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ABSTRACT: The relationships between drag reduction performance and polymer parameters including
chemical structure, molecular weight, hydrodynamic volume, associations, and solvent nature were exam-
ined using synthetic water-soluble copolymers. Copolymer models were tailored to be systematically respon-
sive to changes in electrolyte addition and included polyelectrolytes, polyampholytes, hydrophobically mod-
ified polymers, and uncharged, hydrophilic polymers. Commercial poly(ethylene oxide) (PEO) and copol-
ymers of acrylamide with the comonomers sodium 3-(acrylamido)-3-methylbutanoate (NaAMB), sodium
2-(acrylamido)-2-methylpropanesulfonate (NaAMPS), [2-(acrylamido)-2-methylpropyl]dimethylammo-
nium chloride (AMPDAC), and diacetone acrylamide (DAAM) synthesized in our laboratories were tested
for drag reduction effectiveness using a rotating disk and a tube flow apparatus. Hydrodynamic volume as
determined by viscometry and light scattering was monitored in deionized water and 0.514 M NaCl for
particular compositions and molecular weights. Drag reduction performance was greatly affected by the
nature of polymer/polymer and polymer/solvent interactions, generally increasing with hydrodynamic vol-
ume. Enhanced drag reduction behavior observed for the associating DAAM copolymers is proposed to be
due to changes in water structuring in turbulent flow.

Introduction

The reduction of drag in turbulent flow produced by
addition of small concentrations of high molecular weight
polymers has been studied for over 40 years.! Studies of
polymers of varying structures have shown that drag reduc-
tion (DR) can be profoundly affected by changes in molec-
ular parameters such as molecular weight, aggregation,
or chain flexibility. However, a quantitative understand-
ing of these effects has not yet been obtained and exper-
imental studies involving changes in macromolecular prop-
erties have sometimes yielded conflicting results.?™

The relationship between polymer coil size and DR effec-
tiveness has been clearly demonstrated. However, it is
unclear whether the parameter providing best correla-
tion is molecular weight (MW), chain length (), radius
of gyration (R,), or hydrodynamic volume (R), or {5]).*”7
The effect is complicated by the polydispersity of poly-
mer samples and by the fact that polymer chemical com-
position also alters DR performance.®-12

The importance of molecular associations in DR exper-
iments has long been recognized.’® Researchers have rea-
soned that since high MW polymers are the most effi-
cient drag reducers, higher MW aggregates might pro-
vide an even greater effect. Some researchers have
suggested that macromolecular aggregates must be present
for DR to occur.® They postulate that in cases where
aggregates are not evident under laminar conditions, the
high shear of turbulent flow might induce association.
Other studies have indicated that drag reduction is pos-
sible in polymer solutions where no associations are pre-
sent.’ Results of studies of this type have shown that,
in general, the presence of macromolecular associations
enhances drag reduction when the association produces
an aggregate of increased length or volume.'*?* Kowa-
lik et al."” reported that intrapolymer associations gen-
erally decreased performance, while interpolymer com-
plexes in dilute solution increased drag reduction capa-
bility. Kim and co-workers'®*?? found that aggregates
of collapsed structure occupying a smaller volume than
expanded individual coils displayed lower DR effective-
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ness. Studies of associations of polymer molecules with
dyes?® or soaps®* also revealed enhanced DR for expanded
aggregates.

The effect of chain flexibility on DR effectiveness is
also a function of polymer concentration, flow rate, and
testing geometry.* Under some flow conditions flexible
chains are more efficient, while under others rigid rods
appear to perform better. Parker and Hedley?® sug-
gested that DR effectivenss depends not on chain struc-
ture or stiffness but rather on the maximum dimension
of the coil at a given flow rate and its relation to the size
of turbulent disturbances.

The effect of solvent is also related to polymer hydro-
dynamic volume. It has been shown that polymers more
effectively reduce drag in good than poor solvents®® and
that polyelectrolytes are more efficient drag reducers in
their expanded forms.® Hlavacek et al.?”*® postulated
that the effect of polymer on solvent structure may be
more important than the effect of solvent on polymer
conformation in drag reducing solutions. They postu-
lated that DR results from changes in solvent structure
rather than from the actions of individual polymer mol-
ecules, reasoning that polymer concentration is insignif-
icantly small in comparison to solvent. Solvent stabili-
zation and turbulence suppression may occur when sol-
vent is “bound”? to the polymer chain or when a chain
pervades two or more solvent microdomains simulta-
neously.

