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The molecular weight distributions of two high molecular weight (Mw>> 1

million) polyethylene polymers, WSR-308 and WSR-301, were characterized with gel

permeation chromatography (GPC) coupled with a multi-angle laser light scattering

detector (MALLS). The M of the WSR-308 was found to be 5.10x106 g/mol with a

molecular weight range from about 1 million g/mol to as high as 10 million g!mol.

The M of the WSR-301 was found to be 3.16x106 g/mol with the lowest molecular

weight about 400,000 glmol while the highest molecular weight component may have

been as high as 8 million glmol. Attempts to measure the M of the two polymers

using static light scattering (SLS) techniques proved to be difficult.

In conjunction with these studies, drag reduction and shear degradation studies

of the two polymers in water were also conducted. Solutions of the two polymers,

ranging from 1 to 10 ppm including mixtures of the two, were tested in a pipe-flow

apparatus to obtain friction factor and %DR data. In every case, the greater the

concentration and/or the molecular weight of the polymer, the greater the drag
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reduction effects. Additionally, the higher molecular weight polymer and mixtures

with a greater weight percentage of the higher molecular weight polymer were found

to shear degrade less quickly than otherwise.

A unique point along the maximum drag reduction asymptote (MDA) termed

the "divergence point" was a focus of this study and an energy model based on

frictional losses correlates well to the data. The correlation developed here relates the

difference in frictional losses between the solvent by itself and the polymer solution

directly to the mass concentration and molecular weight of the polymer. This

frictional difference was proportional to the product of the mass concentration and

molecular weight where both quantities were to approximately the first power.
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DILUTE SOLUTION MOLECULAR CHARACTERIZATION AND DRAG
REDUCTION STUDIES OF HIGH MOLECULAR WEIGHT

POLYETHYLENE OXIDE

CHAPTER 1: INTRODUCTION

This thesis is presented in two main sections. In chapter 2, results of the

molecular weight determination of two high molecular weight polyethylene oxide

polymers, WSR-308 and WSR-301 (Union Carbide), by gel permeation

chromatography coupled with a multi-angle laser light scattering detector (MALLS),

are presented. In chapter 3, drag reduction and shear degradation studies of these

polymers in water are presented. In this chapter, a unique "divergence point" model is

developed based on frictional energy loss considerations, yielding some interesting

results. Each of these chapters contains a theoretical and historical framework for the

work that will not be duplicated here.

The central core of this thesis is the drag reduction results and divergence point

model presented in chapter 3 that represent, what we believe, a truly original work.

The molecular weight distribution studies of the WSR-308 and WSR-301 in chapter 2

have been done before by other researchers. However, both studies were necessary to

develop an empirical equation for our "divergence point" model.

It is important to note the philosophy of the approach to this study. The

original idea was to determine the influence of a "high molecular weight tail" of a

polymer distribution on its drag reduction properties. Several experimental designs

were considered for this, including fractionating off the high molecular weight tail of
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the WSR-308 and comparing the drag reduction properties of the high molecular

weight tail to the unfractionated WSR-308 and WSR-30 1. However, this was

considered unfeasible due to the time andlor cost associated with acquiring enough of

the fractionated polymer to do drag reduction studies.

A less arduous approach was used to establish how the high molecular weight

tail (of the WSR-308) influenced drag reduction results. By spiking portions of the

WSR-301 with WSR-308, the WSR-301 now had varying amounts of a high

molecular weight tail. As expected (see chapter 3), increasing the high molecular

weight tail increased the %DR and strongly influenced the divergence point.

However, increasing the wt% of high molecular weight tail also increases the weight-

average molecular weight of the polymer. Because of this, it was difficult to attribute

the increase in the polymers' drag reducing ability to the increase in wt% of the high

molecular weight tail or the increase in average molecular weight.

A more quantifiable approach was necessary which required use of the

molecular weight distribution data of chapter 2. In a sense, the two polydisperse

polymers could be approximated as a series of closely-spaced monodisperse polymers

of a given molecular weight. In solutions of both the unmixed and mixed polymers,

each "monomer" had a distinct molecular weight and weight-concentration that could

be calculated based on results from chapter 2. This allowed a more rigorous

evaluation of how average molecular weight, concentration, and different molecular

weight portions of the polymer (i.e., the high molecular weight tail) influenced drag

reducing ability. Essentially, by combining the molecular weight distribution results



of chapter 2 with the drag reduction results of chapter 3, "all guns were brought to the

table" in the development of the divergence point model.
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CHAPTER 2: CHARACTERIZATION OF MOLECULAR WEIGHT
DISTRIBUTION OF HIGH MOLECULAR WEIGHT

POLYETHYLENE OXIDE

Discussed in this section are the results of the methods employed to determine

the molecular weight distribution of two high molecular weight (> 2x1 06)

polyethylene oxide polymers. Two polyethylene oxide (PEO) polymers available

from Union Carbide (South Charleston, WV), WSR-308 and WSR-301, were

characterized with size-exclusion chromatography coupled with a multi-angle laser

light scattering detector (SEC/MALLS). WSR-308 was also characterized by size-

exclusion chromatography (SEC) and static light scattering methods (SLS) separately.

Also discussed are concerns and problems involved with separation of polymers and

determination of their molecular weights, particularly for those with high molecular

weights.

The purpose of this study was to determine if a very high molecular weight tail

(>8x106) existed at significant levels in the WSR-301 andlor the WSR-308 polymers.

Of the two polymers, WSR-308 had been shown previously by Kezirian (1) to have

the higher weight-average molecular weight (7.73x106) compared to the WSR-301

(3.86x106). However, little study had been dedicated to the determination ofa very

high molecular weight tail in either polymer. This very high molecular weight tail has

particular relevance to turbulent flow drag reduction studies that are discussed in

Chapter 3.



2.1 Background

2.1.1 General description

In general, most processed polymers are polydisperse, consisting of a range of

molecular weights. For any given polymer, its "average" molecular size and

molecular weight distribution (MWD) influence its physical properties including its

tensile strength (in plastics), elasticity and viscosity. Therefore, methods to determine

the average molecular weight and MWD of polymers are important in determining

polymer behavior and properties.

Because polymers are composed of a variety of molecular weights, there is not

a distinct average molecular weight as with other pure molecular compounds.

Polymers are more comparable to mixtures, with averages based on the number of

molecules or the weight of molecules. The number-average (Ma) and weight-average

(Mw) molecular weights are defmed as

n,M, c.

M-1 -___
n c, /M1

(2.1)

c,M1 n1M

M =
c, n.M,

(2.2)

where n, c, and M, are the number, concentration and molecular weight of a given

polymer of a particular size in that distribution. Other common averages include M, a



higher-order molecular weight average, and M, the viscosity-average molecular

weight. The polydispersity, PD, of the polymer is a measure of the breadth of the

MWD and is defmed as PD = M/M.

Several methods can be employed to determine the average molecular weight

of a polymer. Two common absolute methods for determining M include osmometry

and end-group analysis. In osmometry, a colligative property technique, a semi-

permeable membrane allows passage of pure solvent from one reservoir to a reservoir

filled with a polymer solution. At equilibrium, the chemical potential of the solvent in

both reservoirs is equal and the osmotic pressure, it, is measured. The M is

determined by plotting it/c vs. c and extrapolating to zero concentration, the intercept

of which is directly related to the inverse of the number-average molecular weight. In

end-group analysis, the concentration of a particular functional group on the polymer

(e.g., an acid group) is measured, nonnally by titration or spectroscopic methods. If

the polymer molecule is known to contain a specific number of functional groups per

polymer molecule, the M can be determined quantitatively by measuring the number

of functional groups and the weight of polymer in the solution.

Both methods have significant limitations. Osmometry requires suitable semi-

permeable membranes which can be expensive and which only allow slow diffusion

rates of polymer molecules and, hence, long analysis times. Furthermore, as the

average molecular weight increases, the osmotic pressure decreases, limiting

precision. This loss of precision limits the technique to polymers with molecular

weights of less than one million (2). End-point analysis can suffer from its

complexity, necessity of a proper functional group, and cost and detection limit of the
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appropriate detector. Like with osmometry, precision is lost as the molecular weight

increases due to the decreasing concentration of functional groups. This technique is

limited to polymers with a M of about 10,000 (2).

The most useful and conimon absolute technique for the determination of the

M is based on light scattering measurements. This technique utilizes the fact that the

intensity and direction of light scattered by a polymer molecule is related to the mass

(or size) of the polymer molecule and its concentration in solution. Light scattering is

generally applicable over the range of 10,000 <M < 10,000,000 (2) and can further

be coupled with chromatographic techniques to characterize the MWD of the polymer.

This technique will be discussed in more detail later, as it is the basis for many of the

results in this dissertation.

Unlike determination of average molecular weights, determination of

molecular weight distributions requires the separation of the polymer by molecular

weight. The most conmion technique, and the technique used in this study, is

separation by size-exclusion chromatography (SEC), often called gel permeation

chromatography. This technique will be described in detail later. Another technique,

although not as commonly used, is that of field-flow fractionation. This technique

takes advantage of the laminar velocity profile between two plates (3). An external

field (e.g., a temperature gradient) is applied between two plates, perpendicular to the

direction of flow. The smaller polymer molecules move more rapidly at the hotter

plate and diffuse to the center of the flow field where the velocity is faster. The larger

polymer molecules diffuse slower and remain near the plate surface where the velocity

is slower. Separation of the molecules by size is achieved as the smaller molecules
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elute more quickly. In general, this method is less developed and more prone to

complications than SEC.

2.1.2 Light scattering theory

Molecular mass determinations by light scattering methods are based on the

principle that the amount of light scattered by a polymer molecule is directly

proportional to the product of the polymer molar mass and concentration. Moreover,

the angular dependence of the scattered light is directly related to the root mean square

radius of the polymer molecule in solution. The mathematical relationship relating the

weight-average molecular weight of the polymer molecule, its concentration, and the

angular light scattering dependence is

Kc 1

+2Ac (2.3)

AR(®)MP(®) 2

This relationship is known as the Zimm formalism of the Raleigh-Debye-Gans light

scattering model for dilute polymer solutions (4), where c is the polymer

concentration, M is the weight-average molecular weight, and A2 is the second virial

coefficient of the polymer in the solvent. In equation 2.3,
K* is a constant given by

K* 22nfJA4N (2.4)

where dn/dc is the change in refractive index with change in polymer concentration, fl

is the refractive index of the solvent, NA is Avogadro's number, and 2 is the

wavelength of the laser light source. The angular dependence of the scattered light is

included in the R()) and P(®) terms, representing the excess Rayleigh ratio and the



particle scattering function, respectively. The excess Rayleigh ratio is a system

parameter taking into account the fraction of light scattered by the polymer solution in

excess of the light scattered by the solvent, the distance between the light source and

sample cell, and the incident light on both the sample cell and detector. The particle

scattering function relates the angular variation of scattered light directly to the rms

radius of the polymer in solution and is approximated by (4)

1 16,r
. 21®<r>sml1 (2.5)

P(®) 322 '2)
where <rg2> is the mean square radius. It should be noted that at ® = 0, P(®) 1.

