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ABSTRACT: Four series of high molecular weight, water-soluble acrylamide copolymers with specific com-
positions have been synthesized, characterized, and tested for drag reduction effectiveness. The comono-
mers sodium acrylate, sodium 2-(acrylamido)-2-methylpropanesuifonate, sodium 3-(acrylamido)-3-
methylbutanoate, and diacetone acrylamide were utilized in appropriate molar ratios to provide tailored
structures with varying degrees of hydrophobicity, ionic character, and propensity to form inter- or intramo-
lecular associations. Drag reduction properties were measured in a modified rotating disk and a tube flow
apparatus. A simple method of analyzing drag reduction performance was developed on the basis of hydro-
dynamic volume fraction normalization. This method allows comparison of diverse polymer types by effi-
ciency curve superimposition utilizing an empirical shift factor. Drag reduction data were also analyzed by
several conventional methods. Results demonstrate the dependence of drag reduction effectiveness on
polymer structure as well as the importance of polymer-solvent interactions. Structure-performance anal-
ysis suggests that predictive theoretical models might be improved by inclusion of parameters reflective of

solvent and associative interactions as well as hydrodynamic volume.

Introduction

It has been known for a number of years that certain
additives can reduce energy loss due to friction in tur-
bulent flow.! Drag reducing additives include low con-
centrations of high molecular weight polymers, micellar
systems, and suspensions of fibers or other solids.? A
large number of possible commercial applications for drag
reduction (DR) have been the impetus for continued
research in this area.® Despite the abundance of theo-
retical, experimental, and practical studies of the phe-
nomenon that have appeared in the literature, many unan-
swered questions remain and no comprehensive, univer-
sally accepted model exists that explains the drag reduction
mechanism.*® In particular, the role of polymer micro-
structure and solvent interactions is not clear.

It is generally thought that macromolecular extension
is involved in polymeric drag reduction.® Polymer mol-
ecules are thought to be elongated by shear forces in the
turbulent flow regime. There is disagreement, however,
as to whether the friction reduction results from an
increased elongational viscosity or from an alteration of
the energy balances in turbulent flow.”®

Many researchers accept the proposal put forth by
Lumley® ! which suggests that a fluid layer of substan-
tially increased viscosity is present in the turbulent flow
regime near the wall due to polymer elongation. In the
layer of increased viscosity, damping of small dissipative
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eddies and reduced momentum transport from the buffer
zone occur. In the viscous sublayer next to the wall, how-
ever, macromolecules are not greatly extended and vis-
cosity is not increased appreciably above that for sol-
vent alone.

Ryskin®!3 recently developed a predictive theory incor-
porating Lumley’s ideas and his own “yo-yo” model of
polymer dynamics. The polymer effect on viscosity
enhancement, {,,, is given in eq 1,

Coury = 0.050°N,a°N?C/M, )

where N, = Avogadro’s number, M, = molecular weight
repeat unit, a = length of a repeat unit, a = ratio of chain
length to that of a fully extended chain, C = polymer
concentration, N = degree of polymerization. Ryskin
relates (., to Virk’s slope increment, é, (a measure of
drag reduction effectiveness'*), by eq 2. The & value used

8=21+ {u)/2-2 (2)

by Ryskin in eq 2 is half that of Virk’s. Combination of
eq 1 and 2 and rearrangement give eq 3, where molecu-

[(6* +45)/2]"" = ofaNIN,C/2M]FY  (3)

lar weight, M, is equal to M, N. This relationship enables
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experimental determination of «, the ratio of polymer
chain length to that of a fully extended chain. Ryskin’s
analysis indicated that « should have a value of ca. 0.2.

Walsh!® developed a model based on the energy stor-
age capability of polymer and associated solvent. In this
model, polymer molecules interfere with small-scale vor-
tices as they form near the wall. Macromolecules alter
turbulence structure by weakening microdisturbances and
preventing their growth. Walsh defined a dimensionless
parameter, H, which describes the effect of polymer addi-
tives on the rate of diffusion of turbulence near the wall.
Onset of turbulence is predicted at H ~ 0.01 and maxi-
mum drag reduction at H ~ 1.

H = (8CM[n]*r,)/RT 4

In eq 4, [7], R, 74, and T are the polymer intrinsic vis-
cosity, gas constant, wall shear stress, and temperature,
respectively.

