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Abstract

Predicting polymer drag reduction from polymer solution rheot@gybe potentially achieved by
developing amodel between friction factorand rheological characteristic§ h e model 6s
foundation depends oestablishing aorrelationbetweentheseparametersand its robustness
depends on the size tife datautilized. To establistthis relationfor hydrocarborbased polymer
solutions the presentvork demonstrates friction factor tests witlaterbasedolymer solutioras
preliminaryresultsand parallellypresents the design, fabrication and commissioning of a flow
facility that canoperate with diesel fuel as the flow mediuhime waterbased polymesolution
analysisincludesextensivepipe flow test for three different pipsizes(1-inch, 1.5inch, and 2
inchinnerdiameter) andeveraldrag redation percentagego gathempressure drop dafeom the

pipe flow facility to further calculate theskin friction coefficient Cs). For each pressure drop, a

fluid samplefrom the pipe flow setupis tested for shear viscosignd extensional viscosity
measurementd he shear viscositil) measurementalong with the knowfluid density(} ), flow

velocity (V) and pipe inner diametéD) wereutilized tocalculate thdRe y no | d 689 af u mb e r
the flow through the relatiolRe= (} V D) /u and the extensionaliscosity dataprovides the
relaxation time(ty) of the sample whiclvasutilized along with the shear rate) ¢o calculate the
Weissenberg numbeW\{), given byWi = t; - 2. Thesevalues ofC;, ReandWi for eachsample

point when projectedtogethey exhibit good correlation, and presents strong clues towards

understandinghe dependence @ on Wi andRe The extensive datfor waterbasedpolymer



solutiontestand itsanalysisarepresentedThis will be used akundational workor similar pipe
flow tess plannedvith diesetbased polymesolution,to be conductedh a separate flow facility

for diesel

Basedon the concept of the water flow loopgetdiesel flowfacility with a Linch pipe sizewas
designedwith consideration on safegndventilation around the loofhe detailed component
level designis presentedand the fabrication andcommissioing of the loopwas completed
Similar to the watebasedtests,threepreliminary test with dieselfuel were conducteat six
differentRevalues(500Q 10000, 15000, 20000, 25000, é&8@000)to confirm the alignment with
the Newtoniarfriction factor valuesThe resultshowed close and consistent alignmemith the

NewtonianCsi Recurve confirmingthedieselflow loopd seadiness for polymer solution tests.



Pref ace

For the watebasedests, all the pressure drop measuresiantl shear viscositpneasurements
were taken by meThe extensional viscosity measurememas a collaborative workwith the
dripping test setup design and commissionirapmpletedby Lucas WarwarulandJoel Fenske

and allsubsequent relaxation time measurements performed by me.

| solely worked on the design of the new diesel flow londer guidance of Dr. Sina Ghaemi and
Lucas WarwarukThe component level fabrication was a dotleation between th@achine shop
andathird-partywelding company for certified weldinfgr pressurized components for use with
diesel. Post fabrication, the assembly and commissioning of the diesel flow loop was a
collaborative effort betweeme the machineshop, and the electrical department under the

machine shop
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Chapter 1

|l nt roducti on

1.1 Motivation

Frictional losses in pipe flow play a crucial role in various engineering applications, such as fluid
transport, pipeline design and energy distribution. Understanding the factors influencing friction
in pipe flowandminimizing these frictionalbsseds essential for optimizing system performance
and minimizing energy consumptidn. hydrocarbon pipelingshefluid is transported overery

long distancs at high flow rates, this implies turbulent flow and thus highieictional losses
causinga significantdecrease ithroughput requiringincreasedenergy consumptioandhigher

operatingcosts

Drag reductior(DR) through the addition admallamouns of high molecular weighpolymessis
awell-knownphenomenoffirst observedy Toms(1948. It hasproven to ban effective method
in minimizing flow turbulence and increasing throughpthis was successfully demonstrated for
crude oil pipelinedy Lescarbouraet al (1971 in both laboratory and field testirapdwas first

commercially implementenh the Trans Alaskapipeline systenn 1979(Burgeret al, 1982)

Quantifyingthis drag reduction requiresxtensivetestingof the polymersolutionin a pipe flow
system, whiclbecomesmpractical foralarge scaleoil transporioperation Thepresentvork aims
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to understandhe relationship between the DR percentage and the rheological propentasof
basedpolymer solutiornby testing these parameters toreedifferent pipesizes eachwith five
differentR e y n onuntbérflow for 6-8 different DRpercentages andtilizing these30-40 data
points for eachpipe diameteto understand the trend anlévelop arobustmodel topredictthe
DR percentage using polymaslutionrheology The currentvork wasfocused onthewaterbased
polymer solutiondecause functioningwater flow facility wasalreadyavailableto start testing
immediatelyand results fronthese testsan be utilized as a proof of concelptit to providea
scalablepredictionmodelfor hydrocarbonssimilar workwasrequiredto be done wittdiesel
basedpolymer solutionbecausehe drag reducing polymetsedfor hydrocarbons ardifferent
from the one usefr waterin terms of molecular weight, solubility addag reducing capabilities
this requires a separate diesel flow facilityTo address this requiremenhe design and
commissioningof a diesel flow loop is scoped in this wpdnd successfutommissioningand
baseline tests are presentednfirming the loop readiness for future polyrsetution testsThe
choice of using diesel was based on the facts finstty, dieselhas a higher flash poi(t- 52°C)
and lowvolatility, making it safer tthandle at room temperaturempared to other easily available
hydrocarbons like gasoline and kerosiaed secondly, it haamuchlower viscosity than crude
oil, making the flow loop design simplananageable pump requirements andeza$iainagef

the loop forepeating tests.

1.2 Thesis overview

This reportstarts with adiscusgn onthe background work and fundamental concegitsted to

this field to set the stagdollowed by thedetailedaccountof the watetbased polymer solution



tests It thengoes over the rheological analy&is waterbased solutions antiscusses the results
and observationfrom these tests. The discussion then pivots todtdtaiks of thediesel flow
facility, followed byits preliminarytesting, results and observatio@onclusion and futureork

are discussed henceforth. Below is a chapter wise breakdown of this overview.

Chagper 2 provides the background and current state of res@atbis field anddivesinto a few

conceptual topics that are used as frameviarkhis study

Chapter 3 discusses th#e flow facility for waterpolymer test and details the test procedure
followed by the calculations dfs. Furthermore, idetails theshear viscosityand extensional
viscositymeasurement setup and data procedsieglculateReandWi, concluding with a section

for theanalysis of uncertainty in the measurement<fpReandWi.

Chapter4 examinesthe results for the watdrasedpolymer solutiontests andalks about the

observations.

Chapter5 discusses the pipe flow facility for dieggblymer test and details tHeselinetest

procedures and discusses fieliminary results.

Chapter6 summarizes théndingsof waterpolymer test and provideketails on the future work.



Chapter 2

L1 t e mweavtiuerwe

This chaptewill first discusgswo fundamental properties of flyidhear viscosity and extensional
viscosity, understanding of which ignportant in laying the foundation faliscussinghe next
topics like friction in pipe flow and polymer drag reductithrat arekey in understanithg the

background workthecurrent state of researahthis field and theurrentwork presented

2.1 Shear viscosity

The shear viscosity of a fluid is a fundamental property which is governed by the strength of the
intermoleculaicohesiveorces of the fluid and characterizes its resistance to flow. To understand
it better,considera fluid flow over a flat surfacén this flow condition, de to highintermolecular
attractionbetweenthe fluid andthe solid surface moleculeshe fluid layer in contact with the
surface get stuck to it, leading tozero velocity o slip condition) and as this resistance is
transferred to thdluid layers adjacent to tis contact layerthe flow velocity progressively
decreasesearthe solid surface this resultin a typical velocity profile as shown in figure 1(a).
This relative velocities between fluid laydesds to the development of shear strébsdting
coplanarpetween two adjacefdyers For Newtonian fluidsat constant temperature and pressure
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conditiors the magnitude ofhear stresd] is directly proportional to thgradientof the velocity
profile (dV/dy). Here,y is the verticabxis described in figure 1 amty//dycanalsobe equated to
shear rat€o). As shown in figure 1(ajowards the free streathe difference in velocithetween
layers isvery small(Slopel), resulting inlower shear stress and as we go closer to the suhface
velocity changes much more rapidylope2), causing higher shear stre3sis relation is called

t he n dawtoforiscossy

T 0) R (1)

or

T 3, (11

where the f |wisdé propartiormldyocsnistany. Thé higher the intermolecular
cohesion in a fluid, higher will be the shear stress developedjfeeashear ratand thus higher

will be the value of viscosity for that fluid.

Slope representing

Free stream A Newtonian fluids
T
Slope-1 = dV/dy
Vo) ]
Velocity Profile 7
Slope =

7 T
—_— Viscosity (u)

y Slope-2 = dV/dy

¥ dV/dy
(a) (b)

Figure 1: (a)Velocity profile of fluid flow over a surfacéb) Shear Stresd) versusgradient of
velocity profile(dV/dy) plot showing the slope which represents tseosity.



Viscosity is highly dependent dinetemperatureit decreases wittheincrease in temperaturs
the temperaturef the fluid increases, its molecules attain a higher energy, lenading it easier
to overcome the cohesive fordestween them and thueducing the skar stresses for a give
shear rateresulting in lower viscosityWhen the temperature is reduced, th&rmolecular
cohesve forcesdominateagain causing viscosity to increasthe effect of pressure on viscosity
is oppositeyiscosity increases with the increase in pressiings effectis comparativelynuch

smallerand is usually neglected.

It can be summarized that for Newtonian fluids relation betweedando at constant temperature
and pressure is linear and thecurvecrosseshrough zeroThere is a class of fluidhat does not
follow either orboth of the abovéwvo conditiors, thesefluids are categorizedcasnorn-Newtonian

fluids. In generalthese fluidsan be sub categorized as detailed in figui€thabraet al., 2010).

i

Newtonian

Follow:
+ Tov,and

* -y curve passes through zero

Time independent
(u 1s a function of T and y only)

Non-Newtonian
Does not follow:
+ 1 v,and/or
* -y curve passes through zero

Time dependent
(p s a function of 1, y and time

duration for which the shearing

Pseudoplastic
(shear thinning)
Behaviour:
Apparent
viscosity
decreases with
increasing shear
rate

Figure 2:Fluid categoriesshowing Newtonian andon-Newtonianproperties and expanding on

Dilatant
(shear
thickening)

Behaviour:
Apparent viscosity
increases with
increasing shear
rate

Visco-Plastic/Bingham Plastic
Behaviour:

Below a threshold stress
behaves like an elastic solid,
above the threshold stress may
exhibit Newtonian behaviour
(Bingham plastic) or shear
thinning behaviour.

Thixotropic
Behaviour:
At constant shear
rates, apparent
viscosity decreases
with duration of
shearing.

force was applied )

Rheopectic
Behaviour:
At constant shear
rates, apparent
viscosity increases
with duration of
shearing.

the further categorization of nésewtonianfluids with theirbehavioral properties.



We will further elaborate on theseudoplastic (shear thinninfijjiids which isamongthe most
commonnonNewtonian fluidsand represents theilute polymer sol@ions that wewill study
extensivelyin thereport In shear thinning fluids thepparenviscosity decreases with the increase
in shear rateSpecifically,for polymer solutionsat very lowshearates(< 102 1/s) the apparent
viscosity approaches a constamtllue and becomes independent of shear ,raeiibiting
Newtonianbehaviouy thisis termed agero-rate viscosity |(o). Similarly, at very high shear rates

theapparenviscosity phteaus towards a constant vatdenfinite-rate viscosity |ip).

There have been mamyathematicamodelsand experimental fits proposéalapproximate this

behaviourfor polymer solutionsthe twomost notablare elaborated belo(hhabreet al., 2010)

1. The power law mod€lOstwald de Waelequatior):

This model isrepresented as

QT h @)
where,c is the consistencyandn is thepower law rate index-or a positivevalue of n,
less than one, this relaticharacterizes the shear thinning behaviour of the fitwid range

of shear rateThisrelation, howeverfails to predict thepparent viscosity plateaus for very

low and very high shear ratése. po andpp.

