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Abstract

Flow friction reduction by polymeris widelyapplied in the oil andas industryor flow
enhancement do save pumping energyhe huge benefidf this technologyhas attractedhany
researchert investigate taphenomenon for 70 years, big mechanism istill not clear. The
objectiveof this thesis is tanvestigate flow drag reduction with polymer additivésyelop
predictve models forflow drag reduction and its deadation, angirovidenewinsights into the
drag reductiorand degradatiomechanism.

Thethesis starts witlh semianalytical solution for thdrag reductionwith polymer
additives inaturbulent pipe flowBased on the FENE modelthe solution assumes complete
laminarization and predicts the upper limitation of drag reduction in pipe flows. A new
predictivemodel for this upper limit isevelopedonsideringviscosity ratios and the
Weissenberg numbeia dimensionless number related to the relaxation time of polyiiexg
aflow loop is designed and built féhe experimentaktudy ofpipe flowdragreductionby
polymers Using a linear flexible polymerpolyethylene oxide (PEQ)in water, a series of
turbulent flow experiments are conduct ad. Bas
correlationis developed fothe drag reductiopredicton fromthe Weissenberg number and
polymerconcentrationn the flow. This correlation igshoroughly validated witllata from the
experimentandprevious studieas well

To investigate the degradationdrfag reductionwvith polymer additives, eotational
turbulent flow is first studied with a doubt@p rheometeBas ed on Br ostiewbdés as:
the degradation rate of drag reduction is the same as that of the molecular weight decrease,
correlation ofthedegradation of drag reductiamestablishedalong with the proposal of a new

theory thathe degradation is a firstrder chemical reaction based on the polymer chain scission



Then, the accuracy tiieBr o st owds assumpti on Xpgimentaldawm ned, a
indicate thait is not correcin many cases'he degradation of drag reduction with polymer
additives is further analyzed from a molecular perspective. It is found that the issue with
Brostowds theory is mainly because itsindoes no
the flow. Experimental results show that the molecular weight of the degraded polymer in the
dilute solution becomes lower and the molecular weight distribution becomes na&kower.
improved mechanism afrag reductiordegradatiortonsideringoolyme aggregatés proposed
the turbulent flow causes the chain scission of the aggregate and the degraded aggregate loses its
dragreducing ability Finally, themechanism oflrag reduction and degradatisrexamined
from the chemical thermodynamics &idetics The drag reduction phenomenon by linear
flexible polymers is explained as a rgpontaneous irreversible flewduced conformational
phasechange process that incorporates both free polymers and aggregates. The entire non
equilibrium process isuk to the chain scission of polymers. This theory is shown to agree with
drag reduction experimental results from a macroscopic view and polymer behaviours from
Mmicroscopic views.

The experimental data, predictive models, and theories developed ireissgtovide
useful new insights into the design of flow drag reductemmniquesnd further research on this

important physical phenomenon.
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Chapter 1 Introduction of Drag Reduction by Polymers

1.1 Drag Reduction ResearchHistory

Some significantliscoveries are often out of expectations, and drag reduction by
polymers is one example. Toms found this remarkable phenomenon while he did not aim to
research the pressure drop in the middle of 1F4éns, 1948)He was studying the degradation
of polyme (polymethyl methacrylate) in a dilute solution (Chlorobenzene as the solvent) in a
turbulent pipe flow, and ther@ssure drop was measured byercury utube manometer.

Amazingly, Toms found that the pressure drop with polymers was lower than thetlooet wi
polymers. Then he wished to find an explanation about this phenomenon from published works
but failed sincano workregarding it was released before. As a chemist, Toms did not understand
this phenomenon. After he found this phenomenon, Oldroydhanptincipal researcher in drag
reduction by polymers, showed great interest.iAs a researcher in the Research Laboratory of
Courtaulds with a mathematical background, Oldroyd mentioned that this phenomenon might be
related to the modification of newall structure in turbulent flow (Toms, 1948 and 1977).

Before Toms observed the drag reduction phenomenon, Brautlecht & Sethi (1933) and
Forrest & Grierson (1931) found that in pumping paper pulps, adding dilute suspensions could
reduce the friction ithe pipe. However, they used a figure to indicate this phenomenon but did
not point outhatit was the drag reductigghenomenoimduced by chemical additives. Thus,
the finding of the drag reduction phenomenon was still credited to Tomi€48, Toms
presented his findings in the 1st International Congress on Rheology in Scheveningen
Netherlands (Toms, 1948). However, this important finding did not receive much attention after

it was published for the first time (Toms, 1977).



Figuretli s t he summary of Nadolink & Haighodos w

publication number about drag reduction by additivescludesjournal papers, conference
papers, technical reports, book chapters, presentations and theses. In total, approXiftately 5
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O | |
1950 1955 1960 1965 1970 1975 1980 1985 1990

Year

available.

200

150

100

Publication Quantity

N
)

Figure X1 Summary of publications regarding drag reduction by additives

Figure 11 indicategthat,from 1948, when this phenomenon was published, to the 1960s,
before the oil crisis, this critical research area received little attention since few publications
regarding this topic were released. But from the 1960s, this phenomenon received remarkably
notice, and this was shown in the publication number because of the energy crisis in the late
1960s (oil embargo, 1967) and early 1970s (the first oil crisis, 1973) (Daoudi & Dajani, 1984;

Houthakker, 1983). These energy crises forced oil companies to désehnplogies to save



budget in every aspect of the oil agds industryincludingtransportation. In this case,

researchers received more funding from governments and companies in this area, and published

more papers since these two energy crisis.

1.1.1Top Three Achievements of Drag Reduction Research
Thetopthreec hi evements of drag reduction by pol

following ones:

1T 1970s06: Virkodés maxi mum drag reduction (Vir

In the 1970s, Virk summarizedefrag reduction data in several works and proposed the

famous Virkos asymptote (maximum drag reducti

independenof polymer type, polymer concentration and viscosity etc. and only dependent on

the Reynolds number. Adr Virk released this resulesearcherstarted to use this maximum

drag reduction line as a reference to show that all friction factors ifrreédaging flows should

be |l ess than the one predicted by Mitisdsds asym

themostwidely-accepted conclusion in the drag reductiesearchThe paper in 1970 is cited

by more 300 times and the @apn 1975 is cited more thand@times.

T 1980s6: Application in Alaska (Burger et a

TheTransAlaska Pipeline System (TAPS) is the most successful application of drag

reduction by polymers. In the 1970s, as mentioned above, the harsh situation for oil and gas

industry forced oil companies to use new technologies to save the budget argkindreatput.

In this condition, Alaska Pipeline Service Company first did several laborstaig

experiments in 2.54 and 5.04 cm diameter pipes. After these tests, they did more tests in larger

scale pipe$35.6 cmdiameter) They were looking for theelationship between the drag

reduction in a small diameter pipeline and the drag reduction in adeade application (122



cm-diameter). The detailed infmation can be found ithetwo referencesnentioned above.

This application is successfllut theempirical correlation and its method are not very scientific

since they only used empirical coefficients to establish the correlation witteamgdnable

interpretations

1 1990s6: De GennesoO6s Nobel Prize | ecture

De Genne (19322007) was a leading seaftatter scientist who won the Nobel Prize in

1991. In his Nobeprize winning speech about soft matter, he also mentioned the drag reduction

by polymers. This presentation is tim@st famous work fothe drag reduction by pgners as an

individual research topic. In this speech, he defined the concept of soft matter (complex fluid)

with two features, complexity and flexibility, which also works for drag reduction by polymers.
1.2 Drag Reduction Applications

How much energy or cost is saved by oil companies in polymer drag reduction
technology? Tablé.1 summarizes the drag reduction application in thgasl industry. On
average, the drag reduction is about 20% based on theedhagjon definitionin Eq. 1-1 (Y0
andY0 are the pressure drop with and without polymers (pure stalyander the same flow

rate).

Yo Y0

(O] = Vil P 1-1
cr— P (1-1)

If the drag reduction defined in Etllcannot represemiow much energy is saved by
companies, there is an alternative methoshimwvhow much this effect camelpcompanieso

reducecosts The flow rate increas@1%) is a function of drag reduction in Et+2 (Burger et

al., 1980 and 1982).

"o - P 5 pmmb (1-2)

ab



F1% describes the flow rate increase percentage if the pgmpiver remains the same.
From Table 11, it can be seethat the flow increase sgnificant especially for the Alaska
pipeline, the most important drag reduction applicafidre flow increase is@ m®/h
approximately from Egl-2, more than 3,000,00(bl/y (barrels oil per year). It means tliaits
drag reductiortechnology providesame xt rao 1.8 bil |l i onthée@red ol | ar
oil price,i.e.,approximately60 US dollars per barrel. This technology offers a substantial
economic benefit to the oil gas company.

There is also a positive siadfect of using drageducingpolymersi theanticorrosion
effectin thetransportation pipeline (Schmitt et al., 2001; Sedahmed et al., 1979, 1984 and 1999;
Zahran et al., 1997 and 1998). Thigans that once polymers are used in transportation, not only
pressure drop is decreasedt hlso thecorrosion by the crudeil decreasesThis side effect can
lead tofewerreplacemerstof pipeline and increase oil transportation safety.