Certainly, such proposals merit strong consideration
and further study since the effects of dissolved macro-
molecules on water structure have been well docu-
mented both in terms of bound water and in studies of
polymer conformation and flow properties.?®*3* Hydro-
phobic bonding and formation of “icelike” structures in
water surrounding hydrophobic sections of water-
soluble polymers are integrally involved in the flow behav-
ior of dilute solutions of water-soluble polymers. Under
turbulent flow conditions, polymer/solvent interactions
may be profoundly altered and this may have a direct
influence on drag reduction performance.
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An earlier study of the DR performance of water-sol-
uble copolymers synthesized in this laboratory® showed
that slight modifications of polymer chemical composi-
tion could greatly affect polymer drag reduction perfor-
mance. Drag reduction (DR) effectiveness was found to
be a function of polymer coil dimensions that depend
upon polymer structure, polymer/polymer interactions,
and polymer /solvent interactions. The effects of molec-
ular parameters are further examined in the present study
using copolymer models with specific structural varia-
tions tested in solvents of varying ionic strength. The
types of copolymers studied include uncharged, hydro-
philic polymers (polyacrylamide), polyelectrolytes
(poly[acrylamide-co-sodium 3-(acrylamido)-3-methylbu-
tanoate]), polyampholytes (poly[sodium 2-(acrylamido)-
2-methylpropanesulfonate-co-[2-(acrylamido)-2-meth-
ylpropyl]dimethylammonium chloride]), and hydropho-
bically modified acrylamide copolymers [poly(acryl-
amide-co-diacetone acrylamide)].

Experimental Section

Different molecular weight grades of poly(ethylene oxide)
(PEOQ) were purchased from Union Carbide. Synthesis and char-
acterization methods for homopolyacrylamide (PAM) and copol-
ymers of acrylamide with sodium 3-(acrylamido)-3-methylbu-
tanoate (NaAMB) and diacetone acrylamide (DAAM) were
described in the previous study.®®¢37 Synthesis and character-
ization of the polyampholyte model copolymers (ADAS) of [2-
(acrylamido)-2-methylpropyl]dimethylammonium chloride (AMP-
DAC) with sodium 2-(acrylamido)-2-methylpropanesulfonate
(NaAMPS) and terpolymers (ADASAM) of AMPDAC with
NaAMPS and AM were also reported previously.3®3®

Zero shear intrinsic viscosity, [n], was obtained using four-
bulb shear dilution viscometers and/or a Contraves low shear
30 rheometer. Solution studies were performed in 0.514 M aque-
ous NaCl solution containing 0.01% NaN, as a biocide at 25
°C. Classical light scattering studies were performed using a
Chromatix KMX-6 low angle laser light scattering spectropho-
tometer utilizing a 2-mW He-Ne laser operating at 633 nm.
Weight-average molecular weight, M,,, and second virial coef-
ficient, A,, were obtained for each copolymer. Specific refrac-
tive index increment, dn/dc, was determined from a Chro-
matix KMX-16 laser differential refractometer.

Quasielastic light scattering studies, yielding translational dif-
fusion coefficient, Dy, and hydrodynamic diameter, d,, were per-
formed using the KMX-6 in conjunction with a Langley-Ford
Model LFI-64 channel digital correlator. The apparatus was
interfaced with a Hewlett-Packard 85 computer for numerical
analysis. The autocorrelation function was evaluated follow-
ing the method of cumulants.*” Hydrodynamic diameter was
calculated from D, using the Stokes-Einstein relationship and
Flory’s equivalent sphere model.*®

Drag reduction measurements were performed in the rotat-
ing disk and tube flow testing systems described previously,®
in the solvents specified. Solution preparation and data anal-
ysis were performed as in the previous study. Friction factors
and Reynolds numbers were calculated from equations devel-
oped for rotating disk and tube flow.%4!