In Virk’s “additive-burst” mechanism,* drag reducing
additives interfere with the turbulent bursting process.
Polymer molecules alter the turbulent energy balance by
retarding transport of turbulent kinetic energy and axial
momentum. Virk related DR effectiveness to polymer
concentration in ppm, ¢, molecular weight, and degree
of polymerization and suggested that a plot of reduced
slope increment, I1 = 8,/(c/M)*/?, as a function of degree
of polymerization should yield a straight line.

de Gennes and Tabor”® have recently presented an
energy cascade theory of drag reduction. This scaling
theory relates polymer length and deformation to turbu-
lent energy dissipation. These authors suggest that fric-
tion reduction occurs primarily as a result of the elastic
behavior of polymer molecules. Each coil behaves like a
small spring which when deformed attains a certain elas-
tic energy. When the elastic energy of the molecule is
equal to the kinetic energy of the turbulent disturbance,
the disturbance is suppressed.

This discussion of just a few of the many proposed mod-
els indicates the number of unsolved questions and the
diversity of interpretations of the drag reduction phe-
nomenon. Berman® has suggested multiple mechanisms
that might operate simultaneously. Quantitative mod-
els have accurately predicted DR behavior of some water-
soluble homopolymers (i.e., poly(ethylene oxide) and
polyacrylamide*!2131%) but extensive analyses of poly-
mers of widely differing structures and compositions have
not been performed. In order to accurately assess the
validity of the various models, further correlation with
experimental data is required.

Many unanswered questions remain regarding the rela-
tionship between macromolecular structure and drag reduc-
tion performance.'®'” Experimental studies have shown
that a number of molecular parameters, including poly-
mer molecular weight (MW), hydrodynamic volume, aggre-
gation, chain stiffness, and polymer/solvent inter-
actions,'®34 affect drag reduction behavior. For exam-
ple, drag reduction efficiency increases with increasing
molecular weight and the high MW molecules in a MW
distribution have the greatest effect on DR.}*%° It is
unclear, however, whether DR effectiveness is higher for
polymers of higher MW primarily because of the increased
chain length or the increased coil volume.?? The quan-
titative relationships between drag reduction perfor-
mance and other molecular parameters are also unclear.

The purpose of our continuing research is to system-
atically examine structure-drag reduction performance
relationships of compositionally tailored water-soluble
copolymers. Extensive studies of dilute solution proper-
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ties including viscosity, phase behavior, hydrodynamic
volume, and rheology of each copolymer type have been
conducted in conjunction with these efforts. Comono-
mer models employed vary from negatively charged to
hydrophobically modified acrylamide derivatives; these
result in copolymers with a range of dilute solution prop-
erties.

Experimental Section

Polymer Synthesis. Acrylamide (AM) (from Aldrich Chem-
ical Co.), diacetone acrylamide (DAAM) (from Polysciences, Inc.),
and 2-(acrylamido)-2-methylpropanesulfonic acid (AMPSA) (from
Polysciences, Inc.) were purified by three consecutive recrystal-
lizations from acetone or methanol. Acrylic acid purchased from
Aldrich Chemical Co. was purified via vacuum distillation. The
monomer 3-(acrylamido)-3-methylbutanoic acid (AMBA) was
synthesized via a Ritter reaction using commercial acryloni-
trile and 3,3-dimethylacrylic acid following a previously pub-
lished procedure.3> AMBA was purified by recrystallization as
described above. Charged monomers were placed in the sodium
salt form prior to polymerization by equimolar addition of NaOH
to agqueous monomer solution.

Polymerizations were performed in agueous solution by using
potassium persulfate free radical initiator at 30 °C under nitro-
gen atmosphere. Polymerization procedure is detailed else-
where.?5-37 Reactions were terminated by precipitation in non-
solvent (acetone) before high conversion was attained (below
40% conversion) to prevent drift in copolymer composition. Poly-
mers were purified by three cycles of dissolution in water fol-
lowed by precipitation in acetone. Finally, the copolymers were
isolated by freeze-drying from an aqueous sclution (deionized
water).