Besides the application in oil and gas industry, drag reduction by polymers can also be
applied in theother areas, i.e. irrigatioiKfalil et al., 2002; Phukan et al., 200heating in
building (to reduce the heat los&otenko et al., 2019; Myska & Mik, 2003jrefighting
(Fabula et al., 1971; Figueredo et al., 20083ervoir hydraulic fracturing (tehim et al., 2018;
Nguyen et al., 2018; Shah et al., 2010; Nguyen.eP@18), and municipal wastewater
transportation (Sellin, 1978 and 1988Yen in drinking water transportation without affecting
drinking water quality (Edomwom@ut et al., 2018)This drag reduction effect catsobe used
in blood pressure contrdiowever, due to thpotentialtoxicity of polymer to human, this
application is still in the labtage not in the human experiment (Coleman et al., 1987; Faruqui et
al., 1978; Hutchiso et al., 1987; Kameneva et al., 2004; Polimeni et al., 1985 and 1989;

Sawchuk et al., 1999; Unthank et al., 1992).



Previous sections mentioned the application of drag reduction in internal flows. Even in
external flow, such as thehipbuilding industrythe phenomenon is still useful. White (1966)
first argued that the dragducing effect of polymers could reduce the resistance of submarine
vessel. Chahine et al. (1993) and Khomyakov & Elyukhina (2019) followed this view and used
polymers to reduce thedtion between the propeller of ship and sea water. Not only frictions,
but also noise made by the propeller could be decreased by polymers (Oba et al., 1978; Reitzer et

al., 1976).



Table 21 Summary of application drag reduction by polymers in the industry

Reference | Location Liquid Polymer name| Concentration| Inner Length | Flow Drag Flow Flow Saving | Cost of
(Commercial | (ppm) diameter| (km) rate reduction | increase | increase | (Million | polymers
name) (cm) (m3h) | (%) (%) (Million us (Million US

bbl/year) | $/year) | dollar/year)

Burger et Alaska, Crude oil | NA (CDR) 5-20 122 1287 7950 | 12o0n 7 30 1830 0.17-0.68
al., 1980 U.S. average

and 1982

Cao et al., Shandong,| Crude oil | Poly-U- 20-30 20 15 226 16-33 10 1.2 70 0.11-0.17
2018 China olefin

Carradine et| Montana, | Gasoline | NA (CDR) 14 20 96 207 28 20 1.9 130 0.076
al. 1983 | US. Diesel 5 196 | 26 18 1.9 110 0.026
Lescarboura| Oklahoma | Crude oil | NA 230 21 46 276 18 11 1.6 100 1.66
etal, 1971 |, U.S. 250 31 52 559 17 11 3.4 200 3.67
Muth et al., | Conoco Gasoline | NA (CDR) NA 20 97 199 28 24 2.6 150 NA

1985 Inc., U.S. | Fuel oil 15 80 20 14 2.3 90 NA

Muth et a., | Kansas. Crude oil | NA (CDR) 38 41 262 713 23 15 5.9 350 0.71
1986 uU.S.

Yang et al., | Sichuan, | Diesel Poly-U- 6-16 51 130 1232 | 2855 20-55 13-37 820 0.19
2018 China olefin 2240

Note: oil price is 60 US dollar per barrel and drag reducing polymer price is 3 US dollar/kg based on the current piice. Even
theinvestment of polymer injection stations is 10 million US dollars (an estimation), there is still important benefit fioag the
reduction technology.



1.3 Thesis Objective, Structure and Highlights

The objective of this thesis is to investigate flow deduction with polymer additives,
develop predictive models for flow drag reduction and its degradation, and provide new insights
into the drag reduction and degradation mechanism. The relationship between these different

aspects and the thesis structisrehown in Figure -P.

Drag Reduction by Polymers

A 4

Background:
Chapter 1

A 4

Literature Review:

Chapter 2
Drag Reduction Degradation
A r
Analytical Research: Superficial Research:
Chapter 3 Chapter 5
X A 4
Experimental Research: Fundamental Research:
Chapter 4 Chapter 6
h 4 4
Mechanism of Drag Reduction by Polymers:

Chapter 7

h 4

Conclusion and Recommendation for Future Works:
Chapter 8

Figure 12 Thesisstructure

8



Chapter 1 (background): a short history of drag reduction, applisadiwch thesis

structureare repsented.

Chapter 2 (literature review) : a revi@firelavent literaturéor thereserchopicis

represented.

Chapter 3 (analyticaksearcltaboutthe semtanalytical solution of drag reductiprirom

governing equations for drag reduction by polynardseveral assumptiona sem
analyticalsolutionto predict the drag reductios developedndit is validated by

experimentatiata

Chapter 4 (experimental reseastboutthed r ag reducti on predicti on
relaxation theory an experimental study in fflow loop is peformed tonvestigate the
dragreductiomy pol ymers based on Zi mmdés relaxat.i
Chapter 5¢orrelation and mechanism of drag reduction degradatiegradatiorof

drag reductions studiedto developa correléion and a new degradation mechanism from
chemical reaction views provided.

Chapter 6 (fundmentaésearctaboutthecorrectness ahewidely-a c cept ed Br ost o
assumptiojt experimental data are usedstdhow t he i naccuracry of Br
improvdeddegradabn mechanism of drag reductisthenproposed.

Chapter 7 groposed mechanisof drag reduction and degradatjochemical

thermodynamics and kinetiese introducedo propose a new drag reduction and

degradation mechanism by polymers.

Chapter 8 (conclusions anecommendation for future workconclusions in previous

chapters are summarised and the future work recommendations are provided.



Thenoveltyand highlightof this thesisare summarized as follows:

A semtianalytical solution is proposed from the FEREnodelandvalidated by
experimental results.

The definition of the relaxation time andéi¥senberg number are clarifiethd a
correlation of drag reduction prediction is provided from the polymer relaxation.
Thedegradation of drag reduction is explainecdisst-order chemical reactiomand this
view is supported by experimental data.

A revised mechanism of degradation of drag reduction is provided, witiciporates
the degradation of free polymer and degradation of polymer aggregate.

The mechanism fdtow drag reduction and degradation is proposed based on the
observation of molecular behavior in the microscope and validated by the experimental

data.
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Chapter 2 Literature Review

2.1 Drag Reduction

2.1.1The Problem of Drag Reduction Mechanism
Forevery research topione ofthefundamentaproblemss to understanthe
mechanisnof the phenomenoi®n thetopic of drag reduction by polymersgsearcheralso
hope to find the mechanisto completely understarttlis phenomenarHowever,such a
mechamsm s still notavailableeven this has been investigated for more than 70 years. The
detailed reas@will be shown in thdollowing section.
On the application side, tla@m of the drag reduction resealtwds beero help the design
of oil transportationMoststudiesuse a flow loop to simulate this process. In the flow loop
experimentthevelocity (flow rate), concentration of polymers, polymer type, molecular weight,
pipe diameter and temperatwa@nbe changedo investigate how thesea@mmeters affect the
drag reduction. In the drag reduction study, friction fard@ften usedo manifest the resistance
in dragreducing flow. Friction factoff, is defined in Eq. 2. In this equationd is the pipe
d i a meR istme;presgure dropijs the pipe length; is the fluid densitylUs is the bulk
velocity.
et (21)
ca’y
Figure 21 shows a typical result of drag reduction research by drdgcing agents, also
known as the mostcknowledgd result polymer or surfactant in a pipe or channel flow. The
friction factor in the drageducing flow should benvelopedy several linesfriction of laminar

flow and its extensio(Eq. 22, ReO2300in pipe or channel flog), friction factor of fully

turbulentflow by Blasius equation (Eq-2, 40000ReO10° in pipe or channel flog), friction

11



factor by Virksds asymptote ( maxi muehbydlrkag r ed
et al. in 1970, Eq.-2, 40000ReO 4x1( in pipe or channel flog and friction factor by

Zakinbdés asymptote (maximum dr ag dbydakicdgtalon | i n
in 1996, Eq. 5,4 0 0 ®e OO  4ih dipe or channel flojv Note: the drag reduction by

surfactants in thithesisis not investigatedoutit is to showthatthe potential of drag reduction

by surfactants may be higher than polymers even though concentration for surfactants in the
dragreducing flow is higkr than the one of polymers, whicofay increase the sbof drag

reduction. The drag reduction started to happen from the onset point of turbulent flow (the

Reynolds number 4000 for pipe and channel flow). With a higher Reynolds number, the friction
factor will be decreased further until the optimum Reynaldsber appears under a given

concentration. Under the optimum Reynolds number, the drag reduction reaches its maximum

value. If the Reynolds number is further increased, the drag reduction will be smaller, which is

explained m our work (Zhang et al., 20},8and also will be shown in Chapter 3.

Q %‘g 2-2)
0 T8 Xw0 8 (2-3)
Q @ Qe (2-4)
Q @ Qo (2-5)
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Figure 21 A typical result of drag reduction by polymédata fromSavins (1967))

2.1.2Modelling of Drag Reduction

From the 1970ggesearcherstarted to modify the Reynolds stress model (Hassid, 1979),
turbulent energy dissipation-k) model (Hassid & Poreh, 1975 and 1978) to investigate the drag
reduction by polymergthers used similanodels, focusing on the modified boundary layer by
polymers (Anderson & Wu, 1971; Test, 197@ne of the maimesulsin these studies is the
velocity profile inthedragreducing turbulent flow, validated by several experimemsiits
(Eskin 2017; Yag 2009; Yang & Ding, 2013 and 2014; Yang & Dou, 2008), witee&elocity
profile data were measured by PIV (particle imaging velocimetry).