Results and Discussion

Copolymer Models and Solution Properties. Syn-
thetic copolymer models with specific structural and molec-
ular weight variations were employed to examine the effects
of molecular parameters and solvent changes on hydro-
dynamic volume (HDV) and on drag reduction perfor-
mance. Of particular interest were copolymers with clearly
observed changes in HDV with addition of sodium chlo-
ride or urea. Structures of the polymers studied, along
with brief descriptions of their solution properties, are
shown in Table I. The number following the acronym
in a sample name describes the feed composition during
synthesis; experimentally determined mole percentages

Water-Soluble Copolymers. 31 2133

of the monomers in the final copolymer are shown in brack-
ets. Table I lists values for zero shear intrinsic viscos-
ity, [n], obtained from low shear rheometry, weight-av-
erage molecular weight (M,) and second virial coeffi-
cient (A,) from classical low angle laser light scattering,
and translational diffusion coefficient (Dy) and hydrody-
namic diameter (d,) from quasielastic light scattering for
each sample.® Intrinsic viscosity data and light scatter-
ing data in deionized water and 0.514 M NaCl solutions
are given for comparative copolymers. Associative poly-
mer viscosities are given in urea solutions as well.

Two uncharged, hydrophilic homopolymers, poly(eth-
ylene oxide) (PEO) and polyacrylamide (PAM), were
included in the study for comparison with the copoly-
mers. PEQO samples of three different molecular weights
ranging from 1.7 to 5.3 X 10° were obtained from Union
Carbide. Acrylamide monomer was polymerized under
controlled reaction conditions to provide homopolymers
of 6.0 and 24.0 X 10°® weight-average molecular weights,
respectively. Both PEO and PAM show minimal change
in HDV with added electrolytes.

Two series of NaAMB copolyelectrolytes were synthe-
sized with equal copolymer compositions but different
molecular weights.?*27 Comparative intrinsic viscosities
for the low and high molecular weight series are shown
in Table I. Conventional polyelectrolytes such as par-
tially hydrolyzed acrylamide show decreased viscosity in
saline in comparison to aqueous solution. The NaAMB
copolyelectrolytes also exhibit this trend, but to a much
smaller extent.*?

The polyampholytes, ADASAM and ADAS series, stud-
ied were of somewhat lower molecular weight than the
NaAMB polyelectrolytes (Table I).38%® Polyampholyte
solution behavior is dictated by the presence of intra-
and interpolymer ionic interactions. If there is a large
excess of one charged species over the oppositely charged
comonomer in a copolymer, the molecule behaves pre-
dominantly as a classical polyelectrolyte. At approxi-
mately equimolar ratios of positively and negatively
charged moieties, however, the polymer exhibits behav-
ior opposite that of a polyelectrolyte. As demonstrated
in Table I, polyampholytes display greater viscosity in
saline than in aqueous solution. In deionized water, the
chain is collapsed due to strong intramolecular ionic bond-
ing. When salt is added, the charges on the polymer chain
are partially shielded by electrolyte by-ions and the chain
expands. Both low charge density (ADASAM) and high
charge density (ADAS) polyampholytes were studied. As
shown in Table I, the low charge density polyam-
pholytes are more expanded and exhibit larger hydrody-
namic volumes than the high charge density polyam-
pholytes.

The hydrophobically modified diacetone acrylamide
({DAAM) copolymers were also of lower molecular weight
than the PAM-4 or NaAMB copolymers. Copolymers of
DAAM with AM have been shown to form reversible inter-
molecular associations that yield aggregates of greater
hydrodynamic volume in saline solution than in deion-
ized water.*®> The associations are thought to be due to
hydrophobic or other cooperative interactions between
DAAM moieties on different polymer molecules. Intramo-
lecular associations, which result in decreased coil vol-
ume, also are present in DAAM copolymers of certain
compositions. The extent and nature of these associa-
tions are dependent on solvent type.