Polymer Characterization. Copolymer composition was
determined from elemental analysis (M-H-W Laboratories, Phoe-
nix, AZ) and **C NMR. Reactivity ratios were calculated sta-
tistically by both the Kelen-Tidos and Fineman—Ross
methods.38%°

Zero shear intrinsic viscosity, [5], was obtained by using four-
bulb shear dilution viscometers and/or a Contraves low shear
30 rtheometer. Solution studies were performed in 0.514 M aque-
ous NaCl solution containing 0.01% NaNj as a biocide at 25
°C. Classical light scattering studies were performed by using
a Chromatix KMX-6 low angle laser light scattering spectro-
photometer utilizing a 2-mW He-Ne laser operating at 633 nm
to obtain weight-average molecular weight, M. Specific refrac-
tive index increment, dn/dc, was determined from a Chro-
matix KMX-16 laser differential refractometer.

Drag Reduction Measurements. Polymer solutions were
prepared by dissolving the required mass of polymer with 0.01%
NaN, biocide in solvent in 1-L flasks by gentle room tempera-
ture stirring for 48 h. Solutions were then transferred to poly-
propylene tanks, diluted with solvent (deionized water or 0.514
M aqueous NaCl) to 20 L, and gently stirred for an additional
24 h before drag reduction measurements were made at 25 °C.

Polymeric solutions were tested for drag reduction perfor-
mance in both a rotating disk and a tube flow apparatus. The
first system consisted of a modified Haake, Model RV3, rhe-
ometer equipped with a rotating disk. The stainless-steel disk
was 9 cm in radius, 2 mm in thickness, and was machined to
ensure flatness and smoothness. The disk was centered in a
chamber with the depth in the fluid being adjustable by chang-
ing the length of a stainless-steel shaft to which the disk was
attached. The chamber was a Pyrex jar 305 mm in diameter
by 457 mm in height with a capacity of 33.4 L.

The disk was driven by a variable speed motor. The motor
drive and torque sensing unit are components from a Haake
RV3 rotoviscometer. The torque applied to the rotating disk
was determined by using the stress measuring head that was
calibrated using the method described by the manufacturer.*’
The data acquisition system for recording the torque consisted
of a Hewlett-Packard 41C calculator connected to an ADC 41
(Interface Instruments, Corvallis, OR) analog to digital inter-
face. The experimental data, torque (7,) and disk angular veloc-
ity (w), were converted to Reynolds number (Re) and friction
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factor (f) using eq 5 and 6 which were developed for a disk of
radius (R) rotating in an unbounded fluid of viscosity x and
density p.414?

f =14/ (rpu®R%) (5)

Re = pR%/u (6)
The tube flow apparatus consisted of a smooth stainless-
steel tube 102 ¢cm in length, L, with a diameter, D, of 0.210 cm.
This single pass testing system was driven by a high-pressure
nitrogen gas source. Pressure taps were placed at 150 and 350
L/D downstream from the tube entrance to determine pres-
sure drop. Pressure was measured by a Validyne DP 15 differ-
ential pressure transducer. Flow rate was monitored by a load
cell with strain gauges connected to a Hewlett-Packard plotter
where weight was plotted as a function of time. From mea-
sured pressure drop and flow rate, friction factor and Reynolds
number were calculated.*!

Results and Discussion

Copolymer Models. For the studies of the drag reduc-
tion phenomenon, copolymers were synthesized with par-
ticular structural attributes including specific place-
ment of hydrophobic moieties and/or potential for strong
inter- or intramolecular interactions (Table I). Acryla-
mide (AM) monomer is neutral and hydrophilic and poly-
merizes to a high molecular weight and large hydrody-
namic volume in aqueous solutions. Sodium acrylate
(NaA) is the negatively charged analogue to AM. Sodium
2-(acrylamido)-2-methylpropanesulfonate (NaAMPS) and
sodium 3-(acrylamido)-3-methylbutanoate (NaAMB) are
“anionic” comonomers with some hydrophobic character
due to the geminal dimethyl groups (present to prevent
hydrolysis of the amide linkage). PAM-co-NaAMPS and
PAM-co-NaAMB copolymers are high molecular weight
polyelectrolytes that have shown unusual tolerance to elec-
trolytes (lack of phase separation) in aqueous solutions
at elevated temperature.*3** These copolymers form
intramolecular hydrogen-bonding interactions that result
in stiffening of the chain at certain copolymer composi-
tions.