2. TheCrosspowerlaw model(Cross 1965):.

The equation

ot ———— R ©)



is a more widely acceptedodel thatovercomes the deficiencies of the simpbstwald

de Waeleequationandcorrectly predictglo andpe for the twoextremeshear rate cases



2.2 Extensional viscosity

Extensional viscosity is a rheological property of fluids that quantifies their resistance to
deformation under conditions of extension or stretchihgs more prominentlystudiedin
viscoelasticmaterials like polymer melts and dilute polymer solutiofisis propertywas first
studied byTrouton(1906 wh e n  h e c o i coeffidenttohviscous &actim(e)é Trouton
experimented with pitcfa viscoelastic polymeignd studiedts extensionabehaviourthrough a
series of different experimentatethods he repored similar values ofe; repeatablyachieved
throughthe different methoddested In his paperhe establishedhe relation(experimentally)

betweersheawiscosity (1) andthe coefficient of viscous tractioar extensionaliscosity(s) as

(4)

Qlo
o«

which was latetheoreticallyderivedby Burgers(1935. The relation, alu is referred to as the
Trouton ratio(Ty). While this ratio holdgrue for Newtonian fluids under steady and spatial
uniform flows, thesesteady and uniforrflows are almost never the casepractical applications
like fiber turning, ink jet printing blow molding et where extensional viscosity plays an
important role This makesnodeling extensional flonend measuring extensional viscosity much

more complicated thathe simple sheariscositymeasurements

For unsteady flow conditios) the concept ofransient extensional viscosigft) was introduced
(Barneset al., 1989)in whichais a function oboth time ¢) andstrainrate (). Butits use should
be dealt with cautigras expressed Betrie(2006) statingthe inapplicability of th&routon ratio

in correctly describingnon-Newtonian (viscoelastiag@xtensional flow, which requires specific

constitutive equation®r eadh type



In terms of spatial flow fieldextensional flove are of three type@etrie 2006)

1. Uniaxial Refers to elongatiom a single axial directiofx) with thinningin the remaining
two orthogonal direction§/ andz). This flow represents th&teady and spatially uniform
extensiorthat conforms with therbuton ratioa 3g for Newtonian fluids

2. Biaxial: Refers toextensional flowin two orthogonatirections(x andy) simultaneously
with a correspondindecrease in thicknesdong the third directiofz). Like stretching a
balloon For this type oflow, &= 6u in Newtonian fluids.

3. Planar Refers to extensional flow iane direction (X) with a constant width along the
planarorthogonal directior{y) and athicknesscontraction in the third directiorg){ For

this type ofNewtonianflows, = 4y.

When the Trouton ratio(il, = &) is applied tonon-Newtonian fluids,a conceptual ambiguity
arisesbecausehear viscosityl) is a function of shear rate), |1(0) and extensional viscosity)(
is a function of strain rate or the rateabngation ), &0, and a relation betweemand Uis
required to be established. Thidateon was proposed by Jonetsal. (1987)for inelastic non

Newtonian fluidsequatingo = & 3] anddefining Trouton ration as

Y =—38 ©)

It was further showby Jones et a(1987)that for inelastic fluids the value ®f is 3for all values

of () so thereforeyiscoelastic fluidswill represent all values df, apartfrom 3. This only helps in
establishing viscoelastic behaviour of a fluid, but with the complex nature of such fluids, getting
to a mathematical equation that correctly model this behaviour and predicts the extensional

viscosity, required complex mathematical analysis.
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Alternatively, the elastic property of these viscoelasticNewtonian fluids can be characterized

by a parameter called relaxation tiftg. It represents theéme it takes for the fluié mechanical
response to return to equilibrium afteeing subjected to a deformation or disturbance. It is a
measure of how quickly the fluid relaxes or returns to its original state once the applied force or

deformation is removed.

In viscoelastic fluids, which exhibit both viscolig¢id-like) andelastic (solidlike) behavior, the
relaxation time reflects the balance between these two aspects of the tsatspinse to stress.
When observed on a same time scakhat relaxation timenpliesaquickreturn toequilibrium

state after deformatiomdicating that the fluid behaves more like a viscous liqadd along
relaxation time implies that the fluid takes a significant amount of time to return to equilibrium

after deformation. Such fluids exhibit more elastic behavior

Here the mention of time sale is importantaituid with short relaxation time can show elastic
behaviorf observed on a much shorflaw time scaleanda fluid with a high relaxation time may
still not show elastic dominancedbserved on a longéow time scale. This relationship between
relaxation time(t;) andtime scaleof the flow {) is represented by a dimensionless parameter,

Deborh number De), shown as

0Q 0 8
. (©)

So,a smaller value oDe represents more viscobighaviour and a higher valusdicatesmore
elastic behaviour of the fluidAn important thing to note here is that the time scale of the flow

does notmerely represent thabservation time nistead ireflects the timeacale of theleformation

11



(Poolg 2012) inherit to unsteady flowsmplying thatas the flowapproachedteadystateft; Y D

andDeY O.

For steady flowsanother dimensionless parametitre Weissenbergiumber Wi) named after
Karl Weissenbergs often usedWi is the ratio of the relaxation time of the fluid aheé specific
process timavhich is representeds#he reciprocal of the shear rate sdeadysimple shear flows
given as

©wQ 0J (7)
or

: AT w
Q —, 71
®wQ o OT . 8 (7.1)
As desciibed by Poole (2012),the Weissenberg number assesses the extent of anisotropy or
alignment produced by deformation and is suitable for characterizing flows with a consistent
stretching history, like simple shear. Conversely, the Deborah number is better suited for

characterizig flows with a variable stretching history and fundamentally quantifies the rate at

which elastic energy is either stored or released.
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2.3 Friction inpipe flow

Whenever a fluids set in motioneither over an open surface or encloa@tiin a pipe oraduct,

the liquid molecules face resistance to this motion due to friction betwedfuid molecules or
between théluid molecules and thesurfaceover which they are flowingrhis surface igenerally
termed asthewaltfep i pe 6 s i nThereis an imertilal aesisance at play as well, but it is
only experienced significantly during change in flow ratedintinishes onca steadymassflow

rate is reached.

Considering pipe flow, b resistance to the flow is what creates the preddifferential that is
associated with the flowAs the energy from the pump is transferred from one fluid element to
anothereach fluid elemenéxperiences cumulative resistance from all elements ahead of it in
the flow direction,so thefluid element upstream experiences higher resistance compared to the
fluid element downstream and thus the pressure at eachsetssndropsas we go downstream

of the flow.

This resistanceas influenced byfluid density {), fluid viscosity (1), fluid velocity (V), pipe inner
diameter D) and absoluteroughnesof the pipe(U. It can be quantified by a dimensionless
parameter called friction factof)(and through dimensional analygBenedict 1980) can be
shown to be a f unctReoand raative Reghnest € Al 9 ef the pipmb e r
The pressurgrop (gP), associatedvith this resistancéor a given length. of acircular pipewith

diameteD can be characterized by tBarcyi Weisbach equatio(DarcyandWeisbach, 185y

€
c
8
@)
I
@)
|
>

o N (8)
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thiscan be rearranged to equafeas

2 U g o
Et tw

The frictional resistance can also be representeanbyher dimensionleggarameter called the
mean skin friction coefficientg) defined byWon Karman(1946) which is the ratio afhear stress

at the wall () and thedynamic pressur@xpressed as

6 ! h
Sy (10)
C
Or
0 8 (10.1
3o
C
From Q) and @0.]) it can be shown that
M 16 h (12)

the representation dfand Cr requiresg® to be knownand this can only bachievedthrough
direct measurements on a pipe flow seBuyt.as discussed earlier in this sectjdbeing a function
of Reandk, there was a lot dhterestand therefore work done to deriae expression tocalculate

the value of directly from the knowrReandk.

For Laminar flowsthe work ofHagen and Poisdle (1839 providedthe exact solutiomo the

NavierStokes equation

14



. DD
@b PCH .

0 (12)

here Q is thevolumetric flow rate A corresponding equatidior f can be achieved by equating

(22) in (9), obtaining

‘|6
—~
<

o)
<
)

(13)

this clearly shows the independence of friction factor from the pipe roughness for the laminar flow
regime.For Turbulent flowssince there is no exact solutidor the NavierStokes equation,
arriving to anequationwas notthat straight forward During thefirst half of the 28' century
research was focused on both experimeantdl analyticakvaluation of turbulent flow in smooth

and roughpipes,and it will soon be evident that pipe roughness plays an importaninrole

predicting the frictional losses

Towardsthe experimental side, theast notable workwas from Nikuradse(1933, where he
conductedan extensive study on artificiallpoughened pipefor a wide range of materials and
surfaceroughnesgo systematically understand the impatpipe roughnesen frictional losses.
His work provided key contributions iaur understandingof fluid flow in rough pipesand
providedarelative roughness scalblikuradse sand scalbased on the sand roughness used

artificial roughness

At the same timgPrandtl (1933)advancing on thanalyticalwork of Blasius (1911jor smooth
pipes,developedhe theoretical lavf friction in smooth pipefor Newtonian fluidsshaving the

relation betweeffriction factor(fs) andRe(Virk et al., 1970; Virk, 1971as

15



% TAENQQ ™ h (14)

here fs represents the Fanning friction factor which equated to the Darcy friction {Hchsis =
(1/4) £, and consideringequation 11fs = C;. Equation 14showedgood agreement witthe

experimentatatafrom Nikuradse(1932)for smooth pipes

Utilizing the valuableexperimentablata fromNikuradse for rough pipes, Von Karmproposed

an expression fdriction factor(f;) for fully rough pipegBenedict 1980)

P L.y Q
ER L (15)

With these developmengsfamily of friction factofi Recurve were now availabfer smooth and
fully rough regionwith different relative roughness but t here was an

regi ond t hresdlvedvas st i | | un

ColebrookandWhite (1937 proposedan expression for this transition region and latanbined
it with the expression fothe smooth pipe 14) andfully rough region(15) proposing a common

solution for botrsmooth and rough pipgexpressed as

~

A (16)

- ®
L e 2F
Q oX0 'YQQ
an implicit equation that can be solved numericdllyis completed theicturefor mapping the
friction factor curvesgor all flow regimes and pipe roughness. But this data was still scatteded
based on thartificially roughened pipeslt took the work of Moody (1944 to combinethe

laminar, the turbulent smooth pipe, the turbulent transiiadfully rough region into onsingle

16
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pl ot that i s f arheoMosdy pldi(flguresB)vMoodaysd st hve@nadkdedthé s o
effective roughness fdifferentcommercialpipes on the Nikuradse sand sc#hat allowedthe

use of this plot for more practical applications since éhgpirical solutions through which this
plot was derived was based on the Nikuradse sddle. moody plot is still widely useuh
commercial applicationsshere aquick approximae estimation of the friction factor is desired

over an accurate one.
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2.4 Polymer drag reduction

Polymerdrag reductioms a phenomenoof reduction in frictional losses trbulentflows by the
addition of a smallquantity ofhigh molecular weighpolymers Since the discovery in the late
1940s (Toms, 1948) polymer dragreduction in fluid flow has been studied extensivaly
understand thphysics behind the phenomenas well as toptimizingthemechanism for various
practical applications includinfiuid pipeline transport firefighting, water distribution marine

transport, aviation, agriculture etc.

Various types of polymers have been studied for their-drdgcing propertiegolyacrylamides
(PAM), polyethylene oxide (PEO), andanthan gum are among the commonly investigated
polymers. PAM, with its longhain structurgflexibility and watesolubility is particularly wel

known for its effectiveness in reducing drag.

The mechanism behind polymer drag reductian be attributed to the elastic properties of the
polymer moleculegTaba andde Gennegsl1986) As the fluid moves through the pipelirtbe
polymer moleculeglign themselves along the flow direction atme turbulert flow of the fluid
stretches these polymer molecultissipating some of the turbulent enerdm@sall eddiesin the
processandredudng the overallturbulence and vortex shedding within the fluithis leadgo a
more streamlined flow profilaesuling in a reductionof lossesdue to viscous friction, which
translates into reduced pressure drop and enhanced flow efficiBmeysimplistic explanation
does not account for the lack of detailed mathematical correkatamitableat presenbetween the
near wall turbulence arfdiction factor thatcan be used tpreciselypredict [R, leaving asmall

gap in our understanding, that requii@sherexperimental and analytical work
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The earlier work for understanding the mechanism responsible for drag reduction involved
experimental measurements of mean velocity profile, notably, usingstboppler flowmeter

by Goldstein et al(1969) Rudd(1971, 1972 andKumor et al. (1973)specifically studying the
turbulent boundary layer. Many velocity profile models were proposed because of these
investigations, of which the thréayer model reported by Virét al. (1970) and Virk (197 Lyvith

a viscous sublayer, an elastic sublayer, atarbulent core, was in most agreement with the then

available experimental results.

Recent advancement in experimentathniques likeparticle image velocimetry (PIV) and
computationalcapabilitieshave expandedand refinedour understanding of this phenomenon
White and Mungal (2008) had metiaulously summarized the progress in this fistdfar. Their

work highlightsthetwo mainexplanationgor the onset of DRviscouseffects,and elastic effects.

Viscous effects, advocated by Lumley (1969),
that polymer stretching in turbulent flow increases effective viscosity. Polymers stretch just
beyond the viscous sublayer, called the buffer layer, boostingagtiongl viscosity. This elevated

viscosity reduces turbulence, enlarges the buffer layer, and lowers wall friction.

Recent work by Lévov et al. (2004) and suppor
They propose that polymer stretching leads to a linearly increasing-égaeedent effective

viscosity from the wall.

