (M/t)vBq2 
is much larger than unity. To illustrate how this might 
come about let us introduce 

78 = M / t  (2.46) 

the momentum relaxation time of a Brownian particle, and 

TBVIs = 1 2 / %  (2.47) 

the shear wave relaxation time associated with the Brow- 
nian solute fluid. The latter of these is the time required 
for a solute-fluid shear wave to move a distance 1 = 
equal to the average spacing between solute particles. The 
value of 7 B  is about lo+ s for macroparticle  suspension^'^ 
and falls in the range from s for polymers with 
molecular weights of 104-106. 

In terms of these characteristic times (M/t)vBq2 = 
(7B/7Bv's)(/q)2 and so, provided that lq remains finite, 

lim nEFF(q) = qo + t c / q 2  (2.48) 

to 

T ~ / T ~ ~ - -  

and 
lim P F F ( q , o = o )  = Fsc(q,w=O) 

Ts/'Ov=-+- 

(qoq2 + &-' ( I  - qq) 
(2.49) 

In the limit ?B/7BvIs - 03, the solute particles are unable 
to move regardless of the magnitude of the applied force, 
either because they are so massive ( M  - m) or because 
their mutual interactions are so strong (vB - m). This is 
the situation which prevails in a gel and it is well-known' 
that in this case the screening due to the fandomly dis- 
tributed obstacles (gel blobs) is given by Tsc(q,w=O) of 
(2.49). 

When the frequency of the perturbing force is finite the 
function Z(q ,o )  will depend on two additional characteristic 
times 

70vIs = l 2 / v 0  (2.50) 

and 
7sc = P o / c E  (2.51) 

There are two situations for which screening obviously 
occurs. The first arises when the frequency of the per- 
turbing force, f ( q , w ) ,  is greater than any of the charac- 
teristic frequencies, 7B-', (TB~')-', (TovLs)-', and rSC-'. Then, 
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provided that lq remains finite it follows that 
lim +(q,o) = 1 (2.52) 

and there is screening because the particles are unable to 
follow the rapidly changing directions of the solvent flow. 

The second situation is characterized by particles so 
massive that their motions are unaffected by the flow of 
the solvent. In this case TB -+ m and 

&J--m 
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lim j i (q ,w)  = 1 
TB-m 

(2.53) 

The screening that results is identical with that produced 
by the fixed obstacles which constitute a randomly' dis- 
tributed "porous medium". 

3. Closing Comments 
The principal conclusion of our analysis is that hydro- 

dynamic screening occurs only as a transient phenomenon 
in solutions containing interacting, mobile solute particles. 
Screening is absent when the flow is steady. This con- 
clusion is supported by the following phenomenological 
argument: hydrodynamic screening is evidence of (or a 
consequence of) a process that weakens the fluid flow by 
an irreversible dissipation of its energy. In our model the 
mechanism for this irreversible process is the interaction 
between the fluid and the point centers of friction. The 
flow exerts forces on the mobile sites which, unless con- 
strained, accelerate until the drag vanishes and along with 
it the attendant hydrodynamic screening. Consequently, 
no hydrodynamic screening is to be expected when the flow 
is steady and the solute particles are mobile. 

While our considerations have been specific to a sus- 
pension of identical, structureless particles, we believe that 
similar conclusions are applicable to polymers modeled as 
aggregates of Brownian particles bound to one another 
either by springs or rigid rods. To treat these more com- 
plicated systems one must, of course, modify the theory 
of section 2 to take account of the differences between the 
interactions of particles bound to one another and those 
which are not. However, the physical picture associated 
with hydrodynamic screening remains unchanged- 
polymer molecules immersed in a steadily flowing solvent 
will translate, rotate, and alter their shapes until the total 
frictional force and torque vanish. Once these adjustments 
have occurred, the motions of the polymers will be steady 
(unaccelerated) and free from hydrodynamic screening. 

Some authors (e.g., ref 16) have suggested that hydro- 
dynamic screening is produced by entanglements among 
polymer chains. As far as we can tell there is little direct 
evidence in support of this conjecture. However, it is quite 
possible that a t  polymer concentrations so high that the 
mean separation between segments (blobs or beads) be- 
longing to different chains becomes comparable to the 
range of the excluded-volume interactions, the mobilities 
of the individual Brownian particles will be greatly di- 
minished. In this event the solution will exhibit a gel-like 
behavior so that the model developed in our previous 
paper' becomes applicable. This corresponds to the vB - 
m, j i  - 1 limit of the two-fluid model of the present paper, 
although we do not expect that this simple mean-field 
theory can provide an accurate description of concentrated 
gels or gel-like solutions. 

In addition to the argument presented in the first par- 
agraph of this section, there is a second, very fundamental 
objection to the existence of hydrodynamic screening in 
homogeneous solutions. According to the principle of 
Galilean invariance the form of the linear equations of 
motion of the effective medium (composite of solvent and 
solute) should be unchanged when the velocity is every- 

where increased by an additive constant. This principle 
would be violated if the equations included a uniformly 
distributed frictional force. This difficulty has been rec- 
ognized by some of the very same people who are advocates 
of hydrodynamic screening in systems containing mobile 
solute particles. In particular, de Gennes'O has contended 
that although there is no screening for small values of the 
wavenumber q, it will occur for larger values of q. Ac- 
cording to his argument, when q is large enough, different 
park of a polymer coil experience oppositely directed flows 
so that the polymer as a whole will behave as a porous body 
permeated by a uniformly flowing fluid. Although this 
argument seems plausible enough, it is not supported by 
the equation he derived, namely, eq 11-9 of ref 10. The 
proposed mechanism should be represented mathemati- 
cally by some novel q-dependent frictional term and not 
by the conventional Darcy-like homogeneous frictional 
force that appears in the de Gennes theory. Then too, the 
more we think about it the less reasonable does it seem 
that there should be screening for a range of wavenumbers 
(or distances from the source of fluid disturbances) in- 
termediate between the small values of q, for which (al- 
most) everyone agrees there is no screening, and the very 
large values of q, which correspond to locations so near the 
source of disturbance that screening is impossible. 