Table I lists intrinsic viscosities for the DAAM copol-
ymers obtained in aqueous, 0.514 M NaCl and 1 M urea
solutions. Urea is known to be a water structure break-
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Table I
intrinsic viscosity [7],
(dL/g) light scattering”
T M oM, el 10D
. . a mo! ,
sample repeating units (mol %°] H,0 NaCl urea g/molf cm®/g?° cmz/g" do, A*
WSR-301 —+ O—CH,—CH, [100) 16.0 59
WSR-N-60K ~+ O—CH;—CHy =~ [100] 13.0 4.0
WSR-N-12K  — O—CH,—CH, 3 [100] 64 1.7/
PAM-4 —t CHz-—ClH - [100) 35.0 34.0 24.0 3.0 1.3 3300
c=0
NH,
PAM-MC -+ CHZ_CIH - [100] 9.6 9.3 6.0 3.0 4.2 1600
Cl::O
NH,
—+CH—CH = —+CH,—CH
(I:':O C';:‘O
NH, NH
CHy—C—CH
CH,
Lo
COO "Na
NaAMB § [95] (5] 22.0 24.0 2.4 1.9 2900
NaAMB 10 [90] {10) 47.0 28.0 3.2 14 3300
NaAMB 10* [90] [10] 1.8
NaAMB 25 (78] [22) 52.0 25.0 3.9 2.5 2200
NaAMB 25* {76] 24} 6.3
NaAMB 40 {66} (34} 40.0 22.0 38 2.7 2000
NaAMB 40* (64} {361 9.0
NaAMB 100 [0] [100} 8.4 3.6 4.5 2.9 1600
—(-CHz"‘(-I:H—)" +CH2—CI3H+
CI:=O C|=O
NH, NH
CHy— ¢ —CH,
CH,
|
C|:::O
CH3
DAAM 15 {83} [17] 15.0 180 130 75 (3.5) 1.3 (3.00 1.2 (2.9) 3800 (1700)
DAAM 20 {80] {20] 11.0 16.0 140 6.9 (4.3) 1.7 (26) 1.8 (3.1) 2600 (1600)
DAAM 25 {74] {26] 7.0 84 85 39 (2.6) 2.1 (2.1) 28 (44) 1700 (1200)
DAAM 30 [71] 29] 6.2 8.0 6.1 (5.9) 1.7 (3.0) 2.8 (3.3) 1700 (1500)
DAAM 35 [65] {35] 3.1 34 15.0 3.6 (3.4) 4.0 (2.7) 3.3 (4.1) 1400 (1200)
~CHmCHo-  —FCH—CHo  — CH—CH
c':o c=0 <’:: o]
NH, NH NH
CHa—(':—CH3 CHa—(ID—CHs
- -
Hacir}l~CH3 SO;”
H
AD;?%I‘;‘ [91.2] [5.4] [3.4] 4.5 14.0 7.4 2.9 1.7 2800
ADASA'M 5-5 [85.6] [8.2] [6.2] 4.0 17.0 8.8 9.3 1.7 2700
ADASAM 5-10 {81.7] [8.3) {10.0} 2408 20.0 100 2.4 1.1 4200
ADAS 10 {0} [27.0] {73.0] 20.08 8.0 8.5 1.6 2.5 2000
ADAS 50 0] [47.0] {53.0] 4.0 9.0 2.7 4.5 4.0 1000

a Mole % in copolymer. ® Weight-average molecular weight. © Second virial coefficient. d Translational diffusion coefficient. ¢ Hydro-
dynamic diameter calculated from diffusional coefficient. / Viscosity average molecular weight. # Approximate values (polyelectrolyte effect).
A Data for b, ¢, d, and e were determined in 0.514 M NaCl. Values in parentheses are for deionized water.

er*** and thus interferes with hydrophobic bonding. In composition. For DAAM 15 (low hydrophobic con-

general, apparent intrinsic viscosities are greater in saline tent), [n] is lower in urea than in deionized water solu-
than in aqueous solution, indicating that addition of elec- tion, indicating that intermolecular associations present
trolytes promotes intermolecular association. However, in deionized water are likely eliminated in urea solution.

relative viscosities in urea solutions vary with copolymer For the copolymer containing the greatest amount of
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hydrophobe (DAAM 35), however, 5] is 5 times greater
in urea than in deionized water solution. These findings
indicate that intramolecular interactions are prevalent
in aqueous solutions of the DAAM 35 copolymer. Urea
interferes with the intrapolymer bonds and allows the

coil to expand to yield a final [n] which is very similar to
that of DAAM 15.

It is important to note that the association behavior
described for the DAAM copolymers has been based on
static or low shear solution measurements. In the high-
shear, turbulent conditions under which drag reduction
performance is measured, aggregation state and the depen-
dence of association on copolymer composition may be
very different. Shear-induced association or dissocia-
tion may occur which would greatly change hydrody-
namic volume and drag reduction effectiveness. Studies
of the solution behavior of the DAAM copolymers as a
function of shear rate are presently underway in our lab-
oratories.