The uncharged diacetone acrylamide {DAAM) mono-
mer is more hydrophobic than acrylamide, to the extent
that DAAM homopolymer is not water-soluble. When
copolymerized with acrylamide, DAAM forms moderate
molecular weight copolymers that show unusual inter-
molecular associations which promote viscosity. Quasielas-
tic light scattering and membrane osmometry experi-
ments have shown compositional effects on intermolec-
ular bonding. A 20/80 DAAM/AM copolymer
substantially increases viscosity in the presence of elec-
trolytes such as NaCl (Table II).#* These DAAM/AM
copolymers are of considerable theoretical interest since
cooperative bonding may dissociate under turbulent con-
ditions to effect drag reduction. Under low shear the
associations should recover.

Comonomer structures are shown in Table I. Mea-
sured zero shear intrinsic viscosities and weight-average
molecular weights for selected copolymers are given in
Table II. A homopolyacrylamide sample (PAM-4—
synthesized under the same conditions used to prepare
the copolymers) and a poly(ethylene oxide) sample (WSR-
301—Union Carbide) are included for comparison with
the copolymers.

For the PAM-co-NaAMB copolyelectrolytes, incorpo-
ration of small mole percentages of NaAMB comonomer
(<35%) results in copolymers with molecular weights which
are similar to that of the homopolyacrylamide standard
(PAM-4), but intrinsic viscosities (measured in 0.514 M
NaCl solutions) which are much higher. This viscosity
enhancement results from stiffening of the chain due to
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Table I
Model Comonomers
comonomer structure properties
AM CH,==CH uncharged high MW
?=o homopolymer
NH,
NaA CH,=CH forms lower MW
é=° copolyelectrolytes
. poor salt tolerance
O~ Na
NaAMPS  CH,=CH HMW copolyelectrolyte
<|:=o high salt tolerance
! large HDV in H,0 saline
TH solution
CHy— C—CH intramo}ecular hydrogen
R bonding stiffens chain,
?Hz increases viscosity
o= ?:
O™ Na'
NaAMB CH,=CH similar to NaAMPS but weaker
b acid; pH affects coil
c=0 . .
[ dimensions
TH
CH,— <I:—(:H3
i
C—0"Na'
1]
[¢]
DAAM CH,=CH hydrophobic, uncharged
(l:-—o hydrophobic inter- and

I intramolecular interactions
NH intramolecular H-bonding
associations in saline solution

Table 11
Solution Properties of Selected Model Polymers in 0.514 M
NaCl Solutions at 25 °C

mol % of comonomer IO*M,Z,
in copolymer [n], dL/g* g/mol

sample name

Homopolymers
PEO WSR-301° 0 16 6.0
PAM-4 0 34 24
Copolymers
PAM-co-DAAM
DAAM 15 17 18 (15)¢ 7.5 (3.5)
DAAM 20 20 16 (11) 6.9 (4.3)
DAAM 30 29 8.0 (6.2) 6.1 (5.9)
DAAM 35 35 3.4 (3.1) 3.6(3.4)
PAM-co-NaA
NaA 5 7.4 13 12
NaA 35 22 4.5 3.3
PAM-co-NaAMB
NaAMB 10 10 47 28
NaAMB 40 34 50 22
NaAMB 100 100 8.4 3.6
PAM-co-NaAMPS
NaAMPS 5 4.7 27 16
NaAMPS 10 9.2 44 18
NaAMPS 15 13 34 29
NaAMPS 20 18 38 27
NaAMPS 35 29 27 27
NaAMPS 100 100 8.0 6.8

@ Zero shear intrinsic viscosity measured by low shear rheome-
try. ® Weight-average molecular weight measured by low angle laser
light scattering. ¢ From Union Carbide. ¢ Values in parentheses denote
measurements in deionized water.

intrapolymer interactions that occur at certain PAM-co-
NaAMB copolymer compositions.?® The homopolyelec-
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Figure 1. Typical friction factor vs Reynolds number plots for copolymers in 0.514 M NaCl solutions. Solid lines show theoretical
predictions. (a) NaAMB 10, 3 ppm (0), 10 ppm (®); NaAMB 40, 3 ppm (4), 10 ppm (4); DI water (3¢); n-hexane (). (b) DAAM
15, 3 ppm (X); DAAM 20, 3 ppm &; DAAM 30, 3 ppm (®); DAAM 35, 3 ppm (0}; PAM-4, 3 ppm (*); 0.514 M NaCl solvent (¥).
(c) Same description as Figure 1a. (d) Same description as Figure 1b.

trolyte (NaAMB 100), on the other hand, is lower in M,
and [n] than PAM-4. At all copolymer compositions the
NaA copolyelectrolytes exhibited decreased [#] and M,,
in comparison to homopolyacrylamide.