Taba andde Gennes (1986) introduce the elastic theory. It argues that partially stretched polymers
store elastic energy, becoming significant for DR. This theory predicts DR onset when cumulative

elastic energy equals kinetic energy within the buffer layer, sy the energy cascade,
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thickening the buffer layer, and inducing DExperimenal data suppors the merit ofboth

theoies

There are various factors thedntributetowards thedegreeof drag reduction achieved for a
particular polymersolution Polymerconcentrationpeing one of thdactors has a significant

effect on drag reductiorsenerally, as the polymer concentration is increased, the drag reduction
increaseslueto the reduction in Reynaddshear streserhich accounts fomost of the turbulence

in the fluid However, over a certain concentratibe Reynolds shear stresses becomes zero and

any further increase in the polymer concentration adoetranslateo further drag reductiorOn

the contrary, this further increase in polynoencentratiorincreases thehear viscosity of the

solution, thusn factincreasing turbulent frictionlThis region of the flow regime was studied by

Virk (Virk et al,, 197Q Virk, 1971)and was termed asma X i mum dr MPR)Gandl uct i o
sinceDR beingindependent of the polymeric parameters, he propamsei/ersalFanningfriction

factorrelationshipfor MDR, expressed as

P ., =
T?z pa@aéENMOQ o@ 8 (17)

One application wherthe concept of polymer drag reductiosis beenitilized to agreater extent

is the transport of hydrocarl®fiuidsin pipeline over very large distanc@he oilextractedrom

oil rigsin offshoreand remote areas is required to be transported to the refining faeilitiels

are generally near big citiesnd sometimes refined oil products are also transported from one
location to another through these pipelif@smpingthese large volumes of fluid over such large
spars at high flow rates has its incentives but it alsomplies overcoming theextensive

hydrodynamic lossedue to turbulent flowin the pipdine, and thusrequiresa great deal in
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pumping powerThe ideaof reducingturbulenceusingpolymer additivesparked greanterest

which translated equally to the reseaacinl developmerthat followed

Lescarbourat al (1971 conducteda comparativgpolymer drag reduction test an 8inch and
12-inch crude olil pipeline running 28 has and 32 mleslong respectively using a drag reducer
code named CDR arféw grades of polyisobutylenéle reportedaround 50%maximumdrag
reductionwith CDRfor the case of 1150 pppolymerconcentrationHis results also aligned with
his Linch pipe lab tests when scaled ugsing flow velocity instead of pipe diametéfe also
highlightsthatthe reason fomitial slow progressn this field wasdue tothe limited availability
of drag reducers in aliphatic hydrocarbgesding to insufficient researdiasefor companies to
implement it on a large scal€he firstcommercialarge scaleuse of polymer drag reduction was
for the Trans AlaskaRipeline System (TAPSJuring 1979(Burger et al.1982. They utilized
the samalrag reducer CDR as reportedlscarbourandreportedan increasén throughpubof

around200000 larrels per dayapproximately 15% increase)

The lack of mathematical understanding of these complex turbulent fiasvaot slowed down
progress orthe eperimentalfront. Nadolink and Haigh (1995) have meticulously summarized
this progress with overaB0 referenceap to 1995followed byGraham(2004) expanding on the
progressin computationalsimulations of these flosy specifically through direct numerical

simulations(DNS), that allowedanalysis of th@earwall coherent structurethat areobserved to

besignificantly modified by viscoelasticity

Specific experimental workor modeling drag reductiothrough polymer solution rheology is
presented byOwolabi et al. (2017) studyingthe drag reductionvith polyacrylamide(PAM)
solutionin waterat different concentrationa circular pipeand duct flovg in a flow loop setup

Their work alsgoresents shear viscosity and relaxation time measureifoersizmplesollected
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at different time periodduring the flow tests andere able taelate the %DRo Wi with thedata
from both pipe and duct floyconvergingo the relatiorDR = 2G[1/(1+eV-W) | Wiq], where
Cu is the limiting value of %DR a#/iY Preportedo be64 andWicr represents the criticalVi

for the onset of DRiepored asWic = 0.5. Additionally, WiO 5 wa s forMDR.or t e d

The currentwork in this area isocused towards understandintie effect of moleculameight,
solubility, macromoleculasize,andpolymerelastic propertigon the drag redug ability along

with improvement intechniques toptimize andsynthesizéhese pdymers(Nesynet al.2018)
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Chapter 3

Measurementastleagsgepdol wmer

sol st1 on

This chapter providea detailed description of the pipe flow facility used for the whteyed
polymer solution testit discusses the main component useduto the facility and howeach
componentontributetowardsobtaining the friction factor data from the pipe flow test. The details

of all the test proceduremeasurement analysasdcalculationsused are presented here. This is
followed by thediscussion on the shear viscosity and extensional viscosity measurements
conducted on thpolymer solutiorcollected from the pipe flow teahd howthesemeasurements

are used in relation to each oth@nally discussing the uncertainty in the measuremen®;, éte

andWi.

3.1 Details of thepipeflow facility

The experimental setup for the wabasedpolymersolutiontest utilizes a 2nch innerdiameter

(ID), horizontal pipe looystem comprising ofa verticaltank connected t@ centrifugal pump
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inlet. The pump outlet connects to the pipe ladth a totallength of22 m (including a6.25 m

long straight test sectiprthe loopruns back into the tardndpump inlet as shown in figuréd.

e Flo
Wy
ey
ion

Figure4: Overview of thepipe flow setupused fowaterbased test highlighting each component
unit and flow direction

The flow can be executed in an open loop configuration, whefltheuns through the tankith
an open surfagerin a closed loop configuration, where fit@v runs directlybackinto the punp

inlet, bypassing the tar(keferto figure 5).

Open Loop Closed Loop

Vi Open V1 Closed
V2 Closed V2 Open
V3 Open V3 Open
V4 Open V4 Open
V5 Open V5 Open

Figure 5: Valve configurationdetails forpipe flow setupused for vaterbasedtest providing
configuration for open and closed losystem
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Thisflow loop allowscontroling the flow rates and temperature of the flumdile measuring the
pressure drojor the fully developed turbulent flom the test sectiarFigure4 showsthe flow

loop system with the key components highlightedich are detaileds follows:

1. Tank:200litersvertical plastic tank with a-ihch outlet and inlet.

2. Pump:Georgia Iron Works 2X3LCGlurry pump powered by TECOWesinghouse40

HP motor.

3. Pulsation dampenem-housefabricatedair columndampeneto stabilize thdlow.

4. Heat exchangetn-house fabricatedconcentric tubelesign with a 4inch tube jacketing
the 2inch flow pipe, with inlet and outlet porten the 4inch pipe to run cold/hot waterto

regulate the temperature.

5. Coriolis flow meter: Micro motion 2inch F-Series Coriolis flow meter
(F200S418C2BAEZZZZ)ith a2700 seriesield mounttransmitte(2700R12BBAEZZZ¥or

mass flow readings.

6. ThermocoupleK-type thermocouple fro®@megafor temperature readings

7. Testsection The test sectiors a6.25 mlong straighistainlesssteelpipe withanupstream
pressure porat 3.75m from theupstream edge and tldéstance between the stpeam and
downstream potfL) = 1.75 m Threedifferenttest sections are usedth 1-inch, 1.5inch,and

2-inchinnerpipediameter.
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Flow direction

3.75m : 1.75m : |
6.25m *

Figure 6: Details of the test section usdéor waterbased teswith measurements of the
development regigrdistance between the pressure parns overall tessection length.

8. PressurdransducerA valydine DR15 pressure transduceras usedgconnected to the
pressure port on the test section throughiri¢d doubleferrule stainlesssteeltubefittings.
Thediaphragmnumbersausedin the pressur&ansduceare 3-22 (& 0.20 psi) for 2inch pipe

size 3-24 (+ 0.32 psi) for 1.8nch pipe sizeand 330 (x 1.25 psi) for linch pipe size

3.2 Preparation of the polymer solution

Thesolution studiedis a 50ppm (50 mg/l)solutionof polyacrylamide(PAM) in water.PAM is a
water solublehigh molecular weight polymevith a chemicastructure-(-CH.CHCONH:-)-n. For
a total test volume of 11liers, 5.75g of PAMis used to get 50pm concentratiomA batch of 15
liters of water (at room temperaturéy mixed with5.75g of PAM in a small tank usingan
ovethead mixer witha 3-inch impellerdiametey running at avery low RPM of about20-30 to
avoidany mechanical degradatiohthe polymer The solution is mixed fd hours and after that
the mixing isstoppedandthe impeller idifted out of the solutiorto allowthe residuapolymer
on the impeller to drip dowmto the solutionThe solution is then allowed to $dr 24 hous, to
facilitatethe escape ahicrobubblesand homogengation ofthe solutionThis 15-liter batch will

subsequentlpe mixed withthe remaining 100 liters of waterthe pipe flowloop, before the test
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3.3 Test preparation and procedures

This section details thareparationslonebefore the tesind all test procedures used for the water
based testingA total of three test sectiorf&-inch, 1.5inch,and2-inch inner pipe diametegre

testedseparatelyEachfollowing the samerocedureasdescribed in the following sections.

3.3.1 Calculation of mass flow rates

A total of five averagedyP readingswverecollectedpertestby settingfive mass flowrates
8

(0 ) correspondig to Re 60000, 70000, 80000, 90000 and 10000 as a baselineThese

calculations werdased on the staity of water(pn = 0.0010023g/m-s) at 2G:0.5 °C.

These mass flow rates are calculated uiegelation

8 0D .
06 ———h (18)

and are presented in tabledrresponding to eadRevalue and for each pipe size.

Pipe size = 4nch Pipe size = 1.5nch Pipe size = Anch
D=0.026 m D=0.043m D=0.0525m

Re  § EO Re o EEO Re b EgoO
60000 1.261 60000 1.932 60000 2.480
70000 1.471 70000 2.253 70000 2.893
80000 1.681 80000 2.575 80000 3.306
90000 1.891 90000 2.897 90000 3.720
100000 2.101 100000 3.219 100000 4.133

Table 1:Mass flow rate calculatiofisted for each pipe sizeith the measuredner
diameter(D) per columnshowing thenass flow rateequiredto achieve the corresponding
Refor pipe flow test with water
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3.3.2 Pressure transducer calibration

The pressure transducer is calibrated usiigega DPI 610 pressure calibratdhree
consecutive calibrations are conducted for ediephragm with thetransducer adjusted
through the demodulator to outp@#lO volts corresponding to -Bnax psi rated for that
diaphragm. For each calibratiden equally spacegressurevalues are takecovering the
full pressure range of the diaphragmd voltageoutput from transducer is recordéat
each pressurpoint for both up and down pressure swe€pevoltageversuspressure is
plottedto confirmthe linearity of the curve and good overlap between up awd doeep

which indicats no hysteresis loss.

3.3.3 De-airing and transducer bleedimpgocedure

When the loop is first filled with watethere are many air pockets all around the labp
locationslike pipe joints, pipe bends and transducking Thesegpockets if not removed
canmix with the flowstreamand negatively impact themeasurementsSo, to ensure the
removal of all aipocketsand micro bubblesa systematic processfidlowed to get the

same level oflow quality every time. T process is explained step by step as follows:
Step 1:Ater water is introduced into the looget®pen loop valve configuration.
Step 2:0pen transducer bypass valve and tHesaeboth the pressure transducer valves

Step 3: Run the pum@at 600 RPMor 5 minutedo allow bigger air bubbles to escdpam

theopen surface in the tank.
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Step4: Stop the pump and switch to close loop configuratiath tank outlet open

Step 5:Slowly ramp up the RPM from @ 800for 30 seconds, this will dislodganaller

air bubbles trapped in the pipe jointsiese bubbles will now be visible in the flow stream.

Step 6:Gradually educe théRPM from 800 to 40@nd run for 5 minutes. This will allow

the dislodged bubbles to escape throughahk inlet and outlet columns.

Step 7: Repeat stépand 6 two more times.

Step 8: Stop the pump and allow the fluid to restlfdminutesThis will allow the micro

bubbles in the stream tseand accumulate to fortargerbubbles.

Step 9:Repeat step 5 andt@o more times

Step 10:Continue running the pump at 4&8PM for 10-15 minutes, use this run time to

regulate the fluid temperatute achieve 2@¢0.5°C.

Step 11: Stop the pump, close thek outlet valve, andith thepressure transducer bypass

valve openopen both bleed valves.

Step 12: Very slowly opehoth pressure port valves, allowing water into the transducer.

This will start the bleedind.et the bleeding continue for8minutes.

Step 13Close both bleed valvesd open the tank outlet valve.

Step 14: With the transducer bypass valve open, run the pus®O &PM for2 minutes
This will push out anwir bubbles in théransducer tubinghrough the bypass line into the

main pipe which can then be escaped out.

Step 15Stop the pump and close the transducer byyaiss.
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Step 16Verify that thefluid temperatures within 20+£0.5°C, if not, run the pump at 400

RPM with the heat exchanger running till terect temperature is achieved.

Thesystem will now be ready for the test to begin.