I t  is important to recognize that the two-fluid model 
used in the present paper is closely analogous to that of 
de Gennes,lo with ours being somewhat more specific be- 
cause of its reliance upon a definite equation of motion, 
(2.34), for the Brownian solute fluid. Also the Fourier 
transforms have been properly performed here. However, 
aside from these minor differences, there is a term-for-term 
correspondence between the expression 

C-'&;,(q,w) = 
M-'(io + usq2 + i/M)-'[[-'E(q,w) + ** (q,w) ]  (3.1) 

which follows directly from (2.3), (2.31), and (2:34) and de 
Gennes's eq 11-5, with his s v b o l s  r, M(k), B, f, and u 
appearing in place of our c-'6j,, M-'(iw + VBq2 + i /M)- ' ,  
E', E, and **, respectively. de Gennes uses the symbol 
k for the wave vector whereas we have used q. The reason 
that his u appears in place of our %* is that he does not 
distinguish between the virtual velocity (our w*) and the 
averaged velocity (our W) of the solvent. It is even more 
remarkable that our M-'(iw + VBq2 + l/M)-' evaluated at 
w = 0 exhibits precisely the same limiting values for k - 
0 and k - m as were assumed by de Gennes, who restricted 
his considerations to "slow motions (far below acoustic 
frequencies)". In this regard the solute viscosity VB is 
essential. 

The reason why we do not find the screening at large 
q which de Gennes has reported is because of the incorrect 
way the high-q limit was treated in his paper. Instead of 
looking at the high-q limit of the complete expression (2.39) 
for TEFF(q,w=O), de Gennes only examined a factor cor- 
responding to our z(q,w=O_), thereby disregarding the 
wavenumber dependence of TX(q,w=O). As a consequence 
of this the conclusions reached in part 1 of his section I1 
are incorrect. 

Results somewhat similar to those of de Gennes were 
reported in one recent study by Muthukumar and Ed- 
wardsI2 and another by Odijk.13 However, so far as we have 
been able to determine, neither of these studies provides 
a truly compelling mathemathical demonstration that 
screening actually occurs in stationary flows for high or 
moderately high values of q. 

Muthukumar" recently has identified several deficien- 
cies of the Freed-Edwards theory of polymer solution 
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dynamics and then used their multiple scattering tech- 
nique to show that there is no hydrodynamic screening in 
infinitely dilute polymer solutions. Identical findings have 
been reported by Freed and Perico16 who based their 
analysis on the model of phantom polymer chains. The 
conclusions of these two independent studies, although 
effectively limited in their applicability to very dilute so- 
lutions, are in agreement with ours. An advantage of our 
approach is a simpler formalism which is less prone to the 
incorporation of unphysical approximations such as those 
due to the deficiencies of the original Freed-Edwards 
theory and into which the effects of nonideality can be 
more easily introduced, e.g., by the introduction of the 
solute viscosity vB. Of course, the mean-field approxima- 
tion used here is almost certainly too crude to predict the 
correct concentration dependence of the effective transport 
coefficients. In order to go beyond this simple approxi- 
mation additional information is needed about the sta- 
tistics of the solution (see, for example, ref 1). 

It also must be remembered that quasi-hydrodynamic 
theories of macroparticle solution dynamics are apt to be 
unreliable in the high-q (short wavelength) regime. This 
is because the linearized Navier-Stokes equation used to 
describe the solvent is valid only for long wavelengths. A 
similar criticism applies to the Newtonian stress tensor we 
have used to describe the dynamics of the solute. However, 
one must bear in mind that the definitions of “small” and 
“large” wavenumbers involve length scales which may be 
different for the two fluids. A proper theory, using a more 
fundamental statistical mechanical approach, hasn’t yet 
been reported. All of the previous theories to which ref- 
erences have been made throughout this paper are based 
on similar assumptions and therefore share common de- 
ficiencies. 

Finally, in a recent series of papers Richter et al.17-19 
have used the term “incomplete hydrodynamic screening” 
to describe a heuristic approximation obtained by replacing 
the solvent viscosity on the Oseen tensor with an effective, 
distance-dependent viscosity according to the relation 

v,fcl(r) = [v0-’ - v-Yc)l exp(-r/l(c)) + v%) 
The quantity l (c)  appearing here is called by the authors 
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a hydrodynamic screening length and ~ ( c )  is the concen- 
tration-dependent viscosity of the polymer solution. Based 
on our calculations, we can find no justification for their 
“incompletely screened hydrodynamic model”, which ap- 
parently was inspired by an analogy with electrostatic 
relations. 

The experimental results on the wavevector dependence 
and on the time dependence of coherent scattering func- 
tion presented by these authorsla do show, for dense 
polymer fluids, the “Rouse-like” behavior expected if 
screening were to occur. In our opinion, there is still no 
clear explanation of these results. 
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