For the hydrophobic DAAM copolymers, solution prop-
erties were measured in both aqueous and saline solu-
tions. In general, measured apparent [] and apparent
MW for these copolymers were greater in 0.514 M NaCl
than in deionized water solution, reflecting their increased
propensity to associate in the presence of added electro-
lytes. Dilute solution dimensions of these copolymers in
deionized water were generally smaller than those of PAM-
4.

Drag Reduction Studies. Rotating Disk Mea-
surements. Typical friction factor vs Reynolds num-
ber plots for NaAMB copolymers tested in 0.514 M NaCl
solution in the rotating disk and tube flow apparatus are
shown in Figure 1. Polymer solution curves deviate from
the solvent curve at a disk Reynold’s number of approx-
imately 300 000. This is the flow condition at which tran-
sition from laminar to turbulent flow is predicted to occur
theoretically.4! At disk Reynold’s numbers greater than
300 000, addition of polymer serves to reduce the fric-
tion factor below that for solvent alone. The amount by
which friction is reduced depends on polymer structure
and concentration. Plots of this type were obtained for
all copolymer models.

The solvent curve in Figure 1b exhibits a positive slope
at high Reynolds numbers rather than the expected neg-
ative slope. This implies that the measurements taken
may be in the transition zone between completely lami-
nar flow and fully developed turbulence in which inter-
mittent turbulent flow exists.** Due to limitations of the
instrument, it was not possible to examine higher Rey-
nolds numbers for aqueous solutions. However, higher
Reynolds numbers could be generated for the lower vis-
cosity, lower density solvent, n-hexane. In Figure 1a, com-
posite f vs Re plots for water and n-hexane solvents are
presented. The solid lines represent theoretical solvent
behavior.?’ At a Reynolds number just above 750 000,

the hexane curve changes slope indicating the beginning
of the “fully turbulent” regime. Measurements were taken
in aqueous solutions from just below this point up to a
Reynolds number of 600 000.

Correlation with Tube Flow Measurements. Sup-
plemental drag reduction measurements were per-
formed in a tube flow apparatus to compare results from
the rotating disk. The tube flow measurements allow a
more direct assessment of the data correlation methods
of Virk, Ryskin, and Walsh, as these were originally devel-
oped for tube flow. As shown by parts ¢ and d, it was
possible to generate a tube flow Reynolds number of 30 000,
whicl}uis well above the laminar/turbulent transition of
2300.

Parts a and ¢ of Figure 1 show comparative behavior
for NaAMB copolymers and parts b and d of Figure 1
the behavior of DAAM copolymers tested in both flow
geometries. Although the magnitude of drag reduction
at a given polymer concentration is greater in tube than
in disk flow, relative DR trends measured as a function
of polymer concentration and structure are the same. Sim-
ilar trends were exhibited by the other copolymer mod-
els tested.

Many of the friction factor curves obtained for poly-
mer solutions tested in the tube flow apparatus exhibit
a change in slope at high Reynolds numbers. For exam-
ple, at Reynolds numbers below 10 000, different NaAMB
copolymer solutions showed identical behavior (Figure
1c). At a Reynolds number of ca. 10 000, the 3 ppm
NaAMB 40 curve shows a change in slope, and at a slightly
higher Re the 3 ppm NaAMB 10 curve changes slope,
but the 10 ppm solution curve exhibits fairly constant,
negative slope to Re =~ 30 000. This change in slope at
high Re (and commensurate loss in DR effectiveness) for
low polymer concentrations has often been observed in
tube flow studies.*2'4647 The slope change is a function
of tube diameter, polymer molecular weight, and poly-
mer concentration. Increases in diameter or polymer con-
centration shift the slope change to higher Reynolds num-
bers.
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Figure 2. Comparison of drag reduction behavior of aqueous polymer solutions in tube flow at Re = 17 000 with literature meth-
ods. See Table III for symbol descriptions. (a) Virk plot of reduced slope increment as a function of the number of polymer chain
links. (b) Ryskin plot as described by eq 3. (c¢) Walsh plot as suggested by eq 4. (d) Percent drag reduction vs polymer volume

fraction parameter.