3.3.4 Test proceduréor baselinevatertest

For each test section, three independent tests with v@aéeconducted to confirm
alignment with the Newtonia@s- Recurve(14) andrepeatability of the results. Before the
test, the tank is filled with 10ters of water which is introduced into the IQdpe loop
de-airing and transducer bleeding procegténexecuteds detailed in sectich 3.3 The
test is run usingheLabVIEW softwaravith a PIDcontroller, and since a centrifugal pump
is utilized here, theperator carithercontrol the pump RPNh manualmode or set the
mass flow raten aub-mode which automatically adjusts thmamp RPM to get the set
mass flow rateTablel breaks down th&est procedurstepsto run the baseline water test
for the five mass flow values (refer to section 3.3ot)each pipe sizealigningeach step
with the data log timend providing actions and set valuemgainsteach step, while

maintaining the flow temperature with29+0.5°C
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Log

Step| time Action Terrpe_rgture
condition
stamp
Once transducer is calibrated, loop is filled anéanled
1 - and transducer bleeding is completed cteted loop
configuration, analose thegank outletvalve
Turn ONVFD, flow meter and transducer demodulat
2 - . :
verify pump is at zero RPM.
Openpressure port valves actbse thdransducer
bypass valve.
4 0 | Start data log.
5 120 | In manual mode, gradually incregaempRPM to 600.
For 1- For 1.5 | For 2
inch pipe | inch pipe | inch pipe
size size size 20+0.5°C
6 | agp | SCtQutomodethen |, o0 | 193 | 2480
set0 (kg/s)toY
7 | 780 |Inautomodesetd | 4471 | 2253 | 2893
(kg/s)to Y
8 | 1140 | In auto modesety 1.681 | 2575 | 3.306
(kg/s)to Y
9 | 1500 | Inautomodesetd | 4891 | 2897 | 3.720
(kg/s)to Y
10 | 1860 | Inautomodesetd | 5499 | 3219 | 4.133
(kg/s)to Y
11 | 2220 Switch to manual mode and gradually redpaenp i
RPM to zero.
12 | 2340 | Stop data log -
13 i Openthetransducer bypass valve aténclose both i
pressure port valves
14 - Turn OFFVFD, flow meterandtransducer demodulatg -
15 - Drain the loop. -

Table 2:Stepby-step est proceduraligning with the LabVIEW log time stampfor
baselinevaterpipe flow test for all three pipe sizes
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3.3.5 Polymer degradation test

The 50ppmpolymer solution was expectéalresult in65-75%DR compared to thevater
data. Spto get more data pointsn theCs-Replot, lower concentrationwererequiredto
be testedA way tosimulatelower concentration is to intentionally degrade plagymer
solutionby means of mechanical degradagishich breaks down the long chanmolecules
andcan lower th&oDR. This was achieved by designing a polymer degradationhatst
runs a 5opm solutionand progressively degrades it by running the punipgit RPMs
for acloseto-exponential increm@sin time, for exampletime intervals ofLi 27 47 8

T 127 167 20 minuteswasused and after eachegradatiorstep dropping the mass flow
to aknown value that was tested for wateptiainthe %DR after each degradatiorhis
data was then used to p#6DR versus degradation tinfteg) which waghenused to derive
a mathematical model to calculdggrequired to get an evenly spaced %D&populate

the Cs-Replot evenly.

For this testpolymer solution was prepareding the process detailed in sect®a The

tank is filled with 70 liters ofap water at room temperatul&ater is then introduced in

the loop andde-airing and transducer bleeding prodasgollowed as detailed in section
3.3.3. Next, the tank outlet valve islosed,and the 15 liters batch of polymer solution is
poured into the tank. The same container is rinsedMatliters ofwatertwice,and added

to the tankfo extract any residual polymer stuck to the container wall. This completes the
115liters of polymersolution in thepipe flow systemThe tank outlet valve is then slowly
openedand thesystemis allowed to rest for 10 mutes so any new air bubblatroduced

due to pouring can escapAfter that thebelow test procedure igollowed for the
degradation test.
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Note: Since thehigh RPM degradation will requinsolatingthe pressure transducer
protect it from ovepressurizingthe below two terms aresedfrequently as definedin
the test procedure.
1. Isolae pressurdransducer ©Openthetransducer bypass valve, then close both
pressure port valves.

2. Reconnecpressurdransducer ©penboth pressure port valvethen clos¢he

transducebypass valve

Log Temperature
Step| time Action per
condition
stamp
Once transducer is calibrated, loop is filled and de
1 - aired, transducer bleeding is completed and polyme
batch is added to the tank, sgenloop configuration
5 i Turn ONVFD, flow meter and transducer demodulat
verify pump is at zero RPM.
i Openpressure port valves antbse thdransducer
bypass valve.
4 0 Start data log.
In manual mode, gradually incregeempRPM to 600.
5 120 T :
This will mix thepolymer solution evenly.
Switch to closed loop configuration and close tank
6 410
outlet.
For 1- For1.5 | For2
inch pipe | inch pipe | inch pipe
size size size 20+0.5°C
7 | apo | Setaulomodethen) ) oo | 5575 | 3306
set0 (kg/s)t o
8 770 | Isolatepressurdransducer
setmanual mode
9 780 gradually increas¢ 1300 1300 1400
pumpRP M t
10 | gro | Set@ufomodethen ., o0 | o575 | 3.306
set0 (kg/s)t o
11 | 820 | Reconnecpressurdransducer
12 | 1160 | Isolatepressurdgransducer
setmanual mode
13 | 1170 gradually increas¢ 1300 1300 1400
pumpRP M t
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setaugo modethen

14 | 1230 R 1.681 2.575 3.306
set0 (kg/s)t o

15 | 1240 | Reconnecpressurdransducer

16 | 1580 | Isolatepressurdransducer
setmanual mode

17 | 1590 gradually increas¢ 1300 1300 1400
pumpRP M t

18 | 1710 | Setauomodethen) ) qa | 5575 | 3306
setu (kg/s)t o

19 | 1720 | Reconnecpressurdransducer

20 | 2060 | Isolatepressurdransducer
setmanual mode

21 | 2070 gradually increas¢ 1300 1300 1400
pumpRP M t

22 | 2310 | SeUpomodethen) o | o575 | 3306
set0 (kg/s)t o

23 | 2320 | Reconnecpressurdransducer

24 | 2660 | Isolatepressurdransducer
setmanual mode

25 | 2670 gradually increas¢ 1300 1300 1400
pumpRP M t

26 | 3150 | Setaufomodethen) ., o) | 5575 | 3306
set0 (kg/s)t o

27 | 3160 | Reconnecpressurdransducer

28 | 3500 | Isolatepressurdgransducer
setmanual mode

29 | 3510 gradually increas¢ 1300 1300 1400
pumpRP M t

30 | 4230 | Setufomodethen) . o | 5575 | 3306
setu (kg/s)t o

31 | 4240 | Reconnecpressurdransducer

32 | 4580 | Isolatepressurdransducer
setmanual mode

33 | 4590 gradually increas¢ 1300 1300 1400
pumpRP M t

34 | 5550 | Setaufomodethen) ) g0 1 5575 | 3306
setL (kg/s)t o

35 | 5560 | Reconnecpressurdransducer

36 | 5900 | Isolatepressurdransducer
setmanual mode

37 | 5910 gradually increas¢ 1300 1300 1400
pumpRP M t

38 | 7110 | Seukomodethen) . o | o575 | 3306

setd (kg/s)t o

20+0.5°C
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39 | 7120 | Reconnecpressurdransducer
40 | 7460 | Isolatepressurdransducer
setmanual mode
41 | 7470 gradually increas¢ 1300 1300 1400
pumpRP M t
42 | goro | Setaufomodethent ., o) | 5575 | 3306
set0 (kg/s)t o
43 | 8920 | Reconnecpressurdgransducer
44 | 9440 | Isolatepressurdgransducer
setmanual mode
45 | 9450 gradually increas¢ 1300 1300 1400 20+0.5°C
pumpRP M t
setaufo modethen
46 | 11130 R 1.681 2.575 3.306
set0 (kg/s)t o
47 | 11140| Reconnecpressurdransducer
48 | 11480| Isolatepressurdgransducer
setmanual mode
49 | 11490 gradually increas{ 1300 1300 1400
pumpRP M t
setaufo modethen
50 | 13410 . 1.681 2.575 3.306
setu (kg/s)t o
51 | 13420| Reconnecpressurdransducer
52 | 13770 Switch to manual mode and gradually redpaenp i
RPM to zero.
53 | 13890| Stop data log. -
54 - Isolatepressurdransducer -
Turn OFF: VFD, flow meter and transducer
55 - -
demodulator
56 - Drain the loopand rinse it with water twice. -

Table 3:Stepby-step est proceduraligning with the LabVIEW log time stamfor water
based polymer solution degradation tést all three pipe sizes

From the above testhe averagedyP valuefor the constant mass flow rate period after
each degradatiostepisut i | i zed
the same mass flow rate titain the value of %DR after each degradation peried
(oPwater - qPpolyme)/ qPwaterx100. This %DR value is plotted against thegradation time

duration up to each %DR pointhe g versus time plofor the whole tesis shown in

35

a P wlgromuthie tbdseline hater tpst for




figure 7 andthe %DR versu®egradation time duration is presented in fig8ré&hese
plots arefor the 1.5inch pipe sizedegradatiortest The Xinch and 2inch testsshowed

similar plots

The curvein figure 8 fits an exponential model fQ  iQ , with a, b, ¢, andd
representing the coefficientnd w representing the timelThis was used to derivéhe

requiredtqg to achievean evety spaced %R for the polymer solution test.

0.2 — .
o iy
015 -T M
E
g 0.11 H
0.05
0 | | T
0 2000 4000 6000 8000 10000 12000
Time [s]

Figure7: gP versustimeplot for poymer degradation tesketailed in table 3, this specific
plot is rom the 1.5-inch pipe sizetest thetestwith other two pipe sizesxhibit similar
plots.

! I ! | !
13 7 15 27 43 63 87 115 147
Degradation time (minutes)

Figure8: %DR versus degradation tinpdot for polymer degradation test 1.5inch pipe
size degradation was performed at 1300 pump PR, test with other two pipe sizes
exhibit similar plots
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3.3.6 Polymer solution test

The peparation for the polymer test ike sameas forthe polymer degradation test
Polymer solution was prepared using the process detailed in sB8@&iorhe tank is filled

with 70 liters of tap water at room temperature. Water is then introduced in the loop and
O0deei ring and transducer bl eedi n@3PAtthisess o
stage with water in the loop, the five mass flow rates mentioned in-@&ahte run for 60
seconds each, to cross check the pressure drop readings with the baseline water test to
ensure no deviation due to contamination or calibration. §eftt, the tankoutlet valve is

closed, and the 15 liters batch of polymer solution is poured into the tank. The same
container is rinsed with 15 liters of water twice, and added to the tank, to extract any
residual polymer stuck to the container wall. This completesl #3diters of polymer

solution in the pipe flow system. The tank outlelveais then slowly opened, and the
system is allowed to rest for 10 raiesso any new air bubble introduced due to pouring

can escapéd.he below test procedure is followed for fh@ymertest.

Log Temperature
Step| time Action per
condition
stamp
Once transducer is calibrated, loop is filled and de
1 i aired, transducer bleeding is completed and polyn
batch is added to the tank, s@enloop
configuration
5 i Turn ONVFD, flow meter and transducer
demodulator, verifpump is at zero RPM.
i Openpressure port valves aotbse thdransducer o
3 bypass valve. 2020.5°C
4 0 Start data log.
In manual mode, gradually increase RPM to 600.
5 120 o ;
will mix the polymer solution evenly.
6 400 | Isolate Pressure Transducer
Switch to closed loop configuration and close tank
! 410 outlet
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Fort |For1s |/ o2
) . inch
inch inch :
ipe size| pipe size PIpe
b size
Setmanual mode
8 420 gradually increas{ 1300 1300 1400
pumpRP M t
Setaufo modethen
9 +1t o 1.261 1.932 2.480
o g setd (kg/s)t o
10 | iy ® | Reconnect Pressure Transducer
11 | i, H) | Collect baseline sampte100 ml
12 rleO B Collect Re: 60000 sampdel00 m
bl In auto mode, seh
13 1.471 2.253 2.893
180 | (kg/s)t o Y
B b :
14 Collect Re70000 sample 100 ml
180 i} P& 20+0.5°C
™ b|In auto mode, sei
15 . 1.681 2.575 3.306
180 | (kg/s)t o Y
16 F1b80 b Collect Re: 80000 samptel00 ml
bl In auto mode, sat
17 . 1.891 2.897 3.720
180 | (kg/s)t o Y
18 "1b80 B Collect Re: 90000 sampdel00 m
bl In auto mode, sat
19 . 2.101 3.219 4.133
180 | (kg/s)t o Y
20 "1b80 B Collect Re: 100000 sampel00 ml
21 b b Switch to manual mode and gradually reduce RPN i
180 zero.
M+ -
22 120 Stop data log.
23 - Isolate Pressure Transducer -
Turn OFF:- VFD, flow meter and transducer
24 - -
demodulator
25 - Drain the loopand rinse it with water twice -

Table 4:Stepby-step est proceduraligning with the LabVIEW log time stamfor water
based polymer solution teébr all three pipe sizes
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In the above test proceduteg stamp 420 is the start of degradatp@miodandm, + tqg

(indicating 420 +qg) gives the end time stamp for the degradatignzaluewas adjusted
based on the degradation tessultsto achievedifferent DR% which areevenly spaced

out between MDR anthe Newtonian values

3.4 Calculation of skirfriction coefficient

0.2 . T T . .
? 0.18 Stabilizing  Averaging
S 016 I_+ +_I .
E 180 | 120,
-
0O 014 F ; sec. !sec.| | 1
L
= 012} .
4 Sampling
< 04 | s - |
o, 360 sec. \ -
~ 0.08F > fﬂ____ -
E 0.06 - primite] .
> ™
U2 0.04
e
T 002 fl' Degradation period -
— - e
0 J L [ 1 1 I 1
0 500 1000 1500 2000 2500 3000

Time [s]

Figure9: P gersustime plot examplefrom thepolymer solutiorpipe flow test,explainingthe
sampling and dataveraging methodsed to obtain the five averagg® valuesfor eachtest.