Drag Reduction Studies. Effects of Changes in
Molecular Structure. In order to examine individu-
ally the effects of molecular structure on drag reduction
performance, percent drag reduction (% DR) data were
normalized for polymer volume fraction, []C. Drag reduc-
tion efficiencies were thus determined for a number of
copolymer types shown in Table I. Key features are sum-
marized below; efficiency plots and details of the struc-
tural aspects are given in the previous paper in this
series.® The most effective samples in those studies were
those exhibiting the largest values of reduced DR at the
lowest values of [5]C.

Efficiency plots show that incorporation of small mole
percentages of charged comonomers in the polyelectro-
lyte (NaAMB 10) or polyampholyte (ADASAM 5-5) sam-
ples results in an increase in drag reduction efficiency in
comparison to homopolyacrylamide (PAM-4), while incor-
poration of large mole percentages of charged groups serves
to decrease DR efficiency (NaAMB 100 and ADAS 50).
For the charged systems, relative DR efficiency increases
with increasing hydrodynamic volume as exhibited by
[n] and d, measured in saline solution (Table I).

The DAAM copolymers showed increasing DR effi-
ciency with increasing incorporation of comonomer. This
trend parallels the hydrophobicity of the copolymers and
not hydrodynamic volume (Table I), indicating that inter-
molecular associations and polymer/solvent interac-
tions exert a large influence on the DR properties of the
DAAM copolymers. The importance of inter- and intra-
polymer interactions is further illustrated by comparing
the relative drag reduction efficiencies of the associating
DAAM copolymers and the intramolecularly associating
high charge density polyampholytes with the nonassoci-
ating polyacrylamide sample. The DAAM copolymers
show enhanced DR efficiency in comparison to homopoly-
acrylamide (PAM-4), while the high charge density poly-
ampholyte (ADAS 50) exhibits decreased DR efficiency.

Effects of Changes in Molecular Weight with Con-
stant Structure. The effect of molecular weight on drag
reduction behavior was studied by using polymer sam-
ples with identical chemical structures but different molec-
ular weights. Figure 1ais a plot of friction factor vs Rey-
nolds number for 3 ppm solutions of the three PEO sam-
ples measured in the rotating disk apparatus. As expected,
when polymer concentration is held constant, friction
reduction increases with increasing molecular weight. That
is, measured friction factors are lowest for the high MW
WSR-301 sample and highest for the low MW WSR-N-
12K. In Figure 1b, polymer concentration was adjusted
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Figure 1. Drag reduction behavior of PEO polymers in 0.514
M NaCl tested by rotating disk: solvent (*); WSR-N-12K, MW
=17 x 10° ©); WSR-N-60K, MW = 4.0 X 108 (0); WSR-301,
MW = 5.3 X 10° (). (a) Friction factor versus Reynolds num-
ber for 3 ppm PEO solutions. (b) Friction factor versus Rey-
nolds number at constant polymer volume fraction, [1]C = 0.007.
(c) Drag reduction efficiency measured at Re = 520 000 versus
PEO polymer volume fraction.

to yield an equal value of polymer volume fraction for
solutions of the three PEO samples. At a constant poly-
mer volume fraction, the three samples yield similar DR
effectiveness curves regardless of molecular weight. Fig-
ure 1c shows a plot of DR efficiency for the polymers
where % DR normalized for polymer volume fraction is
plotted against [#]C. Again, similar DR efficiency curves
are obtained for the different MW samples.

The plots in parts b and ¢ of Figure 1 show that the
low molecular weight WSR-N-12K sample is slightly less
effective than the two higher MW PEOQO samples, even at
constant volume fraction. These findings indicate that
there may be a low molecular weight limit for volume
fraction correlations. Polymers with molecular weights
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Figure 2. Drag reduction behavior of NaAMB copolymers in
0.514 M NaCl tested by rotating disk: solvent (*); NaAMB 10,
[7} = 1.8dL/g (0); NaAMB 10, {n] = 47 dL/g (®); NaAMB 25,
[7] = 6.3dL/g (0); NaAMB 25, [] = 52 dL/g (m); NaAMB 40,
(7] = 9.0 dL/g (©); NaAMB 40, [n] = 50 dL/g (). {(a) Fric-
tion factor versus Reynolds number for 3 ppm NaAMB 25 solu-
tions. (b) Friction factor versus Reynolds number for NaAMB
25 solutions at constant copolymer volume fraction, [9]C = 0.010.
(c) Drag reduction efficiency measured at Re = 520 000 versus
NaAMB copolymer volume fraction.

well below those in our experiments may not be effective
in drag reduction. Molecular weight distribution, which
is not addressed in this study, may also play an impor-
tant role in these relationships.