Berman*” has suggested that the observed change in
DR effectiveness occurs when the polymer chains are max-
imally extended. When Re is increased beyond this point,
the polymer molecule can no longer respond to the increas-
ing shear stresses and DR effectiveness decreases. As
polymer concentration is increased, the Reynolds num-
ber at which all chains are maximally extended also
increases. At some concentration, coil overlap will occur
before the chains are fully extended. When this concen-
tration is reached, the change in slope disappears.

The slope change observed in these studies appar-
ently is not the “retro-onset” described by Virk for rig-
id-rod polymers.* The slope change seen here occurs for
random coiling molecules like poly(ethylene oxide) and
polyelectrolytes in saline solution. However, the chain
stiffeningintramolecularinteractions presentinthe PAM-
co-NaAMB copolymers may partially control the shape
of the NaAMB curves.

For the ultrahigh molecular weight polyelectrolytes
NaAMPS and NaAMB, differences in friction reduction
behavior in tube flow at different polymer concentra-
tions are exhibited only at high Reynolds numbers. At
tube flow Reynolds numbers below the observed slope
change, all polymer concentrations yield a single curve,
but at higher Reynolds numbers relative drag reduction
trends are identical with those seen in the rotating disk
measurements (compare parts a and b of Figure 1). This
interesting observation suggests that the rotating disk
apparatus (at Reynolds numbers just beyond the laminar/
turbulent transition) is quite sensitive to differences in
polymeric drag reduction behavior.

Data Analysis Methods. Correlation with Liter-
ature Methods. Inorder to assess structure/drag reduc-
tion interrelationships, we examined several methods of
data analysis discussed in the introduction. The num-
ber of well-characterized, structurally tailored molecules
prepared in our laboratories lend themselves particu-
larly to study the molecular parameters proposed in the-
oretical DR models.

Slope increments were obtained from initial slopes of
Prandtl-von Karman plots?! generated for the copoly-
mer solutions tested in tube flow. We attempted to plot
reduced slope increment as a function of degree of poly-
merization. Virk* reported that this type of plot yielded
a straight line for flexible polymers with similar back-
bone linkages. Such a plot, however, exhibits a large
amount of scatter (Figure 2a) for our copolymer models
in which chain stiffening and viscosity enhancing intra-
and/or intermolecular interactions are present.

A plot of the DR data with respect to Ryskin's pro-
posed molecular model (eq 3) is shown in Figure 2b.
Ryskin found that when the value of « (ratio of chain
length to that of the fully extended chain) was adjusted,
experimental DR data for PEO and PAM correlated well
with his model. For our copolymer models, the values
of « varied from 0.08 to 0.30. This variability suggests
that a does not assume a constant value of ca. 0.2 as
proposed by Ryskin.

In Figure 2c, a plot of percent drag reduction (% DR)
as a function of the Walsh Parameter, H, is shown. Per-
cent drag reduction is defined by

% DR = [(f;~ f,)/f] X 100 Q)

where f, and f, are the friction factors for solvent and
polymer solution, respectively. In general, % DR increases
with increasing H up to a limiting maximum. Again, there
is a large amount of scatter when different copolymer
types are plotted together. However, as illustrated by
the solid lines on the plot, correlation is observed for sin-
gle copolymer types.

Both the Ryskin and Walsh analyses contain the dimen-
sionless parameter [7]C, which is related to polymer vol-
ume fraction. This parameter is often used to compare
solution properties of diverse polymer types. Hydrody-
namic volume is a function of chemical structure, chain
length, and interactions between polymer segments or
polymer and solvent.
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Figure 3. Drag reduction efficiency vs polymer volume fraction. See Table III for symbol descriptions. (a) Copolymer solutions
in 0.514 M NaCl solvent tested in disk flow at Re = 520 000. (b) NaAMB copolymer solutions in 0.514 M NaCl solvent tested in
disk flow at Re = 520 000. (¢) DAAM copolymer solutions in 0.514 M NaCl solvent tested in disk flow at Re = 520 000. (d) Copol-
ymer solutions tested in deionized water with tube flow at Re = 17 000.

