THE UNIVERSITY OF CALGARY

Heat and Momentum Transfer to Drag Reducing Fluids

by

Arun Sood

A THESIS
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE
DEGREE OF MASTER OF SCIENCE

DEPARTMENT OF CHEMICAL AND PETROLEUM ENGINEERING

CALGARY, ALBERTA

SEPTEMBER, 1993

© Arun Sood 1993



National Library
of Canada

Acquisitions and

Bibliotheque nationale
du Canada

Direction des acquisitions et

Bibliographic Services Branch  des services bibliographiques

395 Wellington Street
Ottawa, Ontario
K1A ON4 K1A ON4

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

395, rue Wellington
Ottawa (Ontario)

Your file  Votre rélérence

Qur file  Notre référence

L’auteur a accordé une licence
irrévocable et non exclusive
permettant a la Bibliotheque
nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de sa thése
de quelque maniére et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
théese a la disposition des
personnes intéressées. “

L’auteur conserve la propriété du
droit d’auteur qui protége sa
thése. Ni la thése ni des extraits
substantiels = de celle-<ci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-315-88632-3

1+0

Canada



-

Name ‘ ‘ /4/60/4/ ' §DD_Z)

Dissertation Abstracts International is arranged by broad, general subject categories. Please select the one subject which most
nearly describes the content of your dissertation. Enter the corresponding four-digit code in the spaces provided.