When properly evaluated for a polymer system, equation 2.3 yields the

polymer variables M, A2 and <rg>. Since equation 2.3 is dependent on both

scattering angle and polymer concentration, the values of M, A2 and <rg> for a given

polymer system are generally calculated graphically with a 2-dimensional plot known

as a Zinim plot. In a Zimm plot, K*c/R(e) is plotted vs. sin2(e/2) + kc, where k is a

"stretch factor" selected to make the sin2(e/2) and kc terms within the same order of

magnitude. The stretch factor has no influence on the results of the Zimm plot but

simply helps to optimize its shape. By equation 2.3, in the limit of zero concentration

the initial slope of a plot of K*c/R() vs. sin2(e/2) yields the rms radius of the

polymer in solution. Also, since the 1/P(®) term in the equation is directly

proportional to both the square of the rms radius of the polymer in solution and

sin2(®/2), in the limit ofzero angle the initial slope of the plot yields the second virial

coefficient for the polymer in the solvent. In the limit of both zero concentration and

zero angle, the Zimm plot yields an intercept of 1/ M.



10

2.1.3 Static light scattering techniques

Static light scattering (SLS) measurements are made in a batch mode without

any separation of the polymer by molecular weight. Therefore, only the weight-

average molecular weight can be determined and SLS cannot be used to determine

anything about the polydispersity of the system.

The instrumentation to make light scattering measurements generally uses

several detectors placed at specific angles to the sample cell, which measure the

intensity of the scattered light. Measurements can then be made at certain angles and

extrapolated to zero angle with an appropriate algorithm. Because the Zimm plot must

also be extrapolated to zero concentration, light scattering measurements in the SLS

mode must be made on a series of polymer solutions of known concentration.

Furthermore, the light scattering technique is a dilute solution technique; polymer

concentrations must be well below (by 10 100 times) the entanglement concentration

(commonly known as c*).

2.1.4 Light scattering techniques coupled with size exclusion chromatography

By combining a light scattering detector with size exclusion chromatography,

the MWD and polydispersity of the polymer can be determined. Size exclusion

chromatography allows the separation of polymer molecules by molecular weight.

Generally the colunm is made of a porous gel or porous glass beads which provide

spaces for polymer molecules to diffuse into during elution through the column. The

larger molecules spend less time in the pores compared to the smaller molecules and
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elute first. The detector for the system is normally a refractive index (RI), or, in some

cases, an UV detector.

Some column packing is designed so that there is a nearly linear relationship

between the logarithm of the molecular weight and the logarithm of the retention

volume. In the case of MW < 1x106 this relationship can be used to accurately

determine molecular weights and molecular weight distributions (1) when the system

is calibrated with monodisperse polymers of known molecular weight. However,

above a molecular weight of about 4xl06, SEC techniques cannot be used to

accurately separate polymers and the above relationship is no longer valid (1). In

addition, due to the difficulty of processing monodisperse, high MW polymers, few

standards are available to develop a proper calibration curve (5, 6).

Placing a light scattering detector after a SEC system allows the sequential

separation of the polymer along with a method for determining molecular weight. In

this case, the separation is less critical than with simple SEC since the light scattering

detector determines the molecular weight absolutely without the need for a calibration

curve. Unlike in simple SEC, the elution time (or volume) does not need to be

correlated to the elution time (or volume) of a set of standards.

For the light scattering detector, the volume of sample illuminated by the laser

is exceedingly small (0.2 j.tL) and therefore the weight-average molecular weight

approximation corresponds very closely to the actual molecular weight in the flow cell

at any given time. Moreover, the low concentration of polymer eluting from the

column allows simplifying approximations to equation 2.3. Because of the low

concentrations, the 2A2c term becomes very small and can be neglected allowing
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solvent-solute effects to be ignored and the mathematical analysis simplified (4). A

secondary detector (e.g., a RI detector) is still necessary to determine the relative

concentration of polymer molecules eluting at a given time.

Although the combination of SEC, a light scattering detector and a bulk

concentration detector (e.g., RI detector) is a powerful tool for determination of

molecular weight and the MWD of a polymer, some potential complications exist.

This is particularly true for very large (>4x106 g/mol) polymers. For one, separation

of the polymer with SEC requires a low concentration, preferably below c* (1). The

added difficulty of lowering the concentration is that the concentration must still be

great enough to be detected adequately with the secondary detector. At these high

molecular weights, the concentration must be very low to be below c* and can often

be below the detection level of the bulk detector. Therefore, it may be necessary to

inject a polymer into the column at or above c*, simply to be able to detect it. For

SEC by itself, it makes the analysis completely unreliable. For SEC coupled with a

light scattering detector, it becomes somewhat less of a problem since the detection

method is absolute, but this fact should still be considered during the analysis.

Another important potential problem for large polymers is shear degradation.

At high shear stresses, the strain of the polymer molecule in the flow field may be

great enough to "break", or degrade, the molecule (6). This is particularly important

for larger molecules that, by nature of their size, are more likely to degrade simply

because of their greater length and more positions to break the C-C bond. For SEC

coupled with a light scattering detector, shear degradation would result in lowered

overall molecular weights and loss of a high molecular weight "tail", if one existed.
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2.2 Experimental

2.2.1 Instrumental setup

All light scattering experiments were performed with a Wyatt Dawn EOS

Light Scattering Instrument (MALLS) in both static (SLS) and continuous

(SEC/MALLS/RI) modes. For separation of the polymers by size exclusion

chromatography, a PL aquagel-OH MIXED 8-jim aqueous-phase column (Polymer

Laboratories) was used along with a Waters R401 Differential Refractometer and a

Waters 510 solvent delivery system. Both the MALLS and RI detector were

interfaced with a 386 PC for data acquisition and analysis, performed with the

software program ASTRA, available from WYATT. The MALLS detector used a 30

mW linearly polarized GaAs laser with a 685 nm wavelength output. The gas purge

system of a Spectra-Physics SP8700 Solvent Delivery System was used to purge the

mobile phase with pre-purified He gas. A schematic of the SEC/MALLS/RI system is

shown in Figure 2.1. In the case of SLS studies of PEO and PS, only the MALLS

detector was used.

For calibration of the column with monodisperse PEO standards, the RI

detector trace was collected with a HP 3396 Series 2 Integrator rather than a PC, and

the Spectra-Physics SP8700 Solvent Delivery System was used rather than the Waters

system. In this case, no MALLS detector was used.

The mobile phase was composed of DI water obtained from a Millipore DI

water system, 0.05 wt% sodium azide and 0.1 M sodium nitrate. A 0. 1-jim Durapore
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membrane filter (Millipore) was placed between the pump and the injector to filter the

mobile phase. A fixed-volume injector loop was 20-p.L (Rheodyne). A 0.45-pm,

stainless steel pre-colunm filter, placed between the injector and the column, was used

to filter out larger particles in the sample that could adversely affect the column.

2.2.2 SEC/RI studies

To calibrate the column and estimate the M and MWD of the polymer WSR-

308, a series of five monodisperse PEO standards (Polymer Standards) were used:

20.3 k, 74.9 k, 460 k, 761.3 k and 965 k. For the 20.3 standard, the concentration was

made to 1.0 gIL while the rest of the PEO standards were made to be 0.5 gImL, all in

DI water. For the WSR-308, the concentration was made to 6.02x10 g/mL by

dissolving in DI water. The concentration of the WSR-308 PEO sample was about 1.2

times the entanglement concentration (c*) of4.98x104 g/mL (calculated from (1))

which was necessary for detection with the RI detector. Prior to injection, the WSR-

308 standard was filtered with a 0.45-gm Nylon syringe filter (Fisherbrand) to remove

any large particles. The PEO standard solutions were not pre-filtered. Standards and

samples were injected with a Hamilton #17 10 Gastight l00-tL syringe. Flow rates of

0.1 0.2 mL/min were typically used. The attenuation and chart speed for the chart

recorder were 2 and 0.5 cm/mm, respectively.
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2.2.3 SLS studies

To determine that the MALLS detector could accurately measure the

molecular weights of polymers, the system was first tested in the SLS mode with

monodisperse polystyrene (PS) standards (TosoHass) dissolved in HPLC-grade

toluene (Mallinckrodt). This polymer/solvent system was chosen first because

monodisperse PS standards were readily available and HPLC-grade toluene is known

to be a "clean" solvent, generally free from particles that could interfere with light

scattering measurements.

For each PS molecular weight (1.09x106, 8.4x106, and 20.6x106), 3 - 5 solution

concentrations were prepared and transferred to 20-mL scintillation vials

(Fisherbrand) for analysis. The concentrations ranged from 4x1O to 3x104 g/mL,

about 1 to 10% of c* for each molecular weight. Prior to solution preparation, the

toluene was filtered through a 0.02 jim ANOTOP 25 filter (Whatman). Before

transfer into the scintillation vial, the solution was again filtered through a 0.45-pm

filter. All solution preparation and transfer were performed in a laminar-flow hood to

minimize exposure to particles.

For SLS measurements of PEO in water, two PEO standards (100 k and 250 k,

Polymer Laboratories) were selected to test the MALLS detector. DI water was

obtained from a Millipore Milli-Q water system. The PEO/water solutions were

prepared and filtered in the same way as the PS/toluene solutions with concentrations

ranging from 4x105 to 2x103 g/mL.
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For the WSR-308, concentrations ranged from 4x10 to 4x105 g/mL while the

concentrations ranged from 5x10 to 5x105 g/mL for the WSR-301. In both cases the

concentrations ranged from 1 to 10% of c*.

2.2.4 Determination of molecular weight distribution ofPEO samples using
SEC/MALLS/RI

WSR-308 and WSR-301 samples were prepared and injected as described for

the SEC/RI studies with concentrations of approximately 5x104 and 6x104 g/mL,

respectively, about 20% greater than c* for each (for WSR-301, c* was estimated to

be 4.98x10 g/mL from Kezirian's data (1)). Prior to injection, the samples were

filtered through a 0.45-jim filter. Because of the nature of the separation process,

filtering of the solutions was much less critical than for SLS measurements. Several

injections of both polymers were made to get the best "average" results. Flow rates of

0.2 0.3 mL/min were typically used. All molecular weight calculations were made

with WYATT ASTRA software.
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2.3 Results and Discussion

2.3.1 SEC/RI studies

Two column calibration runs were made of the PEO standards and WSR-308

sample at flow rates of 0.1 and 0.2 mL/min. These results are shown in Figure 2. For

both runs the calibration data were very linear, as expected, except for the 965 k PEO

standard in the run at 0.2 mL/min, which does not follow the pattern, eluting later than

expected. This may be due to a deviation in the flow rate that was not measured

directly but assumed from the pump settings. This would also explain the significant

difference in retention volumes for the standards between the two runs.

The manufacturer of the colunm, Polymer Laboratories, claims that the PL

aquagel-OH MIXED 8 tm column has a molecular weight resolution range up to

about 10 million g/mol (7), although not typically a linear response, up to this

molecular weight. Because 965 k PEO was the highest molecular weight standard, it

could not be determined how the calibration curve was affected above this molecular

weight. However, for purposes of estimating the molecular weight range and peak

molecular weight of the WSR-308, a linear extrapolation was assumed based on the

"best-fit" linear regression through the standard data points. This is also plotted in

Figure 2. The three data points for WSR-308 for each run are based on the "high

molecular weight tail" (smallest retention volume), "peak" molecular weight (middle

point) and "low molecular weight tail" (greatest retention volume). This data is

summarized, along with "estimated" molecular weights, in Table 1.
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Table 2.1 Molecular weights calculated based on SEC/RI results.

Run # Low molecular weight Peak molecular weight High molecular weight

Runi 3.8x105g/mol 2.4x106g/mol 8.OxlO6g/mol

Run 2 5.7x105 g/mol 4.5x106 glmol 10.6x106 g/mol

Run 2* 4.8x105 glmol 3.4x106 g/mol 7.7x106 g/mol

*based on regression calculation after throwing out 965 k standard.