Encouraged by results from Ryskin and Walsh type
analyses, we first plotted % DR vs [9]C. Separate curves
are obtained for particular structural types (Figure 2d).
These correlations further illustrate the importance of
polymer chemical structure, in addition to the effects of
polymer coil dimensions, in determining drag reduction
performance.

Volume Fraction Normalization. We have devel-
oped further normalization procedures that allow facile
comparison of polymer types despite differences in degrees
of polymerization and concentiation. Such procedures
are necessary for comparing copolymer performance and
optimizing molecular design. We have obtained a mea-
sure of relative drag reduction efficiency at a given poly-
mer volume fraction by normalizing % DR for [9]C. Fig-
ure 3 is a plot of DR efficiency (% DR/[5]C) as a func-
tion of [5]C for selected copolymer models tested in the
tube flow and rotating disk apparatus. The superim-
posed lines with a slope of negative one represent the
maximum drag reduction envelope.

All of the copolymers tested in disk flow reach this
envelope at some concentration (C,,,,), but the value of
[7]C that provides maximum DR varies with copolymer
structure and composition (Figure 3a). At concentra-
tions below C,,., DR efficiency can be improved by
increasing polymer concentration. At concentrations above
Crmaxy DR cannot be improved and further addition of
polymer decreases efficiency. It should be noted that all
copolymer solutions tested were in the dilute solution
regime ([7]C « 1) and that [5] values are those at zero
shear. It is possible that apparent intrinsic viscosities
measured at shear rates approximating those generated
in the drag reduction testing systems might yield even
better correlation.

Drag Reduction Studies of Tailored Models. The
most effective drag reducers in disk flow are the poly-
mers that yield the greatest DR efficiency (% DR/[]C)
at the lowest volume fractions. Thus, for our models the
DAAM copolymers in disk flow are the most efficient,
the uncharged homopolymers (PAM and PEO) yield mod-

erate values, and the homopolyelectrolytes in this study
are the least efficient. These trends may be seen more
clearly when the copolymer types are examined individ-
ually.

Figure 3b shows DR efficiency curves for the NaAMB
copolyelectrolytes in 0.514 M NaCl. The copolyelectro-
lytes with low mole percentages of charged comonomer
exhibit similar, high efficiency curves, while the copoly-
mers of higher charge content show reduced efficiency.
The NaAMB homopolymer is much less efficient than
the copolymers containing less than 35 mol % comono-
mer. Relative DR efficiency correlates with hydrody-
namic volume for these copolyelectrolyte models. The
most highly expanded copolymers in saline solution are
those containing low mole percentages of charged groups,
as evidenced by their high values of intrinsic viscosity
(Table II). DR efficiency may also be related to increased
chain stiffness from charge-charge repulsions and intramo-
lecular hydrogen bonding that can persist even at high
salt concentration in these copolymers.3®43

Figure 3c is a plot of the DR efficiency of the DAAM
copolymers. For this series, efficiency increases with
increasing content of the relatively hydrophobic DAAM
comonomer. Note that the hydrodynamic volumes as mea-
sured by intrinsic viscosities and molecular weights
decrease. Solvent ordering in the vicinity of hydropho-
bic moieties on the polymer chain*®%° and associative
interactions in dilute solution may contribute to the DR
performance of the DAAM copolymers. The effects of
solvent nature on DR performance will be discussed in
more detail in the subsequent publication in this series.
It is also interesting to note that all DAAM copolymers
except DAAM 15 show increased efficiency in compari-
son to PAM-4, even though apparent molecular weights
and intrinsic viscosities measured under low shear con-
ditions are much smaller than those of PAM-4.