As detailed irfigure 9, each mass flow was run for 360 geds the first 180 seandswere kept

for stabilizing the pressure value and tla¢a for thenext 120 seendswas used to average t
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readingsAt the start okachaveraginga samplavascollected from the pipe flow loop whiatas
tested for shear viscosity and extensional viscosity measure(detdaged in sectio8.5and3.6
respectively)on the same day as tpelymer solution tesfreferto appendixB for g versust

plots for each tekt

8
The pipe flow setup providethedata log ofyP, 0 and temperatur€), thesevalues are averaged

8
as shown in figuré, to get five values off? corresponding to the five mafiew rates(0 ) and
five temperatureT) readings. A temperature modg&heng 2008) was used to calculate the

densityof water(} w), given as

”

¢

(19

which was substituted for the polymer solution dengiéydince the polymer concentration is very

8
low (50 ppm).The bulk flow velocity ¥b) is calculated from the measuredand the calculated

Jsvalues as

8 (20)

With the value of}s, Vb and g known, C; is calculated corresponding to all figg?, by the

equation
(@) 30
. T T 0 QP0V&WQ
o] h (21
2o 2o

here 6894.76 is the conversion factor from P3P&scal.
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3.5 Shear viscosity measurements

Discovery hybridrheometerwith a double gap concentric cylinder cups aatbr attachment
(figure 10) wasused tomeasure the shear viscosity)(for thefive polymersolutionsamplafrom

the pipe flow setuplhis setup was also equipped witRadtier cup attachment that was connected
to a heat exchanger unit to regulate the test fluid temperaiios.software was ugdo connect

to the rheometesdup measurement parameters and analyze the results.

| % Geometry: Double wzll concentric cylinders, Aluminium - 120276
4 Rotor Inside cup diameter 30.2mm

{ Inside bob diameter 32.0/ mm

Outside bob diameter 34.97 mm
I A Concentrlc QOutside cup diameter 37.0/mm
- Inner cylinder height 55.0/ mm
Cyllnder Imme::syed heighlg 53.0 mm
Cup Operating gap 2000.0 pm
Loading gap 130000 pm
Bob material Aluminium
Environmental system Peltier
Test Fluid Surface finish Standard
= | =] Serial number 120276
Minimum sample volume is 11.4598 mL
(a) (b)

Figurel0: (a) Crosssectionview of thedoublewall concentric cylinder cup and rotor attachment
(b) Geometry parametefsr double wallconcentric cylinder cugc) Image referece for theTA
Discovery Hybrid Rheometersed for shear viscosity measurements

For thismeasurement flow sweepestwasconducted by settinglogarithmic shear rate sweep
from 0.1 1/sto 10001/s, with ten pointper decadegiving a total of 41 shear rat€s) values
maintahing thePeltier cup at 20C. Eachshear rate is maintained for 30 seds of whichthe
initial 10 seondsis the equilibration time and thaext 20 seondsis the averaging timelhe
sersor on therotor registersthe torquevalue corresponding t@ach shear ratehis torque value

representshe shear sirss(U), which is divided by the shear r4te) to get theviscosityvalue.On
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the viscosity versus shear rate ffagure 11), the datdor shear ratéower thamd 1/swasexcluded
as that is closer to the lower limit of measurenfenthe rheometer anthe viscosity readings
showshigh inconsistencyn that region. Additionally, theata for shear rates above 2006 was
also excludedsviscosity readingshowa sharp increasdue to the formation ofFaylor vortices

at these high shear rates

Theplotregion between shear ratd/4to 2001/swas usegdapplying a crost modelto generate

thebelow fourparameterg¢referto appendixC for shear viscosity data for eat#st)
1. Zerorate viscosity([o): viscosity(Pa.s) at zero shear rate.
2. Infinite-rate viscosity |{p): viscosity (Pa.s) at infinite shear rate.
3. Consistencyd): neutral time (s) at which the linear behavior changes to power law.

4. Rate index1): flow index.

1072 -
[ Zero rate viscosity: 1.47788e-3 Pa.s
Infinite rate viscosity: 1.16535e-3 Pa.s
) Consistency: 0.0371144 s
ff Rate index: 0.852258
— R? : 0.999609
&
"7
o)
Z
- 1073 F
| L R R S R S | L \i\.\|\\ | 1 P S N R R |
10 10° 4 10 102 200 10°

Shear rate [1/s]

Figure 1L: Viscosity versus shear rate plot example for whtesed polymer solutigishowing the
portion of the reading used between the shear rate value 4 1/s and 20@Ui&rtaercrate
viscosity (1o), infinite-rateviscosity (up), consistencyd), and rate index.
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These four parameters were usedcafculate theshearviscosity (1s) of the polymer solution

sampla using the crospower law mode(Cross 1965) expressed as

G h (22
this can be rarranged as
T ‘ ‘ .
: — h 22.1
[ P wtf (21)
And
Cotr ‘ U T 8 (22.2)
T " |

Equation22.2 was solved numericalljn MATLAB, to obtainthe value ofa, which is the

substituted back iaquatior22to obtainps. Now, with the value ofisknown,Recan be calculated

from the equation
" twto
YQ ——— 8 (23)

With thevalue ofC; calculatedrom (21) andcorrespondingalue ofRefrom (23) for eachof the

five samplepoints per testAll test data can be combined into a sinGleversusReplot for each

pipe sizg(detailed in sectiod.1).
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3.6 Extensional viscosity measurements

For the extensional viscosity measurements, a dripping fégyre 12a) was devised that
consigs of asyringepumpconnected to a nozzlsetata flow rate 0f0.2 ml/min. At thisrateeach
polymersolutiondroptakesabout5 seconds$o extend down andetachfrom the nozzleallowing
enough time for the cameradetect andhctivate recordingAs the dropstarts todetachfrom the
nozzle, it formsanextensional filamenffigure 12b) that becomes thinner with time and eventually
breaks offA light source was placed behind the nozatellumination, and &hotron FASTCAM

Nova Sohigh speed camemaas used teaapturethis filament evolution

=l

Dmin( i‘)

Light source

Nozzle —

High speed camera

o,

«

Syringe pump

(a) (b)

Figure 12: (a) CAD representation of therigping setupused for extensional viscosity
measurementgb) An image frame from the higepeed camera showing the extensional filament
as thefluid drop detaches from the nozzigith Dmin(t) andDo measurements

Here Do representshe nozzle diameter adhin(t) is thetime varying minimum diameteof the
filament This filamentevolution was plotteen a semi logcaleasthe log of thenormalized
minimum diamete(Dmin / Do) versusime () (referto appendixD for plots from each tegt The

filament evolution as captured with theigh-speedcameras demonstratem figure 13, in this
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figure the unevertime stamp gap should be notéus isbecauséhe initial neckingakes a longer

time compared to the thinningwardsthe end.

t=0.0 ms t=120ms t=240ms t=288ms t=33.6ms

t=360ms t=384ms t=408ms t=432ms (=456ms

Figure13: Evolution of a50 ppm plymer solutionfilamentis shown with respect tiime (t), the
first frame 0 m9 represents the start time whemin & Do.

Figure14 shows the semi log plot for this evolutidfere,initial regime (A), which involves the

major portion of the filament thinning, involves viscous effects that cannot be neglected. For the
following portion of the thinning process (B) that demonstrates an exponential decrease of the
minimum diameter, theiscous stresses become low enough to be neglected and only the elastic

and capillary stresses dominate the balance of forces.
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Figurel4: Log of the normalized minimum diamet®{jn/Do) of the filamentersugime (t) plot
for a50 ppmwaterbasedoolymer solution highlighting the slopen, used for the calculation of
the relaxation time:.

Thisregion showinganexponentiatiecrease ifilament minimum diameters expressetly Anna
et al.(200)) as
- t0 . o .

[ C — 'Q‘ g 0 h
© o ctot, thon oto (24)

where d; is the polymeric contribution to the viscosityjs the surface tensioand D, is the

minimum diameter at the start of tleéastic regine in analysis,as consideretty Anna et al.

(2001).0On dviding both side byDoand takingnatural log of both sidef equation24, we obtain
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0O o p -1tO . o .
_— — Qo — 24.1
6 © cior, ‘eenge h @4.0)
and
j \
O o p —t0O 0
o N 6— ——— —_ 24.2
ae (0] OIE'O ctot, oto 8 (24.9

This expressiomrepresents the slep intercept form for semi log plotn (y) = mx+ In (b), with
m andb representing slope and vertical intercept respectively, Whisnrepresenteth terms of

thelog of the normalized minimum diamet&{in /Do) versus timet] gives

O o ..
aaw  ad 8 (25)

By comparing24.2 and25, we get theelationship between the relaxation tini@ &nd sloperf)

as

— C —_ 2

ote Moo g8 (26)
From theln (Dmin /Do) versus timét) datg the portion of the exponential decreaséhe minimum
diametewas extracted and linearfit is appliedu s i n g MAMikidgaB foéu nmocadlvie fom
slope(m) andy-intercept(b). With this value of slope, the relaxation titft@ was calculatedsing

equation26 (referto appendixD for relaxation time value of each sample point).

With the relaxation timgt;) value from (26) and shear ratgs) calculated from 22.2), The

Weissenberg numbev\(j) for each sample point is calculated using equation 7.
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3.7 Uncertaintyanalysisfor C, ReandWi.

Here we estimate the uncertainty associated with the measureh@nReandWi by identifying

the measurements uncertaintiesall theindependenteadings and measurements obtained from
the flow loop, shear viscosity measurementsexttensionaViscosity measurement@nd applying
thepropagatiorof uncertaintieprogressivelyo the indirect measurements and calculatiapgo

the equations fo€r, ReandWi, to obtain their relative uncertainties.

The processsed to calculate the relatiuacertaintyis briefly explaineds follows For a variable
z, which is a function of/ariablesp, g, andr (z=F (p, q, r)), the relative uncertaintgf z (U./2),

for the absolute uncertaintiestbe independent variables(ly), q (Ug), andr (Ur) is given by

— — — — h (27)

To calculate the percentage uncertainidtive uncertainty x 100) @, ReandWi, we need to
first establish the absolute uncertaiofyall the independent pareeters thaCs, ReandWi are a

function of. These parameters are listed below whitbir absolute uncertainty calculations

1. TemperatureT) in °C: Theresolutionof the readings from ththermocouple is 0.1 2o,
theabsolute uncertainty for this reading will H@.05°C.

2. Mass flow rate iﬁs) in kg/s: Theresolutionof the readingrom the flow meter is 0.0001
kg/s.So, theabsolute uncertainty for this readingl be £0.00005 kg/s or +56 kg/s

3. Pressure dropgf) in psi: Theresolutionof the reading from th@ressure transducer
calibrationis 0.001psi. So, theabsolute uncertainty for this reading will be +0.0@8%or

+5e-4 psi.
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. Pipe inner diametei)) in m: The least count of théiametergauge to measure the inner
diameteris 01 mm or 0.001 m So, theabsolute uncertainty for thimeasurememnwill be
+0.00aL m or £1e-4 m.

. Length between pressure pdt) (n m: This is measured usirgstandard measuring tape
with theleast count o mm or 0.001 mSo,theabsolute uncertainty for thieeasurement
will be £0.001 m or £168 m.

. Zero rate viscositylp) in Pa.sTheresolutionof the readings from the torsional rheometer
is 1e-8 Pa.s So,theabsolute uncertainty for this reading will bget8 Pa.s

. Infinite rate viscosity |{p) in Pa.s:The resolutionof the readings from the torsional
rheometer is 18 Pa.s So,theabsolute uncertainty for this reading will be #%@a.s

. Consistencyd) in s: Theresolutionof the readings from the torsional rheometer i§ e
So,theabsolute uncertainty for this reading will be +bs.

. Minimum diameter of thdilament Omin) in M: Thismeasurement is generated from the
pixel resolution and magnificatioof the high-speedcamera giving the measurement
resolutionof 0.0046 mm or 4.6e-6 m per pixel So,the absolute uncertainty for this

measurement will be4t6e-6 m.

10.Nozzle diameter@o) in m: This measurement is generated from the pixel resolution and

magnification of the higtspeed camera, giving the measuremesolution of 0.0046 mm

or 4.6e6 m per pixel So, theabsolute uncertainty for this measurement will be +&.6e

11.Time {) in s: The time reading is generated from the frame rate of theshegd camera,

for our measuremestthe minimum frame rate used was 4000, githwleast count of

2.5e-4 s. So,theabsolute uncertainty for this reading will bk.2e-4 s,
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Table 5 lists theabsolute uncertainty for the independent variatded the corresponding

percentage uncéinty of Cr, ReandWi along with theequation reference.