From Table 1, it is seen that the "highest" molecular weights differ

significantly between the runs (8.0 million for run 1 compared to 10.6 million for run

2), although both sets of data suggest a high molecular weight (>6 million g/mol) tail

and a high polydispersity, as supported by Kezirian (1). The higher molecular weights

associated with the run at 0.2 mL/min may be due to insufficient disentangling of the

polymer in the column. That is, if the polymer did not disentangle well enough as it

moved through the column, relatively higher molecular weights would be observed

since some polymer molecules would remain "together", eluting more quickly and

skewing the molecular weight average and distribution to higher molecular weights.

This view is consistent with concerns that injecting the polymer solution at

concentrations at or above c* may result in insufficient disentangling in the column.

Although the polymer molecules may be completely "free" of one another when they

elute, entanglement early on in the column would result in the polymer molecule

"seeing" less of the column and, in a sense, a smaller retention volume for each

polymer molecule. However, also shown in Table 1, are molecular weight calculation



21

results for WSR-308 for run 2 after tossing out the errant data point for the 965 k PEO

standard. In this case, runs 1 and 2 give very similar results for the high-end data

points (8.0 and 7.7 million g/mol, respectively) and more similar "peak" molecular

weights (2.4 and 3.4 million g/mol, respectively).

From these results, the influence of concentration (i.e., whether or not the

polymer is at the entanglement concentration when injected) on the SEC/RI results

may or may not be important. With the assumption that the polymer has been

completely disentangled by the time it elutes from the column, coupling of the SEC/RI

system to the MALLS detector (which measures absolute molecular weight) would

make the problem of entanglement less of an issue.

Because it is unknown how the calibration curve looks (i.e., is it linear or

nonlinear) above the 965 k PEO standard, little can be stated about the absolute

molecular weight of the polymer based strictly on SEC/RI measurements. There is

evidence, however, that the polymer molecular weight must be considerably greater

than one million and that there is high polydispersity.

2.3.2 SLS studies

Zimm plots for the 1.09x106, 8.4x106, and 20.6x106 polystyrene standards in

toluene are shown in Figures 3, 4 and 5, respectively. Calculated weight-average

molecular weights, RMS radii and second virial coefficients are presented in Table 2.

Although five different concentrations were run for each standard, some of the

concentrations were eliminated from the Zimm plots to get the "best fit". Also, the

very low (1-5) and very high angle detectors (14-18) were not used in the fit as they
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Table 2.2 Molecular parameters for PS/toluene standards calculated with Zimm plots.
<r52> is based on the weight-average RMS radius.

Standard M (g/mol) <rg2> (nm) A2 (mol mL/g2)

1.09x106 g/mol 1.169(±0.017)x106 51.0(±1.0) 2.322(±0.172)x104

8.4x106 glmol 8.781(±0.792)x106 193.0(±4.7) 2.721(±1.419)x104

20.6x1 6 g/mol 1 9.48(±1 .84)xl06 31 0.8(±7.3) 3 .038(±0.695)xl

tend to give nonlinear results (4, 8). For each standard, close correlation is observed

compared to the actual M values.

Analysis of polyethylene oxide standards in water was noticeably more

complicated and prone to error than the PS/toluene samples. Zinim plots for the 100 k

and 250 k standards are shown in Figures 6 and 7, respectively, and weight-average

molecular weights, RMS radii and second virial coefficients are presented in Table 3.

For this system, it was particularly difficult to eliminate particulates from

solution, as dust particles tend to be hydrophilic (4, 6) and concentrate in water.

Although five different concentrations were made for each standard, only two

concentrations could be used to make the Zimm plot for the 100 k standard. Three

concentrations were used to make the Zimm plot for the 250 k standard. Again, both

low and high angle detectors were turned off to provide greater linearity. Despite the

fact that the PEO/water system was more difficult to analyze, the M results were

reasonably accurate, giving 102.3 +7- 0.7 k and 222.8 +7- 2.7 k, for the 100 k and 250

k standards, respectively.
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Table 2.3 Molecular parameters for PEO/water standards calculated with Zimm plots.
<2> is based on the weight-average RMS radius.

Standard M (gimol) <rg2> (nm) A2 (mol mL/g2)

100 k g/mol 1 .023(±0.007)xl 5 30.9(±0.6) 4.021 (±0.044)xl 0

250 k g/mol 2.228(±0.027)xl 41 .8(±1 .3) 1 .368(±0.045)xl 0

SLS measurements for the WSR-308 and WSR-301 in water proved even more

difficult than the PEO standards. In fact, a satisfactory analysis of WSR-301 could not

be made. The Zinim plot for WSR-308 in water is shown in Figure 8, giving a M of

7.5 +1- 0.2 million. This correlated very well with the value of 7.73 million observed

by Kezirian (1) and is certainly in the expected range (9).

Several attempts to analyze each polymer gave conflicting results. In some

cases, lower concentrations of sample gave greater light scattering signals than more

concentrated samples for the same polymer. Also, in some runs where the signal trend

was normal (i.e., smaller concentrations gave lower scattering signals), erroneously

high M values (e.g.,> 100 million) were obtained. It is not known why these high

molecular weight polymers gave such strange results. One possibility is aggregation

of the polymers in solution, which would increase the observed molecular weight.

However, the likelihood of aggregation should also increase with polymer

concentration, which is not supported by other runs where the lower concentrations

gave higher signals. Precipitation of the polymer upon aggregation would help to

explain the inconsistency, but no polymer precipitation was observed visually.
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Because of the difficulty in making the measurement, the M for WSR-308, although

certainly near the expected value, may be more due to chance than to accurate results.

2.3.3 Molecular weight distribution ofPEO samples using SEC/MALLS/RI

More consistent results for molecular weights were obtained with SEC coupled

to the MALLS and RI detectors. In this case, separation of the polymer in the column

helps to alleviate aggregation effects that may have influenced SLS results. Molecular

mass vs. time plots for WSR-308 and WSR-301 are shown in Figures 9A and 9B,

respectively. The straight lines in the figures represent a linear best-fit of the

molecular mass data over time, which is based on the model that the logarithm of the

molecular mass is linear with retention volume (and retention time). The individual

points (crosses for WSR-308 and squares for WSR-301) represent the calculated

molecular weight of the polymer eluting from the column at a given time. The RI

trace is also shown.

In Figure 9A, the high-end molecular weight (eluting at the earliest time) of the

WSR-308 is approximately 10 million. For WSR-301 (Figure 9B), the high-end

molecular weight is approximately 8 million. Also from Figure 9, the approximate

"peak" molecular weights (corresponding to the RI trace peaks) occur at about 5

million and 3 million g/mol, respectively. It should be noted that at the far ends of the

trace, signal-to-noise effects limit the accuracy of the measurements, mostly due to the

small RI signal at low polymer concentration (8, 10).
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The cumulative and differential molar masses of the two polymers are

compared in Figure 10A and lOB, respectively. From Figure bA, again, the high-end

molecular weight tails of WSR-308 and WSR-301 are about 10 and 8 million g/mol,

respectively. For WSR-308, the "half-way" point for 50% cumulative weight fraction

occurs at about 4 million, while for WSR-301, this occurs at about 2.5 million. On the

low end, WSR-301 has a molecular weight tail of about 350 k, while WSR-308 has a

low-end molecular weight tail of about 750 k.

The overall difference in molecular weight distributions between the two

polymers is shown more clearly in Figure lOB. Again, the high-end, "peak", and low-

end molecular weights of both polymers are equivalent to previous results. However,

the relative "size" of WSR-308 is clearly greater than WSR-301, and its molecular

weight distribution is skewed strongly toward greater molecular weight.

The (incremental) molecular weight distributions of the two polymers, based

on weight-average molecular weight calculations, are presented in Tables 4 and 5.

The polydispersity, M and RMS radius, along with the standard deviations for each

run are also shown.

For the WSR-308, the M was calculated to be 5.10 +1- 0.39 million g/mol

while for WSR-301 it was calculated to be 3.16 +1- 0.43 million g/mol. These results

are consistent with the cumulative molecular mass results from Figure 1 OA that

showed at 50% cumulative mass, the "mid-points" were 4 and 2.5 million g/mol,

respectively; the weight-average molecular weights should be somewhat greater.
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Table 2.4 Weight % of fractions of WSR-308 by molecular mass.

Run #

0-3 3-4 4-5 5-6 6-7 7-8 >6 >8

M

(g/mol)

MJM <rg2>

(nm)

1 32.3 21.4 8.7 9 9.5 9.4 28.5 9.6 4.69x10ô 1.249 152.4

2 5.5 31.3 22.6 12.5 17.5 2.7 28.2 8 5.06x106 1.146 215.5

3 24.1 19.2 15.6 12.9 6.3 9.2 28.1 12.6 5.11x106 1.202 202.9

4 21.1 12.6 9.4 9.2 11.4 11.1 47.8 25.3 5.83x10ô 1.233 236.6

5 17.4 19.9 21 16.6 11.3 7 25.1 6.8 4.86x106 1.467 198.9

6 21.1 19.3 11.4 11.7 7.9 13.3 36.5 15.3 5.28x10ô 1.211 205.0

7 35.1 21 11.2 8.4 3.6 5.2 24.2 15.5 4.53x106 1.331 216.4

8 16.2 15.5 16.8 16.9 13.9 9.8 34.7 11 5.26x106 1.203 156.2

9 8.2 15.5 20.4 21 18.4 13.2 35 3.4 5.32x10ô 1.202 166.6

Average 20.1 19.5 15.2 13.1 11.1 9.0 32 11.9 5.10x106 1.249 194.5

Std 9.8 5.3 5.3 4.3 4.9 3.5 7.4 6.4 0.39x106 0.096 29.4



Table 2.5 Weight % of fractions of WSR-301 by molecular mass.

Run # Wt%

0-3

Wt%

3-4

Wt%

4-5

Wt%

5-6

Wt%

6-7

Wt%

7-8

Wt%

>6

Wt%

>8

M

(g/mol)

M/M <rg2>

(nm)

1 49.9 22.4 15.1 7.1 4.8 0.4 5.5 0.3 3.lOxlOô 1.40 129.1

2 55.9 18.3 12.4 8.1 5 0.2 5.2 0 2.98x106 1.815 123.5

3 65 12.8 8.4 6.1 3.9 1.9 7.7 1.9 2.71x106 1.865 127.8

4 65.4 10.9 8.4 5.7 3.9 2.8 9.5 2.8 2.81x106 1.815 123.5

5 38.1 28.6 18.5 9.2 5 0.7 5.7 0 3.77x106 1.123 151.2

6 37.3 22.1 21.4 14.8 4.3 0 4.3 0 3.60x106 1.249 179.7

Average 51.9 19.2 14.0 8.5 4.5 1 6.3 0.8 3.16x106 1.545 139.1

Std 12.5 6.6 5.3 3.3 0.5 1.2 1.9 1.2 0.43x106 0.327 22.4
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The M results for WSR-308 differ considerably from those obtained with SLS

techniques (7.5 million in this study and 7.73 million by Kezirian (1)). Also, for

WSR-301, Kezirian obtained a M value of 3.86 million using SLS techniques, greater

than those obtained here with SEC/MALLS/RI methods. It should be noted that for

SLS techniques, the accuracy of the measurement is reduced with the greater

polydispersity of the polymer, as one of the assumptions in development of the light

scattering equations (including Eqs. 2.3 and 2.4) was that the polymer is monodisperse

(8). For the SEC/MALLS/RI method, each polymer fraction eluted from the column

is (essentially) monodisperse and therefore more closely follows the original model.

In both cases, the precision of the measurement for large (>1 million g/mol) molecules

is reduced because of the necessity for extrapolation to c = 0 and ® = 0 where the

intercept, l/M, falls closer and closer to zero (8).

