solution. This finding can again be attributed to a higher
value of s in case of a polyacrylamide solution'®. Recently,
in contradiction to the findings of Virk et al 2 Hansen and
Little'® have reported that for Polyox solution of different
concentrations, the wall shear stress at the onset of drag
reduction, (Ty) onset, decreases with increasing concentra-
tion. This result can be explained qualitatively by consider-
ing the fact that the value of s for any given polymeric solu-
tion increases with increasing concentration and hence
should result in lowering of Regpget-

The assumption of similar velocity profiles for different
diameter pipes leads to the result that the critical Reynolds
number is a single parametric function of pipe diameter with
an exponent of 8/7. Experimental results of Elata and
Tirosh'®, White!, and Hershey and Zakin® confirm this con-
clusion. The experimental data obtained by Sharma'® with
solutions of various concentrations (up to 2000 ppm weight)
of hydroxylpropylmethyl cellulose (Trade Name: Methofas,
manufactured by ICI, UK) in different diameter pipes indi-
cate similar diameter and concentration effects at the
threshold of drag reduction.

Equation (7) indicates a possibility of controlling the on-
set of drag reduction by suitably adjusting the governing
parameters. For a given type of polymer and its concentra-
tion in the solution, the drag reduction will occur earlier as
the size of the pipe decreases. For given D and s, the thres-
hold of drag reduction can be made to occur earlier by de-
creasing the velocity gradient in the region of maximum dis-
sipation of small-scale eddies. Thus the inception of drag
reduction occurs earlier as the velocity profile in the wall
region becomes flatter. One possible method to achieve this
may be by injecting the concentrated solution of drag-reducing

Notes to the Editor

polymer next to the wall. In this connection it may be
noted that addition of drag-reducing polymers results in
thickening of the viscous sublayer which in turn tends to
reduce the velocity gradient in the wall region.
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INTRODUCTION

Despite many experimental and theoretical studies, the con-
centration dependence of diffusion coefficient, kp, of poly-
mers at their theta-conditions still remain an unsettled prob-
lem. Many investigators found experimentally that kp has a
negative value!™7; furthermore, Cantow® found that the diffu-
sion coefficient D is independent of the concentration at theta
temperature. Meanwhile, theoretical investigations have
been carried out by Yamakawa®'® and Imai'" and also by
Pyun and Fixman'2. The Pyun and Fixman (P—F) approach
uses a spherical model instead of the more realistic beads and
spring model which was employed by Yamakawa and Imai

0032-3861/79/020259-03%$02.00
© 1979 IPC Business Press

(Y-I). But it has been pointed out by Pyun and Fixman that
Yamakawa’s earlier approach is incorrect due to the approxi-
mation made by assuming independent inter- and intra-
molecular distributions and consequently resulting in the
neglect of correlations due to the intermolecular interac-
tions. In the later work of Yamakawa'?, a negative concen-
tration dependence of D was introduced through the change
of coordinate system from actual polymer velocity to the
drift velocity. Even though this model leads to a different
magnitude for the kp than the one obtained from P—F
model, nonetheless both theories predict a negative and
molecular weight independent kp at the theta condition.

On the other hand, Kotaka ez al.'® has found that in the
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ultracentrifugation study, kp depends on the centrifugation
speed. So far, the only systematic investigation of a
polymer-solvent binary system at its 0-condition by using a
technique other than centrifugation is the quasielastic light
scattering work by King et al.'. Unfortunately, due to the
large experimental uncertainty, the results are not conclusive
enough to distinguish between Y—I and P—F models and to
demonstrate the molecular weight independence of kp.

Due to the improved instrumental and experimental
techniques, more precise study than hitherto has become
possible. In this study we will present some carefully ob-
tained results on a set of four monodisperse polystyrene
samples at their theta-conditions by a newly constructed full-
photon counting instrument**. The experimental procedures
and sample preparation will be discussed, followed by the
concentration dependence results and model comparisons.

EXPERIMENTAL

The quasielastic light scattering experiment is carried out
with a full-photon counting Rayleigh spectrometer'®. The
4880 A line from a Ar-ion laser was used as the light source.
Scattered light at any desired angle is detected by a
thermoelectrically cooled photomultiplier. The photon
pulses are shaped and counted for desired time intervals and
then transferred to a minicomputer through direct memory
access channel. The exact correlation function (unclipped)
is calculated in real time. The correlation results are subse-
quently transferred to a larger computer for further analysis.
Four polystyrene samples of molecular weight ranging
from 1.1 x 10 to 4.1 x 105 were used in this study. The
molecular weights and M,,/M,, ratios of the samples are col-
lected in Table 1. Four to five concentrations from each
sample in cyclohexane were used and each concentration
was studied at four different scattering angles ranging from
20 to 60 degrees. Temperature was controlled at 35 £0.2°C
throughout the experiment by a thermostatted oil bath of
matching refractive index. All the solutions except those of
the highest molecular weight were kept in a 40°C bath over-
night with gentle stirring and then filtered into scatterin
cells through 0.45 um filters. Solutions of the 4.1 x 10
molecular weight sample were prepared by filtering solvent

into volumetric flasks containing the polymer and heating
to 40°C for one day with occasional gentle shaking. The
procedure used for preparing the three smaller molecular
weight samples caused detectable degradation in the large
molecular weight sample.