(@) Percentage Absoluteuncetainty for independenparameters

Equation
uncertaintyCs T (°C) 0 (kg/s) oP (psi) D (m) L (m) reference
+0.8 % +0.05 +5e5  #5e4 +le4 +1e-3 (197 21)
(b) Percentage Absolute uncertaintydr independenparameters Equation

uncertaintyRe T(°C) { (kg/s) D(m) uo(Pa.s) pp(Pa.s) c(s) reference

+0.8 % +0.05 15e5 +le4  15e8 +5e8 +he7 (22) (23)
(© Percentage Absoluteuncertainty ér independenparameters Equation
uncertaintyWi  Dmin(m) Do(m)  t(s) reference
+6.0% 14.6e-6 +4.6e6 +1.224 (7) (20)

Table 5:Percentage uncertaintglculations fofa) Ct, (b) Reand(c) Wi, with absolute uncertainty
for independently measured variabfer eactof them, along with reference to the equation used.
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Chapterd

Resul t s

This sectiorbrings togethethe measurements Gf, ReandWi obtained from section 3.4, 3.5 and
3.6 respectivelandpresentgraphicallyasCs versuskReplots andcombines thatwith the value of
Wi for each data poirtty color mappingThis allows for obsenation ofanyrelationbetweenC;,
Re andWi, and understand the dependencyCobn Wi and Re Furthermore, this section also
discusseshe transition from the value ®¥i calculated from wall sheaateto a calculated value
of Wi using bulkshear ratgto eliminate the dependency\Wi on P, so acorrelation betweehVi
and Cr can be establistvithout the need ofonductingpipe flow tests (refer to section 4f@r

details.

4.1 Friction Factor

As discussed isection 33.4, for thewaterbased polymer solution teste first obtained a set of
data forCs andRefor the baselinevatertest to confirm the alignment with the Newtonian values
Threetestsper pipe size were conducted to check repeatabitigaverageof the three testare

presented foeachpipesizein figure 15.
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Water baseline measurements for:
) 1-inch pipe size

- o 1.5-inch pipe size
2-inch pipe size

1072

1079 —

| | | | | | | | - | | | | L1 | | I | .| | 1111 ‘
4 5] 6 7 8 9 10 11
Re x 107

Figure B: CsversusReplot forbaselinevater tesshowing theaveragef three test measurements
for eachpipe sizes

In the above plot, the blaadurve represents the relatibetweenC: andRefor Newtonian fluids
in smooth pipesgiven by the equatioh4, and themagenta colocurve is representing the MDR
asymptotecurve as reported byirk et al. (1970) and Virk (1971) in equatidy. The water
baseline test measuremerisingNewtonian showedgood alignment with thBlewtoniancurve
The Zinch pipe size tesshowsa very close alignmenandthe 15-inch and 2inch pipe size test
showed a small but consistent-g#t from the Newtonian valuésit still within the uncertainty
for theCs as discussed in section 3Theclosealignmentandrepeatabilityof these measurements

provided enough confidence proceedwith the polymer solution tests.

52



The polymer solution test providedset odatafor Cr, ReandWi for five differentReflow and 6
8 different %DR amounting t80-40 data points per pipe siZEhe outcome of each test in terms

of the %DR achieved arttle C; I Rerelationfor each tesis discussedext

For the tinch pipe sizea total of8 polymer tests were conductedth different degradation time
for each test aiming to achieaa evenly spaced %DRable6 providethe detaik of the %DR
achieveccorresponding to theegradation timelentified for that testdere %DR is calculate@s

( Bdater - @Ppoyme)/ (Pwated 1 0 0,  RukecandePpdpneraretheav e r aRyvalue g@atmass

flow of 1.68L kg/s for water and polymer solution respectively.

Degradatiorduration Av e r @ @tenasgflow

Test at 1300 RPMs) of 1.681 kg/s(PSI) DR (%)
Water (Baseline) - 0.816 0.0
Polymer test 1 0 0.194 76.2
Polymer tesp 30 0.223 72.7
Polymer tesB 50 0.302 63.0
Polymer test 90 0.346 57.5
Polymer tesb 220 0.412 49.6
Polymer test 600 0.486 40.4
Polymer tes? 1500 0.569 30.2
Polymer tes8 2880 0.596 27.0

Table 6: %DR achievedcorrespondingo the degradation timdor the watetbased polymer
solution in Zinch pipe size

A total of 40Cs values were obtained frorhdseeightpolymer solution testeachcorresponding

to aRevalug as presented ifilgure 16.
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Figurel6: Cs versusReplot for waterbased polymer soluticestin 1-inch pipe size, showing the
five measurements for each %DR

Here, eachiow of the same color data pointspresergthe five massflow rates measured for a
specific %DR andas the %DRlecrease$or each consecutive testue to higher degradatipn
each row shiftaip almost parallel teach otherimplying no major polymerdegradatiorwithin
the range oRemeasuredThisapplies more t&5% and lowerDR casesA small detachment of
the 76%and 70%DR data pointsrom the MDR linais seerfor higherRevaluesbecausgfor both
these cases thaitial polymer degradatiomas very lessandfor higherRe values, the hgher
pump RPM caused some degradatiam the polymer solutiorresulting in a lower %DR
Additionally, It can be observed that tlié% DRrow, whichis theundegrade&0 ppmpolymer
solution almost approaches the MDRhe maximum drag reductioasymptotepresentedn

equation 20. This implies thatconcentration increase above 50 ppm would not result in any
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significantincrease in the DRon the contraryDR may decreasdue to the increase in viscosity

of the solution

One more thing to note here is the shift in the Re vdhresach data poirftom the baseline Re
values of6000Q 70000, 80000, 9000@nd100000 mentioned in section 3.3.1. Treductionin
Reof about10000for eachdatapoint canbeattributed to thencreasen viscosityof the polymer

solution compared twater.

For 1L5-inch pipe size a total of7 polymer tests were conducted with different degradation time
for each test aiming to achieve an evenly spaced %DR. Taievide the detadl of the %DR
achieved corresponding to the degradation time identified for thatftest.compare the %DR
value for theundegraded polymer solution (test 1) betweanch and 1.8nch pipe sizeit aligns
with theobservation by.escarbourat al. (1971)thatfor a particular polymer concentration, the

DR reduced as the pipe size increases

Degradation duratior Av e r @ @gtenaspflow

Test at 1300 RPM (s)  of 2575kg/s (PSI) DR (%)
Water (Baseline) - 0.204 0.0
Polymer test 1 0 0.059 71.2
Polymer tes® 20 0.072 64.8
Polymer tesB8 60 0.085 58.4
Polymer testt 160 0.102 50.1
Polymer tesb 340 0.119 41.8
Polymer test 1000 0.137 32.8
Polymer tes? 3200 0.158 22.9

Table 7: %DR achieved corresponding to the degradation time for the -basedd polymer
solution in 15-inch pipe size.

A total of 35 Cs values were obtained from thess/erpolymer solution tests, each corresponding

to aRevalue, as presented in figuré. 1
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Figurel7: Crs versusReplot for waterbased polymer solution test irbdinch pipe size, showing
the fivemeasurements for each %DR

A similar shiftin theRevaluesis observediue to the viscosity changs seen for the-ihch case
and the parallel trend of each %DR case also aligtisthe previous observatidrom figure 16.
For Linch andl.5inch pipe size testhe degradation was limited to 1300mpPRM tomanage
the line pressuranpact on the pump bearing seal, and for this reasolowest %DR achieved

wasin the range of 230%.

For 2-inch pipe size a total of 6 polymer tests were conducted with different degradation time for
each test aiming to achieve an evenly spaced %DR. Baplevide the details of the %DR
achieved corresponding to the degradation time identified for thafltest%DR valudor the
undegraded polymer solution (testfaé) 2-inch pipe sizdurther supports the observationade

previouslythat,for a particular polymer concentration, the DR reduced as the pipe size increases.
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Degradation duratior Av e r @ gtenaspflow

Test at 1400 RPM (s)  of 3.306kg/s (PSI) DR (%)
Water (Baseline) - 0.111 0.0
Polymer test 1 0 0.046 58.6
Polymer test 2 20 0.052 52.9
Polymer test 3 90 0.060 45.9
Polymer test 4 240 0.079 28.4
Polymer test 5 750 0.096 13.8
Polymer test 6 1960 0.104 6.7

Table 8: %DR achieved corresponding to the degradation time for the -basedd polymer
solution in2-inch pipe size.

A total of 3 Cs values were obtained from these seven polymer solution tests, each corresponding

to aRevalue, as presented in figur8.1

°©  10% DR

- 15% DR
°  30%DR
©  40% DR
50% DR
60% DR

Newtonian

IIIIII

T

I

1079 — I —

[ o v v v bvrea bvvaa byl
6 7 8 9 10 11
Re x 101

=N
(1

Figurel8: Cr versusReplot for waterbased polymer solution test2Anch pipe size, showing the
five measurements for ea@DR.
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For the 2inch pipe sizeas the line pressure for the same RPM reduoegpared tdl-inch and
1.5inch pipe sizes the degradatiomvas conducted at 1400 pump RRMllowing to reachhe
lowest %DR of 6.7%andpopulating the region of the plot that was not possible svithller pipe
diametersOther observations like the shift Revalues angbarallel shift between each %[CdRe

similar to the previousases

4.2 Relation betweel:, ReandWi

Eachpoint on theC: T Replot representasample collected from the pipe flow setup. This sample
was tested for extensiongiscosity measurementsdfer to &ction 3.6) and a corresponding
Weissenberg numbeM() value was associated for each samptént These values were
projectedonto theCs i Replot usinga color mamndan alternaterepresentation as a contounap,
shownin figure 19 and 20 respectivelyfor the kinch pipe size testSubsequentlyfigure 21-22
andfigure 23-24 representheplots for 1.5inch and2-inch pipe sizetestrespectivelyThe aim of
these projectionsio observe how the valu# Cr changes imelationto Wi andRealong theentire
data pointrange and can aelation be established betwethiese parametelmsed on the pattern

observed.

It is to be noted, howevgethateven though théests were designed so that tteta pointrange
fill smost of the region between the Newtonian and MDR cuineze areafew localizedregions
where the point density is lower that other regions andvinigince in point densitganimpact
the contour projectiosin those areasSo,an objective approachndcrossreferencing btween

color and contour plotarerequiredfor analyzingthe plos.
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Figure B: Data pointoon theC: 1 Replot arecolor mapped witlthe measuredialue ofWifor 1-
inch pipe size

1072 1T T T T T T LI T T T T TTTTTTT]TITTIT 11
7] 10

“ 9
i N 18

o ——| |

| II|\III‘\\IIlIIII‘\\IIlIIIIlIIII 0

4 5 6 7 8 9 10 11
Re x10*

Figure20: Data points on th€: 7 Replot are contour mapped withe measured value i for
1-inch pipe size
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Figure23: Data points on th€s i Replot are color mapped wittme measuredralue ofWi for 2-
inch pipe size
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The contour plots20, 22 and 21), show a general horizontal alignment of v value bands.
Fromfigures 19 and20, it can beobserved thad bandfor a particular value ddViis alignedmore
horizontally towards the upper portion of tmegionwhere the data point dsity is more even
compared to the lower portioBame can be seémfigures B and 2 showinghorizontal band
towards the loweand higher up region, the middle portion wheossreferenced with the point
data show lower point density in that zariEhis trendis more clearly observad figures 2 and
22 with a more even andcloseto-horizontal alignmenof individual Wi bands,throughout the
region. This demonstrates titae valueof Cs changessignificantlyin relation towi and not so
significantly compared to the changeR®i pointing towards a strong dependencyCobn Wi, it
canalsobe observed that th&/i bandthicknessincreases as thé/i value decreasesuggesting
thatthe rate ofdecreas in the value oWi slows downasCs increasesThis change i'Wi when
compared to change @ suggests a roughxponential elation betweekViandC:. This provides
evidencefor the relation between theextensional progrties of the polymer solutioand drag

reduction.

Theserelatiors lay a strong foundatiotowards developing eodel describing the relationship
betweerC;, ReandWi, with the ability to predict one from the othelowever,in order to achieve
that and truly develop a predictive mobgleliminating the need for extensive pipe flow tests, we
requirean alternative approach in calculatig, sine the current method (reféo section %)
utilizeswall shear rated) which is calculated using equati@b.2, thatrequires the knowledge of
shear st r eg),whichintutnibalcwated usingthé pressure drgB)(from the pipe

flow test(referto equation24).

62



4.3 Wi calculated fronbulk shear ratéa,)

The ironyof predictingCs from Wi without pipe flow test, while Wi being a function ofjP
warrants for an alternate approai.can also be calculated from the bhkkar ratga,) in pipe

flow, which isa function of thébulk velocity (V) and pipe diametgD) and is expressed as

[ “”T“’ 8 (29)

With this representation of shear ratee Weissenberg numbealculatedfrom bulk shear rate

(Wic) can beexpresseas

tw to
“Q qJTs (29

With the above equatigra set ofWic values can be obtainembrresponding to all data points
presentedn the previous section for all three pipe sizes. The following three fig2se26 and
27) representhe Ct 1 Replot with the data points projected with the valuahi§ and presented as
a contour plotThese arsimilarto figures20, 22 and 2 respectivelywith justWireplaced byVic.