Nowadays, these models are no longer usechost papersynly one model is usede.,
the FENE-P model(Finitely Extensible Nonlinear l&sticand P for the Peterlin equation). In this
model, the traditional NaiveBtokes equation is modifiatith consideration of theffects of

polymers in the turbulent flow. The dragducing polymer is regarded as a dumbbell. Kenein
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this model is the relaxation time of polymers in the flow, which will be shown Béseral
studiedtried to use experimental data to verify this moBen Toonder (1997) and Ptasinski et
al. (2003) used the velocity profile measured by PIV twate the velocity profile in the
numerical simulationThemodelcan be validated by some experimental resultsthisimodel
cannot predicall thedrag reduction datd&esearcherstill need empirical correlations to predict
the drag reduction. In tHellowing sectiona summary of empirical drag reduction prediction
eguationss shown
2.1.3ScaleUp Effect and Correlations

As mentioned aboveesearchersannot fully understand the drag reductmimenomenon
and further propose a mechanism which is accepted universalhg fecushas beemn
predicing the drag reduction in experimental conditions. In the prediction of drag reduction by
polymers, the most critical problem is the segteeffect:most drag reduction studies are
performedn small diameter pipesg. the lab scale. However, the diameter in the application of
oil and gas transportation is much larger than thestabe one. Thydt is necessary to use some
methods to predict the aly reduction in the largecalefrom data obtained in a smaltale
Researchersave introduced several criteria for this segpeeffect.

Hoyt in his series of works (Hoyt, 1991; Hoyt and Sellin, 1993) proposed a similarity law
to predict the friction fetor inthe dragreducing flow in Eq. 2. From this similarity law, drag
reduction data from a small diameter pgas be usetb predict the drag redtion in a large

diameter pipe.

00
YO YO — 0 2-6
YQ YQ o) (2-6)

If this equationis rearrangedEq. 27 can be obtained
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(2-7)

From this equation, tH¥ ‘Q () 'Qcan be treated as a constdfte Reynolds number is a

function of pipe diameter, bulk velocity, fluid density and viscosity.itSman be further

rewritten as:
%Q BEti 0 (2-8)

From this equatiorif the ratio ofRed in the dragreducing flowis the samethe friction
factorcan be the sam®ut this criterion is not widelgdoptedsince onlylimited daa (Hoyt,
1991; Hoyt and Sellin, 1998puld validate it.

The previous similarity law only considered fluid properties (Reynolds number and
pressure drof)utdid not consider the dragducing polymers since no parameters related to
polymers are involved in them. Instead, Virk & Baher (1970) proposed anothlarisyntaw
that combined the friction velocity and properties of the polymer solgimwn in Eq. D. °
is the viscosity of the solvent aRd is the radius of gyration of polymers in the coiled state.

is the friction velocity, a function of shear stresshe wall, defined in Eq.-20. Shear stress is a

function of fiiction factor, defined in Eq.-21.

(6]
—Y 8&tio (2-9)
. (2-10)
0 -
% (2-11)
U

Althoughno otherwork followedthis criteria, it is still valuable since it points out that

the configuration of polymersthe gyration of radius of polymer8g, isinvolved in drag
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reduction. This important parameter of polymer inspires future work, which costider
relaxation time, another critical parameter in drag reduction.

Rel axation process refers to the polymerds
state, and the relaxation time describes the time from the stretched state back to the teoiled sta
This property is very critical in drag reduction since it is the key to understand the mechanism of
drag reduction suggested by De Gennes (1986). The mechanism suspension will be discussed in
thefollowing section.

The definition of relaxation time of polymer, is clear and it is related two
dimensionless numbegrelated to correlation to predict the drag reduction, Deborah numbgr (
and Weissenberg numbéwi), defined below (Dealy, 2010; Poole, 201t3)s the residence

time of polymers in the flow andis the shear rate at the wall.

o0 (2-12)

Sl
el

O©Q 1 _ (2-13)

oS

The definition of these two dimensionless variables has been discussed for many years in
many articles. Roriguez et al. (1%6t9) introdu
dimensionlessone o correl ate the drag r eduucnbieorno ,a nadn dt
detailed information of this dimensional Deborah number can be found in this work. Different
from thismethod the dimensionless Deborah number in several works (Fa®lang, 1984;

Darby& Pi vsa Art, 1991 ;& Meznerd 1®6i/yvas & fancton of tBee v e r
relaxation time, shear rate, Reynolds number and many other fluid property variables, which
definition did not follow the original one. Since the Deborah number is critical to predict the

drag reduction, Gordon (1971) compared sewdanitions, but he failed to provide a
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conclusive definition. Recentlyhis confusing dimensionless numbsrclarifiedin onepaper
(Zhang et al., 2019): the diameter of the pipe is related to the Weissenberg number and the length
of the pipe is related to thgeborah number.

Severakimilarity lawsexist but none of them can be applied in all drag reduction
studies. Thugnost studes still used experimental data to establish many empirical correlations
to predict drag reduction. There are two types of empirical correlations, dimensional and
dimensionless.

Many empirical correlation methods, such as artificial intelligence approacireaponse
surface methodology, were used for the prediction of drag reduction (Karami et al., 2016; Zabihi
et al., 2019). Correlations by these methods have a good agreement between the @mediction
experimental data, but theseethod arenot very ustul since these two methods can be
regarded as a complete black bamd arenot helpfulto manifest the mechanism. Besides, many
dimensional variableare involvedn these correlations. As known to all, dimensionless numbers
are preferred in the clasdiaid dynamics theory, so correlations by these methods are not very
good even though they can predict the data \8etilar drawback canalsobefound inother
works, which also use dimensional variables (Kamel and Shah, 2009; Zhao et al., 2018).

As shown above, sindbere ardwo types of scaleip effect criteria, there are also two
types of correlatios) one based on the Reynolds number,tardtherbasedn the
Weissenberg or Deborah number.

Dodge& Metzner (1959) first proposed a frictiorctar in the drageducing fluid. In this
equation, the generalised Reynolds number was employed, and two coefficients were functions
of the fl ow behavi o urther expamdedthis equation. Bguedithats ( 196 4

two coefficients were more omlicated than what Dodge & Metzner (1959) expactieese two
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coefficients werdunctionrs, but they could not be represented in a simple method as Dodge &
Metzner (1959%uggestedin fact, they were dependent on the polytgpeand concentration.

Some researchers used another type of Reynolds number in the correlation. Shah et al.
(2002) introduced another correlation based on the sebas#d Reynolds number to predict the
friction factor in the drageducing flow (detailed information of two dfieients were not
listed). Following this idea, Shah & Kamel (2010) and Shah and Vyas (2011) used two
polynomials to predict the drag reduction or friction factor in the-dedgcing fluids. Similar to
Savinsbdés (1964) c oncl eacsncentmation wak iewlved ih theodrag gr e e d
reduction prediction correlation. The Reynolds number in these correlations were based on the
solvent,Res, not generalize®es based on the polymer solution. A summary of these
correlations and their applicatiomige is shown in Table-2.

These models could only explain the data in their own work, and could not be validated
by others. Thus, researchers started to use another method to develop correlations based on the
Weissenberg number or Deborah numbéror De, whose idea may be from the seafeeffect
view based on the relaxation processhef polymer as mentioned above.

Owolabi et al. (2017) provided their different view on the relaxation time. They used the
CaBER (Capillary Breakup Extensional Rheometemeasure the relaxation time, not from the
rheology equation, as shown by Owolabi et al. (2017). The model was applied for their data in a
semtidilute polymer solution. The definition of their Weissenberg number is shown ingj. 2
This thesiswilusanot her met hod, i.e., the Zimmés theo
the dilute polymer solution (see Chapter 4). The new correlation from this method can predict

data in our experiments and other studies. Thus, there are three methods to ®bédaxakion
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time of polymers in the solution: rheology
The summary of these equations is shown in Taide 2
2.1.4 Experimental Methods

Most drag reduction experiments are performed in a flow loop aimisignalate the
industrial applications. Some are in a rotating disk apparatus or similar devices (Choi et al.,
1999; Kim etal., 1997 and 2002; Yang et al., 1994hose importance is less than the one of the
flow loop experiment since this type éfperiment cannot simulate the industrial application,
thus the publication number is also limited. In faop experiments, there are two methods in
the drag reduction experiment: homogeneous and heterogeneous method (Bewersdorff et al.,
1993; Frings, 188; Zhang et al., 2019). The homogeneous method means that polymers are
premixed with solvents and this polymer solution under a given concentration is transported into
the pipeline by a pump, centrifugal pump (fasitive displacement pump) in most caddse
heterogeneous method means that polymers are not premixed in solvents; instead, solvents are
transported by a centrifugal pump and polymer solutions are injected by a positive displacement
pump, diaphragm pump in most cases. Unlike the centrifugappdiaphragm pump does not
have a rotational blade that causes polymer degradation. Instead, in a diaphragm pump, by a
reciprocating diaphragm pushing liquid, concentrated polymer solution in drag reduction study is
injected into the pipeline, so this pprdoes not cause the degradation of polymers. The

degradation of polymers is shown in the next section.
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Table 21 Summary of drag reduction correlation based on the Reynolds number