ENG, INEELING, — CH EMICA o ls1412] UM
SUBJECT TERM . SUBJECT CODE
Subject Categories
THE HUMANITIES AND SOCIAL SCIENCES
COMMUNICATIONS AND THE ARTS PSychology ceuseessseseesssmermsssnsncnce PHILOSOPHY, RELIGION AND ANCIENE .ceceereeee e rereesnsesans 0579
ﬁrcl}liigecture .............................. 8%;; Eelqd_mg ..... ..0, THEOLOGY edieval
rt HISIOry coovecvennveicinnnnnicininnnes eligious . f
ginema ry 8:9398 gcie%cgs ..... E}:go?gﬁhy ................................ 0422 g
ance econdary ... "
Fing ArS .oveercverereieenererennneneenes 0357 Social Sc%nces . . Biﬁﬁigf Stodias 8%12? Asia, Australia and Oceania 0332
Information Science .. ..0723 Sociology of ... Clergy woree : ‘0319 Canadian ............... revereraenes 0334
.{pgjrnallgrq ............ 8%319 1S_pec||1cx| i Fiistory of o 10320 Eu(opAeon - 83%2
T p—— D — N 1 N =
Music . 0413 Tests c‘mdg k;\easurements . Theology oevvesvesssiresnssns 0469 ~ United States ..... ..0337
_? eech Communication ............. 8222 Vocahional.....creeeesereerresscrrererns SOCIAL SCIENCES lljlcistory of Science .....ovrerrererenne 8ggg
Theater ...i...... American Studies .......cc.eererrennee 0323 W :
EDUCATION LANGUAGE, LITERATURE AND Anthropolog PoIchal Scrfnce 0615
G i LINGUISTICS : Archaeology .......ceeeeerrnrenne 0324 | ;anerqr """ T G
Agnqrg e — Lcn%.vage Culturel ... 0326 n ETGI‘IOM aw an 0616
A d"i;“'s d°c'°“':"".'"' T Physical ..o 0327 P b?.“ Eé‘slt ---------------- 0817
A v ‘i" |°" inuing Ancient ... - Business Administrafion Recros ’.'c minisiration 0814
gricultural .....ereeeennn. Linguisfics y General ... 0310 SocialWord 0452
B'? o Micoiiorai Modern ...cvereinerencinccenaae Accounting ...0272 S°°.°l orK . -
ilingual and Multicultura Literature Banking ........ ....0770 oclology | 0626
Business i i General ..eeueeereeeseenssrsenans Management ....0454 ce.""fm o 0857
gom.mulmty od?ge Classical ...... . Marketing ..... ....0338 D"m'"° ogy 0938
E”"{'“g#ﬁﬁ" nstru Comparative . Canadian Studies .....c.covveureennen 0385 Etimpgmg 0631
El‘" y -ildho: edieval ..... . Economics i d‘.“%‘ml N Famil
Frementary rx\ﬁgem Eeqemﬁl s 0501 " S hoding, ond romily 0628
c . rcan vicultoral oo o L S
S::lzltﬁnce and Counseling ......... 8223(9) American. ngmerce-Business : 0505 ln%téﬂﬂicgncsmd Labor 0629
Higher 0745 Asian ... Finance .............. 0508 Public and Social Welfare ... 0630
H'g i 0520 Canadian {English) . History ... .0509 Social Struch
HlsforyEO ...... sresesssesnnsssesnes 0378 Canadian French),. Labor ... 0510 OSI% I ruci I‘? an
?jme ‘clonomlcs . 0278 English ;veven... Theory o 0511 I e eopénix R —
Industrial ..... i 0328 . Germanic ... Folklore ....... '0358 T eorl;y'gn ethods .
o emcn . coerre o 0280 Lalin America Geography . 0366 and Regional Planning - 0999
If;/:llglsic [ 83%% Middle Eastern ﬁg;g:‘f ogy -0351 Women's SAIES ....coveveurermneenns 0453
ilosophy of ..cueverreereriveiaernians
Physica*lj Y 0523 General ...oesverenereerensenns 0578
THE SCIENCES AND ENGINEERING ,
BIOLOGICAL SCIENCES Speech Pathology . Engineerin
Agriculture oxicology. ..0537
General .. Home Economics
Al
A%ﬁ'&?’é‘ﬁlmre and oirs PHYSICAL SCIENCES
(31151 1Tt JO OO, .
Animal Pathology s 0476 Pure Sciences
Food Science and Genaral et 0485
F Teciq nolo Wildiite . 8?1% Agriculiiral .. -0749 Heat and Thermodynamics ... 0348
It CUIUEE e 0479 Andlytical ..... -0486 Hydraulic 4 ..0545
qunt Puth rle ......... 0478 Biochemisiry "0d87 In)é T B——
Plggt Pﬁys?o?c?gy':... 0817 K}” OniC «..... 8;%3 Marine .......c.....
Range Management ............0777 HEALTH AND ENVIRONMENTAL o:f;:::: 040 Materials Science ..
Bi lWo<:~d Technology «....cerereeee 0746 S(|§N(ES . Phormaceutical "0491 m:‘cqltllur:'lca .......
O vl 0306 Environmental Sciences 0768 sical -0494 Mo ey -
Aen;ara .............................. 9306 Health Sciences Polymer "0495 N|n||ng ......
B.na'o'r'n(. ."0308 Genem' . ..0566 R Radiaﬁon 0754 P UCkeGl: .....
‘BIO,S ANISHCS . "0309 - Avudiolo Y ..0300 Mathematics 0405 Pgﬁ'o?egmg *
CO"Qn)’ ................................ 0370 Chemot erapy . 0992 Physics Sonite Un:mdMumqql
Ecology T 0390 Denisky ... 0567 Eener;'ll 0608 Syslem SCeNCe v
.............................. eation o - stics : /
é"'°";‘_°l°97 - 8%28 Hospital Management ..........0769 Aslrgnlomy georectlgnok;zgy oy
P oy 0793 Human Development ..........0758 Astrophysics ......... .0606 Plistics Technaloar <"
AIAl]lno Ogr 04] 0 Immgn_ology ............... ..0982 Atmospieric Science .0608 Textile Technolo Y eene
Moodor Y - 0307 Medicine and Surgery ......... 0564 AIOMIC 1ecrirsirrersoeneens 0748 QY reremrenesesssess
N° ecu qrn- """ 0317 Mental Health ........ ..0347 Electronics and Electricity ..... 0607 PSYCHOLOGY
Oiz::?\scf;a;?\} 0416 Hu;‘s'ltqg ....... .- 829(9) EI?-In_':e!r]ﬂgry Parficles an 0798 General 0621
. hrifign - ——— toh Erray o one Al s
Eh)és:lo[ogy ..... 832? Obstetrics and Gynecology .. 0380 Fluidgqn 4 Plgsymc " "0759 g?'hgwcrral ................................ 822421
adiatton ... 0978 Occupational Health an Molecular ........ 0609 Bandionme 0630
o 0472 Thel'dr)y ........................... 0354 Nuclear .... .0610 Ex erirgenl‘cl """"""""""""" 0623
Biophysics Ophthalmology - 0381 Oplics, ... -0752 Ir'lé)ustrial 0624
oy 0786 Pathology .....eee... ..0571 Radiation .. .0756 Personality 0625
Mzg?égl - 0760 II;mrmacology 8151;; s Solid State 82})% Physolog?éal. 0989
- NATMACY wevevisens “ FAHSHES vveseerrreisrseransesessesessirenne Ps c.'wb,olog), : 0349
EARTH SCIENCES Ph f;g‘;ﬁf,‘ﬁ,:‘?ﬁ{; ~0382  Applied Sciences Peychomelricy .. 70632
Biogeoc| gmlstry... Radiology " 0574 Apphed Mec.hcm[cs .0346 Social 0451
Geochemisiry RECreaton wuvvevevverereereronerces 0575 Computer Science ..... .