This gives an opportunity to compare the observati@iweenWic andWi projections(from the

previous section).
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Figure25: Data points on th€:1 Replot are contour mapped withe calculatedvalueof Wi for
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Figure27: Data points on th€:1 Replot are contour mapped with the calculated valu&/ifor
2-inch pipe size.

These updated plots witlVic showsimilar trendsand observationascompared to the plots with
Wi, providing confidence imtilizing Wic in place ofWi. Similar to previous observations, these
plotsexhibitthe same horizontadlignment of th&Vic bands where theehange in thealue ofWic

is less significanas one movalong thehorizontal axigRe), suggesting a low dependence/dit
on Re andshowingsignificant change ithe value olWic along the verticadxis (Cy), suggestie

of high dependency of: on Wic. The increase in th&/ic band thicknesss the value oWic
decreasess also observedvhich meanghat the rate of decreasethre value oWic slows down

asCs increasegaligning with the previous observation.

Figure 28 showdhis relation betwee@s andWic, whenexpressed on lenear scale.
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Figure B: Cs versusWic plottedfor all threepipe size are expressed on a linear scale to show the

relation between these two parameters

This presentsa good foundatiorfor establishing a relationship betwe&y Wi;, and Re and

towards thedevelopnent ofa robust predictive moddbr DR through polymer rheologylhe

extensivevaterbasedipe flow and rheologicaess provideda strong base of repeatable test data

andthealignment of th@bservationbetweerVi andWic will serve as a proof of concegtd will

highly influencethe waythe diesetbasedpolymersolutiontestswill be designeand conducted
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Chaptelb
Design and commi ssi on

fl ow | oop

Thetest with watetbased polymer solution gave a good insight the relationshifpetweenCs,
ReandWi, butas discussed earlier, with théferences between the drag reducing polymers for
water and hydrocarbons in terms of molecular wegggiybility and drag reducing pabilities,to
achieve our objective of developing a predictive motel polymer drag reduction in
hydrocarbos, a similar test approach is requisgith hydrocarbonsThis presented a need for a
flow facility that cansafely runhydrocarborbased polymesolutions anadan produceepeatable
measurements. Adiscussed earlierhé choice of using diesak the base fluidias based on the
facts that, firstly, diesel has a higher flash point ( > 52 °C) and low volatility, making it safer to
handle at room temperatyi@ndin a closed lb environmentompared to other easily available
hydrocarbons like gasoline and kerosine, and secondly, & imash lower viscosity than crude

oil, making the flow loop design simpler, manageable pump requirements and easier drainage of
the loop for repeating test¥he flow loop facility developed farests withdieselis similar in
concepias the water tegacility (detailed in section 3)ith thekey difference being theop pipe

size is linch, apositive displacement punipusedinstead of centrifugal pumpghat wasused in
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the waterbased flow loopall componentsrerated foruse with dieseland the loop is designed

to achieve flowReup to 30000

For designing the diesel flow loop, spaeas an important factor. With limited space in the lab, a
verticalloop structure was adopted, that allovileesetup to have a smddotprint areaThis, in
hindsight,providedeasier access to equipmend sensord.he other major factdhat influenced

the desigrof the loopwas thesize and layout of theumpmotor assemblyas the loop plumbing
would have to be designed around tiide criteriors thatgovernedheselection of the pumand
motor were compatibility with diesefuel, capalility to achieveflow ratesup t09.0 n¥/hr (=40

gpm) based on our calculation to achiReup to 30000achieve this flow ratatlow RPMs to

avoid excessive polymer degradatielgctrical compatibility with thavailable outlets in the lab

and cost.Oncethe space and pumpotor assemblydesignwere establishedthe dieselloop,
following the same concefyfbm the waterbased loopwas designed with storage tak that can

be used for mixing the polymer, the tank inlets into the positive displacement fhatjeeds into

a Xinch pipe loop The loopconsists of pressure relief valve for safeypulsation dampendo
stabilize the flowa heaexchanger to regulate the temperature, a flow meter to measure flow rates,
a thermocouple to measure fluid temperatime pressure ports with tubing to a differential
pressure transducer fgP measurementsliversion valvesetup to be able to run the loopeither
openor closed loop configuratiorend drainage ports at the lowest level before and after the pump

stator, as the statootor assemblys liquid tight sealn a positive displacement pump

Additional safety featurethatwere incorporated in the lodpdesignincludes stainless steel spill
trays placed under thentire loopfor spill containment, proper ventilati@uctsabove the tanko

extract any escaping vapors, amwhtainmenbf diesel from thepressure transducer during the
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bleeding process:igure 29 showsan overview of the diesélow loop with the key components

highlighted These componengse detaileds follows

EFlow direction

S—

E 3

Figure 29: Overview of the pipe flow setup used fdresetbased tests, highlighting each
component unit and flow direction

1. Tank:50 litersverticalstainlesssteeltank with a3-inch outlet.

2. Pump:NETZSCH progressive cavity pump, modéiM038BY01L06B,powered by 8HP
NORD gearmotor (refer to appendix F for pump curve).

3. Pressure relief valv&sdjustable pressure relief valve set60 psi.

4. Pulsation dampener:dmousefabricatedair column dampener to stabilize the flow

5. Heat exchanger: thouse fabricated, concentric tube design, wighirrch tube jacketing
the 1-inch flow pipe, with inlet and outlet ports on tBénch pipe to run cold/hot water to
regulate theemperature.

6. Coriolis flow meter: Micro motion 1-inch FSeries Coriolis flow meter
(F100S128CCAAEZZZY with an integrd mount 1700 series transmitter
(1700112ABASZZ2 for mass flow readings.

7. Thermocouple: Kype thermocouple from Omega for temperature readings.
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8. Test sectionThe test section is &inch innerdiameter,5.08 m (200-inch) long, straight
stainlesssteel pipe with an upstream pressure pa2tst m (100-inch) from the upstream
edge and the distance between the upstream and downstreah) pak2( m (50-inch).

9. Pressure transducer:\VAalidyne DP-15 pressure transducer is used and is connected to the
pressure port on the test section throughii¢® doubleferrule brasstube fittings. The

Diaphragm usecdhithe pressure transdudgr3-32 (+ 2.0 psi).

Referto appendixA for detailed drawingf the components and assembfyhe diesel flow loop.
The scope othe currentwork includesthe designgdevelopmentand commissioning of thdiesel
loop. The following sectiometails the baseline test procedure and reshiéd verify the loop

stability and repeatabilitymaking the loop ready for future polymer testing.

Once thdoop component assembly was completed and the pumsgommissioned, the entire
loop was dnytestedfor leaks using compressed dilponthe confirmation & no active leaksthe

loop was filled with diesel fuednd the first trial run was conductealowing the safe operating
procedure dppendix E). During this run the pump-VFD calibration wascompleted,and all
equipment readings were verifiékhis trial also helped clean the loop from insiflbedieselwas
filtered at a high flow rate anthen drained completely. Fresh Diesel was then introduced in the
loop andwasmade to rurthrough a finer filter to extract any remaining contaminanchiller

unit was connectetb the heat exchangéor temperature stabilizatioand the loop was run
progressively to its lim#to verify the Rerange.The loop was able to achielReof 30000 a372

RPM of the pumpmaximum rated pump RPM 400).
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5.1 Calculationof mass flow rate

ThetestRefor diesel testvas seto 5000,10000,15000, 20000, 25000and30000 as a baseline,
adiesel sample was testéat shear viscosity following the same procedure as mentioned in section
3.5. Measuredriscosity ofdiesel(pqg) = 0.00344kg/m-s, at 20+£0.5°C. andmeasured densitgf
diesel (4) = 8430 kg/m?, at 20+0.5°C. Table9 mentions the mass flow rate valuesresponding

to theRerange using equatio2X) andits correspondinyFD set value to achieve that mass flow

Pipe size =-inch

D =0.026 m
Re 0 a4 (kg/s) VFD (Hz)
5000 0.360 8.9
10000 0.720 17.4
15000 1.080 26.0
20000 1.440 34.8
25000 1.800 43.7
30000 2.160 52.9

Table9: Mass flow rate with their correspondinyFD set pointvalues are listetb achieve the
requiredRefor pipe flow test with diesdbr 1-inch pipe sizewith a measured inner diametér)(

5.2 De-airing and transducer bleeding procedure:

When the loop is first filled with diesel, there are many air pockets all around the loop at locations
like pipe joints, pipe bends atdnsducer tubing. These pockets, if not removed, can mix with the
flow stream, and negatively impact the measurements. So, to ensure the removal of all air pockets
and micro bubbles, a systematic process is followed to get the same level of flow gty e

time. This process is explained step by step as follows:
Step 1: Ensure open loop valve configurafiaierto appendixE for valve configuration)

71



Step 2: Ensure both the pressure transducer valves are closed.

Step 3:Set the VFDat 10 Hzfor 5 minutes to allow bigger air bubbles to escape from the open

surface in the tank.

Step 4:Duringthis 5 minute,m open loogconfiguration open ValveV3 for 5 seondsthen close

it. This isto let any trapped bubbles escape from the closedsiecynn

Step 5: Stof¥FD and letthe systermest for 5 minutesThis will allow micro bubbles tacoagulate

into bigger bubbles.

Step6: Set the VFDto 20 Hzfor 15 seconds, this will dislodge air bubbles trapped in the pipe

joints. These bubbles will now be visible in the flow stream.

Step 7: Bring the VFD downfrom 20 Hz to 8 Hz and run for 5 minutesFollow step 4

intermittently. This will allow the dislodged bubbles to escape through thedpek surface

Step8: Repeastepss to 7 two more times.

Step 8: StopyFD and allow the fluid to rest for 10 minutes. This will allawy remainingmicro

bubbles in the stream to rise aaxtumulateforming biggerbubbles.

Step 9: Repeat step to 7 two more times.

Step 10: Continue running th&D at 10 Hz for 10-15 minutes, use this run time to regulate the

fluid temperature to achieve 20+0.5°C.

Step 11Set VFDto 15 Hz(still in open loop confjuration).With thepressure transducer bypass

valve open, open both bleed valves.
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Step 12: Very slowly open both pressure port valves, allodiegglinto the transducer. This will

start the bleeding. Let the bleeding continue fdrrBinutes.
Step 13: Close both bleed valves

Step 14: With the transducer bypass valve ogeaprunning at 15 Hzfor 2 minutes. This will
push out any air bubbles in the transducer tubing, through the bypass line into the main pipe, which

can then be escaped authe tank
Step 15: Stopy FD and close the transducer bypass valve.

Step 16: Ensure fluid temperature within 20£8C% if not set the VFDat 10 Hzwith the heat

exchanger running till the correct temperature is achieved.

The system will now be ready for the test to begin.

5.3 Test proceduréor baseline diesel test

Three independent tests with diesel are conducted to confirm alignment with the NeWdnian
Recurve(14) and repeatability of the results. Before the test, the tank is filled with 35 liters of
diesel, which is introduced into the lgdpe loopde-airing and transducer bleeding process is
thenexecuted as detailed in sectio.5he test is run using the LabVIEW software, the
operator can control the VFD frequency (Hzt translates to thmump RPMto achieve the
requiredmass flow rategrefer to table). Table10 breaks down the test procedure steps to run
the baselinglieseltest for thesix massflow valuesandaligns each step with the data log time
and providing actioner afrequencyset values against each step, while maintaining the flow

temperature within 20£0.5 °C
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Log

Step| time Action Tempe:\r_ature
(Dieseltest) condition
stamp
1 - Setclosed loop configuration and tank outlet open.
5 i Turn ON VFD (set at zero Hz flow meterandtransducer

demodulator

Open bothpressure port valves awctbse theransducer
bypass valve.

4 0 Start data log.

5 120 | Set VFDto 10 Hz.

12} (o]
Hz Verify U 4 values 20£0.5°C
6 420 Set VI 8.9 0.360
I 780 Set VI 17.4 0.720
8 | 1140 Set VI 26.0 1.080
9 1500 Set VI 34.8 1.440
10 | 1860 Set VI 43.7 1.800
11 | 2220 Set VI 52.9 2.160
12 | 2580 Set VI 0.0 0.0 -

13 | 2700 | Stop data log. -
Openthetransducer bypass valve and then close both pre

14 ~ | port valves. ]
15 - Turn OFF:- VFD, flow meter and transducer demodulator -
16 - Drain the loop(referto appendixE for procedure) -

Table 10: Stepby-step est proceduraligning with the LabVIEW log time stamjor baseline
dieselpipe flow test forl-inch pipe sizes

5.4 Measurements

Three tests were conductas per the procedure mentioned in sechi@to getthe baselinedata
and confirmrepeatability.The pressure drop B) versus timet] plots are presentddr all three

tests
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Figure30: g versus timet] plots for dieselbaselinetest in Xinch pipe sizedor (a) Test 1, (b)
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It can be observed frofigure 30that the change in the valueg® is immediate as the matsw
rate changeand stays stable for the entire duration6ominutes.This is due to the positive
displacement pumghat gives a immediatechange in mass flow as the RPM increased a
steadyflow rate for a fixed RPM of the pumpnlike the centrifugal pumghat required a PID
controller to achieve thigefer to thevaterbased plots in appendix B to observe the contralt).

three plotddemonstrata stablegqP measurement and repeatable results.