For the high molecular weight "tails" of the two polymers, about 44 % of the

molecular mass of the WSR-308 is greater than 6 million while for WSR-301, only

about 7 % by mass lies above 6 million. Furthermore, over 11 % by mass of the

WSR-308 lie above 8 million but for WSR-301, only 0.8 % by mass lie above this

molecular mass. Moreover, the high standard deviation in weight % for the WSR-301

above this molecular mass (1.2%) suggests that these values may be considerably

affected by signal-to-noise limitations in this region. If this is the case, it could be that

essentially no molecules with molecular masses greater than 8 million g/mol are

present in the WSR-301 polymer. At the low end of the molecular weight distribution,

over 50% of the molecular mass of the WSR-301 lie below 3 million. For WSR-308,

about 20% of the molecular mass lie below 3 million.
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There are some effects of the separation that may have influenced the

molecular weight results. One is that incomplete separation of the polymers may have

occurred due to having to inject the polymers above their entanglement concentration.

This effect was assumed greatly alleviated by the dilution of the very small sample

volume (20 jtL) with the mobile phase. The retention volume of the column was

estimated to be 9.4 mL, which is considerably greater than the sample volume.

Presumably, assuming a plug flow model, significant dispersion of the polymer

molecules would occur early in the process of moving through the column, diluting

the "plug" and lowering its concentration.

By the time the polymer elutes from the column, it should be completely

disentangled, although some skewing of the molecular weight distribution may have

occurred. Potentially, higher molecular masses may result since entanglement early in

the column would decrease the elution time of the high molecular weight molecules

and increase the breadth of the RI trace. This result should increase the high

molecular weight tail and M of the polymers. However, since both WSR-308 and

WSR-301 were injected at concentrations about 1.2 times greater than c, the relative

skewing of the results toward higher molecular weights would be (approximately)

equal. Also, since the weight-average molecular masses of both polymers were

significantly greater with SLS techniques (both here and by Kezirian's (1) work) than

with SLS/MALLS/RI techniques, it is likely that entanglement effects were not that

important in this study.

Potentially, shear degradation effects may have been important. In the process

of moving through the column, polymer molecules, particularly the large ones, may
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break down, or degrade, due to shear forces on them (2, 6), particularly at high flow

rates. They are particularly susceptible to degradation at the entrance of the column

(11), breaking at the entrance edges. If this is the case for the polymers in this study,

the high molecular weight tail may well have been degraded in the process of going

through the column. The higher Mw's of the SLS study tend to support this

possibility. However, the presence of high molecular weight tails in both polymers, at

significant weight % levels, and the low flow rates used in the study (0.2 0.3

mL/min) suggest that shear degradation may not have been significant. Because of the

difficulty in making molecular weight determinations using these methods, and the

lack of reliable alternative methods, it is very difficult to determine if shear

degradation or entanglement effects influenced the results of these studies.
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2.4 Conclusions

In this study, the weight-average molecular weight and molecular weight

distributions of two polyethylene oxide polymers were measured. For the polymer

WSR-308, M was measured to be 5.1 million g/mol using SEC/MALLS/RI methods.

With SLS techniques the M was determined to be 7.5 million. SEC/MALLS/RI

methods for WSR-301 yielded 3.2 million, but SLS techniques were not successful.

Polystyrene standards in toluene and polyethylene oxide standards in water were

measured in the SLS mode to determine that M measurements with the MALLS

detector were accurate. The SEC column was calibrated with the PEO standards.

With the SEC/MALLS/RI method it was determined that both WSR-308 and

WSR-301 contained high molecular weight tails greater than 6 million. However,

only WSR-308 contained a significant weight percentage of polymer molecules with

molecular weights greater than 8 million. From the analysis of the results, polymer

entanglement or shear degradation in the column did not appear to be a problem.
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CHAPTER 3: DRAG REDUCTION AND SHEAR DEGRADATION STUDIES
OF HIGH MOLECULAR WEIGHT POLYETHYLENE OXIDE

In this chapter, studies of the drag reducing properties of two high molecular

weight polyethylene oxide (PEO) polymers in water are discussed. This study

attempts to quantify the extent of turbulent flow drag reduction in terms of molecular

weight, particularly the existence of a high molecular weight "tail", in the polymers.

This study is complemented with studies of shear degradation of the polymers that

may have a substantial effect on the limits of their drag reducing capabilities. The

research presented here builds on previous results in this thesis. In Chapter 2 of this

thesis, the molecular weight distributions of the two PEO polymers were determined

with size-exclusion chromatography coupled with a light scattering detector. Here, the

extent of drag reduction of the polymer/water system is described as a function of both

concentration of the polymer and its molecular weight.
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3.1 Background

3.1.1 Historical

Drag reduction (DR) is a phenomenon in which the addition of polymers to a

solvent causes a substantial reduction in the pressure drop under conditions of

turbulent flow. This is especially true for certain high molecular weight polymers,

even at very low (<ppm) concentrations (1, 2, 3).

The phenomenon of DR was first recorded in 1949 with separate studies by

Toms (4) and Mysels (5). Both observed the friction caused by turbulent flow across a

surface was substantially reduced by the addition of small amounts of certain kinds of

polymers. Mysels (5) later developed a theoretical explanation by which the extension

of polymer molecules in the turbulent flow field caused damping of small-scale

eddies, increasing the "local" viscosity.

Since then, several theories have been developed which attempt to describe the

molecular mechanism of the DR phenomenon. Virk (6), in 1966, proposed a length-

scale theory in which the onset of turbulent flow drag reduction occurred when the

ratio of the individual polymer length scale and smallest turbulent length scale reached

an empirically determined constant. Several investigators, Elata (7), Fabula (8) and

Hershey (9), preferred time-scale explanations in that the ratio of the polymer to

turbulent flow time scales equals unity. Two energy scale theories have been

developed by Walsh (10) and Kohn (11) which base the molecular mechanism on

energy dissipation by elongation of the polymer molecule in the flow field.
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The study of drag reduction has enhanced and expanded the nature of several

scientific and engineering concepts such as

. heat and mass transport

external boundary layers

influence of polymer structures on flow properties

drag reduction of soap and fiber suspensions

degradation of polymer molecules.

Several practical applications of drag reduction have been recorded. These include

addition of a very high molecular weight polymer (rumored to be

polyisobutylene) to crude oil flowing in the Trans-Alaska pipeline. The

addition of the polymer has proved to reduce the need for additional

pumping stations.

a 50% jet stream distance and a 10% flow volume increase in fire hoses

used by the New York City fire department by addition of 200 wppm of

polyethylene oxide (PEO).

the decrease in pumping energy of flow circuits of the chemical industry,

air-conditioning systems of large buildings, and large heating systems.

reduction of blood pressure.

increase in flow rates in sewers by 60% in England by addition of PEO.
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3.1.2 Fundamentals of Drag Reduction

The friction factor (f) is the ratio of the frictional loss to the kinetic energy of

the flowing fluid in a pipe and is related to the wall shear stress (T) by the equation

f= Tw2
(3.1)

where p is the density of the fluid and u is the average velocity. This quantity is

known as the Fanning friction factor and is the friction factor most commonly used in

chemical engineering calculations (12). By a mechanical energy balance on fluid

flowing through a pipe, f can be related to the pressure drop (AP) across a length of

pipe (L) of diameter (d) as

APd

2Lpu
(3.2)

In the laminar flow regime (Re < 2100) for fully developed flow for a

Newtonian fluid, f is calculated as

f=-16- (3.3)
Re

Here, Re is the Reynolds number given by

Re=-- (3.4)
Ill

where
j.t is the fluid viscosity. In the turbulent flow regime (Re > 4000), the

relationship between the friction factor and Reynolds number for a Newtonian fluid

flowing through a (smooth) pipe is given by the Blasius expression (13),
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f = O.O79Re°25 (3.5)

The relationship between f and Re is more clearly shown in Figure 3.1.

In Figure 3.1, the dotted line in the turbulent flow regime is known as the

maximum drag reduction asymptote (MDA), an empirical correlation developed by

Virk (14) to describe the f vs. Re relationship for polymer solutions exhibiting

maximum drag reduction. This equation was developed by correlating a large number

of data for random coiling (mostly water soluble) polymer solutions and represents the

maximum amount of drag reduction (i.e., lowest friction factor) that can be obtained in

pipe flow. This limit, once achieved, is irrespective of polymer concentration or

molecular weight. Virk (15) pointed out that the MDA does not represent an

extension of laminar flow to higher Re, but instead represents the point at which the

elastic sub-layer, in which the polymer molecules interact with the turbulent flow, has

extended to the center of the pipe and no further damping is possible. The MDA is

commonly expressed with Pradtl-von Karman coordinates, another popular method for

correlating turbulent-flow drag reduction data (13), as

f/2 =l9log(Ref"2)-32.4 (3.6)

The Blasius expression for turbulent flow in Pradtl-von Karman coordinates is

f/2 =4log(Ref112)O.4 (3.7)

Although Pradtl-von Karman coordinates can also be used to represent the data in this

dissertation, only the f vs. Re format will be used.

The percentage drag reduction, %DR, for a given Re is calculated as

100*1 ° (3.8)
r(f-f,)1

I; .1=
AP
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Figure 3.1 Typical drag reduction plot in f vs. Re format for "idealized" system including onset
and divergence points.



where f and f are the friction factors for the polymer solution and solvent itself,

respectively. The onset point of turbulent-flow drag reduction is defined as the point

where f first becomes lower than f at a specific Reynolds number.

The (fictitious and idealized) data in Figure 3.1 represent a "normal" example

of the drag reduction behavior of random-coil polymer solutions as a function of Re

(16). For most dilute (C<<C* (overlap concentration)) random-coil polymer solutions

undergoing laminar flow, the friction factor correlates to the laminar flow line until Re

2100, at which point f abruptly increases until values fall on the turbulent-flow

(Blasius) line (Re 4000). For the most part, the flow behavior of the polymer

solution mimics the behavior of the pure solvent up until the onset point. The onset

point is represented by the region at which the data first diverge from the Blasius line

toward the MDA. Research has shown that the greater the molecular weight of the

polymer, the earlier (i.e., lower Re) the onset point occurs. Moreover, for a given

molecular weight, the onset always occurs at the same wall shear stress (Eq. 3.1) and

the same wall shear rate (r ), given by

rw

1
'U

(3.9)

Also, for a given molecular weight, the onset point is irrespective of the concentration

of the polymer (16) although the concentration does affect the slope of the projection

of the data from the Blasius line to the MDA. For a higher concentration, the slope of

the projected data is steeper, and subsequently, the higher concentration reaches the

MDA sooner.
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Once the friction factor data fall along the MDA, further increases in molecular

weight or concentration of the polymer have no effect on f(for a given Re). As Re

increases, these data will continue to fall along the MDA until a certain value of fat

which point f will begin to increase and diverge upward from the MDA. For the

purposes of this dissertation, this value will be defmed as f* (and Re*) and the point

will be called the divergence point. Unlike the onset point, the divergence point is a

function of both molecular weight and concentration (17). For higher molecular

weight and concentration, the divergence point occurs later than otherwise. It has not

been identified what the primary reason is for divergence of the friction factor data

from the MDA. One explanation is that the polymer molecules have absorbed as

much energy as they can for damping the turbulent bursts in the flow field and further

increases in Re "overwhelm" the molecules (18). Another explanation is that for a

great enough Re, the polymer molecules undergo shear degradation (19) and

essentially are "broken" by the flow field. It may be that the divergence from the

MDA is a combination of both factors.

