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Abstract:

Turbulence is often described in terms of either a random process or interacting co-
herent structures, which is really a choice of which parts of the turbulence to ignore.
Focusing on coherent structures reducing the complexity of the problem, which is
required to make flow control a possibility. The primary focus of the current study
is to analyze how coherent structures within a turbulent boundary layer are modified
with the addition of drag-reducing polymer solution (polyethylene oxide, PEO). The
performance is known to be concentration dependent, so to mitigate the impact of
concentration gradients within the boundary layer the study was performed within
a homogeneous polymer ocean. However, this requires the PEO to be exposed to
a pump that is known to cause mechanical degradation via chain scission, which
significantly impact the polymers behavior. Thus mechanical degradation of dilute
PEO solutions was investigated with a turbulent pipe flow setup. Comparative anal-
ysis between degraded and non-degraded PEO samples at the same mean molecular
weight showed that deviations in the polymer performance scaled with the normal-
ized difference between the initial and final molecular weights. Furthermore, based
on literature as well as the current results it was shown that the polymer performance
deviations are most likely related to changes in the molecular weight distribution. It
was also shown that these deviations could be minimized by increasing the residence
time. Limiting the turbulent boundary layer operation conditions to the range where
it was shown that the degradation had negligible impact on the PEO performance,
allowed a detailed study of the impact of the polymers on the turbulent boundary
layer coherent structures. It was observed that the anisotropy of the flow scales in-
creases in proportion to drag reduction, which is consistent with the anisotropy of
the fluctuating velocity scales observed in the literature.
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CHAPTER I

Introduction

With increasing concerns on the available energy resources, the push for improved and
more efficient systems has been more than ever before. According to a recent survey
conducted by the US. Energy Information Administration (EIA), the greatest share of
energy consumption belongs to the transportation sector, which consumes about 37%
of the total available energy (U.S. EIA, Monthly Energy Review, April 2019). Next
on this list is the industrial sector which consumes about 35% of the energy produced
in the US. This topped by the fact that US is also the leading energy consumer per
capita in the world, makes such energy/power related topics so concerning that a
tremendous amount of effort has been employed to solve these energy issues. Lately,
public awareness campaigns have been initiated towards the use of renewable energy
resources, but the usage and development of such resources is hindered by many socio-
political factors. Changing public aptitudes, especially considering the ease of usage
offered by the non-renewable resources ( e.g. fossil fuels) and the economies associated
with the non-renewable resources make such renewable energy technological changes
to be in their nascent stages. This is also reflected in the most recent statistical
survey conducted by the EIA (U.S. EIA, Monthly Energy Review, April 2019), which
shows that less than 12% of the total energy produced comes from renewable energy
sources such as the wind, solar and geothermal energy. On the parallel, there has
been a growing concerns about the impact of emissions resulting from the burning of
fossil fuels (oil, gas and coal) on the global climate. Institutional meetings, such as

the Paris Climate Agreement, are now being summoned more frequently than before



to urge nations with significant carbon footprints to take necessary steps in hopes to
mitigate such effects by decreasing emissions and finding ways of making the already
existing systems more efficient. In other words, ways are to be developed so that the
per unit cost of energy produced, there is a reduction in the amount of fossilized fuels
burnt (i.e. burnt in a more efficient way).

In the context of scenario presented above, methods for reducing drag in fluid flow
applications find immense potential for their utilization. One such method has been
focused in the current study; polymer drag reduction (PDR). PDR is an active flow
control technique that has already demonstrated great practical utility in oil trans-
portation through pipelines, sewage systems and fire hoses to mention a few (Sellin
et al. 1980). While various avenues of its potential usage are still being explored,
many attempts are concurrently being made on fundamental grounds to understand
various aspect of this flow control technique. The current study is an example of one
such attempt. This study primarily focuses on the behavior of polymers in fluid flow
applications and tries to connect the observations recorded with literature and seeks
an explanation, being consistent with the literature, for the observed effects.

As has been mentioned above, PDR has a whole lot of potential for the trans-
portation and industrial sectors, but the effectiveness of this method is significantly
dependent on and limited by one very crucial parameter, which is intrinsic to the
polymer itself. This factor is that of the polymer degradation under immense flow
strains, of which turbulent flows are a rich source of. Such strain induced polymer
breakdown is referred to as “mechanical degradation of polymer molecule chains.”
This results in the shortening of the polymer chains, by virtue of their breakdown
under stressed states, because of the superimposed strains of the flow field. This
is a critical issue because the efficiency of the polymer is dependent on the poly-
mer molecule chain length, with the effectiveness of the polymer as a drag reducing

agent being proportional to its chain length. Studies, such as Habibpour and Clark



(2017), show that historically such degradation issues have conveniently been avoided
by either assuming such degradations effects to be negligible or by using grades of
polymer that are resistant to such chain cleavages thereby, making such degradations
to be of secondary importance. However, using such degradation-resistant polymers
compromises their drag reducing efficiency and therefore makes their practical appli-
cation less promising, especially for transportation (external) applications. Also, the
rheological aspects of the problem suggest that such a degradation is a natural cause-
and-effect type event if drag reduction is to be affected. Therefore, characterization
of the polymer degradation has to be done for a complete and meaningful analysis.
This serves the motivation behind the first half of the current study. A pre-print of
this study can be found as Farsiani et al. (2019b).

The second half of the study focuses on providing a potential explanation for
the observed effect of drag reduction using polymer additives in light of literature
and results obtained in experiments recently conducted for Farsiani et al. (2019c).
This section focuses on providing an explanation in terms of modified structure of
turbulent flow when polymer additives are used. Several physical mechanisms for the
basic turbulent flow structure have been proposed since the mid 1950’s. Due to lack
of computational capacities, such hypothetical models have mostly relied on sheer
intuition of the subject coupled with the limited experimental observations of the
time. It was not until the numerical capacities of computers which begun to improve,
and it continues to be the case even today, that some of such hypothetical models were
tested and found to be mathematically relevant, as well as being physically sound,
to help explain the much elusive and sought after structure of turbulence in the
near wall region. The fact that Reynolds Averaged Navier-Stokes (RANS) equation
bears the Reynolds shear stress term, points to the idea that turbulence has both
a mechanism and associated structures facilitating such mechanism, particularly in

the near wall region. Such phenomenology is cardinal to the structure of turbulence



research. Though much work has been done in this regard, a latest insight have shown
that such developments are incremental of a complex system. Such a discussion forms
the second half of this study. Selected models, which have favorably gathered the
support of experimental evidence on near wall turbulent boundary layer structure,
have been analyzed in light of the most relevant literature available as well as the
data gathered in Farsiani et al. (2019c¢).

The remainder of this thesis is divided into two main sections. The first section
shows the study done with regard to polymer degradation. Polymer degradation
section comprises of the literature review as well as a detailed explanation on the ex-
perimental setup employed coupled with the uncertainty analysis of the data. Then,
the results from this study are presented and discussed to reach the conclusions de-
rived at the end of this section. The second section provides a detailed introduction
to the structure of turbulence; the theory of coherent structure for near wall turbulent
flows. Potential effect of polymers on such structures is then provided in attempt to

offer a possible explanation on mechanism for PDR.



CHAPTER I1

Characterization of Polymer Degradation and its Impact on Drag

Reduction Performance

2.1 Background

2.1.1 Polymer drag reduction fundamentals

A brief review of the PDR fundamentals is given for the sake of completeness as
well as to provide the relevant knowledge to the readers for the forthcoming analysis.
Experiments conducted to evaluate the impact of mechanical degradation on the drag
reducing performance of the polymer have been done in pipe flows. For this reason,
principles of turbulent pipe flows have also been discussed. The findings in the current
study are presented in terms of the traditional Prandtl-von Karman (PK) plots; f~1/2
plotted on the ordinate axis and Reyf~'/? plotted on the abscissa axis. Here f
refers to the Fanning friction factor, whereas Rey is the nominal pipe diameter-based
Reynolds number. Although the Fanning friction factor could be directly retrieved by
measuring the wall shear stress as shown in its defining Eq. (2.1), such a measurement
is especially difficult to make in pipe flows. For this reason, in the current study, the

Fanning friction factor was estimated using pressure-differential measurements, Ap

through the relation given in Eq. (2.2).

2T
/= (2.1)
pUang
D Ap
= 2.2
/ 2pUavg2 Az (2:2)



Here Az is the section length of the pipe between which the pressure-differential
measurements were taken. There is an implicit assumption that is automatically made
while using Eq. (2.2) and it is that of a fully developed pipe flow. This assumption has
been taken into consideration in experimental as well as while analyzing the results.
In the canonical sense, much of the literature has presented the data in terms of the
P-K plots. This has been one of the reasons for choosing these coordinates for data
presentation. Besides such canonical reasons for its selection, P-K plots also naturally
depict an accurate estimate of the various flow scales in comparison with the pipe
scales; the ordinate is the ratio of the bulk fluid velocity to the turbulent friction
velocity whereas the abscissa represents the ratio of pipe scales to turbulent length
scales. The convenience of using P-K plots can also be realized by seeing that it
incorporates the friction-law for fully turbulent smooth pipe flows. Mathematically,

this friction law is expressed as given in Eq. (2.3),

1

1
m = 4.0[0910(R6d—) —0.4. (23)

772

The polymeric flow results have also been computed and have been shown to have
excellent agreement with the friction-law for the non-polymeric (Newtonian) case.
Another important feature represented by P-K plots is that of the maximum drag
reduction asymptote (MDR), which was empirically determined by Virk et al. (1967)
in the form

1 1

The accuracy of this asymptotic relation has been verified in a number of studies.
This has been experimentally and numerically verified by Virk et al. (1970) and
Ptasinski et al. (2001), respectively. The MDR asymptote represents the highest
possible value for drag reduction that can be achieved and so is a limiting case, as is

the Newtonian flow (representing 0% drag reduction) for smooth pipes. In this way P-



K plots clearly conveys the behavior of three different regimes; Newtonian, MDR, and
the intermediary regime of polymeric flows between the two aforementioned regimes.
This investigation primarily investigates the specifics in the polymeric regime.
Given this scheme of data presentation, we now turn to the real subject matter;
impact of mechanical degradation of polymers on PDR. Polymers have been known
to reduce friction in pipe flows since Toms (1948) first made such observations. The
subject of PDR is at the intersection of two very complex, but interesting, fields;
turbulence and rheology. A number of studies attest to the fact that the intrinsic
properties of polymer chains are crucial in controlling the flow properties and strongly
influence/control the overall bulk-flow behavior observed, both in the literature as well
as in the current study. Of particular significance is the property of such polymer
chains to stretch when in strain fields and the ensuing effects of such a stretch on the
polymer properties. Such intense strain fields are one of the mainstream features of
turbulence, particularly in the near wall region. Therefore, this tendency of polymer
chains to get stretched under the influence of the flow results in the chain being
stressed, causing them to break when these stresses cross a certain threshold. As
has been mentioned in the introduction, this cleavage of polymer chains has been
termed mechanical degradation. The break down of the polymer chains is itself
indicative of the idea that the polymer molecules actively interfere with the flow
dynamics and therefore, are engaged in rerouting the energetics of the flow to effect
drag reduction. However, there is one important concept that has been found to be
central in this drag reduction observation. In a flow field, polymer molecules will
generally be stretched, but as they are being randomly convected in the wall-normal
region the polymer molecules experience flow regions with varying time scales. Given
this range of time scale, there is another time scale associated with the polymer
molecules and is dependent on the intrinsic properties of the polymer such as it chain

lengths and M, (molecular weight). This time scale characterizes the amount of



time the polymer molecule takes to attain its equilibrium conformation (the no stress
state), after being stretched by the flow field (i.e. the time scale associated with the
relaxation of polymer molecule). Such a time scale is quantified by a dimensionless
number which is crucial to the study of PDR, Weissenberg number. Weissenberg
number (We) is the ratio of the polymer relaxation times to the local flow time
scales. In general, the higher the We, the greater the drag reduction. Note that the
drag reduction is observed even if the We is less than 1. Since the time scales cannot
be negative, We is always greater than zero. As is apparent from the definition, We
represents the ratio of the intrinsic polymer properties to the flow properties and so,
bridges the rheological aspect of the problem with the flow mechanics.

Another important concept associated with polymer sciences is that of polymer
sample being mono-disperse or polydisperse. As will be seen in the Results and
Analysis section, polydispersity relays an important information regarding the flow
properties of polymer solutions. Here only a brief introduction on these sections
is given. A mono-disperse sample is a sample that contains only a single type of
polymer molecule chain for which the molecular weight of a sample is an accurate
measure. It is to say that in a given monodisperse sample of polymer, each molecule
chain is essentially identical to all other chains present in that sample. However, for
a polydisperse sample the scenario is quite different. In contrast to a monodisperse
sample, a polydisperse sample has a range of polymer molecule chain lengths (i.e.
polymers with varying M,,). The molecular weight of such a sample is reported to be
as average molecular weight as opposed to just a single molecular weight reported for
a mono-disperse samples. The reported average molecular weight for a polydisperse
sample represents the dominant chain fraction of the polymer molecule present in a
given sample. It is worth mentioning that practically most of the samples commer-
cially produced are poly-dispersed as opposed to mono-dispersed. In the same vein,

the samples used in this study are polydisperse.