Author | Year | Correlation Reynolds number Note
Dodge p T . & Generalized Reynoldy Polymer: Polyacrylic acid
and 1959 = I° I §aQ Yy number for powetaw | Concentration: 2068000 ppn
Metzner Q fluids: 'Y Q Reynolds number: 50686000
Polymer: Cellulose, vinyl
0 —_ polymer and gum
Savins | 1964 — 0¢ 1T QQQ~ 0t . Concentration: 18@800 ppm
Q Powerlaw fluids: Reynolds number: 20660000
T lee—
Polymer: PHPA and XCD
" Concentration: 1162200 ppm
Shahet | .4, 05 — Reynolds number: 1060000
al. YQ Three coefficientsA, B andC
are not shown in the original
paper.
Polymer: ASP 700 andSP 820
Shah and Q Pwpnm B®YpT YQ Reynolds number | Concentration: 1168200 ppm
Kamel 2010 I TYQ basedon Reynolds number: 22000
YQ solventYQ —— | 150000
For coiled pipe:
0 pPXBTCPQ
Shah and 0 0 O O LTIXTOXTPO
2011 Y — — — . .
Vyas OY 0 Fa Twa TWvo O LUWOTUWTOTC

O pYonm@gmuwgmipPTt
Polymer: ASP 700 and AS§20
Concentration: 30000 ppm
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Reynolds number: 12000
130000

For straight pipe:

0 PTAY PXT

0 VCTXULULWO Y
0 gTnmEPemPX Ywy

O copmdtg@uy WX

Polymer: ASP 700 and ASP 82
Concentration: 30G00 ppm
Reynolds number: 12000
130000

Note:PHPA, ASR700 and ASEB0O0 forpartially hydrolyzed polyacrylamide and XCD for polysaccharide gum
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2.2 Degradation of Drag Reduction

When polymers experience turbulent flow for a kiimge, the polymer chain scissions
happen by shear and thelecular weight decreases. This causes the degradation of drag
reduction by polymers in the draigducing flow. Polymers with a low molecular weight have a
lower efficiency of drag reduction ability and the drag reduction ability decreases with time.
Thereare two types of degradation studies, in rotational flow or pipe flow. In rotational flow, the
polymer solution is added in a rotating disk apparatus or a similar device (Choi et al., 2000; Dai
et al., 2018; Kim et al., 2000). It seems that this typeegfadation is not related to the
degradation in the pipe flow since the geometries of rotational flow and pipe flow are completely
different. So, researchers also use pipe flow to test the degradation of drag reduction by
polymers, which aims to simulateet degradation in real oil and gas pipelines (Motta et al.,

2019; Soares et al., 2019). However, these studies did not achieve the goal. Because most
experiments are conducted in a closed flow loop, meaning that the polymers experience the
degradation caesl by the centrifugal pump as mentioned before. The degradation happens at
two sections, in the pump and pipe. Thus, these two degradations cannot be differentiated.
Overall, it is argued these two methods are essentially the same, indicating thatabatasyr

test in the flow loop cannot simulate the degradation in-thsnce pipe flow in the industry. If
anyone wants to do the degradation test and hopes to use these data for industrial usages, the
researcher must have a leagough open flow loopghgdistance noftlosed flow line to avoid
repetitive degradation by centrifugal pumps). One work (Jouenne et al., 2015) almost fits these
requirements. However, the pipeline is not straight, and several corners are involved, thus it is

not helpful to preitt the drag reduction in straight pipelines.
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Table 22 Summary of drag reduction correlation based on the Deborah number or Weissenberg number

Author | Year Correlation Weissenbergr Deboralmumber Note
Darby | 1984 Polymer: AR30
and Concentration: 100
Chan i Con 500 ppm
’ 00 T8Lp oup LQ YQ% J ° Reynolds number:
P WwWiaQ 8 4000100000
Method for obtaining
relaxation time and :
Jeffrey model
Darby, | 1991 Polymer: PEO, PAM
and E198, Rhodopol 23
Pi vs (Xantham Gum)
Art A Lo Concentration: 100
00 T8 gy (YD 8 500 ppm
PiYQ® mErimT qapiQ ‘- 8 Reynolds number:
10006100000
Method for obtaining
relaxation time and :
Jeffrey model
Gallego,| 2009 For straight tubing
and Polymer: ASP700 and
Shah ASP-820

PRPYEYQ® yja "

P ®wia °

8

Concentration: 300
1000 ppm

Reynolds number:
12006100000
Method for obtaining
relaxation time and :
Jeffrey model
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For coiled tubing
Polymer: ASP700 and
ASP-820
. ncentration: 300
px pm QYQE yolo v s | oreratonS

p pBrwyQY® jQ 8 Reynolds number:
12006100000
Method for obtaining
relaxation time and :
Jeffrey model

0Q

Owolabi| 2017 Polymer: PAA

et al. Concentration: 150
e P 200 ppm

o¥ pg L|’p Q8 o U0 Reynolds number:

8 w0 -5 6000-10000
Method for obtaining

relaxation time:
CaBER

Note: AP-30 for partially hydrolyzed polyacrylamide; PAM E198 for Polyacrylamide; Pé&xAPolycarylamideRhodopol 23 for
Xantham GumPAA for Polyacrylic acig PEO forPolyethylene oxide.
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There are two types ofidely acceptedorrelatiors for the degradation of drag reduction
by polymers.
OYo 0OYnQ (2-14)

0'Yo p (2-15)
oYnm p wp Q

Eq. 215is devdoped from an assumption, EgG1B.

OY0 00 o
oYm 0 m

(2-16)

In these equation§)R(0) is the drag reduction value at the initial state, RR{) is the
degradation value at any time during the degradairocessM(0) is the average molecular
weight at the initial state, arM(t) is the average molecular weight at any time during the
degradation procesg/, h andk are constant8oth correlations can be used for prediction of
degradation of drag reduction by polymers in many worksthrotational flow and pipe flow
(Brostow et al., 2007; Choi et al., 2000; Hong et al., 2008; Le Brun et al., 2016). However, a
problem in these tavequations is that the physical meaning of parameters is not clear. In this
thesis Eq. 214 toEq.2-16 will be combinedo develop a correlation to predict the drag
reduction degradatiofhe degradation of drag reductisregardeds a firstorder clemical
reaction since the polymer chain scission is involved in the degradation process (the original long
chain polymers disappear and new shot chain polymers féurther analysis with
experimental datwill showthatEq.2-16is not correctbecause this assumption only considers
the singledistribution polymer (DNA as an example) and neglects the possible aggregate of

polymer in the turbulent dragducing flow.
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2.3Mechanismof Drag Reduction by Polymers

2.3.1Introduction

Drag reduction by linear polymers and its degradation in turbulent flows have been
investigated for many years, but the exact mechanism of these processes is still not clear. Some
existing theories are summarized as follows. Lumley (1973) proposed a riseciizam a
viscosity view: polymers enter the boundary layer of turbulent flow and increase the viscosity in
this region, which damps the small eddies so that less turbulent endiggipstedand pressure
drop decreases. De Gennes (1986) suggested a mechanism from the elastic view: polymers in
turbulent flow experience extension; elasticity in this extension transition damps eddies in the
turbulent flow, so the pressure drop decreases. Brastalv (1999) provided a mechanism from
flow domain theory: polymers form flow domains surrounding the solvents and suppressing
eddies formation; eddies disappear and drag reduction happens. Camail et al. (2009) offered a
mechanism from polymer stretchindrag reduction happens at two consecutive stretching steps,
from aggregates to isolated coils and from isolated coils to stretched coils. A common problem
with these proposed mechanisms is that aggregates of polymers are neglected. Besides, the
critical energy introduced by Camail et al. (2008)s not very clear.
2.3.2UnresolvedProblems inthe ProposedDrag Reduction Mechanism

There are severgroposednechanismof drag reduction by polymers. Howeverost
of these ar@ot validatedwith experimental dat&Currently,themost promising mechanism is
the elasticity theory by De Gennes. tHenksthat the polymer phase change pro¢éssn the
coiled state tdhe stretched stajecould absorb the turbulent energpt thatmore energy aad
be used in the main direction of pipe flow and the conformation of polymers seméie

stretched state (De Gennes, 1986; Tabor & De Gennes, 1986). But he did not observe this stretch
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process then, because the first direct observation of polyradion wasdonein 1992 (Smith

et al., 1992). Does the observation validate this theory®&leral independent works reported
that the conformation of polymers (rd¢ahe length of polymers) observed by fluorescent
microscopavas timedependentnot a coistant after stretching (Bakajin et al., 1998; Lueth &
Shagfeh, 2009; Sachdev et al., 2016; Teixeira et al., 2005).

The otheffactor thatmakesthe drag reductiohard toundersatrd i s t he @A mol ecul
individualismo, first introduced by De Gennes
Macromolecul§DNA as an example) in flow was hard to predithe macromoleculeould
stretch, relax and even tumble, the last behaviicating that polymers may have a rigid
feature even thought it is flexible. Current models cannot handle all these features. Thus
researchersannot have a good understanding of this phenomenon.

The huge difference between the simulation and experimzorditions also causes
difficulty in understandinghe mechanisnkExperimental datavere usedo validate the FENEP
model and a sergmpirical correlation to predict the drag reducticas proposecbutthere is
still a concern about the gap between experiment and simuldteneissenberg numbewi,
in these two types of studyvery different. In most numerical studies, the order of magnitide
the Weissenberg number @&(10%), andWi between 10 and 100 (i et al., 2007; Li & Graham,
2007; Tesauro et al., 2007; Thais et al., 2010; Zhu et a., 2018); while in experimental tedies,
order of magnitude will b®(10Y), usually less than 10 (Owolabi et al., 2017). This huge gap
causesheconcern that maybersew modekhould be developethstead of the FENE model,
for the numerical simulation study.