3.1.3 Drag Reduction Theories

Several theories have emerged which attempt to predict the onset of turbulent

drag reduction based on length, time, or energy scales. These theories are (very)

briefly outlined here. Each theory is pertinent only for the conditions such that

c<<c*.
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The most common length and time scale theories state that the onset point is a

function of the molecular size or polymer terminal relaxation time (tm) of the polymer

and a characteristic turbulent length or time scale. A principal length scale theory,

developed by Virk et. al. (2) and referred to as Virk's hypothesis, claims that the onset

point occurs when the dimensionless ratio of the individual polymer length scale to the

smallest turbulent time scale reaches an empirically determined constant. This

relation is given by

(2R Yr
(3.10)P )P)

where Q is the onset parameter and Rg is the radius of gyration of the polymer

molecule. In this relationship, Virk et. al. determined that was about 0.015, based

on data for a wide variety of random-coil polymers. The key points to the theory are

that it predicts only the onset of turbulent flow drag reduction and is an interaction

theory that relies on compatibility of the polymer and flow length scales.

Several investigators including Elata (7), Fabula (8), and Hershey (9),

hypothesize that the onset should occur when the ratio of the polymer to turbulent

flow time scales is unity. This relationship is given by

where

Dc is the Deborah number

M is the molecular weight

us is the solvent viscosity

(3.11)
2.367RT
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[ilo is the polymer-solvent intrinsic viscosity

R is the universal gas constant

T is the absolute temperature

Like Virk's hypothesis, the time scale theory predicts only the onset and is an

interaction theory. The theory predicts that elongation of the polymer molecule in the

flow field results in a local increase in viscosity, damping turbulent eddies. Durst et.

al. (20) studied both laminar flow in porous media and turbulent pipe flow to model

polymer elongation in the flow field by counter-rotating eddies. A schematic for the

mechanism is shown in Figure 3.2. As the polymer molecule moves between two

adjacent flow lines, "squeezing" of the molecule and elongation occurs, increasing the

local viscosity. By dilute solution molecular theory (21), a large increase in

elongational viscosity is predicted for De 0.5, which tends to support the assumption

by some researchers that an increase in elongational viscosity is a primary mechanism

in drag reduction.

Two major energy theories have been developed. Walsh (10) proposed that the

onset of turbulent-flow drag reduction should occur when the ratio of the rate of

energy storage by the polymer molecules to the rate of convection of turbulent energy

away from the wall exceeds 0.01. This relationship is

H=8cMb0 >0.01 (3.12)
RT

where c is the concentration, M is the molecular weight, and [1]o is the intrinsic

viscosity.
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Figure 3.2 Schematic of elongational mechanism of polymers by counter-
rotating eddies,

As H 1.0, energy which would have been convected away from the wall in

turbulent bursting disturbances would be stored in the deformation modes of the

polymer molecules. This effect demonstrates that the energy storing capability of the

polymer/solvent system could reach a maximum and therefore, the theory goes beyond

a fijndamental onset theory.

Kohn (11) derived an expression for the energy stored by polymer molecules

exposed to a fluctuating wall shear rate. This term is called the strain energy density

and its origins are based in the theory of rubber elasticity. The strain energy density,

W, is given by

w
2M

1

(3.13)

where N is the number of statistical segments per molecule in a bead-spring model and

'r is the relaxation time of the /th mode. The model relies only on the ability of the

molecule to store energy and not on the rate of convection of turbulent energy from
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the wall. Kohn argued that the polymer molecules need only be elongated 2-3 times

there unperturbed dimensions to store energy under high shear conditions and

subsequently relax in regions of low shear conditions.

Perhaps the most famous model of turbulent-flow drag reduction was that

developed by Virk (15) called the Elastic Sub-Layer Model. As mentioned

previously, Virk correlated a large amount of drag reduction data for random-coil

polymers and found that as DR increased, data tended to fall along a line he termed the

maximum drag reduction asymptote (MDA) (see Figure 3.1). Based on experimental

evidence, he hypothesized that the flow field consisted of three separate layers: 1) a

viscous (Newtonian) sub-layer along the wall; 2) an interactive zone called the elastic

sub-layer; and 3) an outer region (Newtonian plug). It is in the elastic sub-layer that

all of the drag-reducing effects of the polymer molecules are assumed to occur. This

three-layer flow model is represented in Figure 3.3. The extent of drag reduction is

interpreted as the thickness of the elastic sub-layer. As the outer edge of the sub-layer

increases toward the center of the pipe, DR increases until the edge reaches the center.

At this point, maximum drag reduction is reached and drag reduction data will lie

along the MDA. The popularity of this physical model is based on its consistency

with experimental results and that it provides a good conceptual description of how to

view drag reduction well beyond the onset point.

Although several models based on length, time and energy scale theories have

been proposed, none have been completely effective in calculating the onset point.

Kohn (11) showed that both Virk's length scale theory and Walsh's energy scale
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Figure 3.3 Three-layer flow model proposed by Virk,

molectilar weights and concentrations, However, Kohn' s own energy scale theory

based on strain energy density is difficult to use because of the necessity to completely

characterize the polymer system in terms of molecular weight and relaxation times.

Zakin et. al. (22) observed a poor correlation of onset data with time scale theories

because the theory did not correlate well to data when taking into account a large

range of polymer De numbers were an order of magnitude greater than that predicted

by theory.

3.1.4 A Divergence Point Model

With the exception of Virk's elastic sub-layer model which does not attempt to

quantify the extent of DR, all of the theories listed here only describe the onset of drag



reduction for a polymer/solvent system. None of the models attempt to calculate the

extent of DR and none say anything about the divergence point.

Unlike the onset point, the divergence point is clearly a function of both

molecular weight and concentration. Therefore, it can be written

CaMb
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(3.14)

where c is the concentration by mass, M is the molecular weight, and "a" and "b" are

power constants. From research results, f decreases as M and c increase, and therefore

the exponents "a" and "b" are both negative.

For a monodisperse polymer, or a solution of polymer molecules of the same

exact molecular weight, the above relation is a reasonable (albeit oversimplified)

mathematical expression for relating the friction factor to the two parameters.

However, for apolydisperse sample, or a solution of polymers consisting of a variety

of molecular weights, the above relation is not very useful or intuitive. Each polymer

molecule with a specific molecular mass and concentration in solution contributes to

the effect of drag reduction and to the value of the friction factor. However, the above

relation camiot be used to "sum up" the effects of each type of polymer molecule.

That is, if the above relation held, the magnitude of f would be dominated by the

smallest molecules at the lowest concentrations, which is clearly not the case.

Furthermore, the natures of M and c are not strictly known. A purpose of this

dissertation is to fmd if f is dependent more on M (the weight-average molecular

weight) or the high molecular weight tail in the polymer. Also, is f dependent on the

total concentration of polymer, or only on the concentration above a certain molecular

weight.
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A more fundamental and intuitive model presented here is based on the energy

loss associated with frictional forces. The friction loss, or mechanical energy

transformed into internal energy by fluid friction in a pipe, F, can be related to f and

is given by

F=21' (3.15)
gd

where g is a conversion factor and F is in J/kg of fluid (12). Since Re varies

linearly with u (for an incompressible Newtonian fluid), F is proportional to Re2.

Combining Eq. 3.4 and 3.15, F is then

F 2fLRe21u2

gd3p2
(3.16)

For a fixed pipe of length L and diameter d, and an incompressible Newtonian fluid,

the above relation can be rewritten

F=KfRe2 (3.17)

where K is a constant equal to 2Lt2/gd3p2. Furthermore, it follows that at the

divergence point, the relationship would be

F*=Kf*Re*2 (3.18)

Drag reduction data in the f vs. Re format in the region of turbulent flow are

bounded by two asymptotes: the Blasius expression (given by Eq. 3.5) and Virk's

MDA (calculated with Eq. 3.6). At the divergence point, it is assumed that the

polymer molecules have reached their maximum ability to reduce frictional losses, and

this friction factor lies along the MDA with the coordinates f, Re*. If there were no

polymer molecules in the solvent, at the same Re*, the friction factor would be given



by Eq. 3.5, and is here termed fB. It follows that the difference between frictional

losses for the solvent-only and the polymer solution is directly related to the polymer

molecules and how they absorb or transform the energy in the system. Therefore

or

'B _F* = KfBRe*2 _Kf*Re*2 (3.19)

AF =KRe*2 (fB
f*) (3.20)

is an expression for the difference between the frictional losses. Eq. 3.20 can easily be

related back to the pressure drop, AP, in the pipe as

AF = '(APi _AP*) (3.21)
p

where APB is the pressure drop in the pipe for the pure solvent and AP* is the pressure

drop for the polymer solution, both at Re*. For the purpose of this dissertation, Eq.

3.20 will be used in preference to Eq. 3.21.

Now, consider how the difference in frictional losses is related to the molecular

weight and concentration of the polymer in solution. The first question to ask is how

do the polymer molecules absorb (or transform) the energy that would otherwise be

lost as frictional energy associated with the movement of the solvent by itself?

Some researchers theorize that the elastic nature of the polymers tends to damp

the turbulent eddies. Using this basis, the polymer molecules can be viewed as

"vibrating springs" which absorb this energy. It is assumed that the frictional force

that would otherwise oppose fluid flow in the pipe, and, namely, the energy lost as

heat due to friction, is absorbed by the polymer molecules by elongational extensions,

rotations and vibrations of the polymer molecules in the flow field.
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This model can further be extended to include all the polymers in the pipe,

imagining them associated as an elastic "pseudo"-solid. By Virk's hypothesis, the

MDA is reached at the point where the elastic sub-layer extends to the center of the

pipe. At this point, the "core" of flow can be modeled as a vibrating plug of fixed

volume which, as the fluid moves faster, vibrates faster, damping turbulent eddies in

the process. At some point, the force of the flow field increases until the turbulent

eddies are too great to damp and the polymer molecules can not absorb any more

energy. This point can be thought of as a divergence point from the MDA at which

the polymers have reached a maximum in their ability to damp the turbulent eddies

(maximum energy absorption).

In the model, it is assumed that a polymer of a given molecular size can absorb

a certain amount of the energy that would otherwise be dissipated as frictional losses.

It is also assumed that a second molecule, identical in size (and molecular structure)

can absorb an equivalent amount of energy. Therefore, it follows that the energy that

can be absorbed by two polymer molecules is twice that which can be absorbed by

one. Three molecules can absorb three times as much, and so on.

The dependence of this model on molecular weight is less intuitive. Results

indicate that the extent of drag reduction is dominated by the highest molecular weight

polymers in a mixture, even at very low concentrations (1, 2, 23). Therefore, the

frictional loss dependence on molecular weight is not simply determined by a mass

balance. That is, the same concentration by mass of a 1 million molecular weight

polymer has no where near the drag reducing ability of the same mass of a 10 million

molecular weight polymer. The higher molecular weight molecules have a greater
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"quality" for drag reduction than the smaller ones. It is a purpose of this report to

determine how the extent of drag reduction depends on molecular weight.