RESULTS AND DISCUSSION

The diffusion coefficient, D, can be written as'® a function
of concentration:

kT Nvy
D=— [1—-—c|(1+243Mc+343Mc2+ .. )(1)
f M
where /V is Avogadro’s number, v is the partial specific
volume of the polymer, with molecular weight M, concen-
tration ¢, second virial coefficient 45, third virial coefficient
A3, and frictional coefficient f. The frictional coefficient
can also be expanded as a polynomial in ¢ as®!?

f=f0(l+kfc+...) (2)

By combining equation (2) with equation (1), we obtain
My

where Dy is the diffusion coefficient at infinite dilution and
can be represented by AM 1%, At theta condition, Dg =
AM~12 and A, =0. Equation (3) reduces to

D=Dy(1 +kpc)

= AM-1/2 [1 _.(kf+ I.VE_I) c+.. ] 4
M

The theoretical result of Yamakawa and Imai gives k¢ =

1.2 Ay M + Nvy /M, or kg = Nvp/M at 6-condition, where vy,

is the hydrodynamic volume of the polymer chain. Pyun and
Fixman’s theory results in k= [7.16 — K(A4)] Nvy/M, where

Table 1 Results for polystyrenes in cyclohexane at 35 + 0.2°C
My, x 1075 My /My, clg/ml) x 103 Dicm?/sec} x 107 A(cm?g'2 fsec; mol1/2) x 10%  —kpm-12 x 102
11 1.06 2.56 3.97 1.38 6.12
4.85 3.7
6.75 3.60
8.35 3.48
1.8 1.06 1.26 3.13 1.37 6.00
2.65 3.02
4.45 2.85
6.47 2.1
6.7 1.15 1.14 1.7% 1.44 5.60
2.08 1.83
3.30 1.43
5.24 1.39
41 1.1 0320 0.627 1.36 5.26
0.355 0.671
0.975 0.599
219 9,616
2.34 0.542
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Figure 1 Log-log plot for polystyrene in cyclohexane at 35.0 +

0.2° C of the diffusion coefficients of four different samples extra-
polated to zero concentration vs, their corresponding molecular
weights. The solid line of slope — % indicates the diffusion coef-
ficient Do = (1.38 + 0.04) x 10~* p-1/2

K(A) is related to the segment—segment interaction in a poly-
mer chain. At 8-condition, the soft sphere limit, k7 =

2.23 Nvu/M, may be used. For the sake of convenience, we
will define Ky as

with B =1 for Y—I Model and B = 2.23 for P—F Model.

If we arrange equation (4) and equation (5), and use vq
S.M/Np, vy, = 4nR}[3, and Dy = kT/6mnRy, = AM 112, we
obtain

D ¢ 4 kT \3
—~1+—=—B§17NM1/2( )c

6mA

D ¢ 4 kT \3
R=[——-1+— —aNMU2 | _— = —Bc
Dy p 3 6mnAd

(6)

Let us then look at the experimentally obtainable quan-
tity which is the intensity correlation function of the quasi-
elastically scattered light from the polymer solution. In the
homodyne beating conﬁ§uration this correlation function
C(7) can be expressed as'>

C(r)=1+pe 2" (7
with ' =¢2D

where ¢ is the scattering wave vector with g |= (47/X)sin /2,
A is the wavelength in the medium and @ is the scattering
angle. The values of I" obtained at different angles for a given
polymer solution are fitted to g 2 according to equation (7)
to obtain D. The diffusion coefficients thus obtained are
collected in Table 1. The diffusion coefficients for each
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Figure 2 Plot of —R, which is —(D/Dg — 1 + c/p)/ 11813y eNM 12 x
(kT/BrnA)31, vs. concentration ¢ for the diffusion coefficients of
four samples at various concentrations. The two solid lines repre-
sent the predictions from A.Pyun—Fixman and B. Yamakawa—Imai
theories with slope 2.3 and 1 respectively. v, PC-4b; O, PS-705; &,
PC-13a; 0, F4

i n

Ib 2

sample at different concentrations are then fitted to a linear
dependence of ¢ to obtain kp and 4 according to equation
(4). These values are also collected in Table 1. In Figure 1,
a plot of log Dy vs. log M is displayed to demonstrate the
M~1/2 dependence of Dy.

Using values of p = 1.06 g/ml and n = 0.75 x 10—2 poise,
Figure 2 shows the plot of

D ¢ 4 kT \ 3
— ——1+—) —TNM1/2 ) Vs ¢
Dy P 3 6mmA

together with the predictions of the Y—I and the P—F
models. From this plot it is clear that the Pyun and
Fixman’s soft sphere model is a better representation than
Yamakawa and Imai’s model for polymers in solution at
their 8-conditions. These results also demonstrate the
molecular weight independence of B in equation (5) which
is predicted by both the P—F and the Y I theories.
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