2.1.2 Literature review

The ability to reduce skin-friction with polymer solutions, historically referred to as
Toms effect, has been known since the late 1940s. Some of the first investigations on
this include that of Mysels (1949), Toms (1948) and Toms (1949). Since that point,
there have been numerous successful studies that have produced various applications.
A comprehensive review on this is given by Hoyt (1972) while more focused applica-
tions on internal flows can be found in Burger et al. (1980) and Sellin et al. (1982).
Most active research in polymer drag reduction (PDR) focuses on developing a fun-
damental understanding of PDR to enable external flow applications such as marine
vehicles. This has been the motivation behind many studies including that of Fru-
man and Aflalo (1989), White and Mungal (2008), Elbing et al. (2010a), Elbing et al.
(2010b), Elbing et al. (2011), Elbing et al. (2013) and Perlin et al. (2016). One of the
primary limiting factors for advancing PDR to external flows (as well as expanding
internal flow applications) is polymer degradation. Polymer degradation is known
to be dependent on many initiating factors such as oxidative and bacterial action,
free radical interaction (chemical degradation), thermal degradation and mechanical
degradation. A detailed account on such varying range of polymer degrading factors
can be found in McGary Jr (1960), Shin (1965) Jr FE and Koleske (1976), Bortel
and Lamot (1977), Moussa and Tiu (1994) and Fore et al. (2005), to name a few.
The aging of polymer solution has also been found to contribute to polymer solution
degradation, as shown in Layec-Raphalen and Layec (1985). The current study, how-
ever, focuses solely on degradation due to chain scission induced from turbulent flow
structure-polymer chain interaction (i.e., mechanical degradation in a turbulent pipe
flow). Many accounts on theoretical/computational models detailing the mechanics
of the physical process of polymer-chain degradation based on their interaction with
the basic turbulent flow structures (e.g. horseshoe/hairpin vortices). For a more de-

tailed and mathematically comprehensive approach, the reader is referred to work of



Yarin (1991).

While the literature for polymer degradation (mostly for internal flows) is vast,
a brief review of key papers that influence the current work is provided here for
completeness. The flow induced shear (mechanical force) on the polymer chain can be
generated from abrupt changes in flow geometry (e.g. pumps, valves and perforations)
as shown in Zaitoun et al. (2012). Large mean velocity gradients, such as those
experienced at the wall of high Reynolds number turbulent flows, also result in flow
induced shear (mechanical force) as discussed in Elbing et al. (2011); Fontaine et al.
(1992), Petrie et al. (2005) and Elbing et al. (2009). Initial studies, such as that of
Culter et al. (1975), discovered that it was extremely challenging to produce a setup
that could isolate the degradation to the flow region of interest. Moussa and Tiu
(1994), Elbing et al. (2009) and Vanapalli et al. (2005), as a series of more recent
studies, have concluded that the majority of the degradation was produced at the
entrance to their test facility.

Paterson and Abernathy (1970) was one of the earliest investigations on the im-
pact of flow-assisted (mechanical) degradation on the molecular weight distribution
(e.g. polydispersity), which it concluded that degradation influences the resulting flow
properties. Yu et al. (1979) used monodisperse polystyrene and polydisperse poly-
isobutene samples in oils under high shear rates to show that the molecular weight
distribution narrowed for the poly-dispersed samples and only had a slight broadening
of the monodispersed sample. More specifically, the distributions revealed that the
breaking of the chains was not a random process. Hinch (1977) developed a formula
estimating the required force to break a molecular chain at a given location within
the chain. This theoretical evaluation showed that the maximum strain developed in
stretching the chain was at its center. Subsequently, Horn and Merrill (1984) showed
that turbulence induced scission of macromolecules in dilute solutions preferentially

break at the midpoint of the chain. Moreover, Odell et al. (1983) studied extensional
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flows produced in cross slot devices with low molecular weight (M, < 10°) polyethy-
lene oxide (PEQO), which was at sufficiently low molecular weights for measurements
of the molecular weight distribution. These results showed that the molecular weight
distribution had another peak in addition to the original one at half the molecular
weight, indicating scission of the chain at its midpoint. More recently, a simulation
of flow-induced polymer chain scission by Sim et al. (2007) validated the midpoint
scission hypothesis under the condition that the elongation rate was comparable to
the critical elongation rate, then the instantaneous segmental tensions attains a max-
imum at the chain midpoint. This has the consequence of the resulting daughter
chains having a rather narrow distribution. However, it was also demonstrated that
when the elongational rate is much larger than the critical elongational rate, scission
can occur in the partially coiled chains resulting in scission occurring farther from the
midpoint. This likely has a significant impact within wall-bounded turbulent flows
where the stress distribution varies significantly from the maximum at the wall to
very weak away from the wall (e.g. pipe centerline or outside of a turbulent boundary
layer).

Hunston and Zakin (1980) used turbulent drag reduction (similar to current
study), viscosity and gel permeation chromatography (GPC) on polystyrene sam-
ples to assess the influence of concentration, molecular weight and molecular weight
distribution on flow-assisted (mechanical) degradation. This showed that the onset
of drag reduction provided information about the largest molecules in the flow while
the flow rate dependence was related to the shape of the top part of the molecu-
lar weight distribution. Gampert and Wagner (1985) used laboratory synthesized
straight molecular chain polyacrylamide (PAM) in aqueous solutions to investigate
the influence of molecular weight and polydispersity on drag-reducing effectiveness.
Gampert and Wagner (1985) artificially created polydispersity by mixing the high and

low synthesized molecular weights in a single solution. This work made several con-
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clusions that are consistent with available literature. Primarily, that the long chain
molecules are pivotal in determining the flow properties of a solution due to their
preferential mode of extension and hence degradation, when the difference in size of
existing chains in a solution is reasonably high within a suitable range of Reynolds
number.

Historically, mechanical degradation has significantly limited the viable appli-
cations for PDR since polymers are generally more efficient at reducing drag (i.e.
require lower concentrations to achieve a desired drag reduction) the longer the poly-
mer chain (i.e. higher molecular weight), but the longer the polymer chain the more
susceptible it is to chain scission. Internal flows have typically avoided this problem
by using stiffer polymers (e.g. PAM), and some applications, as given in Gampert
and Wagner (1985), have shown an increase in resistance to mechanical degradation
with increasing concentration. But the use of commercial grade PAM is not suit-
able for investigations involving the influence of molecular weight on drag reduction
and mechanical degradation because they have a branched chain formation and the
presence of copolymers, as discussed by Gampert and Wagner (1985). Instead, PDR
studies have focused primarily on high molecular weight PEO, as has been the case
in external flow studies, because PEO has the ability to achieve (MDR) with con-
centrations on the order of 10 parts-per-million (ppm). In addition, PEO avoids the
rheological issues faced with commercial grade PAM. The high efficiency of PEO is
ideal for external flows, which continuously dilute the injected polymer solution into
the developing boundary layer. However, as a result, polymer degradation has had a
significant impact on PDR external applications and even the ability to study PDR
within turbulent boundary layers.

Elbing et al. (2011) developed a fundamental scaling law for the evolution of
the mean molecular weight within a developing high-shear turbulent boundary layer,

which requires an estimate of the steady-state molecular weight for the given lo-
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cal shear rate. This was produced from the universal scaling law for chain scission
given by Vanapalli et al. (2006). This scaling works provided that the nominal bond
strengths for carbon-carbon and carbon-oxygen bonds are 4.1 nN and 4.3 nN, respec-
tively, as detailed by Grandbois et al. (1999). In light of this observation, a review of
literature that has reported PDR modifications to the near-wall velocity profile of a
turbulent boundary layer with PEO is worth a mention. Such work includes Elbing
et al. (2013), Fontaine et al. (1992), Petrie et al. (2005), White et al. (2004), Hou
et al. (2008) and Somandepalli et al. (2010), and shows that many of the conditions
reported by Elbing et al. (2013), Fontaine et al. (1992) and Petrie et al. (2005), expe-
rienced significant changes in the mean molecular weight between the injection and
measurement locations even though this was not accounted for in their analysis. This
is particularly problematic when studying high drag reduction (HDR; > 40% DR),
which recent computational work of White et al. (2012) and experimental efforts of
Elbing et al. (2013) and Escudier et al. (2009) (see Figure 2.1; where the streamwise
velocity and wall-normal distance are scaled with inner variables) have shown that
modifications to the near-wall velocity profile deviate from the classical view that
assumes the near-wall momentum distribution is independent of polymer properties.
Elbing et al. (2013) showed that Reynolds number was insufficient to collapse the
available experimental turbulent boundary layer data, which suggests that the re-
maining scatter in the results must be related to polymer properties. These polymer
properties are sensitive to the molecular weight, which means that in addition to
an evolving polymer concentration distribution, there is also an evolving molecular
weight distribution that needs to be accounted for to properly study HDR in a turbu-
lent boundary layer. Recently this has motivated an alternative approach adopted in
Farsiani et al. (2019¢), which is to develop a polymer ocean at a uniform concentration
that has been mechanically degraded to a steady-state molecular weight. Then the

developing boundary layer would have a known and uniform polymer concentration
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and mean molecular weight. However, this requires a proper understanding of the

impact of mechanical degradation via chain scission on the drag reduction perfor-

mance of PEO, which is the focus of the current study. Specifically, the current study

prepares degraded and non-degraded samples at the same mean molecular weight and

does a comparative analysis of their drag reduction performance.
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Figure 2.1: Polymeric velocity profiles from a turbulent boundary layer with non-
uniform concentration distribution (Elbing et al. (2013), colored fillers) and channel
flow with a constant concentration (Escudier et al. (2009), empty fillers), which shows
an increasing slope with increasing drag reduction for HDR (DR > 40%).
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2.2 Experimental Methods

2.2.1 Polymer preparation

PEO was the only polymer used in this study, which has a structural unit (monomer)

of

O— CH,— CH, that results in a polymer backbone consisting of carbon-
carbon C——C and carbon-oxygen C——0O bonds. Five molecular weights of PEO
were tested with manufacturer specified mean molecular weights of 0.6, 1.0, 2.0 and
5.0 x10° g/mol (Sigma Aldrich, model #: 182028-250G, 372781-250G, 372803-250G,
189472-250G,) and 4.0x10° g/mol WSR301 (Dow Chemicals). As previously stated,
these high molecular weight polymers are highly susceptible to mechanical degra-
dation within shear flows. Degradation depends on the molecular weight, polymer
concentration, solvent type, turbulent intensity and flow geometry as shown in Kim
et al. (2000) and Kalashnikov (2002). Polymer solutions were prepared by sprinkling
dry powder into a water jet prior to contacting the free surface to avoid formation
of polymer aggregates. Draad et al. (1998) and Petrie et al. (2003) have shown that
chlorine in the solvent (water) can cause polymer degradation. Therefore, when solu-
tions required hydration longer than 12 hours the background chlorine was removed
by adding trace amount of sodium thiosulfate, which residual sodium thiosulfate and
the resultant products of the reaction with chlorine has been shown to not impact
the PDR performance, as shown in Petrie et al. (2003). Stock solutions were pre-
pared at relatively high concentrations (1000—5000 ppm), which once fully hydrated,
additional water was added to dilute the sample to the desired test concentration.
Polymer solution concentrations are broadly categorized as dilute, semi-dilute and
concentrated. In the dilute regime, each polymer chain is sufficiently distant from
other polymer chains such that there is minimal interaction between chains. As the
concentration increases, polymer chains eventually begin to overlap and become en-

tangled, which these interactions alter the polymer properties. As the concentration
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further increases from semi-dilute to the concentrated regime, molecules cannot move
freely and significant interpenetration occurs due to the lack of space. These changes
are identified from their rheological properties as shown in De Gennes and Gennes
(1979). The critical overlap concentrations C* and C** define the transition points
from dilute to semi-dilute and semi-dilute to concentrated regimes, respectively. The
first overlap concentration can be found from the inverse of the intrinsic viscosity
o , C*:nl, which 7y can be estimated from the Hark-Houwink relationship given
in Bailey ;r. and Callard (1959), iy = 0.0125 M2, Table 2.1 provides the range
of molecular weights and concentrations tested for degraded and non-degraded sam-
ples in this study as well as the corresponding intrinsic viscosity and C*. The first
overlap concentration was well above the test range at each molecular weight and,

consequently, all testing was with dilute solutions.

Table 2.1: Summary of the range of molecular weights and concentrations tested in the
current study as well as the corresponding intrinsic viscosity and overlap concentration
for the given molecular weight PEO.