For a monodisperse polymer, the right side of Eq. 3.20 can be related to the

concentration and molecular weight as

Re*2
(fB f*) x C"M' (3.21)

where K has been dropped for convenience. For a polydisperse polymer, such as the

two used in this study, the right side of Eq. 3.20 is also a function of the molecular

weight distribution (MWD). Therefore, Eq. 3.21 can be rewritten

Re*2
(fB

f*) (3.22)

Previously it was argued that the concentration, at least in the dilute solution regime

where polymer molecules are not close enough to each other to interact, should have

an exponent "a" of about 1. Then

Re*2 (fB f) cc c1M (3.23)

Furthermore, if the polymer is completely characterized as to molecular weight (see

Chapter 2), the MWD can be approximated as a series of monodisperse samples of

known concentration and molecular weight. Eq. 3.23 can be rewritten in a form

Re*2 (fB - f*) = K'(c1M' + c2M + c3M + ... + cM) (3.24)

where K' is a "constant" which incorporates the original constant K. The parentheses

imply that this K' may not actually be constant because of certain factors not taken

into account in this model. For instance, the difference in frictional losses between the

two polymers may also be related to a difference in their intrinsic viscosities.
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Fortunately, a correlation is known for how the intrinsic viscosity varies with the

weight-average molecular weight (1,2,23) and can be incorporated into the model if

necessary.

It is also possible that the exponent "b" is not constant. In this dissertation, the

most convenient variable to use related to molecular weight is the molecular weight

itself as it is (relatively) easy to measure. However, the difference in frictional losses

between the two polymer solutions may be more related, for instance, to the ease of

elongation of the molecules in the flow field, or to the energy of the vibration of the

molecules, or to an interaction between the two. Although the molecular weight of the

polymer may be roughly proportional to the extent of these effects, it is possible that

this proportionality would not remain constant over a wide range molecular weights.

There is some background to make an estimate of"b", however. Evidence

indicates that the extent of drag reduction in a turbulent-flow system is highly

dependent on the highest molecular weight in a polydisperse sample (1, 23). In fact,

the extent of drag reduction is often determined by very small amounts of the highest

molecular weight compared to the overall concentration (1, 23). This implies that

1) "b" is constant and greater than 1 or

2) "b" increases with increasing molecular weight.

Therefore, we should expect that "b" would fall under one of the two categories if two

effects do not interfere. One is that the polymer molecules do not interfere with one

another (i.e., the solution is sufficiently dilute) so that the first-order dependence of the

concentration on the frictional losses holds. The other is that the polymer molecules

do not shear in the flow field, a phenomenon known asshear degradation.



3.1.5 Shear degradation effects

Shear degradation involves the breakdown of polymer molecules due to shear

effects. These effects are particularly common at pipe entrances (24) and at high shear

rates (23). Many researchers believe that the primary reason for divergence of drag

reduction data from the MDA is due to shear degradation (1, 25) rather than a

"maximum energy absorption".

The model presented here does not account for shear degradation and will

essentially fail if these effects are substantial. However, several assumptions can be

made based on the experimental design for this project (see Experimental):

1) The experimental procedure used to obtain f' and Re* values (see

Experimental) gives "average" values over time which tend to decrease the error

caused by the effects of shear degradation.

2) The extent and quality of shear degradation for the two polymers and

polymer mixtures used in this study is roughly equivalent for the "single-pass"

through the pipe. That is, the molecular weight distributions and absolute molecular

weights of the two polymers change in approximately the same way. This is based on

shear degradation studies for random-coil polymers (24).

3) Some of the shear degradation, if degradation does occur, is at the entrance

to the pipe or in the developing region and therefore does not greatly affect the

pressure readings further down the pipe.
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4) The fact that energy must be absorbed by the polymer molecules to degrade,

some of the drag reduction effects of the polymers may be partially due to degradation

of the polymers in the pipe itself



3.2 Experimental

3.2.1 Chemicals and solution preparation

Two high molecular weight polyethylene oxide samples, WSR-308 and WSR-

301 (Union Carbide) were used as the test polymers. The average molecular weights

and molecular weight distributions of the polymers were characterized previously with

a combination of size-exclusion chromatography coupled with a multi-angle light

scattering and differential refractive index detector (26). The weight-average

molecular weights (Mw) of the two polymers were found to be 5.10x106 and 3.16x106,

respectively. The WSR-308 also contained some very high molecular weight tail (>8

million g/mol) that was not present in the WSR-301.

For drag reduction and shear degradation experiments, 4-L of polymer solution

were prepared for each run. Solutions were prepared in the range of 1 to 10 ppm total

polymer concentration, either as the pure polymer or as a mixture of the two. These

solutions were made well below the entanglement concentrations of the polymers

(3.73xl0 g/mL for WSR-308 and 4.98x10 g/mL for WSR-30l, calculated from

intrinsic viscosity data from Kezirian (27)). Solutions were prepared by sprinkling the

polymer at the edge of the vortex of a slightly-stirred volume of 2.5 - 3 L of deionized

water (Millipore) in a 4-L flask. To this, approximately 0.1 ppm of sodium thio sulfate

(Mallinckrodt) was added to prevent oxidation of the polymer over time. The flask

was slowly filled to the 4-L mark with remaining DI water, making sure that all the
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polymer was immersed in the solution. The polymer was then dissolved in the

solution under very slow stirring for 2-4 hr before use.

3.2.2 Pipe-flow apparatus

The laboratory pipe flow apparatus is a pressure driven, capillary flow device

that was designed to test at various Reynolds numbers using small fluid volumes in a

single-pass. The fluid is not exposed to any moving parts (i.e., pumps) and therefore

the tendency of the polymers in solution to shear degrade is minimized. A schematic

of the apparatus is shown in Figure 3.4.

The fluid reservoir (f) is a 1-liter, high-pressure vessel (rated to 1000 psi) made

of stainless steel (31 6-SS) and fitted with SS tees at the top and bottom. At the top, a

2-way ball-valve (Whitey) (e) is mounted on the vertical branch of the tee to allow for

pressure relief and the filling of the reservoir with solution. The horizontal branch is

connected to the pressure delivery system which includes a 2-way ball valve (Whitey)

(d), a fme-flow regulator valve (Grove LoaderTM) (c), a gas reservoir (500 mL) (b)

which damps out pressure fluctuations, and a high pressure nitrogen supply (a). From

the bottom of the fluid reservoir, one branch of the tee is attached to a pressure gauge

(Matheson; 0-6opsi) (g) through a standard " (O.D.) SS tubing. The other branch

leads to the test section in which the pressure measurement takes place. The tubing

between the fluid reservoir and the 2-way valve (Whitey) (h) immediately preceding

the capillary (i) is standard 1/2" (O.D.) SS. The capillary is coupled directly into the

ball-valve with a 450 flared reduction fitting attached to its end. The capillary (i) is
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Figure 3.4 Schematic of laboratory pipe flow apparatus.
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0.236 cm (i.d.), hydrodynamically smooth SS tubing. The pressure drop is measured

with a variable resistance differential pressure transducer (Celesco Model DP- 15 with

a 1 5psid plate) ) which is coupled to a carrier demodulator (Validyne Model CD- 15)

(k) accompanied with a digital readout (1). The mass flow rate was measured by

collecting the effluent in a 1000 mL beaker, measuring the volume, and recording the

total time with a stop watch.

A detailed schematic of the capillary is shown in Figure 3.5. The dimensions

of important sections of the capillary are also listed. The section of tubing preceding

the capillary is included for making entrance-effect calculations for the length

necessary to achieve fully-developed flow. This calculation has been made previously

(19) and is not shown here. All pressure measurements for this study were made in

the fully-developed turbulent region.

Prior to the drag reduction experiments, it was necessary to calibrate the

differential pressure transducer. For most experiments the 15 psig pressure plate was

used to obtain the correct pressure drops. Each time the pressure plate was removed

or the transducer opened (e.g., for cleaning), recalibration was required. The

calibration was made with N2 gas and all liquid (i.e., DI water, polymer solution) had

to be removed before calibration. The tubing attaching the capillary to the low-

pressure side of the transducer was first removed and plugged, as was the end of the

capillary. The pressure gauge (g) was removed and replaced with a mercury

manometer that could make more accurate measurements. At this point, valves (e)

and (h) were opened and the manometer and the CD-iS were zeroed. Valve (e) was

then closed while valve (d) remained open, and the system was pressurized by
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adjusting the regulator valve (c) while the pressure in the gas reservoir was maintained

at 110 psig. The absolute system pressure was read from the manometer and the

corresponding transducer reading was taken from the digital readout (1). A linear best-

fit plot of the absolute pressure vs. transducer reading was then made for the

calculation of pressure drop. Once calibrated, the slope of the plot remained

constant (28) although the intercept would change from time to time. Therefore, prior

to every run, the transducer was re-zeroed (when nothing was flowing in the pipe), but

it was not necessary to recalibrate.

3.2.3 Drag reduction and shear degradation studies

Prior to a run, the first step was to make drag reduction measurements with the

pure solvent (DI water) to obtain data for the Blasius (Newtonian) line and see that the

apparatus was working correctly. The fluid reservoir is first filled with DI water by

first closing valves (d) and (h) and opening valve (e). This allowed any pressurized

gas to escape. The DIW was poured into the fluid reservoir (1) via a funnel and tubing

and valve (e) was closed. Valve (d) was then opened and the regulator was used to

vary the pressure in the system, monitored at (g). At this point, the tubing on each

side of the transducer were bled sequentially by opening ports on each side of the

transducer box and opening valve (h) until all air bubbles were gone and solvent

flowed smoothly through the ports. The ports were then closed and, if necessary, the

transducer was re-zeroed. Measurements were made by opening valve (h) and

collecting the effluent in an 800 mL beaker while recording the elapsed time with the
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stop watch and taking pressure drop readings until the transducer reading was

constant. The volume of effluent was measured in a graduated cylinder and the

volume, time and transducer readings were recorded manually. From this, the flow

rate and pressure drop could be calculated. In general, all runs were performed in

duplicate in the measured range of5 40 psig with an increment of 5 psig.

For the "single-pass" drag reduction studies, the same procedure was used to

measure flow rates and pressure drops for the polymer solutions. Solution was poured

into the fluid reservoir, the pressure regulator was dialed to achieve the desired gauge

pressure, and the solution was collected in fractions while the various parameters were

recorded. After the volume of effluent was measured, it was subsequently discarded.

For the shear degradation studies, the effluent was saved and re-passed through the

flow apparatus for a total of five runs. In these studies, the gauge pressure was kept

constant at approximately 5 psig below the pressure at which the divergence point was

reached.



3.3 Results and Discussion

3.3.1 Drag reduction studies of WSR -308 and WSR-301

Drag reduction data for the WSR-308 and WSR-301 polyethylene oxide

polymers are plotted in Figure 3.6. Unlike the "idealized" data plotted in Figure 3.1,

there is significant scatter and their projection from the MDA is not entirely linear

with "slopes" that are not all the same for the different concentrations. Much of the

scatter may be due to pressure transducer drift that had been a problem during some

runs. Error in data measurements for the 10 ppm WSR-301 (which often appears to be

off the MDA), for instance, is likely due to transducer drift. Other sources would

include errors in volume measurement or timing.

The projection from the MDA (and the divergence point) is better defmed for

concentrations of 2.5 to 5 ppm. At 10 ppm, the data for WSR-301 just begin to come

off the MDA at Re 24,000 while for 10 ppm WSR-308, it is not apparent that the

divergence point was ever reached. Data for 1 ppm WSR-301 lie well above the

MDA and show that at this concentration and Re, WSR-301 is not effective enough of

a drag reducer to reach the MDA.

What is clearly shown by the data, however, is the effect of concentration and

molecular weight on the results. In all cases, as the concentration increases, the later

the divergence point is reached. It is also clear that the higher molecular weight WSR-

308 is a better drag reducer than the WSR-30 1. However, as concentration increases,

differences between divergence points become less pronounced between the two
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Figure 3.6 Drag reduction data for WSR-308 and WSR-301.