Figure 3d shows the DR efficiency of copolymer mod-
els tested in the tube flow apparatus. Relative trends
are similar to those shown in disk flow (Figure 3a). The
DAAM copolymers with high hydrophobic content yield
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Figure 4. Polymer solution drag reduction efficiency vs poly-
mer volume fraction employing shift factors. See Table III for
symbol descriptions and shift factor information. Disk flow mea-
surements were made at Re = 520 000.
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Table II1
Symbol Table and Polymer Shift Factors

polymer/solvent symbol shift factors in disk flow
solvents
DI water *
0.514 M NaCl »*
n-hexane 2]
homopolymers
PEOQ WSR-301 a 1.0
PAM-4 * 2.0
copolymers
DAAM 15 X 1.3
DAAM 20 < 2.2
DAAM 25 <+ 6.5
DAAM 30 ® 8.0
DAAM 35 < 10.0
NaAb % 3.0
NaA 10 * 3.0
NaA 20 + 8.0
NaA 35 & 0.35
NaAMB 5 + 3.5
NaAMB 10 o 3.5
NaAMB 25 A 3.5
NaAMB 40 A 3.5
NaAMB 100 [} 0.075
NaAMPS 5 . 2.1
NaAMPS 10 ¢ 2.1
NaAMPS 15 o 2.1
NaAMPS 20 Y] 2.1
NaAMPS 35 . 2.1
NaAMPS 100 » 0.09

highest efficiency at low volume fraction; PEO WSR-
301 and PAM-4 give moderate values.

Further Normalization Methods. It was found that
a shift factor, A, could be employed to allow all polymer
disk flow data to fall on a single efficiency curve. The
PEO WSR-301 curve was chosen as a standard to which
all other curves were adjusted; thus A for PEO is equal
to one. The abscissa values were multiplied by A and
ordinate values divided by A to produce the single curve
shown in Figure 4. A shift factor greater than one indi-
cates a higher efficiency in frictional reduction than that
exhibited for PEQ, and A less than one denotes decreased
efficiency. Table III lists A values for all polymer solu-
tions tested in disk flow. Shift factors range over 2 orders
of magnitude. DAAM 35 gives the greatest value of A,
and the homopolyelectrolytes exhibit the lowest. The
numerical value of A is apparently related to molecular
properties that affect DR performance.
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Our reported method of data reduction is relatively
simple and requires only the knowledge of polymer intrin-
sic viscosity and concentration. It may be used to ana-
lyze DR data obtained from a variety of testing geome-
tries. Interpretation of the curves is also simple; rela-
tive drag reduction efficiency of different copolymer types
is readily distinguished. Use of the shift factor provides
a numerical gauge of relative DR performance. As strongly
implied by examination of the polymer models in this
work, A may be a function of polymer molecular weight,
ability to associate, chain flexibility, and/or polymer/
solvent interactions between copolymers.

Conclusions

Several series of water-soluble copolymers were syn-
thesized with ranges of copolymer compositions to pro-
vide macromolecules with varying degrees of hydropho-
bicity, charge character, and propensity to form inter- or
intramolecular associations. Copolymers were thor-
oughly characterized for composition, microstructure, and
low shear aqueous solution behavior. Drag reduction effec-
tiveness was evaluated by using both rotating disk flow
and tube flow apparatus. A relatively simple empirical
method of analyzing drag reduction performance has been
developed which yields a drag reduction efficiency plot
related to hydrodynamic volume of polymer in solution.
A clear dependence of drag reduction effectiveness on
copolymer composition was observed. Slight changes in
polymer chemical structure drastically affect drag reduc-
tion performance. Associating copolymers yield the high-
est drag reduction efficiency, and hydrophobic content
is related to drag reduction performance rather than to
hydrodynamic volume. For the copolyelectrolytes tested,
maximizing hydrodynamic volume optimizes drag reduc-
tion efficiency. Low incorporation (5-30%) of charged
comonomer gives high molecular weight, high intrinsic
viscosity copolymers with greatest drag reduction. Sev-
eral of the copolymers synthesized exhibit more effi-
cient drag reduction performance than poly(ethylene oxide)
or polyacrylamide standards. Examination of the data
by proposed theoretical models indicates that predic-
tions based solely on polymer coil dimensions and con-
centration cannot correctly predict drag reduction per-
formance for different polymer types. A truly predic-
tive model must also incorporate the effects of molecular
parameters such as associations, polymer/solvent inter-
actions, and chain stiffness.

A subsequent publication in this series involving these
copolymer models will examine in more detail the indi-
vidual effects of polymer molecular weight, hydrody-
namic volume, solvent nature, and associations on drag
reduction performance. Studies analyzing the effects of
molecular weight distribution and the drag reduction
behavior of other copolymer types are presently under-
way in our laboratories. It is our hope that these and
similar studies in other laboratories will provide infor-
mation about the specific role of macromolecules in the
drag reduction mechanism.
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