M, x 1075 Crange [1]o C*

(g/mol)  (ppm) cm’/g (ppm)

0.6 100-500 402 2500
1 500 998 1680
2 50-500 1030 975
4 5-100 1760 568
) 9-20 2100 477
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2.2.2 Test facility and instrumentation

The primary test facility was a pressure drop apparatus that was used to characterize
polymer properties and acquire the gross flow behavior. A schematic of the setup is
shown in Figure 2.2, including the pipe as well as the instrumentation. Test samples
were placed in an 18.9-liter 316L stainless steel pressure vessel (740560, Advantc),
which was sealed and pressurized to 275 kPa during testing. A dip tube drew the
polymer sample from the bottom of the pressure vessel and then pushed it into the
pipe flow portion. It consisted of a 10.9 mm inner diameter (d) instrument grade
seamless 316 stainless steel pipe (SS-T8-S-035-20, Swagelok) that was divided into 3
sections; the entrance length that was 150d long to achieve fully developed turbulent
pipe flow, a 1.05 m long test section and the end (exit) length that had a V-shaped,
4.8 mm orifice needle valve at the outlet to control flowrate (this valve was also used
as the primary means to accelerate the degradation of the polymer solutions). Given
the valve properties and the current operation range, the maximum flow coefficient
was nominally 0.22. The pressure drop across the test section was acquired at various
Reynolds numbers with a differential pressure transducer (PX2300-5DI, Omega Engi-
neering). The mass flowrate, and ultimately the average velocity within the pipe, was
determined by measuring the mass of a sample on a 35 kg digital balance (CPWplus-
35, Adam Equipment) while simultaneously recording the fill time with a stopwatch
(RS-013, ProCoach). A more detailed discussion of the setup, instrumentation and
uncertainty quantification is provided in Lander (2018).

Polymer solution temperature was measured with a thermometer (25-125°F, TEL-
TRU) and was held relatively constant throughout testing at 21 £+ 0.4 °C with a cor-
responding mean density (p) and kinematic viscosity (v) of 998 kg/m? and 1.0 x 1075
m? /s, respectively. The pipe diameter and pressure drop length had uncertainties
below 1%. Given the high accuracy of the pressure transducer (£0.25%), the largest

uncertainty in the differential pressure was due to the experimental setup. Specifi-

17



Gas -~ Entrance Length L Test Section End Lengtl\lI
Inlet |‘ 1

1 e W T/t

v
7
—

Needle On/Off
Valve Valve

w 1L L Container

Differential Pressure Scale
Transducer

Figure 2.2: Schematic of the pressure drop apparatus used for characterization of the
polymer samples as well as mechanically degrading samples.

cally, the holes in the pipe walls (pressure taps) required for the measurements were
the largest source of error. Corrections were applied following the approach outlined
in the chapter McKeon from Tropea and Yarin (2007) with the corresponding uncer-
tainty of 3% for the pressure measurement. The mass flowrate was determined from
measuring the fill time and mass during data collection. There are several sources
of errors that were considered. The details on the nature of such errors is given in
Lander (2018). The largest source of error in this investigation, however, was the
limitation of human reaction times. This resulted in uncertainties as large as 3%, but
by increasing the measurement period (especially for low flow rate conditions) this

uncertainty was reduced.

2.2.3 Data uncertainty analysis

Propagating all sources of uncertainty results in uncertainties that significantly vary
with flow condition resulting in Prandtl-von Karman (P-K) coordinates Ref'/? and
1/f? having typical uncertainties of 6%. However, at low flow rates (i.e. at and
below the onset of drag reduction) the uncertainty increases rapidly to well above
10% as shown in Lander (2018). For these reasons measurements at the onset of drag
reduction were not attempted, but rather measurements at higher flow rates with

uncertainty below 10% were curve fitted and then extrapolated back to the onset
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condition. Subsequently, the analysis focuses on the variations of the slopes of these
curve fits, so a more detailed uncertainty analysis on the impact of these uncertainties
in the P-K coordinates on the slope and intercept of the curve fits was performed.
Here, error was introduced to each of the P-K coordinates such that a logarithmic

curve fit takes the form given in Eq. (2.5),

1

e = Cyln(Re\/f + 1) + Cy, (2.5)

where C, C} are constants and €y, €; are the uncertainties in f and Re+/f, respectively.
Some algebraic manipulation and expanding the resulting expression in a binomial

form results in (2.6),

1 €0
ﬁ(l - ﬁ+"') = CyIn(Rer/f) + CoIn(1 +

€1

Re /f

)+ Ch. (2.6)

Neglecting higher order terms and some addition and then rearranging reduces the

relationship to (2.7),

% = CyIn(Rer/f) + CoIn(1 +

€1

Rer/f

€0
2f3/2‘

)+ Cy + (2.7)

Treating the error sources as being nominally constants, this shows that the uncer-
tainty impacts the intercept more than the slope when Re+/f is large (current data
Re/f > 10%).

Like many previous degradation studies, such as Moussa and Tiu (1994), Elbing
et al. (2009), Hunston and Zakin (1980), Kim et al. (2000) and Kulik (2001), the
current work utilizes the drag reduction performance (determined from its behav-
ior in this pressure drop apparatus) to investigate degradation. GPC and other such
methods are preferred since they provide direct measurements of the molecular weight

distribution, but GPC has proven to be impractical for high molecular weight PEO
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due to significant uncertainties in the analysis. One of the main issues that compli-
cates this approach is that while PEO is soluble in tetrahydrofuran (THF), a common
eluent for GPC, it is isorefractive with THF. This makes it so that it cannot be seen
in that solvent with either index of refraction or light scattering detectors as men-
tioned in Elbing et al. (2018). Another significant limitation in the use of GPC for
estimating the polydispersity comes from its incapability to resolve low molecular
weight fractions for PEO molecular weights as low as 2.5 x 10° g/mol. This has been
explicitly stated in Berman (1977). Such lower molecular weight fractions are known
to significantly affect the number average molecular weight of a sample necessary
to evaluate polydispersity as described in Gampert and Wagner (1985) and Berman
(1977). This renders the use of GPC for high molecular weight samples ineffective
and so has not been made use of in this investigation. Thus, the current study quan-
tifies the impact of mechanical degradation via chain scission on the drag reduction
performance of PEO primarily from the resulting variations in the turbulent drag
reduction performance. Based on previous studies using other polymer solutions, the

likely impact on the molecular weight distribution is inferred.

2.3 Bulk Flow Characterization

2.3.1 Non-degraded bulk flow characterization

It is common to present pipe flow skin-friction results in either a Moody diagram
(Darcy-Weisbach friction factor versus Reynolds number) or in P-K coordinates (f~/2
versus Regf'/?). For the current study, P-K coordinates are used, where (Req =
(pVd)/(n)) is pipe diameter-based Reynolds number, f is the Fanning friction factor
(f = (27)/(pV?), pis the fluid density, V is the mean velocity, d is the pipe diameter, x
is the fluid dynamic viscosity and 7 is the wall shear stress. Assuming fully developed
pipe flow, the wall shear stress (7) is directly related to the pressure drop across a given

length of pipe, Eq. 2.2. The physical significance of P-K plots is that the ordinate
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is the ratio of the bulk fluid velocity to the turbulent friction velocity (divided by
v/2) and the abscissa is the ratio of the pipe diameter (outer length scale) to the
viscous wall unit (inner length scale) (multiplied by v/2). The skin-friction curve for
Newtonian turbulent pipe flow in these coordinates is well represented by the P-K
law, Eq. (2.3). Newtonian (water) results from the current setup are included in
Figure 2.3. These results are well approximated by the P-K law, Eq. (2.3), which is

also included for comparison.

Vi 1

10° 103 10*
Re \,f'?

Figure 2.3: P-K plot of M, 2 x 10° g/mol PEO at concentrations of 100, 150 and
500 ppm, as well as water (Newtonian) data at the same range of Rey/f. Included
for reference are the P-K law, MDR asymptote and logarithmic best-fit curves to the
data within the polymeric regime (colored dashed line).

With the addition of drag reducing polymer (PEO) solution, the results are shifted
above the P-K law. The amount of increase is limited by the empirically derived MDR

asymptote, as shown in Virk et al. (1967). This is given in Eq. (2.4). The current
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study focuses on results within the polymeric region, which is at intermediate drag
reduction levels between the MDR asymptote and the P-K law. The data within the
polymeric regime are fitted following the form given in Eq. (2.8) from Virk (1975),

1
Fa72)

1 *
= (4.0 + 6)l0g10(Redm) — 0.4 — o0log,(2dW™). (2.8)

Here ¢ is the slope increment and W* is the onset wave number, which both are
dependent on the polymer properties. Furthermore, the slope increment ¢ is the
change in slope relative to the P-K law slope, and the onset wave number W* can
be shown to be equal to the reciprocal of the viscous wall unit at the onset of drag
reduction. The onset of drag reduction is identified by the intersection of the P-K
law and the polymeric data fitted with Eq. (2.8). Note that below this minimum
shear rate required to initiate drag reduction, the polymer solutions follow the P-
K law, which is indicative of the need for a sufficient amount of shear to stretch
the polymer chains and active the drag reduction mechanism, as discussed in Dubief
et al. (2004) and Gupta et al. (2004). The onset of drag reduction for a given polymer
type and molecular weight has been shown to have a negligible dependence on the
concentration here. This is consistent with the findings of Vanapalli et al. (2005) and
Virk (1975). Current polymeric results using PEO at a M, = 2 x 10° g/mol and at
concentrations from 100 to 500 ppm are also provided in Figure 2.3. These results
show that the slope increment increases with increasing polymer concentration (C')
while the onset of drag reduction (intersection of P-K law and polymeric data fit)
remains nearly constant for all three samples tested.

While the onset of drag reduction remains constant for a given molecular weight, it
is sensitive to the mean molecular weight. Generally, the higher the M, the lower the
Reynolds number at the onset of drag reduction. Vanapalli et al. (2005) compiled PEO
data from Virk (1975) to establish an empirical relationship between the onset of drag

reduction shear rate v* and the mean molecular weight M,,, v* = (3.35 x 10°/M,,).
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This allows for the mean molecular weight to be determined if the wall shear rate
at the onset of drag reduction is known. The wall shear rate at the onset of drag
reduction is determined by calculating the intersection between the polymeric best-fit
curve and the P-K law. The intersection provides the corresponding onset of drag
reduction Fanning friction factor (f* ) and the onset of drag reduction Reynolds num-
ber (Rey" ). Given the definition of the Fanning friction factor and the relationship
between shear stress and shear rate at the wall (v = (7/pr)), the onset shear rate at
the onset of drag reduction can be determined from f*, (v* = (V2f*/2v)). Thus, the
mean molecular weight of the PEO polymer solutions can be inferred from the P-K
plots. Table 2.2 provides a summary of the non-degraded conditions tested, including
mean molecular weight (M,,), the resulting slope increment (¢), onset wave number
(W*) and the shear rate at the onset of drag reduction (v*). These results demon-
strate that the onset of drag reduction does vary with mean molecular weight since

the molecular weights shown are consistent with the manufacturer specified values.

Table 2.2: Summary of non-degraded samples tested in the pressure drop apparatus
as well as the resulting slope increment (§), onset wave number (W*) and the shear
rate at the onset of drag reduction (7).

M, x 1075 Crange § W*at Cpae V"

(g/mol)  (ppm) - () (57
0.6 100 3.1 93600 8100
0.6 500 7.5 85200 6090
1 500 13.5 71900 3050
2 50 5.2 63700 2250
2 50-500 14.5 47700 1950
4 5 6.13 30900 900

5 5 7.5 27800 697

23



2.3.2 Degraded bulk flow characterization

It is well documented that when the wall shear rate is sufficiently large, mechanical
degradation via chain scission is possible. This has been demonstrated in Elbing et al.
(2011), Yu et al. (1979) and Hunston and Zakin (1980). While a universal scaling law
for chain scission based on the molecular bond strength is available from Vanapalli
et al. (2006), PEO has an established empirical relationship for the shear rate at the
onset of degradation (v,) for a given mean molecular weight, v4 = 3.23 x 10*¥M,, %%
determined in Vanapalli et al. (2005) and later used in Winkel et al. (2009). If the
shear rate exceeds 74, the polymer chains will break and the mean molecular weight
will decrease. Within the polymeric regime on a P-K plot, this is realized as data
deviating from the logarithmic curve at higher Re+/f and bending back towards
the P-K law as shown in Moussa and Tiu (1994) and Elbing et al. (2009). This
empirical relationship was used to design the current pressure drop apparatus and
select the operation range such that no degradation occurred prior to the pressure
drop measurement section. However, downstream of the measurement section was
a needle valve that controlled the flowrate, which produced sufficiently high shear
rates to rapidly degrade PEO via chain scission (i.e. breaking of the carbon-carbon
and carbon-oxygen bonds that make up the polymer backbone). Thus, mechanically
degraded samples were produced by passing a sample through the pressure drop
apparatus with the needle valve in a predetermined position prior to passing them
through a second time to characterize the degraded samples.