70

.-...- 1 ppm-301

_._2.5 ppm-301
---5 ppm-301

10 ppm-301

*--ImIner
turbulent
+ MDA
___l ppm-308

2.5 ppm-308

5 ppm-308

10 ppm-308

£ water
water

w water



71

polymers, at least in terms of the graphical scale used in the plot. A %DR comparison

for the two polymers is shown in Figure 3.7.

3.3.2 Drag reduction studies ofmixtures of WSR -308 and WSR-30]

Shown in Figure 3.8 and 3.9 are drag reduction data for WSR-301, spiked with

0.5 and 1 ppm WSR-308, respectively. As with data for the unmixed polymers,

scatter is apparent. In Figure 3.8, spiking with 0.5 ppm WSR-308 of 2.5 ppm WSR-

301 gives a strong effect on the drag reducing properties of the polymer compared to

unmixed WSR-301. Spiking gives a divergence point roughly one-third the "distance"

(along the MDA) towards the divergence point of unmixed WSR-308. This trend is

less apparent in spiking of the 5 ppm WSR-301. Here, the spiked WSR-301 diverges

only slightly after the unmixed 5.5 ppm WSR-301 and long before 5.5 ppm WSR-308.

Therefore, it is apparent that the effect of spiking the polymer with a "high molecular-

weight tail" lessens as the wt% of high molecular weight decreases. This trend is also

observed in Figure 3.9 where spiking of the 2.5 ppm WSR-301 gives a more dramatic

effect than spiking of the 5 ppm WSR-301. Again, however, the log scale is

somewhat misleading since distance intervals along the x-axis become smaller for the

same increase in Re. Moreover, as noted in the development of equations for the

divergence point model (e.g., Eq. 3.18), the frictional loss varies as the square of the

Reynold's number and, therefore, small increases in Re can have a substantial effect

on frictional losses.
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Figure 3.7 %DR comparisons for WSR-308 and WSR-301.

72

-- I ppm WSR-308

2.5 ppm WSR-308

5 ppm WSR-O8

-N--- 10 ppm WSR-308

1 ppm WSR-301

_-.-25 ppm WSR-301

-_5 ppm WSR-301

10 ppm WSR-301



0.01

0.001

II!I'i!I]

Re

.--0.5+ 2.5 ppm

.--0.5 + 5 ppm
.3 ppm WSR-301

5.5 ppm WSR-301

*-- laminar
---turbulent
- M DA
---0.5 ppm WSR-308
x water

water

3 ppm WSR-308

*-5.5 ppm WSR-308
0.5 + 1.5 ppm

0.5 + 0.5 ppm

Figure 3.8 Drag reduction results of WSR-301 spiked with 0.5 ppm WSR-308.
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Figure 3.9 Drag reduction results of WSR-301 spiked with 1 ppm WSR-308.
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Presented in Table 3.1 are f and Re* values obtained from the data. In general, a

linear "best-fit" line was drawn (by hand) through the data coming off the MDA and

the divergence point was estimated based on the intercept with the MDA. In most

cases, it was necessary to minimize the scales of the f vs. Re plots and f was

estimated by extrapolation of the data back to the MDA. In all cases, to minimize

error from overlapping data from other runs, data for each run were plotted separately

for this estimation. In cases where the data fell slightly off the IvIIDA (e.g., 3 ppm

mixture in Figure 3.8), this discrepancy was assumed due to error in the pressure

transducer readings and data was extrapolated back to the MDA (Re measurements

Table 3.1 f and Re* data from drag reduction studies of unmixed and mixed
polymers.

pnysnr (ppm) if Re
WSR-308

1 0.00268 10183

2 0.00217 14685

2.5 0.0021 15584

3 0.0019 18765

3.5 0.00186 19538

5 0.001 72 22728

WSR-301 2 0.0027 10057

2.5 0.00251 11375

3 0.0024 12288

3.5 0.0022 14327

5 0.002 17046

5.5 0.00198 17368

6 0.00185 19740

WSR-308 +WSR-301 0.5+0.5 0.0028 9470

0.5+1.5 0.0023 13239

0.5+2.5 0.00219 14445

0.5+5 0.0019 18765

1+2.5 0.00205 16286

1+5 0.00176 21730
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were assumed reliable). Notably, estimation of the divergence point for WSR-308

above 5 ppm was very uncertain as few data points lie above the MDA. Therefore, no

divergence points are listed.

3.3.3 Dependence of divergence point on mass concentration

To determine the dependence of AF (and the divergence point) on

concentration, data for WSR-308 and WSR-301 were plotted separately on a log-log

scale for AF vs. c which is shown in Figure 3.10. For WSR-308, the exponent "a"

(from Eq. 3.21) obtained was 0.96. For WSR-301, "a" was found to be 1.11. Both fits

gave a R2 value of about 0.99.

Mixtures were not used for these studies as the average molecular weights and

molecular weight distributions are not constant. By changing the concentration of the

individual polymer, both average molecular weight and molecular weight distributions

remain constant. For example, by doubling the weight concentration of a given

polymer, each component of a given molecular weight concentration doubles but the

wt% and M of each fraction remain constant.

From previous discussions, the concentration dependency for the model was

hypothesized to be to the first power. This is borne out by the data, although there is

some discrepancy between the two polymers. The larger "a" (than 1) for WSR-301

and smaller "a" for WSR-308 may be due to error in estimation of the divergence

point from the data, or some cM interaction that is not included in the model. It is also

possible that the smaller "a" for the WSR-308 is due to interactions between the
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polymer molecules which would cause a lower effective "a" due to interference effects

between the molecules. However, discrepancies aside, the nature of determining the

divergence point by extrapolation of drag reduction data can lead to some error (29).

It is proposed here that the data do correlate well to the presented model.

3.3.4 Dependence ofdivergence point on molecular weight

In previous studies (26), the average molecular weights and molecular weight

distributions of the two polymers were characterized with gel permeation

chromatography coupled to a light scattering detector. From these results the polymer

weight fractions were calculated for a given molecular weight range. In a sense, the

polymer can be viewed as a series of monomers of differing molecular weight.

Moreover, upon mixing of the two polymers in given proportions, the new mass

concentration of each "monomer" and a new M can be calculated. A summary of the

weight percentage of each polymer fraction for the mixed and unmixed polymers, and

M, is shown in Table 3.2. For ease of calculation, the M of a given molecular

weight range was estimated to be the midpoint of the range (e.g., for 2-3 million, M

= 2.5 million). The M for the polymer fraction less than 1 million was estimated to

be 750,000, based on ASTRA results (30). M for the mixed polymers was calculated

with

cM1

M = (3.25)

Based on this, Eq. 3.24 can be directly applied to the results.



0->1 1->2 2->3
xiyzz iiTdirin(,y1n 0.75 1.50 2.50

V\SR-308 1 7.1 12.6

ASR-301 10.9 20.4 20.6

ASR-308+V-ai 0.5+0.5 6.0 138 16.6

0.5+1.5 84 17.1 18.6

0.5+2.5 9.3 152 19.3

0.5+5 10.0 19.2 19.9

1 +2.5 81 16.6 183

1+5 9.3 182 19.3

3->4 4->5

(nIIIitw

5-6 6->7
350 450 5.50 6.50

19.5 15.2 i31 11.1

19.2 14 8.5 45
19.4 14.6 10.8 7.8

19.3 14.3 9.65 6.15

19.3 14,2 9.3 5.6

19.2 141 8.9 51
19.3 143 9.8 54
19.3 14.2 9.3 5.6

7->8 8-9 9-10
7.50 8.50 9.50

9 8.2 32 5.1cE+

1 0.8 0 aic
5 4.5 1.6 4.13E+

3 265 0.8 3,65E+c6

2.3 20 0.5 348E.
1.7 1.5 334E+c6

33 29 0.9 3,7

2.3 20 0.5 3.48E+

Table 3.2 Weight % and M for various fractions of mixed and unmixed polymers. M* was weight-average
molecular weight of the unmixed polymers calculated with GPC/MALLS ASTRA© software (Chapter 2).
M (caic) was determined with Eq. 3.25
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To determine the molecular weight dependence (exponent "b" from Eq. 3.21)

on the divergence point, a non-linear least-squares fit was used. In some cases, "a"

was fixed at one and in all cases, the constant K' was allowed to vary. "Best-fit" for

the parameters was based on minimizing the sum of the squares of the residuals for the

experimental value of Re*2(fB f) compared to the calculated value ofRe*2(fB f).
Four scenarios were considered:

1) The concentration dependence was assumed to the first power ("a" = 1)

and the molecular weight dependence of each "monomer" molecular

weight varied (Eq. 3.24).

2) The concentration dependence was not assumed to be to the first power and

the M dependence of each "monomer" was the same (Eq. 3.22).

3) The concentration dependence was fixed at one and the M dependence of

each "monomer" was the same (Eq. 3.23).

4) The concentration dependence was not assumed to be to the first power and

only the overall M dependence for the entire polymer was calculated (Eq.

3.21). In this case, the dependence for the overall mass concentration was

calculated.

Results of fitting the parameters "a", "b" and K' to drag reduction data

obtained for the two polymers and mixtures from several runs are plotted in Figure

3.11. The values and residual errors of the parameter fits are presented in Table 3.3.

In all cases, the values of"b" were calculated to be very near one while values for "a",

when allowed to vary, were about 0.9. K' ranged from about 0.03 to 0.1. The
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Table 3.3 Summary of fitting constants of A F/K = K*caMl) for different fitting
cases. The residual was based on (1/K2)*(A Factijai A Ffit)2 while R2
was based on fitting each case with a best-fit linear line.

Case a b K' Residual

1 1 0.99-1.02 0.10 2.5e11 0.98

2 0.88 0.99 0.097 2.42e11 0.98

3 1 1.03 0.058 3.73e11 0.96

4 0.89 1.09 0.028 1.9e11 0.98

surprisingly close and consistent fits for the models suggest that the mass

concentration and molecular weight dependences are essentially to the first power.

The c and M first-order dependency is also consistent with the energy storage model

for onset of turbulent flow proposed by Walsh (Eq. 3.12). The best fit was obtained

for the fourth case where the model was based on the overall M, giving a dependence

of 1.09 for M and 0.89 for concentration. In the case where "b" was allowed to vary

for each "monomer", the magnitude of "b" increased (albeit slightly) as M increased.

All models predict a strong dependence of the divergence point on molecular

weight and a dramatic increase in the drag reduction limits as molecular weight

increases. From the results, a 1 ppm solution of 10 million molecular weight polymer

molecules can "absorb" 10 times the frictional energy that 1 ppm of 1 million

molecular weight polymer molecules can absorb. Moreover, in terms of individual

molecules, a 10 million molecular weight molecule is 100 times as effective in

absorbing frictional energy as a 1 million molecular weight molecule.
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It is clear that the existence of a high molecular weight "tail" in a polydisperse

polymer can substantially increase its drag reduction effectiveness. For example,

consider a polymer with a M of 1 million but spiked with 10% w/w of a 10 million

molecular weight tail compared to the same mass concentration of a monodisperse 1

million M polymer. The relative effectiveness of the polydisperse polymer compared

to the monodisperse polymer is about 90% greater (by right side of Eq. 3.22) in terms

of its frictional energy absorption characteristics. This translates to approximately a

35% increase in Re* (by left side of Eq. 3.22), assuming that changes in fB are

small compared to changes in Re*. This change is relatively small compared to the

difference in drag reduction effectiveness for a monodisperse 10 million molecular

weight polymer which would have an Re* about 3 times greater than the same mass

concentration of the 1 million molecular weight polymer. However, both examples

illustrate the magnitude of the dependence of the divergence point on molecular

weight.