The NaAMB copolymers with like compositions but
different molecular weights exhibit trends similar to those
displayed by the PEO samples. In parts a and b of Fig-
ure 2, f vs Re plots of low and high molecular weight
NaAMB 25 samples are shown. In the first plot, poly-
mer concentration is held constant and friction reduc-
tion increases with increasing molecular weight. In Fig-
ure 2b, polymer volume fraction is held constant and a
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Figure 3. Friction factor versus Reynolds number for poly-
mer solutions using deionized water (filled symbols) and 0.514
M NaCl (open symbols) solvents tested in tube flow. (a) Deion-
ized water (*), 10 ppm PAM-MC solutions (@, 0), 3 ppm NaAMB
10 solutions (m, O), 10 ppm NaAMB 10 solutions (4, <). (b)
Deionized water (*), 5 ppm ADAS solutions (‘w, ®), 5 ppm
ADASAM 2.5-2.5 solutions (», b).

single curve results. Plots for the other molecular weight
NaAMB samples also show separate curves at constant
polymer concentration but a single curve at constant poly-
mer volume fraction. A drag reduction efficiency plot
for the NaAMB copolymers with different molecular
weights yields a single curve (Figure 2¢).

The results of these studies indicate that for polymers
with similar chemical structures, DR performance corre-
lates well with polymer volume fraction even when poly-
mer MW is varied. The fact that single efficiency curves
are obtained for polymers of varying molecular weights
when % DR is reduced for []C (Figures 1c and 2c) indi-
cates that normalizing for volume fraction also results in
normalization for molecular weight effects. The relation-
ships observed here are for polydisperse, high molecular
weight copolymers (M, = 1 X 10%). Further study of the
effects of molecular weight distribution and of polymers
of lower molecular weight should provide a better under-
standing of these correlations.

Effects of Changing Polymer Hydrodynamic Vol-
ume While Molecular Structure and MW Are Held
Constant. The relationship between polymer hydrody-
namic volume and drag reduction performance was fur-
ther examined in a study of the DR behavior of copoly-
mer models in solvents of varying ionic strength. In these
studies coil volume was altered by changing solvent nature,
while polymer molecular weight remained unchanged.

Figure 3a is a plot of f vs Re for 10 ppm solutions of a
homopolyacrylamide sample (PAM-MC, M, = 6 X 10°)
in deionized water and 0.514 M NaCl measured in tube
flow. The friction factor curves are virtually identical in
aqueous and saline solutions. This is the expected result
because the intrinsic viscosity of these uncharged
homopolymers is very similar in the two solvents (Table
I).

Figure 3a also shows the frictional reduction behavior
of NaAMB 10 solutions in deionized water and 0.514 M
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NaCl measured in tube flow. Unexpectedly, the curves
are identical in aqueous and saline solutions. This is con-
trary to the behavior observed by others for traditional
polyelectrolytes, in which it was found that the amount
of drag reduction at a given Reynolds number and the
shape of the friction factor curve varied with solution
ionic strength.*®” Evidently, the relative insensitivity
of these solutions to added salts* due to the chain-stiff-
ening, intrapolymer interactions is manifested under test
conditions.

The polyampholyte models, however, exhibit changes
in DR performance when solvent ionic strength is changed.
Plots of f vs Re of 5 ppm solutions in tube flow of the
ADAS 50 (high charge density) copolyampholyte and the
ADASAM 2.5-2.5 (low charge density) terpolymer in the
presence and absence of added salt are shown in Figure
3b. In both cases, the polyampholytes show increased
frictional reduction in saline solution. This is the trend
expected for these polymers since the coil expands with
increasing solvent ionic strength (Table I).

At equal concentrations, the reduction in friction exhib-
ited by the low charge density polyampholyte is greater
than that obtained with the high charge density poly-
mer. Plots of DR normalized for polymer volume frac-
tion (Figure 4c) show that drag reduction efficiency for
the low charge density ADASAM polyampholytes is also
greater than that obtained for the ADAS copolymers. Thus,
relative drag reduction effectiveness of these copoly-
mers correlates with polymer coil volume as evidenced
by hydrodynamic diameters measured by quasielastic light
scattering. As indicated by the data in Table I, the low
charge density terpolymers are in general more expanded
in saline solution than the high charge density copoly-
mers.