The existence of aggregate in the dilute polymer solution is still in debate (Devanand &

Selser, 1990). If aggregates are also involved, the drag reductpmiyioyers will be more
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complicated: theelaxationtime of free polymers and aggregates are diffe@mtone should
not use just onparameter teaonsider the effects af polymer with a given molecular weight
and molecular weight distribution.

Themolecular weightistribution of dragreducing polymers should be taken into
considerations (Hunston, 1974; Little & Ting, 1976). In most cases;rdtaging polymers are
synthetic, so polymers hagewide distribution of molecubleeight Eitherthe numbe-averaged,
weightaveraged or viscosigveraged molecular weigist usedo describe the overall property
of these drageducing polymers. But can these average molecular weights represtené the
propertyof the polymer in drag reduction analyaido.A profile of molecular weight existand
the same molecular weight could represent totally different polymesst 6 ghe weight e
averaged molecular weigfrhost used in the literaturay an example. Imagine thhere are
two polymers with the same type and weighieraged molecular weight, while their molecular
weight distribution is different, oneeingnarrow andhe othetbroad These two polymersave
different drag reduction abilésunderthe samdlow condition.It is well known thatthere isa
critical molecular weightandpolymers that have a molecular weight less than the critical one
haveno drag reduction ability in a certain conditidie polymer with anarrow molecular
weightdi st ri but i on polnsrswhiberthe pofyraes with aidoard profile has less.
More useful polymers can contribute more to the relaxation tme witha better drag
reduction ability. Thusit is not appropriate tase one single molecular weight to represent the
overall poperty of the drageducing polymer.

The method of preparing a polymer solution is another factor that may cause different
results in the drag reduction study. Any difference in the preparation method may cause the

difference of the polymer solution, ixmechanical or magnetic mixing, low or high temperature,
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low or high rotation speed (shear rate which may cause the degradation discussed above), long or
short mixing time, type of mixing blagetc. All these differences could affect the polymer
solution.Rowin et al. (2018) provided several clues about the gppreparation methods, but

few studies about this specific question in thegdreduction are available.
2.4Summary

This chaptempresents a literature review on flow drag reduction and degradation. Some
general conclusionspodels,and correlations, and tlsealeup criteriaare summarizedseveral
proposed drag reduction and degradatimthanismare discussed, along withe reasns why
there isno universallyaccepted mechanisim the literatureIn the next chapter, a semi
analyticalsolutionof the drag reductionsingthe FENE-P modeffor dragreducing flowwill be

providedto show the upper limit of drag reduction witblymer additives.
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Chapter 3 A SemtAnalytical Model for the Upper Limit of Drag

Reductionwith Polymer Additives

In Chapter 3, a seranalyticalsolutionfor drag reduction prediction is proposed based
onthe FENE-P model.This solutionis tunedby previous experimental resuéiad able to predict
the upper limit of drag reduction with polymer additiv€ee main content of this chapteas
beenpublishedas a journal papgZhang, X., Duan, X., & Muzychka, Y. (2018)Analytical
upper limit ofdrag reduction with polymer additives in turbulent pipe fiodournal of Fluids
Engineering, 140(5), 0512P4rhe author of this thesis tke first author of this paper. The first
authordeveloped the model, analyzed the datapared thenanuscriptard made the revisian
Prof. Duan and Prof. Muzychka as the second and third ayttmridedtheir suggestions athe

model development and helped in the revisiothefmanuscript.

3.1 Model Formulation

In this study, the classic FENE model is used tobtain a stress tensé¥ shown in Eq.
3-1, induced by polymedrag reduction agent®RAS). This is the basis for drag reduction
analysis of polymeric flows and this stress tensor is the key property of the polymer related to
drag reduction. Zhang et al. (202dmmarizedll equations of the FENP model so only a
brief review will be providedhere. Also note that all the equations in this model are

dimensionless.

~
¥

v P __® . (3-1)
Y o0 o1 @0l

P
In Eq. 31, @is the conformation tensor of the polymers, defineé asdPPQwherelPis

the endto-end vector of the polymer and the braadkelicates the average in the flow fieldis

30



the dimensionless maximum length of the polymer in the solugstimated in the simulation

process®@s a unit tensorWi is the Weissenberg number, defined as:
wQ _i (3-2)
where_is the relaxation time of the dragducing agent andis the shear rate in the turbulent
flow.
The governing equation for drag reduction is a modified Nebtekes equation as

follows:

—a

®
—. @@ p T—nc’a) p_1

nJ 3-3
T 0 YQ YQ ¥ (33

where®@is the dimensionless velocity vector of the turbulent flow with the bulk veldtitys a
referencen ipis the dimensionless pressure gradient with a reference presatréength is
nondimensionalized by the diameter of the pipelthéme is nondimensionalized by a
characteristic timeg) "Y ;1 is the ratio of the viscosity of the solvent to the viscosity of liquid

after the polymer is added at the zero shear rate, defined as follows:
L (3-4)

where’ and’ j represent the viscosity of solvent and polymers added in at zero shear rate.

For tensom the governing equation is as follows:

_.
I e

® ® @d"d® "® W Y (3-5)

—a

(0]

The governing equations are analyzed with the following assumptions and
simplifications.
Assumption 1Previous publications have proved that DRAs can reduce the fluctuation

velocity or Reynolds stress (Amarouchene & Kellay, 2002; lwamoto et al., 2005; Samanta et al.,
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2009; Warholic et al., 2001). If all the fluctuation vetms disappear, and with a constant flow
rate (basic condition for drag reduction studies), a steady flow is achieveli,@tho T, and
consequently @7 o T If all turbulent structures disappear, turbulent flow becomes laminar
flow, which is supported biostic (1994), who found that there was a laminarization trend of
turbulent flow after DRA was added. Furthermore, this assumption has been partiallylproved
experiments. Many results (Bizhani et al., 2015; Li et al., 2005; Paschkewitz et al., 2005; Shao et
al., 2002; Tamano & Itoh, 201M)ere published with PI1V data to show that fluctuating velocity
(Reynolds stress) decreases when DRAs are added. Tame»dituation is that all the turbulent
structures disappear, and the upper limit of drag reduction is achieved.

Assumption 2uyis negligible asiis more important in pipelines, which was also
assumed by Barenblatt (2008). The turbulent flow in pipslis assumed to be fully developed,

thereford 0 |1 w 1 Under this circumstance, the only direction in which polymers can stretch

is the x direction. The component®fin the x directionf) 1, and the component in the y
direction,0 Tt For simplification,Q is used to replacé in the following text. Similarly,

~

@ Tw Ol (e, andcis used toreplacei . is used to replace the component of

“Hin the x direction.
These simplificationsnake thegroblem or-dimensional, and Eq-1, Eq. 13, and Eq.
1-5 are reduced to the following,

Qn 1T Q6 p 1QY

— ——— — (3-6)
00 YO YQOo
. Q0 w P @ 7
° %w o, O P
U
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With complete laminarization of turbulent flow explained earlier viglecity profile is
assumed to be a second order polynomial (all the parameters used, i. e., velocity and distance, are
still dimensionlessjhere the Cartesian coordinates is used since all governing equations use the
Cartesian coordinates)
0 OWw OO ® (3-8)
In the pipeline, the following three boundary conditions can be used to obtain the
coefficients in Eq. 38.
O p OTMT T (3-9)

(3-10)

This leads to the following velocity profile:
0 W QW (3-11)
which issimilar to the results by Jappéaafar et al. (2010)
According to Eq3-6, the pressure gradient without polymers can be represented in Eq. 3

12 asb =1 when no drageducing agents are added.

Qr Qo
= BLabl (312)
QW YQQw
The defintion of drag reductioniR%) is given in Eq. 3.3.

Qn Qn

i~ Qw Qo

(O 2 on pTiTmb (3-13)

Qw
Qi Qw and QHQAQw represent pressure drop with and without polsgne

respectively. After EQ3-6 and Eq. 312 are introduced, Eg-B3 can be transformed to:
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Y

oY o1 p o2 (3-14)
7l

The termQ YQ accordingo chain rule of derivation, can be written as:

QY Q0
Qw

€

p

Q

w
5

——

' P
8o 5600 (3-15)

o]

4
P 3

Onemethod of establishing an average drag reduction in the pipeline is to use the
dimensionless bulk velocity (19 replaced . Thus, the equation for averaggag reduction

(DR%) can be shown as:
&H 2
p P i

POQ 4
P o

Y p 1 p (3-16)

Eq. 316 gives the upper limit of drag reduction with polymer additives when complete
laminarization happens in a turbulent pipe flow.