The P values weraitilized from these tests along with the density and viscosity values (section
5.1) to calculateCs (reference to equatior2d and21) andRe(reference to equatidzB). TheCs i

Redatafor thethreetestsarepresented in figur8l.

Diesel baseline measurements for:
o Test-1
L o Test-2
Test-3
107 = _
<) - '
“‘1@3\/_\,’
I *\\
3
10 | | | |

10%
Re

Figure31: C; versusReplot for dieselbaselinetest in1-inch pipe sizes, showing theverlapped
measurements of three tests eaclsboRevalues
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The tests results show good alignment with the Newto@iarRe curve (14), there is a small
noticeableoff-setbetween the data points and the Newtonian curve, butdhanceis within the
measurement uncertainty discussed in sectionT®&differentcolorsfor each test are not clear

because of a goawerlapbetween théhreetests suggeshg good repeatability

These resultdemonstratéhat the diesel loop is working as it was designed to anddaave the
maximum requiredRe of 30000 The results alsmdicatethe effectiveness of the @ering and
transducebleedingprocessandthestability of the heat exchanger in maintaining temperature
within 20+0.5°C. Additionally, these testhavealso provided the opportunity to test tlo®p
filling and drainingprocess and fine e any step to ensupersonnebnd equipment safetll

of this provides the required confidenicethe diesel flow loop and confirms its readiness for the

future polymersolutiontests.
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Chaptel6

Concl asridonsitur e wor k

The following sectionsliscusses the conclusiaf the waterbasedpolymer test, its impact on
the design of diesel testandlays downthe framework for théuture experimentalvork to be

conducted on the diesel flow loop.

6.1 Conclusion

Drag reductionin turbulent pipe flowhasa major impact inhydrocarbon transport through
pipelines over long distancedutthe lack ofmathematicalinderstanding of this phenomenon has
limited it to atrial-baseduse in industriesThe present work orné watetbased polymer solution
tess have played an important role @xpanding our understanding ofvindhe rheological
properties of polymer solutions influences drag reductioniurbulent pipeflows andis an
important first step towardthe progressive development of theodel to predict DR from

rheology.

Through the baseline testsmeasurementand its alignment to th&lewtonian valuesthe

measurement capability and repeatabibfythe waterflow loop was establishedvhich wa
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crucialfor thevalidationof all later tests and measuremeiiise polymer solutiotests thereaftey
provideda significant datasetovera widerangeof Cs andRe The spanof thisdataset along with
the extensional rheological measuremdntsWi for each data point hdselped in drawinga
correlation forthe valus of Wi based orCs i Re point grid. Thesecontourmap projectionhave

provided the following key observations:

1. Thehorizontalalignment of theVNi value band®n theCs i Re data setn the contour map
demonstratethat Cr hasa high dependencyn Wi, and aow dependency oRe

2. The change in thealue ofCs compared tahe value ofWi is notalinearrelationand can
be observed from the varying thickness of\idoands This suggestthat the decay diVi
slows down for a constairicrease irC:.

3. WiandC;: are inversely relatedo, as the value d#Viincreasesthe Cs valuedecreasesn
other words, the higher the relaxation time of a solytiom lower will bats C;, leading to

a higher drag reduction.

These observationsill serve asa foundation for the development of iitial model to predict
drag reduction from the extensional properties of the sol@mhhave beerinstrumental in
establishing confidencthat will drive the future work on diesalhich will provide scalable

modelsthat can be utilized at a largecale.

The water test facility has algwovided a good reference ftire design and fabrication of the
diesel flow loop whichextends further in terms of safety aabe of usé he successfudssembly
and commissioning of thdiesel flowloop wasachievedand hethreebaselingest result$or the
relation betweel€s and Re exhibitsa close and consistent alignmémtthe expected Newtonian

values deeming the diesel flow loop measuremmuth accurate anepeatable
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6.2 Future work

The future work entails test on the diesel flow l@milar to the watebased polymer solution

tests a detailed account is summarized as follows:

1. Six Revaluesand their corresponding mass flow rat@se been identifietbr the diesel
polymer tes{referto section5.1)

2. A polymer concentration test will be run to identifge relation between concentration
(ppm) and %DRThis will be an exclusive te$br diesel loop as intentional degradation
method that was applied for the wapslymer test using the centrifugal puml not
work for the diesel loop due tbe use of positive displacement (low shear) pump.

3. Once theppm- %DR relation is established, theeselpolymer test can be designed and
executed.

4. Based on the results from the diesel sestrelative model will be developed and it will be
tested experimentally.

5. The success of the diesel tasill pave thepath for futuretestswith progressivelyarger

diameter pips, aiming at refining the predictive mode$ more and more data is gathered.
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AppendixA

Engi neering drawings for diesel

This sectiorprovidesanoverview of the diesel flow facilityreferto figure Al), followed by highlighting thé&ey component unitgeferto figure
A2) and presenting the detailed engineering drawingedohcomponentip to the mairassembly levelThe drawingsncludeGD&T, material

informationandwelding detailghat wereused in fabricatiomnd assembly of the flow facility components.

Figure A1:An overview of the diesel flow loop.
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Diesel flow loop — Drawing reference

R —_

(SR .

(Tank outlet)

DL-600 DIL-800
(Heat exchanger) (Thermocouple unit)

Figure A2:Diesel flow loopdrawing referencéhathighlights key component urstwith reference to the drawing number
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NOTES
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2.
3.
4.,

UNLESS OTHERWISE SPECIFIED, ALL DIMENSIONS ARE IN mm.

) 4 3 2 1
1SO VIEW (ASSEMBLED)
DRAWING
ITEM NO. NUMBER DESCRIFTION QY. MATERIAL
1 DL-110 TANK - 50L 1 304 STAINLESS STEEL (GAUGE 16)
2 DL- 120 TANK LID 1 304 STAINLESS STEEL [GAUGE 14)
3 DL-130 | Weld-on Pull Handle (1650A402) | 2 304 STAINLESS STEEL
_ Barbed Hose Fifting for Chemicals
4 DL- 140 and Petroleumn (53505K47] 2 316 STAINLESS STEEL
5 DL- 150 1/2" PVC Tubing, length: 2 1 PWVC [CLEAR)
304 Stainless Steel Duct Hange
6 DL- 160 (1734K12) 1 304 STAIMNLESS STEEL
7 DL-170 Mixer Mount Assembly 1 STAIMLESS STEEL
_ Light Duty Dry-Running Nylon
8 DL-180 Sleeve Bearing (4385K425) I Nylon
MEH: DO MOT SCALE DRAWING. REVEIOH EK.”
GHAEMI - LAB

ALL PART NO. ARE REFERENCED FROM hitps://www.mcmaster.com/
PART SHOULD BE FREE FROM BURR, SHARP EDGES AND WELD SPATIER.

TANK WELD JOINTS SHOULD NOT LEAK.
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8 7 & 3 4 3

Component Details: 30° (same between each hole. x 12
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VRN 1 I
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90|
FRONT VIEW 589
@ 400(OD) -~

B| 2397 @448 SECTION A-A
NOTES HLFSE CITREFWISE SPECIED: PR LERLER A ND
TOP VIEW 1. UNLESS OTHERWISE B e e [ bt T —
AREIN mrn, - DMENSIONS gt GHAEMI - LAB
5. 3'Threaded pipe fitting (9157K402) 2. ALL PART NO. ARE e pr— e —
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8 7 | é 5 4 3 | 2 1
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(GAUGE 18)
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MODIFICATIONS:
Circular cutouts required on the flange e
for clearances
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NOTES
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UNLESS OTHERWISE SPECIFIED, ALL DIMENSIONS ARE IN mm.

TOF VIEW

FROMNT VIEW

ALL PART NO. ARE REFERENCED FROM https.//www.mcmaster.com/

PART SHOULD BE FREE FROM BURR, SHARP EDGES AND WELD SPATIER.
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EXPLODED VIEW

15O VIEW

[TEM NO.

DRAWING NUMBER

DESCRIFTION

QY. MATERIAL

A3

1 DL-171 Mixer Base Plate 1 304 STAINLESS STEEL
2 DL-172 Mixer Mount Block 1 304 STAINLESS STEEL
i o BO NOTSCALL DR evson 001
GHAEMI - LAB
HAME SCMATURE DATE
cRewh| 5. SINGH .
corn | L WARKARIC Mixer Mount Assembly
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EXPLODED VIEW
472
[TEM | DRAWING
NO. | NUMBER DESCRIFTION QTY. MATERIAL
1 - 3" Full-Port ball valve [46495K28) 1 304 Stainless Steel
2 - 3" pipe union (4464K454) 1| 304 Stainless Steel
3 — |3x5 Pipe Nipple (4830K357) 2 | 304 Stginless Steel
4 - 3" Slip-on Forged Pipe Flange (44485K184) 1 304 Stainless Steel
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NOTES T Tank Outlet Fittings
1. UNLESS OTHERWISE SPECIFIED, ALL DIMENSIONS ARE IN mim. aFevD|  ©oHaB
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TOP VIEW
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NOTES
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3.  PART SHOULD BE FREE FROM BURR, SHARP EDGES AND WELD SPATIER. ax WATERAL B O, a3
4. ALL PHERIPARAL WELD JOINTS SHOULD NOT LEAK. LISTED DL - 500
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TOP VIEW

DETAIL A

NOTES

1. UNLESS OTHERWISE SPECIFIED, ALL DIMENSIONS ARE IN mm.

2. ALL PART MO. ARE REFERENCED FROM https://www.mcmaster.com/
3. PARTSHOULD BE FREE FROM BURR, SHARF EDGES AND WELD SPATTER.
4. ALL PHERIPARAL WELD JOINTS SHOULD NOT LEAK.

6 e DRAVING DESCRIPTION Qr. MATERIAL 3 .

1 DL-410  |HEAT EXCHANGER BODY 1 STAINLESS STEEL \— EXPLODED VIEW

2 - 304 SS, FORGED PIPE FLANGE (44685K181) 2 | 304 STAINLESS STEEL B 0 P — B

3 - 1" FULL PORT VALVE (4024T75) 1 STAINLESS STEEL o

4 | DL-640 |OSCILLATION DAMPNER [ASM) 1 | 304 STAINLESS STEEL| | = : GHAEMI - LAB

5 - THREADED BUNG - FOR 3/4" PIPE (4464K473) | 3 | 304 STAINLESS STEEL| ||t | sownre | oue Heat Exchanger +

s |- PPl oTazas) o MRADEDTIPE | 2 | 304 STAINLESS STEEL o] e Oscillation Darmpner
A7 - PRESSURE-RELIEF VALVE (4703K547 | 1 STAINLESS STEEL| == — (ASM) A

8 B 1/2" STRAIGHT PIPE CONNECTOR (4464K354)| 1| 304 STAINLESS STEEL R ' DL - 400 A3

9 - 1/2" % 5" PIPE NIPPLE (4830K177) 1 [ 304 STAINLESS STEEL

WEGHT: SCALEN S0 SHEET | OF |
8 7 3 5 4 3 2 ]
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/ il 1 | D411 |COREPIPE- I-INCH 1 304 STAINLESS STEEL
| 2 DL-412 |OUTER JACKET PIPE - 2-INCH 1 304 STAINLESS STEEL
| | 3 | DL-413 |JACKETEND CAP 2 304 STAINLESS STEEL
l |
\ '{JOTEJSNLESS OTHERWISE SPECIFIED, ALL e S m—
\ " DIMENSIONS AREIN mm. GHAEMI - LAB
- 2. ALL PART NO. ARE REFERENCED FROM nare
https://www.mcmaster.com/ ] s s Heatf Exchanger Body
3. PARTSHOULD BE FREE FROM BURR, SHARP == Lusiwess {ASM)
DETAIL A EDGES AND WELD SPATTER. perro]  + onisa
SCALE1:1 4. ALL PERIPHERAL WELD JOINTS SHOULD o e e
NOT LEAK. LISTED DL-410
8 7 5 5 4 3 5 —
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T T Heat Exchanger Body
CHED | L WARWARLK
NOTES E I - CORE PIPE 1-INCH
A 1. UNLESS OTHERWISE SPECIFIED, ALL DIMENSIONS ARE IN mm. MG
2. ALLPART NO. ARE REFERENCED FROM hitps://www.mcmaster.com/ EL HATER A G e A3
3. PART SHOULD BE FREE FROM BURR AMD SHARP EDGES. 304 STAINLESS STEEL DL-611
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3. PART SHOULD BE FREE FROM BURR AND SHARP EDGES. 304 STAINLESS STEEL DL-612
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SURFACE FNEH: EDOES
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ool 5 s Heat Exchanger Body
NOTES onrol < na -End Cap
1. UNLESS OTHERWISE SPECIFIED, ALL DIMENSIONS ARE IN mm. o
2. ALL PART NO. ARE REFERENCED FROM https://www.mcmaster.com/ ax wATEAL B 40 A3
3. PART SHOULD BE FREE FROM BURR AND SHARP EDGES. 304 STAINLESS STEEL DL-613
WEGHT: SCALER] | sk | OF |
8 | 7 | é | 5 4 3 | 2 | 1

111




112