An example of a characterization of a degraded sample from the current study is
provided in Figure 2.4. Here a sample with an initial molecular weight M,,; = 2 x 10°
g/mol was degraded to M,; = 0.6 x 10° g/mol. For comparison, results from a
non-degraded M, = 2 x 10° g/mol sample are also provided along with the P-K law
(Eq. 2.3) and the MDR asymptote (Eq. 2.4). The impact of mechanical degradation

on the polymer behavior is apparent from the onset of drag reduction for the degraded
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sample shifted to the right (i.e. to high Reynolds numbers and shear rates) compared
to the non-degraded sample. This is consistent with Vanapalli et al. (2005) and
Vanapalli et al. (2006), stating that the lower the mean molecular weight the higher

the shear rate at the onset of drag reduction. A summary of the degraded results
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Figure 2.4: P-K plot using PEO at an initial M,, = 2 x 105g/mol and ¢ = 500 ppm.
One of the samples was degraded to a lower molecular weight (M, = 0.6 x 10%g/mol)
while the other was non-degraded

is provided in Table 2.3, which includes the initial molecular weight (M,,;) and final
molecular weight (M, ) as well as the polymeric regime characterization parameters.

P-K plot data points for each test condition is given in tables 5.1 - 5.6 (see Appendix).
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Table 2.3: Summary of degraded PEO samples tested in the pressure drop apparatus.

My x 10°% M,y x107% C Rep x 1072 at Cpnqp range 6 7 v x 1073
(g/mol) (g/mol) (wppm) - - 1/s 1/s

5 1.1 500 15-25 22.5 2800 4.2-8.1
4 1.3 500 15-30 20.6 3000 4.5-12

4 1.6 50 - 500 12-28 4.5-11.0 1600 1.8-10

5 2.1 500 12-24 16.6 2000 3.3-7.6
5 3.7 5 8-24 6.1 900 1.2-8.8
2 0.6 18-31 3.5-10.1 60-90 1200 7.7-15

2.4 Discussion and Analysis

2.4.1 Drag reduction performance

PDR generally is defined based on the reduction of the wall shear stress relative to
the Newtonian (e.g. water) flow. Consequently, the common drag reduction (DR)
definition is based on a comparison between the polymer modified wall shear stress
(7,) and the Newtonian wall shear stress (7n), DR=(7y — 7,)/(7n). As previously
observed in the P-K plots, the drag reduction is dependent on the solution concen-
tration, molecular weight and Reynolds number. While these drag reduction levels
can be iteratively computed for every test condition, it is more efficient to quantify
the drag reduction efficiency of the polymer solution via comparison of the change
in the slope relative to the P-K law (i.e. the slope increment, §). Thus to quantify
the impact of mechanical degradation on the drag reduction ability of the polymer,
degraded and non-degraded samples with the same onset of drag reduction (i.e. nom-
inal mean molecular weight) and concentration were characterized and their resulting
slope increments compared. The degradation procedure was tuned such that PEO
samples with a nominal initial molecular weight between 1x10% and 5 x 10° g/mol
were degraded to match the onset of drag reduction condition (i.e. mean molecular
weight) as the non-degraded samples, which ranged from 0.6 x 10° to 4 x 10° g/mol.

Degraded samples are compared with non-degraded samples at the same onset
of drag reduction condition (i.e. mean molecular weight) in Figure 2.5. First, the

examination of the samples that had M,; = 4 x 10° g/mol that were degraded to
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M, = 2x10°% g/mol with either C = 100 ppm or 500 ppm shows excellent agreement
between the degraded and non-degraded samples. The maximum relative difference
between degraded and non-degraded samples was 5%, which is within the uncertainty
of these measurements. However, the deviation does appear to increase slightly with
increasing concentration with the degraded sample consistently having the slightly
larger slope, which suggests that the slope increment could have a potential weak
concentration dependence. These results indicate that within this range of condi-
tions tested, mechanical degradation has a negligible impact on the drag reduction
performance as long as the mean molecular weight (i.e. onset of drag reduction)
was matched between samples. Based on observations from Gampert and Wagner
(1985), this is because, within the range of Reynolds numbers tested (Rey < 35,000),
the longer chains do not show any preferential extensions over other comparable but
slightly shorter chains. This difference in size of chain is not significant enough to
drastically change the flow characteristics of the solution and, therefore, no significant
difference in bulk behavior was observed. However, Figure 2.5 also includes a C =
500 ppm sample that had M,; = 2 x 10° g/mol that was degraded to M,,; = 0.6 x 10°
g/mol compared with a non-degraded M, = 0.6 x 10° g/mol sample. These samples
reveal a significant difference in slope increment between the mechanical degraded
and non-degraded samples. Once again, the degraded sample produces a larger slope
increment (i.e. more efficient at reducing the drag). Since the concentration was
matched with one of the M,; = 4 x 10° g/mol conditions, these results indicate that
there is a dependence on the initial and/or final molecular weights of the polymer
solution in this regime of original, non-degraded (starting) molecular weights. This
dependence on molecular weights indicates that the magnitude of drag reduction
rather strongly depends on the largest molecular weight chains present in the solu-
tion. Gampert and Wagner (1985) showed that a Reynolds number of 35,000 was

enough to degrade the fractions of large chains. Since the Reynolds number range of
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Figure 2.5: P-K plot comparing degraded and non-degraded samples with M, ; =
2 x 10% g/mol or 0.6 x 10° g/mol. Filled markers represent degraded samples, open
markers are non degraded at the same mean M,
these experiments are above 20,000, the observations made with the mentioned molec-
ular weight regimes points to the active participation of the long chains because they
are stretched preferentially within the range of shear fields imposed by the Reynolds
number. It is worth mentioning that in general these deviations were not strongly de-
pendent on polymer concentration for a given molecular weight, which is convenient
since the concentration range was dependent on the sample molecular weight given
the flow setup (i.e. if concentration needed to be matched for all conditions, sepa-
rate pressure drop apparatuses would have to be made for various molecular weight
ranges).

Additional tests using non-degraded or initial molecular weights of 0.6, 1.0, 2.0,

4.0 and 5.0 x 10° g/mol showed similar trends. While slope increment is rela-
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tively independent of the pipe diameter, it is sensitive to the polymer concentration,
polymer-solvent combination and molecular weight as shown in Virk (1975). This
prevents a simple comparison of variation in slope increment between degraded and
non-degraded samples since the polymer concentration could not be matched for all
combinations (i.e. higher molecular weight samples required lower concentrations
than lower molecular weight samples). However, Virk (1975) compared numerous
combinations of polymer types and solvents and showed that the slope increment is
well approximated as being proportional to the square root of concentration. This
relationship is shown in Figure 2.6 with all the best fits curves having slopes of 0.5.
Note that a power-law fit to the raw data produces exponents that were within +5%
of 0.5 for all conditions. These results also show the sensitivity of the slope increment
to molecular weight as well as the discrepancy observed in Figure 2.5 between the de-
graded and non-degraded M,, = 0.6 x 10°. If the molecular weight (i.e. onset of drag
reduction) and the polymer-solvent (PEO-water) are matched, the degraded and non-
degraded samples should produce the same ¢ versus C curves if the drag reduction
performance has been unaltered. Thus a robust means of quantifying the deviation
between the degraded and non-degraded samples is to examine the difference in the
slope increment for a given concentration. Based on the previous observations, the
deviation observed between the slope increment of degraded (6p) and non-degraded
(0np) samples appeared to be dependent on the initial and/or final molecular weight
of the samples. Since the slope increment deviation should approach zero as degrada-
tion approaches zero, a reasonable parameter to scale the deviation is the difference
between the initial and final molecular weights. This difference was normalized with
initial molecular weight to make the scaling parameter, ¢ = (M,,; — M/ M.,;). Fig-
ure 2.7 shows the deviation of the slope increment (dp - dyp) as a function of . The
first observation from these results is that for all conditions tested the slope incre-

ment of the degraded samples was higher than the non-degraded samples at the same
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Figure 2.6: Slope increment versus concentration (C) for degraded and non-degraded
samples of M,, = 0.6 x 10° or 2.0 x 10° g/mol. The dashed lines are all best fit curves
with a slope of 0.5

mean molecular weight. In addition, these results show a relatively small deviation

for ¢ < 0.6, followed by a rapid increase in the deviation.

2.4.2 Polydispersity

Since testing, was performed within the same general flow operation range ( i.e.
Rey < 35000, geometry, etc), the deviation must be the product of variations within
polymer properties. Most PEO polymer properties (e.g. relaxation time, viscosity
ratio, length ratio) are primarily a function of the molecular weight and concentra-
tion. Since the concentration and mean molecular weight (i.e. onset of drag reduction
shear rate) are equal between the degraded and non-degraded PEO samples, the de-

viation in performance within the polymeric regime must be related to variations in
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Figure 2.7: The difference between the degraded and non-degraded slope incre-
ments plotted versus the normalized difference between the initial and final molecular
weights, ¢ = (My; — Myys)/(My;)

the distribution of the molecular weight. This assessment is supported by Paterson
and Abernathy (1970) that determined that the post-degradation molecular weight
distribution (e.g. polydispersity) is critical to interpreting polymer flow properties.
Furthermore, Hunston and Zakin (1980) studied the effect of mechanical degrada-
tion (flow-assisted degradation) on the molecular weight distribution of polystyrene.
Turbulent measurements, like those in the current study, were used to broaden the
range of conditions that could be studied with viscosity or GPC methods. This work
showed that for polystyrene the onset of drag reduction was dependent on the molec-
ular weight with the results biased towards the largest molecules in the sample, and
that flow rate dependence was related to the shape of the top part of the molecular

weight distribution. This supports the assessment that the deviations in slope in-
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crement with the PEO samples were likely the product of a change in the molecular
distribution (polydispersity) of the samples.

While this suggests that the deviations are related to changes in the molecular
weight distribution, it does not explain the consistent improvement of the degraded
samples relative to the non-degraded (at the same mean molecular weight) samples.
The longer chain molecules have the greatest impact on determining the flow proper-
ties of a solution due to their preferential mode of extension as determined by Gampert
and Wagner (1985) , which suggests that the current samples (especially those with
the largest () had a larger percentage of the longer chain molecules than the non-
degraded samples. In general, mechanical degradation narrows the molecular weight
distribution if the shear rate is relatively uniformly applied as shown in Yu et al.
(1979) and Kim et al. (2000). Wall-bounded flows (e.g. pipes, boundary layers) do
not have uniformly applied shear rates, which results in a relatively small percentage
of the chains being stretched to lengths comparable to the polymer contour length (i.e.
maximum polymer extension length) at any instance in time, as mentioned in Dubief
et al. (2004) and Gupta et al. (2004). However, if the polymer chains are exposed to
the turbulent wall-bounded flow for a sufficiently long period of time, a steady-state
condition can be achieved once a sufficient number of stretching/degradation cycles
are achieved, as discussed in Elbing et al. (2011). If the elongational rate far exceeds
that of the critical elongational rate, then the midpoint scission assumption, discussed
in Hinch (1977), Horn and Merrill (1984) and Odell et al. (1983), would be violated
and the final (steady-state) distribution would be broader than the initial. This has
computationally been shown in Sim et al. (2007). Prior to achieving steady-state con-
ditions, the molecular weight distribution would be asymmetric and biased towards
higher molecular weights because at each time step some percentage of chains would
not have broken yet. This suggests that the current results correspond to an interme-

diate stage of degradation (i.e. prior to achieving steady-state behavior), which was
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confirmed by comparing results from the water tunnel testing, whereby the polymer
additives undergo infinitely many stretch-relaxation cycles to attain steady state M,
distribution.

The deviation in slope increment for ¢ > 0.6 is also indicative of the fact that
a mere presence of a few long chain polymer molecules within a solution can be
responsible for significantly increasing the drag reduction. That is to say, these small
fractions of long chain molecules have a greater impact in defining the flow properties
of a degraded sample, than the mean molecular weight of the sample as discussed in
Paterson and Abernathy (1970). The validity of this claim within the specified regime
of (, is also subject to the Reynolds number range tested, which for the current study
was rarely above 30,000. For this range of Reynolds numbers, it could be justified to
say that the long chain polymers show preferential extension over the shorter chains
and therefore control flow properties of the solutions. Such a behavior is expected to
be more pronounced when the disparity between short chains and long chains within
a solution is large (disparity in terms of their molecular weight averages). Although
Gampert and Wagner (1985) used artificially created polydispersed synthesized PAM
solutions, they reached the same conclusions, which provides additional support to
the validity of these conclusions.