It is impossible to measure thenformation tensor and maximum length of the polymer
in the flow. To validate this model and neaik useful in practical engineering applications, a
special case af = 0 is considered to yield the following,

P
P QQ

[OD 2 p T p (3-17)

This represents an extreme condition with lowest drag reduction ability of the polymers
when the polymers are in a completely coiled state therefore th-end vector is 0, which
was proved by Procaccia et al. (2008). In any other conditions whenl{imegps are stretched,
i.e.,0 T the drag reduction will be higher than what is predicted by #4. 3

The remaning polymer properties in Eg-37,7 andWi, can be easily measured in a

pipe flow or in a rheometer. Then the model can be validatetuaher analyzed. One should
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also note thathe difference between Eq1®and Eq. 317. p @ @0 j p @0
represents the effects of polymer length and conformation tensor, which arelatgt to
viscosity and elasticity properties of the fluid. $heviscoelastic effects can also be investigated
alternatively with the remaining properties in EgLR These aspects will be discussed in the

following section.
3.2Model Tuning and Discussions

Since we establish an upper limit model of drag redudtiopolymers, gperimental data
from JappefJaafar et al. (2009) are useduoethe modédeveloped in thisvork. Eq. 317 will
betunedagainst these data. Based on its definition, the Weissenberg number can be expressed by

the polymer relaxation timend the shear rate

s gy
Q —_— 3-18
©Q 1 _=g (3-18)

whered is the diameter of the pipeline. Relaxation time can be obtained from the definition

(Malkin & Isayev, 201

- B (3-19)

G is the elasticity andn is the viscosity measured from rheometers.
The viscosity at a certain shear rate can be calculated by the Caiasada model as:
] ‘ p

— i i (3-20)

where’ and’ represent the viscosity at zero shear rate and infinite shear ratacy andacy
are three constants correlated from experimental data. Note thiatnot relaxation time but a
time parameter in the Carréatasuda model. The other parametergan also be calculated when

shear rate (velocity) is known.
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In the experimental data, drag reduction values were measured with concentration of
0.075% and less, while the modulus to calculate the Weissenberg number was measured with
concentration omore than 0.075%. So, the modulus found for concentrations of less than
0.075% with high shear rate (108)svill be used in all calculations as it is impossible to
estimate the modulus for concentrations of less than 0.0Vb&doss and storage modul&)
andGo, under shear rate are 0.2 and 0.4 Pa by estimation from the original paper. Thus, the
moduus based on definition in Eg-ALis 0.45 Pa, which will be used in all the following
calculation.

0 e @ (3-21)

Since the current model mhets upper limit of drag reduction (with complete
laminarization), the predicted drag reduction (with polymeric fluid properties measured from
rheometer)PDRca, should always blarger than the one reported for pipelin@Rexp. This can

be clearly seen in Figure13 providing the desiretlining
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Figure 31 Comparison of experimental data with calculated drag reduction from the upper limit
model(data from Jappeiaafar et al. (2009))
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In Figure3-1, the straight line represer®ca = DRexp. All data points are above the
straight line, which shows thBXRca is indeed greater thdDRexp, Over the entire range of data.
One may notice that although m@Rca values in Figure-3 are in the range &7 1, some are
larger than 1. Real drag reduction (percentage) should always be less than 1. Those values larger
than 1 are due to the experimental data issue explained eHnkeeference bylapperJaafar et
al. (2009 did not provide modulus values for data conditions of concentrations less than 0.075%.
For those conditions, estimation was made using the modulus for concentration of 0.075%
(higher than their true values). The trend of dptdapperJaafar et al.200) suggests that
higher concentration leads to higher modulus. So for those conditions, the modulus used in
prediction was higher than the true values. This subsequently makes the calculated drag

reduction larger. This is evidentlfg. 322, which is arexpansion of Eq. 47.

P O

oY p 1 p (3-22)

pcg
If complete data were available, those points for lower concentrations would have lower
modulus values, making the calculated drag reduction lower than 1. From this perspective, these
results actually verify that the developed model works well in dragtieduprediction with
fluid and polymer properties.
A new parameter for the ratio DRcai andDRexp can be introduced,
oY

| oY (3-23)

SinceDRcal is larger thaDRexp in all experimental conditiong, is less than 1. The

relationship between andDRexpis shown in Figuré&-2.
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Figure 32 The linear relationship betweenandDRexp

Figure 32 shows an interesting linear relationship between the drag reduction eate
DRexp,
| 18t p O1Y TBIX P G (3-24)
Combining Eq3-23 andEq. 3-24 then rearrangement leads to an explicit relationship
between the calculated upper limit of drag reduction and estimated drag reduction in pipe flow,
as shown in Eg3-25.
T8t X gy

oY — 3-25
B PQY b (3-25)

It is often costly and timeonsuming to build a flow loop to test the drag reduction in
pipelines, and even harder to monitor drag reduction performance in real pipelines. In this case,
Eq.3-25 provices a convenient way to estimate drag reduction in pipdliReyf) from the

upper limit of drag reductiorDRcal) calculated using the analytical model and fluid properties,
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i.e., modulus and viscosity, measured in rheometer. Thesemslaps are depicted in Figude

3.

Rheometer
measurement (and E%.ZI} Model OR-,) Eg.53 Pipe flow ORe,p)
G)

Figure 33 Relationships between measured fluid properties in rheometer, calculated upper limit

of drag reduction@®Rcal), and estimated drag reduction in pipe fl&RExy)

It should be noted that this correlation may be dependent on the types of chemical
additives, but a similar method can be used for other DRAs, which may result in a different
coefficient for the linear relationship in E824. This study will not attempb develop a
universal correlation. However, if more studies combining rheometer and flow loop
measurements can be completed, the coefficients i8-E4.can be refined, making this
correlation applicable to a wider range of conditions of drag reductipipelines.

In this method, a relaxation time of polymer is needed to predict the drag reduction.
However, when the polymer concentration is extremely low, it may be impossible to measure the
relaxation time (Lim et al., 2003). In this case, one metbquedict the Deborah number, a
dimensionless number regarding relaxation time, can be used (Hong et al., 2015).

Further examination of the model in B3317 leads to useful insights to understand the
drag reduction mechanism, particularly the effectslasticity and viscosity. Expanding E3j.

17 also gives the following:

‘ (3-26)
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Many factors are involved in Eg-26, i.e., viscosity, modulus, velocity, and
concentration and they are all interrelatiéds unreaonable to evaluate the elasticity and
viscosity effects separately as both can cbaote to drag reduction. Heeenew explanation of
viscoelasticity effects in drag reductieshown

Assume that a polymer solution with a constant concentration dana¢he friction in
pipelines and the concentration varies in different conditions. At an initial state, the velocity of
flow is low then gradually increases. The total valDg"Y * starts to increase, since the
growth momentum o2 is greater than that 8Y * . Thus, drag reduction increases until the
maximum drag reduction is achieved. In this period, elasticity plays a positive role since it
offsets the growth momentum of * , which results in a drag reduction increaset his trend
will stop whenG? starts to grow slower thaly * . Now,"Oj Y * starts to decrease, which
leads to a decrease in drag reduction. In this period, modulus plays a negative role in drag
reduction. Even though elasticity still increasesannot offset the growth of viscosity. Overall,
this phenomenon can be summariasdollows At a critical concentration, drag reduction will
reach its maximum value when velocity increases to a certain point, after which, drag reduction
starts to de@ase. This theory can be supported by many previous results (Gasljevic et al., 1999;

Zhang et al., 2005; Kamel & Shah, 2009; Dosunmu & Shah, 2bb#nin Figure3-4.
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Figure 34 Drag reduction performance of two DRAs abililythe same velocity originally from

Abubakar et al(2014)and at the same concentration from Kagebhah(2009)

It is also important to consider the other situation: drag reduction with a constant velocity
and varying concentrations. With increasgumcentration;, j increases and the term
p ] ‘ i IncreasesAnd increasing concentration will also increase the modulus,
which canincrease the drag reduction. When the concentration reaches a certain point, the drag
reduction also reachés maximum, after which, drag reduction starts to decrease even though
elasticity still increases with increasing velocity. The increasing momentum of modulus cannot
offset the momentum of the viscosity, so drag reduction starts to decrease. This ploenoasen
also been observed by previous studies (Abubakar et al., 2014; Gurabn2015) as shown in

Figure3-4.
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3.3Summary

In Chapter 3, a new model for drag reduction by polymer is proposeddedivith
previous experimental data. This model assumes complete laminarization in the flow and
predicts the upper limitation of drag reduction in pipe flows. Comparison of predicted and
measured data also leads to a correlation between drag reduction in pipadipvedicted
upper limit of drag reduction using fluid properties measured in a rheometer. The correlation
provides a convenient and useful way for estimation of pipeline drag reduction with low cost.
This model is also used to explain the mechanisnmmagf teduction by DRAs. Both viscosity and
elasticity of the polymeric fluid affect the drag reduction. With a constant concentration, drag
reduction increases with increasing velocity as the growth of modulus is limited. After maximum
drag reduction occuysirag reduction starts to decrease as the growth of velocity and viscosity is
larger than that of the modulus. With a constant velocity, increasing concentration increases the
drag reduction due to positive effects from the modulus. Once a maximum duatoe occurs,

drag reduction decreases because the growth of modulus is greater than that of the viscosity.
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Chapter 4 Experimental Correlation for Pipe Flow Drag Reduction