The "macroscopic" variables of mass concentration and molecular weight are

convenient to use for the purpose of general correlation but they do not give a good

understanding of the mechanism for the drag reduction at the molecular level.

Interestingly, from the results of the non-linear fit, even in the cases where "a" and "b"

are not strictly equal to one, in each case the sum of "a" and "b" is nearly exactly two.

The cM term can be re-evaluated in terms of the number of polymer repeat units as

cM = n0N2 mNA (3.26)

where O is the molecular number density in molecules per unit volume in

molecules/cm3, N is the number of repeat units per molecule, m0 is the molecular mass
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(g) per repeat unit, and NA is Avogadro's number. Here, m0 is a constant for a given

polymer and therefore only the n( and N terms vary with c and M. It is possible that

the above relationship is a more realistic evaluation of the cM dependency and that the

actual divergence point is more strictly related to n0N2.

The nature of the dependence of the divergence point on N2 is not obvious.

Kohn's strain energy density (Eq. 3.13) varies as N to the first power rather than the

second power. Also, Walsh's energy model (Eq. 3.12) includes a [r]o2 term which

translates as a term (or, '.N°5) for polyethylene oxide (1, 2, 23) which does not

appear to be the case here. To understand this more fully, a more advanced molecular

physics model is necessary.

The value and dimension of the constant K' can be calculated from the data,

but this also does not give much insight into the mechanism of drag reduction. The

constant K (Eq. 3.17) is calculated directly from the dimensions of the pipe and fluid

and flow field parameters to be 3.9x105 J/kg where L 0.254 m and d 2.36 mm.

The constant K' was determined to range from 0.03 to 0.1 based on the fitting results.

By dimensional analysis, and assuming that the c and M power dependencies are both

equal to one, this constant has the peculiar dimensions of 1000 kg molIg2 where

g/l 000 kg is substituted for ppm. Here, g implies grams of polymer while kg implies

kg of solvent. By rearranging Eq. 3.24 so that both sides have dimensions of J/kg and

substituting M for M gives the relation

KRe*2 (fB - f*) = (3.27)
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where K" = KK'. Substituting these values and multiplying by the factor of 1000

gives K" values ranging from 1.2 x103 to 3.9x103 J mo1/g. Again, a more advanced

physical model is necessary to interpret this constant.

3.3.5 Shear degradation studies

Results of shear degradation studies further confirm the importance of

molecular weight on drag reduction, but also confirm that shear degradation is

occurring in the process. Shown in Figures 3.12, 3.13, and 3.14, respectively, are drag

reduction data for 1 ppm, 2 ppm, and 3 ppm solutions of the two polymers and

mixtures plotted in the familiar f vs. Re format and combines the single-pass drag

reduction data with the multiple-pass shear degradation data. For both polymers and

the mixtures, for all concentrations, the first-pass data points for the shear degradation

studies fall along their respective drag reduction lines. The second-pass data,

however, clearly lie at larger friction factor values than the first run. This pattern

continues as the number of runs increase and, in fact, the data for the two polymers

and mixture tend to converge for a given concentration. This effect is due to shear

degradation of the polymer and continues with each run. The tendency of the data to

converge is presumably due to the polymer molecules all breaking down to about the

same size. By analogy, long, medium, and short rods broken in a random fashion will

eventually be reduced to approximately the same length. As the polymer molecules

continue to shear, drag reduction data would eventually fall along the Blasius line

because the polymer molecules are no longer large enough to induce drag reduction.
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Figure 3.12 Shear degradation data for I ppm solutions of WSR-308, WSR-301, and
a 0.5 ppm + 0.5 ppm mixture of the two. This is compared to first-pass
drag reduction results.
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Figure 3.13 Shear degradation data for 2 ppm solutions of WSR-308, WSR-301, and
a 0.5 ppm + 1.5 ppm mixture of the two. This is compared to first-pass
drag reduction results.
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Figure 3.14 Shear degradation data for 3 ppm solutions of WSR-308, WSR-301, and
a 0.5 ppm + 2.5 ppm mixture of the two. This is compared to first-pass
drag reduction results.
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The importance of the high molecular weight tail on drag reduction is clear

from Figures 3.15, 3.16, and 3.17. For the 1 ppm studies, %DR data for both the

WSR-308 and the mixture fall very near to each other and their drag reduction curves

are nearly identical. Data for the WSR-301, however, lie along a lower path and it is

clear that the polymer does not have the drag reducing capability of the other two.

For the 2 ppm studies, the WSR-308 and mixture data are still much closer, but not

quite as close as for the 1 ppm studies, while the WSR-301 data fall somewhat below.

For the 3 ppm studies, the %DR mixture data fall roughly between the two unmixed

polymers. Notably, at each run, the %DR difference remains roughly constant

between the three polymer solutions. The results clearly indicate the importance of

the high molecular weight on the %DR results but also show that as the wt% of the

high molecular weight component decreases, the effect is less pronounced. These

results are consistent with the cM dependency found earlier.

The question arises: how does shear degradation influence the divergence

point? Clearly from the results, shear degradation of the polymer is occurring as it

flows through the pipe. Moreover, breakdown of the polymer iniluences drag

reduction profoundly as noted by the great increase in the friction factor above the

MDA for subsequent passes. However, the MIDA itself is an empirical correlation for

drag reduction where, once it is reached, drag reduction does not increase (for a given

Re) with increases in concentration or molecular weight. Presumably, there is a

concentration or molecular weight "buffer" where (minor) changes in these parameters

during the flow process would have little or no effect on the divergence point.

Moreover, from the cM dependency found, only M would change in the shear
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Figure 3.15 %DR data for 1 ppm shear degradation studies.
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Figure 3.16 %DR data for 2 ppm shear degradation studies.
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degradation process. That is, if shear degradation solely determines the divergence

point, only the decrease in M affects where this occurs.

A second thing to consider is the likelihood of shear degradation for a given

molecular weight. Intuitively, the highest molecular weight polymer would shear,

statistically at least, first since it contains more bonds that could be broken in the

process. There is also strong evidence that in the shear degradation process the

highest molecular weight polymers are degraded first (1, 23). If this were the case,

divergence points for polymer solutions of different molecular weights but identical

concentrations would tend to converge as Re increases. Although data indicate that

the divergence point was difficult to determine for the highest concentrations of WSR-

308, this doesn't imply that the data were converging. From the results here, there is

no evidence that divergence point data converge on the MIA in the concentration and

molecular weight range studied.

Several points were made previously (section 3.1.5), that would tend to

minimize the effects of shear degradation on the divergence point data obtained here.

The most intriguing point proposed is that the process of shear degradation itself may

have an influence on the drag reducing capability of the polymer and, ultimately the

divergence point. This idea is based on the fact that energy must be absorbed by the

polymer to break a bond. In the model developed here, it was assumed that energy is

absorbed by the polymer molecules which otherwise would be dissipated as frictional

energy. The energy absorbed by the polymer is then transformed as elongations,

vibrations, and rotations of the molecules in the flow field. There is fundamentally no

reason why the energy absorbed by the polymer to break the bond is different than that



94

to promote elongations, vibrations, and rotations. Therefore, it is conceivable that

shear degradation may be another energy absorbing mechanism of the polymer that

contributes to the phenomenon of drag reduction.
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3.4 Conclusions

Drag reduction studies with two polyethylene oxide polymers confirm the

importance of molecular weight and concentration on drag reduction. As the

molecular weight andlor concentration increase, the drag reduction abilities of the

polymer also increase.

An energy model has been developed for a unique point along the MDA

termed the "divergence point". This is the point at which a given polymer solution

breaks away, or diverges, from the MDA. This is also the point at which the

maximum drag reducing ability of the polymer is reached. It is hypothesized that

polymer molecules in the flow field absorb the energy that would otherwise be

dissipated as frictional energy through elongations, vibrations and rotations of the

molecules. At some point, the flow energy (and Re) will be too great and the

molecules can absorb no more energy and divergence from the MDA is observed.

Modeling of the results suggest a first order dependence in both concentration

and molecular weight on energy absorbed by the polymers. A more "molecular" scale

model predicts this energy dependence as the product of molecular density and the

square of the number of repeat units of the polymer. However, a more advanced

model is necessary to understand this dependence.

Essentially the same results were obtained in cases where the polymer mixtures

were viewed as a series of "monodisperse" samples, or when the weight-average

molecular weights were used in calculations. However, a high molecular weight "tail"



can substantially affect the drag reduction properties of the polymer if the weight

percentage of the high molecular weight tail is sufficient.

Shear degradation studies further indicate the importance of molecular weight

on drag reducing ability. From results, it is apparent that even a small percentage of

high molecular weight "tail" in the polymer solution influences drag reduction.

Arguments have also been made that shear degradation does not greatly influence

where the divergence point occurs along the MIDA, at least for "single-pass" runs.

Moreover, based on the energy absorption model developed here, it is hypothesized

that shear degradation may actually be an integral part of the drag reduction

phenomenon.
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CHAPTER 4: CONCLUSIONS AND FURTHER STUDIES

From studies presented in this thesis, the following conclusions can be made:

WSR-308 has a significantly higher weight-average molecular weight

than WSR-301.

WSR-308 contains a significant wt% of very high molecular weight (>

8 million) component while WSR-301 does not.

for both polymers, molecular weight determination by GPC/MALLS

worked better than with batch studies.

increasing molecular weight and/or the concentration of the polymer

results in drag reduction data which diverge later (greater Re) from the

II)AI

an energy model developed here based on the difference in frictional

losses between a polymer solution and the pure solvent fmds that the

total frictional losses are proportional to the product of the square of the

Reynolds number and the difference between the Blasius and MDA-

determined friction factors.

this difference in frictional losses is proportional to the product of the

concentration and molecular weight of the polymer in solution.

shear degradation of the polymer is occurring as the polymer passes

through the flow apparatus described here.
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the presence of a high molecular weight "tail" in polymer solutions

causes a significantly greater %DR results even after several passes.

Several further studies are warranted. The results of this study strongly

support the notion that molecular weight greatly influences where along the MDA

the divergence point occurs. By a molecular physics argument, the divergence

point may even vary as the square of the molecular weight. However, the

results here do not point directly to the idea that the highest molecular weight

component in the polymer solution uniquely determines the divergence point. To

better test this theory, several approaches can be made. First, the two polymers

tested here, although substantially different in molecular weight, were not so

different that the divergence point model developed was tested over a large

molecular weight range. That is, to better test the model, a broader range of

molecular weights should be used. Studies with a broader range of molecular

weights may further stress the importance of a high molecular weight "tail" on

drag reduction.

A more direct, but difficult to implement, method is to use preparative

GPC to "chop off' and collect the high molecular weight tail (> 8 million) of the

WSR-308 and compare drag reduction results between the original and "new"

(high molecular weight tail) polymer. This method however, may prove

expensive and time-consuming, due to the costs associated with the preparatory

colunm and collecting enough fractions of the high molecular weight tail to run

drag reduction experiments.
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The studies here have focused entirely on polyethylene oxide as the

polymer. To test the divergence point model more broadly, experiments should

be performed which utilize other polymer/solvent systems. Possibilities include

polystyrene/toluene and xantham gum/water. It would be interesting to see if the

cM dependency still holds and what the value of the constant K' for each polymer

system would be. This may also give some insight into the nature of the

"constant" K'.

Finally, more studies into how shear degradation affects the divergence

point are needed. This is a particularly difficult task and may require substantial

thought and preparation to come up with a good experimental design. Some

possibilities may include using flow pipes of different lengths and roughness to

see how these variables affect results. Furthermore, the previously mentioned

studies may also help to gain insight into this effect.
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