The variational charactersitics for ( dependence as shown in Figure 2.7, and more
specifically the value where significant variation was observed, is most likely spe-
cific to the degradation process. If the residence time were increased, it is presumed
that a larger value of  could be achieved without significant deviations in the slope
increment since any variation would be the product of the broadening of the distri-
bution, given the simulations of Sim et al. (2007), rather than an excess of larger
molecules. As the ratio of the residence time to relaxation time becomes large, the
steady-state molecular weight would be achieved and the impact of ( is expected to

significantly decrease if these assumptions are valid. This was tested by creating a
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PEO polymer ocean with C = 100 ppm within the Oklahoma State University 6-inch
low-turbulence, recirculating water tunnel. For more details on the tunnel design, the
reader is referred to Elbing et al. (2018). This allowed the facility to be operated for
as long as was required to achieve a steady-state mean molecular weight (based on
the onset of drag reduction). In addition, the speeds were selected so that the steady-
state molecular weights matched two of the non-degraded molecular weights (M, of
0.6 x 10° g/mol and 2 x 10° g/mol). The results for the steady-state degraded samples
are shown in Figure 2.8 along with their corresponding non-degraded samples. The
deviations in the slope increment for the 0.6 x 10° g/mol and 2 x 10°g/mol samples
were 0p — Onp < 0.5(¢ = 0.8) and dp — dyp = 1.3(¢ = 0.5), respectively. These
variations are within the measurement uncertainty and illustrate the difference from
that observed in Figure 2.7, which supports the conjecture that these deviations can

be mitigated if steady-state conditions can be achieved.
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Figure 2.8: P-K plot comparing a steady-state degraded sample from a C = 100
ppm PEO polymer ocean in a recirculating water tunnel with that of a non-degraded
sample.
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CHAPTER III

Structure of Turbulence in Polymer Induced Drag Reduction

3.1 Background

3.1.1 Motivation

Mathematically, the Reynolds shear stress term in the RANS equation is indicative of
the cross-gradient mixing process innate to turbulence, relaying that turbulence ex-
hibits distinctive structural anatomy. Such cross gradient momentum diffusivity also
hints on the possibility that the near-wall events are interlinked with those occurring
farther away from the wall. Therefore, with such inter-dependency it is not a crude
inference to make that spatio-temporal changes in one translates to modifications in
the other. This approach can be particularly viable for the research on flow control
applications via PDR which seeks a more fundamental answer to a basic question;
what causes the drag and how the events responsible for drag are actually modified
by polymer additives. There have been various attempts, which are discussed below
in detail, to develop the context of forthcoming observations and their potential ex-
planation. The view presented herein, primarily focuses on the topology of the near
wall turbulent boundary layer flows and therefore, targets the physical aspect of the
problem; mapping out the physics from the relevant mathematics. Initially, due to
lack of computational capacities much of the work done has been purely empirical.
Mathematics has been, and still continues to be, a major issue in the "unravelling
of the problem” process due to its intractable nature. However, instead of directly

delving in to the complex mathematics, one convenient way around the problem is to
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retrieve the statistical details via experimental observations to extract a simple, yet
meaningful, picture of the problem.

This investigation analyzes a developing turbulent boundary layer in a poly-
mer ocean (uniform concentration) of polyethylene oxide (PEO). The polymer ocean
minimizes the uncertainty in quantifying the polymer properties (e.g. Weissenberg
number), which strongly depends on solution concentrations and average molecular
weight. Determining the molecular weight for PEO can be done using the departure
of the flow curve from the Prandtl-Karman law on the traditional P-K plot as dis-
cussed in chapetr II, but analyzing polymer drag reduction is significantly limited by
the degradation of polymer molecule chains (i.e. polymer chain scission in turbulent
flows). This shows that polydispersity, also subject to whether the molecular weights
have achieved a steady-state distribution (Farsiani et al. 2019), effectively controls
the flow characteristics. Thus, the effects of such intrinsic polymer properties have
been considered to determine parameters, such as drag reduction, to parameterize
the results. Such polymer dependent properties have been thought to have negligible
effects previously. In essence, the current study aims to understand and provide a
possible explanation of how polymer effects the coherency of induced motions and con-
trols their spatial extent in the log layer and outer-wake regions as various regimes
of DR are realized. Modifications to the basic structure of TBL are inferred from
the changes in the structure inclination angles retrieved by the two-point normalized
correlation plots, encompassing mostly the log layer. This has been compared with
the literature to establish the legitimacy of this study, as well as further the aspect
of modified TBL structure in PDR. Effects of polymer on auto-generation cycle of
the hairpin structures are also observed and explained via literature to establish the
consistency of this study and fortify the provided explanation.

The remainder of this chapter includes review of (3.1.2) Newtonian and (3.1.3)

polymeric coherent structure literature followed by the (3.2) experimental methods,
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(3.3) results, (3.4) discussion and (3.5) Coherent structure conclusions.
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3.1.2 Literature review of Newtonian coherent structures

The relevance of a distinct near-wall turbulent flow structure makes the present study
both natural and promising. Perhaps this has been the motivation for one of the
earliest and groundbreaking works done by Kline et al. (1967) , revealing a pattern
of distinctive, spanwise distributed, streaks of low momentum fluid in the viscous
sublayer region. Kline et al. (1967) elaborated the concept proposed by Lighthill
(1963), in which the wall normal velocity fluctuations were thought to be impressed
on a spanwise vorticity element, dividing it into stretched and compressed segments.
These segments then produce a spanwise variations of velocity, hence effecting the
observed low speed streaks. A schematic of this process, as shown in Kline et al.
(1967), for clarifying the physical picture involved in low-momentum streak formation

is given in Figure 3.1.

Compressed vortex element
Secondary flow

Stretched vortex
element

High-speed

Figure 3.1: The mechanistic picture taken from Kline et al. (1967), detailing the
proposition of Lighthill (1963) on low speed streak formation.

Soon thereafter, probe-based data and visual observations of Kim et al. (1971),

Clark and Markland (1971), Grass (1971) and many others provided some of the first

evidences of relatively long (often counter rotating pairs) quasi-streamwise vortices
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and transverse vortices, complimented by a set of near-wall events, known as “sweeps”
and “ejections”, terminating in highly chaotic “bursting” events. This set forth the
grounds for several vortex-based models to be proposed in the coming years following
the legacy of Theodorsen (1952). Most notably, Hinze (1975) proposed that ejections,
due to the lift-up of fluid between the vortex legs, give rise to an unstable shear layer,
thereby producing the burst events. Although Blackwelder and Eckelmann (1979)
found pairs of counter rotating streamwise vortices interacting with the outer region
flow through a bursting mechanism as well, it was not until the work of Head and
Bandyopadhyay (1981) that the most convincing visual evidence for these structures,
which they termed as hairpin/horseshoe like vortices, came through with details of
their orientation in turbulent boundary layers. Banking on the “physical insight”
of Theodorsen (1952), Head and Bandyopadhyay (1981) made two important conclu-
sions regarding the evolution of these vortices; (1) these structures get stretched and
tend to be pushed towards the wall by the mean flow which intensifies the vorticity,
causing self-induced velocities to raise these structures through the boundary layer
until they reach about a 45° orientation (with respect to flow direction), at which
point these opposing actions reach equilibrium, thereby maximizing turbulence pro-
duction and (2) the outward growth of these structures is limited to the extent of
the pre-existing strain field. The lifting up process as well as the unstable shear layer
formation could be pictured as the spanwise vorticity effecting the low speed streaks
as per Kline et al. (1967) and Lighthill (1963), lifting up as illustrated in Figure 3.2.
Once the vortex lift-up initiates and it grows outwardly, the process is complimented
by the sweep and ejection events that take place outboard and inboard of such a

lifting vortex loop, as illustrated in Figure 3.3 (Robinson, 1991).

40



Dyuamically unstable

ocal shear laver
Secondary flow

A

Lifted and stretched
vortex element

Low-speed
streak

Figure 3.2: The Mechanistic picture taken from Kline et al. (1967), displaying vortex
liftup and unstable shear layer formation.

Parallel computational efforts, like that of Blackwelder and Eckelmann (1979)
served the needed mathematical guarantee for these laboratory observations. These
developments meant that the coherent structure theory for near wall turbulence was
not only physically sound, but also mathematically relevant. Such preceding de-
velopments and further visualizations of his own, inspired Smith (1984) to give a
comprehensive model capturing the essential kinematics and dynamics of the near
wall turbulent processes. A brief review of his model is in order for the sake of com-
pleteness and developing a relevant context to explain the forthcoming observations.
The low speed streaks in the near wall region grows until a perturbation of sufficient
strength impresses a local adverse pressure gradient, resulting in localized flow de-
celeration. The most likely victim of such decelerations are the low momentum fluid
streaks because of their inherent inability to negotiate with the adverse pressure gra-
dients. Inflectional profiles form at the low and high-speed fluid interface in the near
wall region, setting them to oscillate under the background perturbations offered by

the chaotic state of turbulent flows, thereby oscillating the low speed streaks. These
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Figure 3.3: The origin of Qs and ()4 events, as displayed in Robinson (1991), during
vortex liftup

oscillations are then translated to perturbations in spanwise vortex sheet encompass-
ing the streaks. This ultimately effects vortex concentrations rolling up and taking
shape of the much-observed hairpin vortices. The growth of the hairpin, from here
on, is governed by the antagonistic set of events; stretching of vortices by the mean
shear flow and the self-induction effects of the hairpin structure. The stretching of the
hairpin legs (appearing as counter rotating vortex pair in the near wall region) pumps
the fluid away from the wall, whilst gathering more of the slow fluid between them as
a consequence of vorticity intensification. This lifting up of the fluid constitutes the
final stages of the burst event as described by Kim et al. (1971). More recent inves-
tigations, like that of Adrian et al. (2000) have shown that the protruding structures

are crucial for the interactive mechanism taking place in the overlap region. This, as
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an example for the Newtonian coherent structures is shown in Figure 3.4. 3.5 and 3.6
below. These figures tend to show that these structures convect at the local mean

velocity while evolving in time and space simultaneously.

Figure 3.4: PIV snapshot of the large scale coherent structures highlighted (at (a) t=
1.0 ms, (b) t= 1.3 ms and (c) t= 1.6 ms

Complimenting the model proposed by Smith (1984) , a comprehensive statisti-
cal survey was then put forth by Robinson et al. (1989), which elaborated on the
structural details of vortex distribution in terms of their circulation intensity-based
strength, configuration, size and position within the turbulent boundary layer. The
survey revealed that 70% of the vortices found in the near wall region, y* < 100, with
the most intense of them residing within y < 75, were streamwise oriented and 80%
of the vortices surveyed in the region 80 < y* < 180 were spanwise oriented. The
survey also revealed that the spanwise oriented vortices were thicker in diameter as
compared to the streamwise vortices; 74% of the spanwise vortices had their diam-
eters between 30 and 70 viscous units and 73% of the streamwise vortices had their

diameters between 10 and 40 viscous units. Based on circulation intensity strength,
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streamwise vortices were far more intense than their spanwise counterparts.

3.1.3 Literature review of drag reduced coherent structures

Since the dominating momentum transfer in turbulence is due to Reynolds stresses, it
should be well established by now that any drag reduction process must be associated
with a change in the basic structure of the turbulent boundary layer; drag reduction
calls for modifying the momentum exchange process between the outer and inner re-
gions of turbulent boundary layers. Given their predominance in the near wall region
and strong circulation intensity, streamwise vortices must be altered in geometry, ori-
entation, position and circulation intensity to affect their contribution to the ejection,
sweep and bursting processes. Initial investigations on polymeric flow boundary layer
structure was done as early as Wells Jr and Spangler (1967) and Wu and Tulin (1972)
to determine that polymer additives must be in the near wall region to produce drag
reduction. Reischman and Tiederman (1975) further investigated to find that poly-
mer additives had a pivotal effect on the mean velocity profiles in the buffer zone (10
< y* < 100). Later on, Tiederman et al. (1985) found that polymer additives had
no effect on the linear sublayer region of the turbulent boundary layer indicating its
passive role in reducing drag. Mounting evidence indicated that the buffer layer is
central to the structure of turbulence and any reduction in drag must significantly
alter its mechanics. On the parallel, flow visualization of drag reducing flows, as early
as Donohue et al. (1972) and Achia and Thompson (1977), revealed that configura-
tion of sublayer streaky structures significantly changed; the sub-layer low-momentum
streak spanwise spacing increased with increasing drag reduction. Since the ejection
and burst events follow in sequence, based on the model proposed by Smith (1984),
any modified kinematics and dynamics of sublayer streaky structures must affect the
ejection and burst events. Using “intensity of an event” by summing up the u/v’ over

all three events (ejections, sweeps and bursts), Schmid (1984) found that, at low drag
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reduction, such mean intensities differed significantly for the ejection type events as
compared to Newtonian flows. Later on, Schmitt (1989) made the same observations
with high drag reduction. This offered more support to the hypothesis that poly-
mer additives inhibit the break-up of low speed streaks and therefore justifying the
reduced frequency of the burst events as observed by Tiederman et al. (1985).