Using Relaxation Time

A semianalytical model wapresented in the earliehapterfor the drag reduction
prediction by polymers. However, it is difficult to measure the relaxation time of the polymer in
the dilute solution. Ithis chapter, the concept of relaxation time of the polymers is further
examined and an experimentaldy on drag reduction in a pipe flow is conducted to develop a
correlation for drag reduction by polymerhe main content of this chaptess beempublished
(Zhang, X. , Duan, X. , Muzychka, Y., & Wang, Z .
flowdr ag reduction using relaxation time of | ine
Canadian Journal of Chemical Engineering, 98(3);8®®). The author of this thesis ike first
author of this paper. The first authmnducted the experiments, analyzed the data, developed
the correlation angrepared thenanuscriptProf. Duan and Prof. Muzychka as the second and
third authos provided their suggestions t¢ime correlation development and revisionshis

paper Prof. Wangasthe fourth authohelped men the construction ahe flow loop.
4.1 Theoriesand Correlation Formulation

4.1.1Clarification of the Relaxation Time,Deborah Number, and WeissenbergNumber

As discussed earlier, the relaxation time of a DRA is a key property in determining its
drag reduction efficiency. It refers to the transition time of a DRA from the stretched state to the
coiled state. Figurd-1 illustrates the coiled state and stretchiede of a long chain linear
flexible polymer in a dilute solution. In the coiled state, its radius of gyra®gmrefers to the
radius of an imaginary sphere enclosing the coiled polynies. definition of relaxation was not

followed by previous workéGhajar & Azar, 1988; Kwack & Hartnett, 1983).
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Figure 41 Polymerbehavioran a dilute solution

The relaxation time could be measured by rheometers, defined as the ratio of viscosity
over the modulus. In previous studies, the relaxation time of surfactants was measured by this
method. However, this meth@dnnotbe usedin dilute polymer solutions loause the rheometer
cannot measure the modulus of the dilute polymer solution (G&repno & Clasen, 2010Rpne
previous study showed that the relaxation time could be measured by a filament method using a
commercial capillary breakup extensional rheom@gaBER) (Owolabi et al., 2017). However,
the method is still limited to relatively high concentrations, at least-didnté solutions (several
hundred ppm), and cannot be used for dilute solutions (<100 ppm).

Therefore, another method to investigatertiaxation time of polymeris neededn
dilute solutions. In this study, the theory of Zimm, a theory to determine the relaxation process of
linear flexible polymers, is used for this estimatsm shown in Eq.-4 andEqg. 42 (Zimm,

1956). This theorgppeared in many classic reviews on drag reduction (Sreenivasan, K. R., &
White, 2008; Sreenivasan & White, 2000):

Yo w8 (4-1)

T~ (4_2)

whereRg is the radius of gyration of the polymers in a dilute solution keis the Boltzmann

constant, 1.38 x 1 J - K'1: Tis the temperature (K} is the length of monomer of polymer
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(m); andN is the degree of polymerization. The radius of gyration is defined as the average
distance from theentreof the polymer to thedgie of an imaginary sphere covering the outer
edge of the coiled polymer, as shown on the left side of Fitre

In this chapter, the concentration effect on the relaxation time of the dilute polymer
solution is not considered as it was in a previouskwituthukumar, 1984)his concentration
dependency is due to the viscosity variation of the polymer solution. It was reported by
Ebagninin et al. (2009) that for a 4 x®IfImol PEO solution at a concentration of 2500 ppm, the
viscosity remains almost ttsame as water. In the current work, the concentration of polymer is
so low(from 5 ppmto 20 ppm)that the viscosity of the dilute polymer solution is assumed the
same as the solvent, water.
The original definition of Deborah number by Reiner (1964) besed on the ratio of relaxation

time over observation time, shown in Equation (3) (Dealy, 2010; Poole, 2012):

0Q (4-3)

Sl
NEL

whereais the relaxation time (s); anglis the observation time (s), calculated from the length of
the pipe] (m), and the average velocityy (m/s). The current study considers this as the only
correct definition of this dimensionless number. Compared with the other complex definitions of
Deborah number in the litera) the definition in Eq.-8 has a clear physical meaning and is
easy to use.

An alternative dimensionless number involving the relaxation time is the Weissenberg

number, defined ikq. 4-4 (Dealy, 2010; Poole, 2012):

o gy
Q — 4-4
©Q 1 _=5 (4-4)
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wherei is the shear rate at the wall of the pipe in turbulent floty s suggested by Metzner

and Park (1964)Y.heshear rate in the near wall regisrusedbecause the vortex structure in this
region is modified by the polymers added in the turbulent {Mikite et al., 2004)in Eq. 44,

Uy is the average velocity (m/s) adds the diameter of the pipeline (m). As discussed earlier,

the viscosity of a dilute polymer solution remains the same as the solvent (water). This solution
shows Newtonian fluid chacteristics, which explains the shear rate expression.id-EqThe
Weissenberg number describes the ratio of elastic force over viscous force in the flow.

These definitions of the Deborah number and the Weissenberg number, and the
difference between &htwo, have been discussed by Dealy (2010) and Poole (2012). Many
previous studies did not follow these definitions, and the Deborah and Weissenberg numbers are
often misused. In a pipe flow, the Deborah numbe&) @nd Weissenberg numbé&¥i) are
relatedto the length and the diameter of the pipe, respectively. In this study, the Weissenberg
number is used since shear rate, related to the pipe diameter, is important in the drag reduction.
4.1.2Correlation Formulation

When a polymer is used as a DRA in a turbulent pipe flow, the drag reduction efficiency,

DR% can be defined as the relative decrease of pressure drop:

a0 30

oY -
3V

prmth (4-5)

wherPe( Rm) 1 s the pressure dr ®Pp(Payisthepoesstredrope p ol
with the DRA. In this definitionDR%is a dimensionless number. As discussed earlier, it is

determined by several parameters. With a constant temperature, the drag reduction efficiency is a
function of the pipe diameted), bulk velocity Uy), viscosity of the solvenig), and the

characteristic length of the turbulent flow with polymers. This length is a function of the polymer

type, molecular weight, and concentration (Gasljevic et al., 1898)is study, only wates
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usedas the solvent and its density is ~1000 Kgtmerefore, the densiig not addeds a
variable. In this experiment, only one type of polymer@pE used, and therefotiee degree of
polymerization ) is usedo replace the average molecular weigh The polymer
concentration@p) is essentially a dimensionless number (welgdged, ppm). With these
considerations, the drag reduction can be exprasdegl. 46:

oY QohYh M h) (4-6)

Eq. 46 has six factors and three dimensions (length, time, and rmassike Eq. 6
dimensionless, three dimensionless groups using these vashbldd be preparedwo
dimensionless numbers already exiR% andCp. The remaining question is how to comdi
the other four variablesl, Uy, N, and* to make one dimensionless number, the details of which
can be found in Appendix |. Examining the definition o iIWeissenberg number in Eg44and
the relaxation timestimation from Eq.4 andEq. 42, one can find that the diametkr
velocity Up, dynamic viscosity , and polymerization degréécan all be incorporated in the
Weissenberg number. Thusg. 46 becomes the following:

oY Qo (4-7)

Many formats exist for the drag rediact correlation (Koskinen et al., 2004; Shah &
Vyas, 2011; White, 1970), with different degrees of acceptance in the literature. In this work, the
findings in previous studiesre followedto develop the formaif Eq. 48 for the prediction of
drag reductin from a viscoelstic perspective. In EQ-8} the viscoelastic prosperity is separated
into two parts, viscous part and elastic part. The elastic part is the square of the Weissenberg
number Wi?, suggested in our previous wdsgee appendix Il for further explanations about why
WP is used instead oWi) (Zhang et al., 2018); the viscous part is the polymer concentr@tipn,

based on work by Kim et al. (1997) and Yang et al. (1994 substantial experimental data,
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these resarchers showed that in a dilute polymer solution the drag reduction was approximately
proportional to the polymer concentration, 1e/DJY & @ ¢ &. iThe other experimental
conditions incorporate molecular weight, velocity, and geometry inrdgeréduction flow,
which are combined as the Weissenberg number mentioned above. Without pGlymeyj =
0, there will be no drag reduction, i.BR% = 0. The two constantg,andB, in Eq. 48 are to be
determined from experimental data:

O0Y 00 060w (4-8)
4.1.3Concentration Range for Correlation

This correlation, Eqg.-8, works for drag reduction in dilute polymer solutions as

mentioned. Under this condition, there is no interaction between two polymer chains, as
illustrated in Figurel-2a, and the only interaction is the one between the solvent and the
polymer. Here it is helpful to understand the concept of overlap concentration for polymer
solutions. Figurd-2 illustrates relationships between polymer chains (in coiled state and shown
as imaginary spheres) in solutions of three different concentrations. In the dilute solution, the
concentratiorCp is low and there is no overlap or interaction between the polymers, shown in
Figure4-2a At a critical concentratiorC*, the imaginary sphes of polymers ar@ngent to
each other, as shown in Figureb; there will be interactions between them once the
concentration increases slightly. This critical concentration is called the overlap concentration
(Cotton et al., 1976; Graessley, 1980; &' Chu, 1987). If the concentration continues to
increase, there will be significant interactions between the polymer chains and the solution is

called a semdilute polymer solution, shown in Figude2c.
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Figure 42 (a) Dilute polymer solution wheais less tharC", (b) Critical state wheanis equal to

C’, (c) Semidilute solution wher is greater tha”

This overlap concentration concept has been discussed in many publi(@taessley,
1980; Ying & Chu, 1987), and many equations have been proposed to calculate the overlap
concentration. In this study, one classic equation by Broseta et al. (1986) and Cotton et)al. (1980

is usedas shown irEq. 49:

, 0
° (4-9)

5 0°Y

whereM is the average molecular weightwl?; andNa is the Avogadro constant, 6.02 x40
mol™t. Note that there are other methods to calculate the overlap concentration, such as those
based on the sudden change of viscosity versus the patgmezntration (Ebagninin et al.,
2009).The definition in Eg. 4@ is better since it has clear physical meaning and is widely
accepted.