For polyampholytes of a single structure, DR behav-
ior in different solvents can be normalized by adjusting
polymer volume fraction. Figure 4a is a plot of f vs Re
obtained in the rotating disk apparatus for the low charge
density polyampholyte, ADASAM 5-5, in deionized water
and 0.514 M NaCl at different concentrations but con-
stant volume fraction. Similar curves are obtained in both
solvents. Figure 4b is a constant volume fraction plot
for ADAS 50, a high charge density polyampholyte. Again,
a single curve is obtained in both solvents when concen-
tration is adjusted to give equal volume fractions. Results
of the polyampholyte studies suggest that coil volume
expansion due to polymer/solvent interactions and the
presence of intra- and intermolecular associations are
directly related to drag reduction effectiveness.

Effect of Associations and Solvent Nature. The
effects of interpolymer associations and solvent nature
were examined in studies of the DR performance of the
hydrophobic PAM-co-DAAM copolymers in different sol-
vents. In these studies, equal concentrations of copoly-
mers of a single composition were dissolved in solvents
that promoted varying degrees of association. In gen-
eral, the drag reduction behavior of the DAAM copoly-
mers in different solvents parallels aggregation behav-
ior. Figure 5 shows f vs Re plots for DAAM copolymers
tested in the rotating disk apparatus. Figure 5a is a plot
of 3 ppm DAAM 15 solutions in deionized water, 1 M
urea, and 0.514 M NaCl, respectively. Friction reduc-
tion is greatest in the saline solution in which associa-
tive bonding would be expected to be enhanced and least
in the urea solution were hydrophobic association should
be limited; thus, DR behavior does not correlate with
the [n] values as it does with the other nonionic or poly-
electrolyte models. Identical trends are seen in Figure
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Figure 4. Drag reduction behavior of polyampholyte copoly-
mer solutions using deionized water (filled symbols) and 0.514
M NaCl (open symbols) solvents tested by rotating disk. (a)
Friction factor versus Reynolds number for ADASAM 5-5 solu-
tions (4, 9) at constant copolymer volume fraction, [#]C = 0.0015.
(b) Friction factor versus Reynolds number for ADAS 50 solu-
tions (', W) at constant copolymer volume fraction, []C = 0.009.
(c) Drag reduction efficiency measured at Re = 520 000 versus
polymer volume fraction for low and high charge density poly-
ampholytes in 0.514 M NaCl: PAM-4 (0); ADAS 10 (X); ADAS
50 (®); ADASAM 5-5 (¢); ADASAM 5-10 (+).

5b, in which data for 15 ppm DAAM 35 copolymer solu-
tions are plotted.

Results of these studies indicate that both polymer/
polymer and polymer/solvent interactions are impor-
tant factors in the DR behavior of hydrophobically mod-
ified polymers. Enhanced DR occurs in dilute solution
when molecular associations are present. We suggest that
at low shear, DAAM 35 and DAAM 15 exist as coils with
a high degree of intramolecular association and water struc-
turing. In turbulent flow, water structure changes as does
polymer conformation. As clearly seen in Figure 5, addi-
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Figure 5. Friction factor versus Reynolds number for DAAM
copolymers using various solvents tested by rotating disk: (a) 3
ppm DAAM 15in 1 M urea (@), in deionized water (®), in 0.514
M NaCl (0); (b) 15 ppm DAAM 35 in 1 M urea (), in deion-
ized water (M), in 0.514 M NaCl ().

tion of urea, a “water structure breaker,” greatly decreases
drag reduction performance; addition of NaCl which
encourages hydrophobic bonding increases drag reduc-
tion. These findings, combined with the fact that hydro-
phobic groups incorporated into water-soluble polymers
are known to elicit “icelike” structures in water in the
vicinity of the polymer chain,®®% indicate that solvent
ordering or changes in solvent/polymer association in tur-
bulent flow may be integrally involved in the drag reduc-
tion mechanism.