Gyr (2012) refers to a deficit in the Reynolds stress balance; shear and elonga-
tional processes alter the viscosity in the buffer zone. This is persistent with the ongo-
ing theme that polymer additives interfere with the turbulent production/dissipation
processes. There has been considerable evidence to suggests that the elastic stresses,
termed as deficit in Reynolds stress balance, dampens the turbulent stresses. Gam-
pert and Yong (1990) produced Joint Probablity Density Functions (JPDF) for the
fluctuating wall normal and streamwise velocities, normalized by the near-wall units,
to demonstrate that polymer additives significantly enhance anisotropy in the fluc-
tuating motions. The damping of the wall normal velocity fluctuations is far more
pronounced than the streamwise fluctuations, specifically in the buffer layer region
of the boundary layer. Luchik and Tiederman (1988) further found out that lower
threshold u/'v’ events in the second and fourth quadrants are damped whereas the
higher threshold u'v’ events are unaffected. Gampert and Yong (1990) used the time
fractions for all the four quadrant events to characterize the effect of polymer addi-
tives on sweeps and ejections to find that these events are suppressed both in terms
of their intensity and duration, specifically in the buffer layer region. The attenuated
intensity of such events is a natural cause-and-effect type event following a decrease in
vorticity and increase in size of the near-wall vortices, as predicted by the numerical
computations of Gyr (2012).

Such a morphological introduction to polymer induced drag reduction has both
fundamental and motivational reasons, therefore substantiating the need for the cur-

rent study. Much less is known about how the polymer chains modify the structures
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in the outer regions and their corresponding flow statistics, where significant veloc-
ity rise occurs at higher Reynolds numbers. A wide spectrum of structures in this
region together with increasing Reynolds number, make flow simulations for these
regions excessively expensive. Recent investigations such as that of Escudier et al.
(2009), White et al. (2012) and Elbing et al. (2013) have also shown that the mean
velocity profiles in the log-layer in the high drag reduction regime (HDR) i.e. DR
> 40%, show trends deviating from that of the low drag reduction regime (LDR),
indicating polymer properties have more subtle role to play than flow properties.
Therefore their characterization is a must for complete and meaningful analysis, thus

requiring the study presented.

3.2 Experimental Overview

3.2.1 Test facility and model

The testing was performed in the Oklahoma State University 6-inch low turbulence
recirculating water tunnel. The detailed structural design of the tunnel has been
given in Elbing et al. (2018). It is worth mentioning that the overall design of the
test section inlet allowed for a low inlet turbulence levels < 0.3% and negligible
mean shear stress within the test section core. The flow measurements were acquired
on the flat plate that formed the bottom wall of the water tunnel test section. The
average surface roughness height was below 0.8 gm. This resulted in roughness height
(k™ = k./l,) of less than 1.7. This allowed the surface to be assumed a hydraulically
smooth surface. The coordinate system used throughout this study has the x origin
at the test section inlet and extending in the downstream direction, the y coordinate
increasing in the wall-normal direction with the origin at the test section center-line,

and z extends in the spanwise direction completing a right-handed coordinate system.
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3.2.2 Instrumentation

For data collection, time-resolved (particle image velocimetry (PIV) was employed.
The velocity vectors were acquired at x = 0.5 m location in the mid-span plane of
the test section. The laser setup comprised of high speed Nd:YLF laser (DM30-527,
Photonics) spread into a thin sheet. The optical instruments included a high speed
camera (M110, Phantom), recording at 2.0 kHz or 2.9 kHz and having a resolution
of 1280 pixels x 800 pixels for a nominal field of view of 10 mm x 15 mm. The
PIV timing, acquisition, and image processing were performed using a commercial
software package (Davis 8.2.3, LaVision). For clarity, the illumination scheme has

been shown in Figure 3.5.
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Figure 3.5: Schematic of the optical arrangement for the PIV measurements, including
the nominal location of the field-of-view (FOV).

3.2.3 Polymer preparation and characterization

The preparation of polymer was done in a manner identical to that done for the
study of degradation in the previous chapter. The polymer solutions had a constant

concentration of 100 ppm. Thus all the solutions were considered dilute, given that
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the overlap concentration was estimated to be C* > 517 ppm. The only differing
detail was that to enhance the scope of the study, the tests were also conducted
with the 8 x10°% g/mol (Sigma Aldrich model #: 732853) M,, grade of PEO. This
helped realizing conditions near the MDR asymptote. The steady state molecular
weight achieved during the course of the entire experimentation ranged from 0.7 X
10% g/mol to 4.2 x 10° g/mol. The determination of the intrinsic properties was
done on the principals previously mentioned in the degradation chapter. To retrieve
key flow parameters such as the drag reduction levels for a given polymer run, the
same pressure apparatus used in Chapter II was used to determine the onset of drag
reduction properties and intrinsic polymer properties, following the empirical drag
reduction curve first proposed by Virk et al. (1967). This relation is given in Eq.

%DR  [C][%DR]
Cn  [C]+Cn

(3.1)

Here, [C] and [%DR] is the intrinsic concentrations and intrinsic drag reduction,
respectively and pertain to a given polymer type and its M,,. A slight rearrangement
of Eq. (3.1) gives a linear relation that can be used to analyze the drag reduction

data efficiently. This form is given in Eq. (3.2),

Cn 1 N Crn
%DR  [%DR] = [C]+ [%DR]

(3.2)

While this empirical relation ( Eq. 3.1) provides a relationship between the polymer
concentration (C,,, and %DR for a given polymer solution), Eq. (3.2) can be used
to plot the data and retrieve [C] and [%DR]. As has been mentioned above, the
steady state molecular weight realized during the course of the experiments ranged
from 0.7 x 10% g/mol to 4.2 x 10° g/mol. Once these conditions were realized by
testing the samples taken directly from the tunnel for their M,,, fresh samples were

then prepared and degraded to the corresponding molecular weights obtained. They
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were then tested for their P-K plot slope increments. For each of the concentrations
tested, f, (implying Fanning friction factor for polymeric flow) was obtained using
pressure drop apparatus data. The Rey for each polymeric data point was then noted
to retrieve the corresponding f,, (implying the Fanning friction factor for Newtonian
flow) using Eq. (2.3) to estimate the average %DR for each concentration. For each
M,, tested, the Eq. (3.2) was plotted to retrieve the [C] and [%DR] to determine
the drag reduction values for the tunnel. However, following Choi and Jhon (1996),
a correction factor of 1.25 must be applied to such intrinsic values to accurately the
depict the wall shear stress for channel and flat plate flows. Using this scheme for the
steady state M, of 0.7 x 10° g/mol, 1.7 x 10° g/mol and 4.2 x 10% g/mol, the %DR
values obtained were 25%, 58% and 78%, respectively. The data for this analysis is
presented in Tables B.1 - B.9 (see Appendix). A summarized version of the intrinsic

calculation is provided in Table 3.1 to effectively recap the flow conditions realized.

Table 3.1: Intrinsic concentrations and drag reduction values for the achieved steady
state M,,. Note that %DR here reflects the %DR acheived in tunnel with 100ppm.

M, (g/mol) [C] [DR] %DR
0.7 x 10° 62.6 0.31 20
1.7 x 108 106 4.4 46
4.2 x 10° 154 352 62
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The conditions tested in the water tunnel covered a moderate range of momentum-
thickness based Reynolds numbers, Rey. The minimum Reynolds number tested was
of Rey = 800 whereas the maximum Reynolds number realized was of 2900. Given
the range of molecular weights tested, the Wiessenberg number varied from 0.22-3.26.
This corresponded to the %DR levels of 25% to 78%, respectively. Other parameters
such as the ratio of solvent viscosity to zero shear viscosity, ;*, and the length ratio of
the fully extended to coiled length of the polymer chain, (L), have been adjusted such
that their variations have been kept minimal to prevent their effect on the obtained

results.

3.2.4 Data analysis

The most relevant statistical quantity for the analysis of coherent structures is that of
the fluctuating velocities. The usual decomposition of the mean and fluctuating veloc-
ity is adopted such that @ is the instantaneous velocity comprising of U, the ensemble
average of @, and u, the fluctuating velocity. Therefore, the stream-wise correlation

are based on the stream-wise fluctuating velocities and defined as in Eq. (3.3),

u(xrefa yref)u(xref + AZL’, yref + Ay)
O-u(xrefa yref)o-u(xref + AZL‘, yref + Ay)

Ruu(xrefy Yref, Axrefa Ayref) = (33>

Here, @,c¢, yres are the spatial location of the reference point, o, is the standard
deviation of u at the specified location, the over-bar indicates an ensemble average,
and Az,Ay are the stream-wise and vertical separation distances from the reference
location. The reason for selecting the correlations of the stream-wise velocity has
been driven by the numerical simulations and empirical observations recorded in the
literature; the anisotropy of the fluctuating flow field is more biased towards the
stream-wise fluctuations while suppressing the fluctuations in the other two direc-
tions. Therefore, it is logical to observe the behavior of stream-wise correlations as

they potentially have more information to reveal about the modified structure of the

20



near wall turbulence in polymeric flows. To increase the range of spatial separation,
Taylor’s frozen turbulence hypothesis was invoked. The approach of using velocity
statistics to retrieve inclined motions has been used in a number of past studies.
For instance Gampert and Yong (1990) have used JPDF to show that the elliptical
shaped probability contours in the near wall region represent enhanced anisotropy for
polymeric flows. Whereas, other attempts like that of Marusic et al. (2011) involve
two-point correlations contour to estimate the orientational details of the dominant
structures in the near wall region. Following Marusic et al. (2011), the two-point
correlations of stream-wise velocity has been adopted with varying spatial separation
such that for a given wall-normal position the stream-wise variance of the stream-wise
velocity correlation is observed. In other words, Ay term in Eq. (3.3) has been kept
zero to investigate how dominant is the anisotropic nature of the flow scales with

varying levels of drag reduction .

3.3 Results

3.3.1 Mean velocity profiles

As a means of establishing a systematic approach to the current study, the mean
velocity profiles of the Newtonian and non-Newtonian cases are shown first. In both
cases, the canonical views established in the literature can be observed. In Figure 3.5,
which includes the inner variable scaled mean velocity profiles for the Newtonian cases
are the established law of the wall (U = (In(y")/(k) + B), which the current results
are in close agreement with the law of the wall with x = 0.4 and B = 5.0. For
the three different Reynolds number, it can be observed that the profiles flatten out;
indicating that such a velocity distribution persists through the entire boundary layer
thickness.

The mean velocity profiles for the polymeric flows, as shown in Figure 3.6, include

both the low drag reduction (LDR) and high drag reduction (HDR) regimes. For
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Figure 3.6: Inner variable scaled streamwise velocity profiles for water (Newtonian,
DR = 0%). The profiles are compared with the viscous sublayer profile (U = y* )
and the traditional log-law profile (U* = (In(y")/(k) + B) with k = 0.4 and B = 5.0.
comparison the 0% DR case (Newtonian), the log law of the wall and the ultimate
profile are included. For each of the conditions, the corresponding Wiessenberg num-
ber is also given so as to ascertain the growing influence of the polymer properties
on the flow field. It can be observed that the canonical view of the Newtonian plug
concept is seen to be verified by the mean velocity profiles when in the LDR regime;
the main effect of the polymer additives in LDR is the parallel shift of the velocity
profiles in the core region (i.e. changes in B). Whereas, for HDR regime ( i.e. DR >
40%) the mean velocity profile appears to be challenging the classical view presented
by Virk (1975); in addition to slope intercept (B) of the mean velocity profiles, the
von-Karman constant (k) is also a function of some polymer property, as first pointed

out numerically and experimentally by White et al. (2012) and Elbing et al. (2013),
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respectively. Furthermore, it can also be observed that with increasing DR levels, the
logarithmic region is progressively compressed as the buffer layer becomes expanded,
attesting to the long-held notion that such an increased elastic zone points for the

visco-elastic nature of the flow at and near the MDR asymptote. These profiles also
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Figure 3.7: Inner variable scaled mean streamwise velocity profiles at three drag
reduction levels (25%, 58% and 78%) with corresponding Weissenberg numbers listed.
The polymer ocean concentration was fixed at 100 ppm and Reg=2000. The log-law,
ultimate profile and water results (DR = 0%) are also included for comparison

serve to establish the baseline phenomenological structure of the turbulent boundary
layer for both the Newtonian and non-Newtonian flows. Besides this, these profiles
also help identifying the logarithmic region of the turbulent boundary layer for the
subsequent two-point correlations and therefore makes it convenient to see how the

flow structure within this region is modified by the the polymer additives.
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3.3.2 Newtonian two-point correlations

Given that the focus of the current study is on the modifications within the overlap
region (i.e. log-layer), the reference location for the two-point correlations shown in
Figure 3.8 are selected to be well within the log region. This can be confirmed by
using Figure 3.6 and observing that the y*, . selected to between the bounds 148-
250 indeed corresponds to the logarithmic region of TBL. Figure 3.8 is a two-point
correlation plot in a purely stream-wise direction for Newtonian flows at Rey = 2000.
Note that the peaks at Az = 0 are at unity because for these conditions it would be

the normalized autocorrelations of the stream-wise fluctuating velocities.
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Figure 3.8: The two-point correlations of the streamwise fluctuating velocities in
water (Newtonian) at Rep = 2000 for varying reference heights with (b) Ay™ =0

3.3.3 Non-Newtonian two-point correlations

To present the polymeric counterpart of the two-point correlations presented above in

Figure 3.8, Figure 3.9 shows the correlations of the streamwise fluctuating velocities
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with purely streamwise separations (i.e. Ay = 0). Note that only one y*, , was
selected for each DR level in Figure 3.6 for clarity, and the selections were such
that it depicts the events within the logarithmic region and its interactions with the
outer-wake region. As has been pointed out previously, the peaks at Ax = 0 are at
unity because for these conditions it would be the normalized autocorrelations of the
stream-wise fluctuating velocities. Of particular note is the stream-wise scale captured
in Figures 3.8 and 3.9; the scale has been significantly enhanced for the polymeric
flow to observe the global effect of the polymer additives on the scales of motion in
the logarithmic region. For a convenient comparison, Figure 3.9 also includes the
0% DR case (Newtonian flow) and in essence shows the transformations in the flow
scales for conditions varying from no DR to near MDR, asymptote (referring to 78%
DR case).