In this study, PEO (from Sigmaldrich Canada) as the draigducing polymers used
with three viscosityaverage moladar weights, 16 2 x 1@, and 4 x 18g/mol. Theviscosity
average molecular weight to calculate the degree of polymerizat)os (sedobecause it is the

only available molecular weight from the supplier of these polymers. The monomer length to

calculde the radius of gyration of relaxation time of PEO is 0.278 nm (Oesterhelt et al., 1999).
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The overlap concentration is shown in Table 1. The profile of the molecular weights is not
considered sincthis studyintends to use the average molecular weighptedict the drag

reduction via relaxation time.

Table 41 Overlap concentratior) at different molecular weights

M (10 g/mol) N Rc (x 10/ m) C' (g/m*D ppm)
1 22727 1.14 266
2 45455 1.73 153
4 90909 2.63 88

The Floryinteraction (or solubility) parameter is also an important parameter of polymers
in drag reduction, as suggested by Choi et al. (1999) and Lim et al. (2007). However, the current
correlation of Eq. 46 does not include this parameter. It is not a variabtur study since only
one type of drag reducing polymer (PEO) is used and it has a fixed solubility parameter. This
variable will be considered in future research that inobt@er polymer typesince the PEO
concentration is lowit is assumd that he density of the dilute solution remains the same as the
water density, ~10kg/m?® in experimental conditions. Thus, g/ia treatedas g/16 g, the latter
being equal to pprthere ppm is dimensionlesg)hus, the concentration in this study should be
less than 88 ppm. Even lower concentrations are used in the experiments to ensure dilute

solutions.
4.2 Experimental Setup and Procedure

The schematic of the flow loop for the drag reduction ingasitin is illustrated in Figure

4-3. Water is transported to the pipeline via a-peline pump (6050 Series Bronze AC Motor
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Pump Unit, Xylem USA) from a 0.22%tank. To regulate the flow rate in the experiment, two
globe valves are installed in the main pipeline with bypass. Adtghacy flowmeter
(FTB691ANPT from Omega, USA) measures the flow rate in the experiment. The uncertainty
of flow rate measurement is as follows: 3% of reading for flow rate from 3.8 {3ldmin

(litre per minute), and 5% when the flow rate is less thah/8¥. The nominal pipe diameter

from the outlet of the pump to the polymer injection point is 0.0254 m.

| Differential Pressure Transducer (a)
Pressure
Rall Self-prime  Globe Gauge @
\_?.[atir v al! Pump Valve Flowmeter Polymer
an alve oct {0l - : Solution to
I_l—[:gj——Q Check Valve Test Section Collection
Globe Valve Diaphragm
Poct Pump
Bypass 1-Inch Pipe
Polymer 3/8-Inch Pipe
Solution
Tank

Figure 43 Schematic diagrarta) and photo (byf the flow loop

The concentrated PEO solution in the polymer solution tank is prepared in a mild

condition. Tap water and PE&®emixed with a magnetic stirring device in a low rotational
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speed for 24 hours until no cluster or aggregate can be observed. This concBEGlution
is settled for another 24 hours to be homogenized and it will be used up in one day. The
concentrated polymer solution is injected into the pipe flow by a diaphragm metering pump
(PHR-804M, Omega, USA). Previous studies showed that this lystieeous injection method
with a diaphragm pump prevented mechanical degradation of the DRAs and led to optimal drag
reduction performance (Hoyer & Gyr, 1998; Hoyt & Sellin, 1988; Vleggaar & Tels, 1973; Wells
Jr & Spangler, 1967). Also, the master solutiaresinjected at the wall (rather than centre) of
the pipe as suggested by previous studies for better drag reduction efficiency (Hoyt & Sellin,
1988; Kim & Sirviente, 2007). The concentration of all PEO concentrated solutions (with PEOs
of three moleculaweights) is 750 ppm, and the concentration in the pipeline is 5, 10, 15, and 20
ppm with four different flow rates.

After the injection point, a stainlesseel pipe with an inner diameter of 1.27 cm is used
as the test section. To eliminate the entraifact in dragreducing pipe flow, the entrance
length before the test section is 1.3 m (-d)0as suggested by previous studies (Omrani et al.,
2012; Seyer & Catania 1972; Tuan & Mizunuma, 20IBg pressure drop in the test section
(2.02 m long, ~159) is measured by a differential pressure transducer (DPGN80BIDWU,
Omega, USA). The measurement uncertainty for the pressure drop is 28 Pa. The polymer
solutions are collected at the outlet of the test section for treatment and disposal to avoid
environnental problems. Temperature is measured in all experiments for the calculation of the
Weissenberg number.

The Fanning friction factor can then be calculated from the expetatg@ata using Eq.

4-10:
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B0

q =
caod

(4-10)

whered is the diameter of thgipe;l is the lengthy is density of the dilute polymer flow (as
expl ai ne distameasured pjessuremrop; amslthe mean velocity calculated from
the masured flow rate from Eq-31:

10

o) (4-11)

0
Using the methods of Kline aMcClintock (1953}he uncertainty of the friction factor

can be estimated with Eq:14

o 1B o 1m, 1P 1m. e
’|QT3613~U Tgo T’E‘)Q T}]a (4-12)

wherdg ( B) is the uncertainty of the differential pressure sefsbgnd | are 0.1 mm and 1

mm, respectively; aridu is the uncertainty the measured mean flow velocity, which can also be

estimated using the same Kline and McClintock method:

, 195 L9, 413
1o 0 =0 (4-13)

wherg Q is the uncertainty of flow rate measurement as discussed earlier. Similarly, the

uncertainty of drag reduction efficiendpR%) can be estimated with Ec:-14k

T Op - T Op -

1 0P o0 1 30 53 1 30 (4-14)

A series ofexperiments were conducted with water but without polymer additives in the
test section to verify the experimental setup. For verification purposes, the measured Fanning

friction factors are compared with the classic Colebi¥gkite correlation in Eq.45:
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L - (4-15)
D Yoa &

whereYis the absolute roughness of the pipe, equal to 0.015 mm in this study. The results in
Figure 44 show a good agreement between the measurements and the results from the classic
correlation all predicted vale are covered by the error b&em the uncertainty analysi¥his
demonstrates the reliability of the experimental setup and data analysis naeithgudiarantee

the data repeatability due to the small eriwte that error bars are shown in Figu4 yet not

shown in the figures of the next sections, for the purpose of clean presentations.

0.040

0.038

m  Experiment
—— Theory

0.036

0.034

0.032

0.030

0.028

0.026

6000 8000 10000 12000 14000 16000
Re

Figure 44 Benchmark test for the flow loop

4.3 Experimental Results

4.3.1Drag Reduction Experimental Data and Analysis
Figure4-5 shows the measured Fanning friction factor at different Reynolds numbers of

the dragreducing flow. As clarified earlier, the solvent viscosstyisedo calculate the
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Reynolds number since in the dilute polymer solution (several ppm levels), the polyith@ot
significantly change the viscosity (Burshtein et al., 20A%8)expected, the friction factors with

polymers are less than the friction factors predicted by the Blasius egi4afiod ®e0OO 41 1 0

in pipe flows) with no drag reduction, i.eEq. 416 and the dasklotted lines in Figurd-5. Also,

the friction factors of flow with polymers ar
asymptote (Virk, 1975; Virk et al., 1978 0 0 ReOO 4 Tirlpipe flows, i.e.,Eq. 417 and the

dotted lines in Figurd-5, which represents the minimum friction factor by polymers. The

laminar flow and laminar flow extension lines from the Hadrmiseuille equation, i.eEq. 418

(ReO 2300 i nangsolandtdsholines in Figutd, areused as a reference to

indicate that whatever polymer is added to reduce the friction, it is always greater than the ones

in a laminar flow:

QT8 X WQ 8 (4-16)

0 T QS8 (4-17)
— PO (4-18)
2 Ta

These qualitative analyses further vetiiat experimental data are correct and also show

that the drag reduction is influenced by polymer concentration.
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Figure 45 The relationship between friction factor and Reynolds number at different

concentrations. (a) Whev = 1¢° g/mol, (b) WherM = 2x16 g/mol, (c) WherM = 4x16 g/mol

Figure4-6 shows the relationship between the drag reduction and polymer concentration.
With the same polymer, a higher concentration can increase the drag reduction. In a polymer
solution with a higher concentration, more polymers are available to dampen the turbulent
structures. The energy dissipated by these turbulent structures casdxeforulow in the
streamwise direction. In this case, the turbulent flow needs less extra energy (pressure drop) to

sustain. This is how the drag reduction is defined (Benzi & Ching, 2018).
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Figure 46 The relationship between drag reduction and Reynolds number at different

concentrations. (a) Whev = 1¢° g/mol, (b) WherM = 2x16 g/mol, (c) WherM = 4x16 g/mol

Figure4-7 shows the relationship between the Weissenberg number and drag reduction.
The sloid straight lines in Figure7 represent the linear relationship between the drag reduction,

DR%, and the square of the Weissenberg numhbét, as suggested in a previousrk (Zhang
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