Conclusions

The results of these studies have demonstrated the
importance of polymer chemical composition and struc-
ture in the DR phenomenon, especially in terms of
polymer/polymer and polymer/solvent interactions. In
general, increases in polymer hydrodynamic volume result
in enhanced DR performance. However, DR enhance-
ment is also observed with associating DAAM copoly-
mers likely due to polymer/solvent interactions. The
effects of solvent changes on DR performance vary with
polymer chemical composition, structure, molecular weight,
concentration, and flow rate. The degree to which sol-
vent affects DR behavior depends on the strength of the
polymer/solvent interaction. Changes in solvent that dras-
tically change polymer hydrodynamic volume and solu-
tion viscosity likewise alter DR performance. If poly-
mer hydrodynamic volume is similar in two different sol-
vents, then DR behavior is also similar in the two solvents.
Chain stiffening interactions, which may vary in differ-
ent solvents, enhance DR effectiveness.

Results of these studies further demonstrate the com-
plexity of the drag reduction phenomenon. DR effec-
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tiveness trends for different copolymer types as a func-
tion of molecular weight, coil volume, or solvent nature
vary widely. Simple, normalization methods based solely
on polymer coil dimensions for copolymers of different
structures cannot accurately predict drag reduction behav-
ior. Further experiments studying solvent structure, shear-
induced phenomena, and polymer association behavior
in relation to drag reduction performance are necessary
to provide a better understanding of these effects.
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ABSTRACT: Miscible blends of Polybenzimidazole with an aromatic polyimide and a polyetherimide have

been studied by high-resolution

3C CPMAS NMR in the solid state. The observed resonance signals in

the spectra of individual components of the blends have been assigned, and these assignments have been
supported by interrupted decoupling experiments. The blending of PBI with polyimide induces a broad-
ening and a downfield shift of the aromatic polyimide phthalimide carbonyl resonance with respect to that
of the pure material. This difference between the spectra of the blends and those of the respective mechan-
ical mixtures has been interpreted to be the result of the formation of specific hydrogen bonds between the
PBI imidazole amine function and the polyimide phthalimide carbony! function. Miscibility in the blend
of PBI with the aromatic polyimide has also been confirmed by a study of the proton rotating frame spin—

lattice relaxation behavior.

Introduction

A new class of high-performance, miscible binary blends
of polybenzimidazoles (PBI) with several aromatic poly-
imides (PI) has recently been described.! Miscibility in
these blends over a wide range of compositions has been
demonstrated by differential scanning calorimetry as well
as by dynamic mechanical analysis.* Infrared spectro-
scopic studies of these PBI/PI systems have indicated
that misicibility in these polymers is related to a specific
interaction involving the phthalimide carbonyl groups of
polyimide and imidazolic amine groups of PBI.3*

The aim of the present work has been to obtain evi-
dence for misicibility and interchain interaction in PBI/
PI binary blends by means of high-resolution solid-state
13C CPMAS NMR.? A strong interaction between blend
components such as hydrogen bonding should cause
changes in the '3C chemical shifts of those resonances

* Permanent address: Institute of Polymer Chemistry, Polish Acad-
emy of Sciences, 41-800 Zabrze, Poland.

0024-9297/90/2223-2139$02.50/0

involved in the interaction, in this case the phthalimide
carbonyl with the bibenzimidazole amine. We report here
composition dependent changes in the *C CPMAS line
shape of the phthalimide carbonyl in blends with PBI
and show that these changes are consistent with hydro-
gen bonding between the blend constituents. In addi-
tion, 3C CPMAS NMR has been used to study proton
spin diffusion in these blends,®° and evidence for
misicibility was obtained from an equality of the values
of the proton rotating frame spin-lattice relaxation time
T, for the two blend components.

Experimental Section

The following polymers were used in the study: poly(2,2’-(m-
phenylene)-5,5"-bibenzimidazole) [PBI, Celanese Corp. (T, =
420 °C)], poly[2,2’-bis[4-(3,4-dicarboxyphenoxy)phenyl]pro-
pane-m-phenylenediimine] [Ultem 1000, General Electric Co.
(T, = 220 °C)], and the condensation product of 3,3',4,4"-ben-
zophenonetetracarboxylic dianhydride and 5(6)-amino-1-(4'-
aminophenyl)-1,3,3'-trimethylindan [XU 218, Ciba-Geigy Corp.
(T = 320 °C)). Chart I lists the structures. These polymers
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