There are various features worth noting in Figure 3.9. Such features of the plots for
both the Newtonian and polymeric cases are explored in detail with reference to the
most relevant literature and the mechanics of flow proposed in the following section.
Note that the results presented herein form a particular case of a more comprehensive

study done in Farsiani et al. (2019¢).
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Figure 3.9: Two-point correlations of the stream-wise velocity fluctuations with
Ayt = 0 and 101< y,.;7 < 168 with (a) DR = 0%, (b) DR = 25%, (c¢) DR =
58% and (d) DR = 78%.

3.4 Discussion

3.4.1 Newtonian two-point correlations and the large scale motions

The general consensus on the morphology of coherent structures is that different
manifestations of the same general structure (i.e. the hairpin/horseshoe vortex) is
observed throughout the boundary layer, as discussed in Adrian et al. (2000). In
particular, within the log-region of the TBL, the most commonly observed aspects of
such structures are the “necks” of mature, older, hairpin vortices and the “heads” of
developing, relatively younger, hairpins vortices as they protrude through the near-

wall region of the TBL. The growth of these structures is therefore expected to be
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influenced by the flow parameters. This was first put-forth by Head and Bandyopad-
hyay (1981), who saw that such structures thin out as Reynolds number is increased.
As has been detailed in the section (3.1.2), the growth of such structures in the near
wall region is influenced, in part, by the level of strain field imposed by the flow.

Flow visualization of hairpin vortices by Head and Bandyopadhyay (1981) and
the more recent spectral coherence analysis of turbulent flow structures, presented
by Deshpande et al. (2019), have also shown that they have an inclination of 45°
relative to the downstream direction to maximize turbulence production and that
this orientation is Reynolds number invariant, as concluded by Marusic and Heuer
(2007). Given the orientation such structures adopt in the near wall region, it is logical
to think that the flow statistics associated with coherent motion induced by such
flow structures represent their spatial alignment. This is especially true considering
the definition for coherent structures/motions put forward by Robinson (1991); “a
three-dimensional region of the flow over which at least one fundamental flow variable
(velocity component, density, temperature, etc.) exhibits significant correlation with
itself or with another variable over a range of space and/or time that is significantly
larger than the smallest local scales of the flow”.

More detailed study on the evolution of such trademark turbulent flow structures
was provided by Adrian et al. (2000). Adrian et al. (2000) concluded that the angle of
inclination of the hairpins in the packets can vary depending on their location within
the TBL. They are small close to the wall (quasi-streamwise vortices) and increases
to around 90° for the head and the neck regions. Protruding heads adopt a near
vertical orientation in the outer layer while in the near-wall region (referring to the
core of log layer) they have the conventional 45° orientation in line with connecting
neck regions of hairpin vortices. Therefore, the literature establishes that within the
logarithmic region, coherent structures are on average expected to be oriented at a

45° position. It should be duly noted that such a taxonomy of structure represents a
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baseline state of turbulent low with Newtonian fluids, and since the problem of PDR
is an enhanced state of turbulent flow, modified orientation and therefore dynamics
of such coherent structures must be expected.

Another important aspect of such organized flow patterns was investigated by Adrian
et al. (2000). Although the origin of such structures is tied to flow perturbations and
instability mechanisms in the viscous sublayer and buffer Layer, as described in the
section (3.1.2) on the literature review of Newtonian coherent strcutures, once fully
developed -implying that their expanse is up till the outer region of TBL- these
structures influence and control the flow patterns found therein. This resulted in the
idea of Large Scale Motions (LSMs).It has been observed that these regions display
LSMs, characterized by concatenation of the protruding hairpin structures, referred
to as hairpin vortex packets. The back-flow motions (@ events) induced by a single
hairpin vortex is reinforced by the adjacent hairpins both in the downstream and
upstream direction to form relatively long, uniform momentum zones. The mecha-
nism for such uniformly retarded flow zones was suggested by Meinhart and Adrian
(1995), and subsequently, observed from experiments by Adrian et al. (2000). The
underlying idea for this concatenated formation is that individual hairpins serve to
bolster the velocities induced by other similar hairpins within a packet to produce
such strong flow patterns. A conceptual picture of such an interaction, as provided
in Adrian et al. (2000) has been given for reference in Figure 3.10.

It can be seen in Figure 3.10 that vortex packets having similar kinematics and
dynamics pair up to form vortex packets. However, such a concatenated formation
may have certain prerequisites; the bolstering effect of the individual hairpins is only
expected to occur when these hairpins are interacting with other hairpins that are
similar in age, strength and convectional velocities. This is especially true given that
the vortex annihilation process tends to consume weaker vortices and so prevents

them from impacting the flow. Also that the age of an individual hairpin determines
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Figure 3.10: Conceptual picture given by Adrian et al. (2000) on the nested formation
of hairpins to form hairpin packets and induce LSMs

the extent of its wall normal span in the TBL, the age factor is also an important
criterion determining the spatial extent as well as the strength of such organized
LSMs.

Given the picture presented above, the presence of LSMs suggest that regions of
flow bearing such motions are basically regions of uniform momentum. The findings
reported in Adrian et al. (2000) also suggest that the back-flow motions collectively
induced by a number of hairpins in a hairpin vortex packet are essentially the zones
of uniform momentum. This suggests that when the wall-normal separation for the
two-point correlation estimates is set to zero (Ay = 0) then the curves should become
symmetric for streamwise homogeneous flow. This indeed is observed in Figure 3.9
where Ay = 0 in Eq. (3.3) has been set to zero. The upstream versus downstream

symmetry in Figure 3.9 strongly supports the concept of uniform momentum zones.
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The dependence of R, (Az,0) on the reference height appears to be consistent with
a similar correlation plots computed by Monty et al. (2007). It is worth mentioning
that the systematic dependence of R,, (Az,0) on the reference height appears to
be relatively subdued for higher values of y*, ., ie. y*, ., = 203 and y*, , = 250.
This shows increasingly uniform flow zones are achieved as outer regions of TBL are
realized. This lends more support to the idea prevailed by Meinhart and Adrian
(1995) and Adrian et al. (2000) and therefore forms as the stepping stone for the

analysis of polymeric two-point correlations discussed next.

3.4.2 Polymeric two-point correlations and the modified flows

The crux of this study is to present ways in which the polymer molecules effect the
flow statistics by presenting the two-point correlations of stream-wise velocities. As
has been discussed at length above, the baseline structure of turbulent flow with New-
tonian fluids is well established to be composed of uniform momentum zones. The
Next logical question is to ask how do polymer additives modify/alter this baseline
Newtonian flow structure? Figure 3.9 shows the correlations of the streamwise fluc-
tuating velocities with purely streamwise separations (i.e. Ay = 0), which reveals
additional details of how the polymers modify the flow statistics. Note that only one
Yres Was selected for each DR level in Figure 3.9 for clarity, and the selections were
such that it depicts the events within the log-layer and their interactions with the
outer-wake region. Again, the deviations in the flow statistical trends are mild be-
tween water (DR = 0%; Figure 3.9a ) and the LDR regime (Figure 3.9b), but as the
DR level increases the differences become more apparent. Of particular note, the cor-
relations persist longer spatially in the streamwise direction as DR increases. While
the spatially averaged values of the normalized correlations increase with increasing
DR, the fluctuations in the correlations are progressively reduced. This strongly sug-

gests that the flow stabilization is spatially more prevalent with increasing DR. The
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extent of such laminarization expands in the x — y plane as a dominating effect of the
polymer additives, which have been well-known to restructure the flow energetics.

Such plots for polymeric flow have several important inferences on how the poly-
mers additives alter the structure of turbulent flows. Normalized correlations purely
along the streamwise direction (Ay = 0) not only corroborate that the stretching of
streamwise scales of the flow increases with increasing DR, but also that the poly-
mer molecules interfere with the flow dynamics, thereby showing suppression in the
fluctuations of the correlations. Since much of the high frequency content of the
flow is essentially suppressed (referring to a comaparison between Figure 3.9a and
Figure 3.9d) this indicates that polymer additives are actively engaged in suppress-
ing the fluctuating content of the flow structures at higher frequencies. This serves
as an experimental verification of the flow simulations from Kim and Sureshkumar
(2013), featuring weakened vortices due to opposing torques by polymer body forces
as described in Kim et al. (2007). Such vortices would then contribute less to the
auto-generation process of hairpins, as Zhou et al. (1999) concludes.

Such attenuation of the fluctuating turbulent motions would suggest that the off-
spring shedding process of the primary hairpins (flow structures) has been curbed
and that this restriction becomes stronger in HDR flows. However, modes of action
on these structures by polymers is rather selective, based on the intrinsic polymer
and flow properties. Swirling-strength based time scales of the vortices suggest that
the shorter the time scale, the stronger the structure. This would increase the lo-
cal Weissenberg numbers and therefore the probability of being attenuated by the
stretching action of the polymers. Since the most intense of these vortices are in the
buffer-layer, in the LDR the effect of polymers would remain within the buffer-layer.
This explains the mild transition in observation between DR = 0% and DR = 25%
for all correlations in the log-region. Mild transitions, however, do not suggest that

there is “virtually” no effect of polymer additives on the log-layer.
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It is clear that the “domino effect” of the weakened hairpin/quasi-streamwise vor-
tices or QSVs is to make the log-region structures more inclined towards the flow
direction. But as higher Weissenberg numbers are achieved, the polymers start ef-
fecting the less energetic vortex regions (heads and necks) found in the log layer
directly. This could be attributed to the polymer relaxation times being significantly
larger than the largest time scales associated with the vortex structures of the TBL.
The reduced offspring shedding activity of the vortices, can potentially explain the
enhanced correlations observed over long streamwise scales in Figure 3.9 . The fact
that the structures are far apart, is compensated by their flattened orientation. Be-
ing targeted by the polymers based on their strengths, vortex structures with similar
strength could weaken simultaneously, which aids in preserving the coherence of the
eddying structure. The weakening of the structure by the polymer additives has sev-
eral other important ramifications. The idea that polymer molecules offer counter
torques, as introduced by Dubief et al. (2004) and Kim et al. (2007), would also mean
that the vorticity intensification, otherwise induced by the mean shear flow, is now
being opposed by the polymer molecules so that vortex structures are essentially less
potent in making contributions to the Reynolds stresses via ()2 and ()4 events. This
would suggest laminarization of the flow, as observed on comparing Figure 3.9a and
Figure 3.9d.

To understand the abstract concept put forward in the current discussion, recon-
sider Figure 3.10. The preferential charge of the polymer molecules on the swirling
strength of the vortex structures impact their potency to shed offsprings. This means
that in a given packet of vortex structures at a given y* value, the number of hair-
pins will be lesser and less intense on average, based on their swirling strength. This,
therefore, means that the fluctuations in the flow are more likely to be correlated over
longer streamwise distances since the flow structure responsible for the fluctuations

are far between as well weaker in comparison to their Newtonian counterpart. The
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picture proposed herein compliments the general notion that polymer molecules are
responsible for the enhanced anisotropy of the flow. This has been the conclusion of
several studies done in the past including that of Warholic et al. (2001) and Gampert
and Yong (1990), which focused on the inner region (i.e. viscous sublayer and buffer
layer). It is worth mentioning that the works quoted above with regard to polymeric
flows being more anisotropic than their Newtonian counterparts, talk in terms of
anisotropy for the fluctuating flow fields. Whereas, the results shown here suggest
that much like the fluctuating flow field in the viscous sublayer and buffer layer, it is
the flow scales in the logarithmic region that tend to be significantly stretched in the

streamwise direction therefore promoting anisotropy.
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CHAPTER IV

Summary and Conclusions

4.1 Polymer degradation

The current study used a turbulent pipe flow experiment to do a comparative analy-
sis between mechanically degraded polymer (PEO) solutions and non-degraded poly-
mer (PEO) solutions at the same mean molecular weight. Degraded samples were
produced via passing samples through a pipe that included a precisely positioned
V-shaped needle valve. The degradation resulted in an increase in the shear rates at
the onset of drag reduction, for which Vanapalli et al. (2005) provided an empirical
relationship between the onset of drag reduction shear rate and the mean molecular
weight for PEO. The samples were degraded such that they produced mean molecular
weights (onset of drag reduction shear rates) that matched, within £10% of avail-
able non-degraded molecular weights. Characterization of the non-degraded samples
produced bulk flow behavior that is consistent with previous PEO studies in the liter-
ature, such as that done in Virk (1975), Gampert and Wagner (1985), Vanapalli et al.
(2005) and Elbing et al. (2009). Comparative analysis of the mechanically degraded
samples (samples with different initial, but known, mean molecular weights degraded
to a known final mean molecular weight) with the non-degraded samples at the mean
molecular weight of the final state of the degraded samples produced the following

primary conclusions:

e While some conditions showed good agreement in the slope increment between
degraded and non-degraded samples (Figure 2.5), there were conditions that

had significant deviations in the slope increment (drag reduction performance)
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between the degraded and non-degraded samples, with the non-degraded sam-

ples consistently larger (more efficient).

The deviation in slope increment scaled well with the normalized difference
between the initial and final molecular weights, ¢ = (My; — My f)/(My;) with
the deviation increasing rapidly when { > 0.6. However, it is expected that the
exact value of this acceleration is specific to the degradation method, including

the ratio of the residence time to the relaxation time.

The deviations in drag reduction performance for degraded and non-degraded
samples at a given molecular weight were attributed to deviations in the molec-
ular weight distribution, which was supported by other observations in Paterson
and Abernathy (1970) and Hunston and Zakin (1980). Furthermore, this be-
havior is likely enhanced prior to achieving steady-state molecular weight, when
there would be an excess of longer polymer chains as discussed in Gampert and

Wagner (1985). It indeed was the case for the majority of conditions presented.

The amount of deviation can be reduced if steady-state conditions can be
achieved. However, if the elongational rate far exceeds the critical elongational
rate then the final molecular weight distribution could be broader, as in Sim

et al. (2007), which could still impact the drag reduction performance.

These results provide criteria that should be followed if comparisons in drag re-

duction performance will be made between mechanically (flow-assisted) degraded and

non-degraded samples. These results are particularly valuable when using high molec-

ular weight PEO samples at relatively low concentrations (i.e. common drag reduction

operation conditions) since the common viscosity and GPC approaches are not well

suited for these conditions, as detailed in Berman (1977) and Gampert and Wag-

ner (1985). This also enables a robust means of establishing polymeric oceans that

can be compared with previous non-degraded samples, which can greatly simplify

65



fundamental PDR studies of developing turbulent boundary layers by removing the

concentration dependence.
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4.2 Structure of turbulence

The study presented in this chapter used two-point correlations of the streamwise
velocity to investigate the impact of polymer flow additives on the near wall turbulent
flow structure. Flow measurements were taken over a flat plate using time-resolved
PIV. Following the approach of Marusic (2001), the correlations have been modified
to capture flow statistics in purely streamwise direction at a given y,e; ™. The Y™
was chosen to depict the correlation of events in the logarithmic region for Newtonian
flow and their modifications with drag reducing polymer additives. Analysis of the

flows has produced the following primary conclusion.

e Much like the anisotropy of the fluctuating flow field in the viscous sublayer
and the buffer layer, flow scales in the logarithmic region tend to experience
significant bias in the flow direction. This is apparent from the large scale
streamwise distances that the correlations take to get to zero. This can easily

be observed when comparing Figure 3.9a with Figure 3.9d.

e The polymer additives are observed to preferentially target the high frequency
structure content of the flow. The complete suppression of the fluctuations in
streamwise correlations for the DR 78% case (depicting events near the MDR
asymptote) points towards this wiping out of high frequency content, given
that polymers primarily target the strength aspect of the vortical structure by
providing counter torques to their rotation, corroborating the findings of Dubief

et al. (2004) and Kim et al. (2007).

e The transition in flow statistics for the logarithmic region of TBL from 0%
DR case (Newtonian flow) to DR < 40% is rather mild, at least until the
demarcation region between the LDR and HDR regimes of PDR. The reason for
such preferred action is due to the polymer relaxation times and the associated

swirling strength of the vortices, which is inversely proportional to the time
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scales associated with such structures. Since the most intense vortices reside
beneath the logarithmic layer, as discussed in Robinson et al. (1989), the effect
of transition is more likely to be observed first in the buffer layer and then in

the logarithmic layer as the level of DR increases.

The nature of the conclusions made in this investigation are of a fundamental
nature, being in line with the objective of the study. As has been mentioned in the
introduction, numerical investigations in the outer region of the TBL are significantly
limited by the computational obstacles presented by the wide spectrum of structures
present and the high Reynolds numbers involved. This combined with the rheological
models associated with polymeric flows makes pursuing such flow fields numerically
an expensive task. An investigation such as above, can be helpful in providing a
convenient way around this obstacle by providing initial insights to the problem so

that if needed, appropriate computational schemes could be developed.
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4.3 Future work

Polymer characterization is an important, and one of the fundamental aspects of
PDR. Herein, the problem has been tackled experimentally purely from the mechan-
ical view point. This warrants the need for an investigation that focuses on the rhe-
ological aspect of the problem. In particular, investigating the visco-elastic concerns
of the problem can help us refine our understanding of the polymer chain scission
dynamics and help us better predict the flow properties of dilute polymer solutions.
Besides establishing the need on fundamental grounds, similar experimentation must
be done with other available grades of long chain polymers like poly-isobutylene; poly-
isobutylene is currently being used in the Alaska oil pipeline as a flow conditioners.
This will help establishing the universality of such a behavioral difference between
degraded and non-degraded samples, albeit a similar attempt has been made in the
current study.

The study of turbulence, by interpreting its structural makeup based on the rel-
evant statistical detail, promises a wealth of knowledge on the near wall turbulence.
Although experimental investigations have been instrumental in laying out the road
map to be adopted in this regard, one of the major issues is related to accurately
capturing the dynamics of polymer chain so that a localized estimate of the polymer
related parameters, such as the Wiessenberg numbers, can be made. This requires
an in depth investigations into the buffer layer and statistically backed estimate of
the coherent structures therein. A myriad of numerical data is available on such
investigations. Time is high that they be corroborated by some experimental data
to establish sound physical models relating the near-wall and outer region events.
This has potential implications on shaping the research on numerical models and

computational schemes, as well as on our ability to crack the code of turbulence.
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APPENDIX A

Polymer Characterization Data

Table A.1: P-K plot data points for polymer degradation pertaining to M,,; of 5 x 10°
(g/mol) to M, of 1.1 x 10° (g/mol)

Req [y Reav/f, (1/VF])
17256 0.0044 1148 15.2
19540 0.0040 1233 15.8
22162 0.0035 1277 16.9
23461 0.0034 1333 17.3
25009 0.0033 1402 17.5

Table A.2: P-K plot data points for polymer degradation pertaining to M,,; of 5 x 10°
(g/mol) to M, of 2.1 x 10° (g/mol)

Rea  f,  Rea/T, (YT,
14558 0.0049 1008 14.3
15569 0.0048 1033 14.4
17252 0.0043 1109 15.2
19251 0.0040 1195 15.8

Table A.3: P-K plot data points for polymer degradation pertaining to M,,; of 5 x 10°
(g/mol) to M, of 3.7 x 10° (g/mol)

Req  f Rea/f, (1/Vf,)
14558 0.0051 1082 14.0
18969 0.0043 1228 15.3
20152 0.0043 1308 15.2
22051 0.0042 1425 15.5
22951 0.0041 1462 15.7
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Table A.4: P-K plot data points for polymer degradation pertaining to M,,; of 4 x 10°
(g/mol) to M, of 1.3 x 10° (g/mol)

Req Ip Red\/fp (1/\/7;))
19021 0.0048 1311 14.4
21040 0.0044 1369 15.1
23150 0.0039 1440 16.0
24502 0.0039 1522 16.1
26023 0.0037 1586 16.4

Table A.5: P-K plot data points for polymer degradation pertaining to M,,; of 4 x 10°
(g/mol) to M, of 1.6 x 10° (g/mol)

Rea [y Rea/f, (1/V1],)
14900 0.0056 1115 13.3
15702 0.0056 1175 13.5
18670 0.0053 1359 13.7
18409 0.0053 1340 13.8
20120 0.0049 14.2

Table A.6: P-K plot data points for polymer degradation pertaining to M,,; of 2 x 10°
(g/mol) to M, of 0.6 x 10° (g/mol)

Req [y Reav/'f, (1/V]))
14917 0.0068 1208  12.1
17023 0.0062 1374 127
19980 0.0059 1502  13.0
20145 0.0059 1565  13.0
22145 0.0056 1638 134

Table A.7: P-K plot data points for non degraded polymer pertaining to M, of
1.0 x 10° (g/mol)

Rey Ip Red\/fp (1/\/?1))
17210  0.0052 1249 13.9
18995  0.0049 1324 14.2
120454 0.0047 1441 14.6
22168  0.0045 1379 15.0
23257  0.0044 1500 15.0
24032  0.0042 1563 15.4
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APPENDIX B

Intrinsic Drag Reduction Data

Table B.1: Data corresponding to intrinsic calculations for M, of 0.7 x 10° g/mol, at
concentration of 200ppm for an average %DR of 14.8

Rea  fn A %DR
19246 0.0065 0.0059 9.5

21417 0.0063 0.0056 10.9
23602 0.0062 0.0052 15.5
24461 0.0061 0.0050 17.5
27419 0.0060 0.0048 20.6

Table B.2: Data corresponding to intrinsic calculations for M, of 0.7 x 10° g/mol, at
concentration of 300ppm fo an average %DR of 15.6

Rea  fn A %DR
14044 0.0070 0.0067 11.7
18673  0.0065 0.0057 12.4
22146 0.0063 0.0053 15.0
24646 0.0061 0.0050 18.0
25761 0.0060 0.0048 21.4
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Table B.3: Data corresponding to intrinsic calculations for M, of 0.7 x 10° g/mol, at
concentration of 400ppm for an average %DR of 16.7.

Red fn fp %DR
12400 0.0073 0.0065 11.4
17449 0.0066 0.0058 12.5
18921 0.0065 0.0057 15.2
21201 0.0064 0.0053 16.5
24567 0.0062 0.0050 18.5

Table B.4: Data corresponding to intrinsic calculations for M, of 1.7 x 10° g/mol, at
concentration of 8ppm for an average %DR of 20.6

Rea  fn 7 %DR
14916 0.0069 0.0056 18.8
15727 0.0069 0.0056 18.8
18067 0.0066 0.0053 19.6
18459 0.0066 0.0052 21.2
19110  0.0065 0.0049 24.6

Table B.5: Data corresponding to intrinsic calculations for M, of 1.7 x 10° g/mol, at
concentration of 20ppm for an average %DR. of 30

Red fn fp %DR
16210 0.0068 0.0050 26.4
18017 0.0066 0.0048 27.2
19201 0.0065 0.0043 33.8
19961 0.0064 0.0044 31.3

Table B.6: Data corresponding to intrinsic calculations for M, of 1.7 x 10° g/mol, at
concentration of 30ppm for an average %DR of 36

Rea  fn A %DR
14329 0.0070 0.0050 285
17271 0.0067 0.0043 35.8
18324 0.0066 0.0042 36.3
20267 0.0065 0.0039 39.5

84



Table B.7: Data corresponding to intrinsic calculations for M, of 4.2 x 10° g/mol, at
concentration of 25ppm for an average %DR of 33.1

Req  [n Jo %DR
12426  0.0073 0.0053 27.4
15023 0.0070 0.0046 33.9
15966 0.0069 0.0043 36
18293 0.0067 0.0043 32.3

Table B.8: Data corresponding to intrinsic calculations for M, of 4.2 x 10° g/mol, at
concentration of 10ppm for an average %DR of 22.6

R€d fn fp %DR
15449 0.0069 0.0054 21.8
16339 0.0068 0.0054 20.7
17006 0.0067 0.005  25.8
18416 0.0066 0.0049 25.8

Table B.9: Data corresponding to intrinsic calculations for M, of 4.2 x 10° g/mol, at
concentration of 5ppm for an average %DR of 12.6

Req In fp %DR
9643 0.008 0.0070 11.5
13927  0.0071 0.0063 11.1
15979  0.0068 0.0059 13.8
116239 0.0068 0.0060 12.0
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