Nom .
Dissertation Abstracts International est organisé en catégories de sujets. Veuillez s.v.p. choisir le sujet qui décrit le mieux votre
these et inscrivez le code numérique approprié dans 'espace réservé ci-dessous.

L1 UMI

SUJET CODE DE SUJET

Catégories par sujets
HUMANITES ET SCIENCES SOCIALES

COMMUNICATIONS ET LES ARTS Lecture 0535 PHILOSOPHIE, RELIGION ET ANCIENNE «evcrerrnrererererernsnens 0579
Architecture ......ccovuremreceecerennns 0729 Mathématiques .......oeeevereeceeenns 0280 THEOLOGIE Mediévale .. ....0581
Beaux-ars ........ ...0357 MUSIQUE vvvvveeveersrereens ..0522 Philosophie ........cocerninnerienenanns 0422 Moderne........... ..0582
Bibliothéconomie ......coverirasnns 0399 Crientation et consultation ..0519 Religion Histoire des noirs ... ..0328
Cinéma 0900 Philosophie de I'éducation ..0998 ENEralités ..oeirernnsneneenses 0318 Africaine .......... ..0331
Communication verbale ............. 0459 PhYSIQUE ..conesreucenrienerenseaenaseenene 0523 Clergé .......... ...0319 Canadienne ... .
Communications .......cvseueseesas 0708 Programmes d'études et Etudes bibliques ... ....0321 Etats-Unis ......
Danse 0378 enseignement ......cueiversiunenes 0727 Histoire des religions ...........0320 Européenne ...
IJ-IistoinIa delart .ccoreierenrencnncnns 8%]7 gsycho ogie ... 8;%51 T Philosophie de fa religion ..... 83%3 f/\oyen-orienta e
ournalisme ... CIENCES .....eue . £0l0gie .oivieierisisrennnentaeine atino-américaine
Musique ...o.oonennans ..0413 Sciences sociales ........... ..0534 9 Asie, Australie et Océanie .... 0332
Sciences de Finformation ........... 0723 Sociologie de I'éducation........... 0340 SCIENCES SOCIALES Histoire des sciences..........c........ 0585
Thédtre 0465 Technologie ....eeecereresnsercniiens 0710 Antlxopi]oloF;ie 0324 |};<I>isirfs ; 0814
. p rchéologie ......ccuuivirnines anification urbaine et
EDUCATION LANGUE, LITTERATURE ET Cuhurelleg.. ....0326 régiondle ..ccocveeecenrrcnreennncs 0999
Eﬁﬁﬂ?slﬂfi.onog} i LINGUISTIQUE Droi[:hysique ............................. Scie&cé?‘ggi{;gge 0615
.......................... Langues , . 2rd e
At - 0278 BNGFIIBS vavvrerorerne o679~ Economie Administration publique ...... 0617
COMBETCe, e 0688 finciennes ... -0 ommerce-Alfc 10505 “nternationales 0616
Economie domestique... ..0278 kkr;gl:?:g: o - Economie agricole .0503 Sociologie b
" Education permanente .. ..0516 Litbrature . Economie du trava .0510 Généralités ... 0626
Education prég;:qlaire ggég Généralités ... Finances ... 8288 éide et Fien-étre socia 0630
E ocation conitoire ErQANIES wuurrerasnisernrrrenns ! : Himinoloaie ef
Enseignement agricole.. ..0517 ég;:;g’;zz " , e .. .0511 étgb_lissgrqents
Ensei nerlneni ilingue e 0282 Mediévale E:ujes cxmeréI 8%%2 b pennenhﬁlres ................... 8%%
multiculturel ... udes canadiennes . emographie ........coeeueerennes
Enseignement ind 0521 %ﬁgz%ﬂ(;" " Etudes feministes ... ....0453 Eludesg depl’ individu et
Enseignement primaire, 0524 Américaine Folklore .......... ....0358 , delafomille.......coucneee 0628
Ense!gnemen: profession 8?21; Anglaise ..... - ggogr'cyljhlq . 8%2? Eh_;d'es ct!ﬁs‘relahor;s
Ense!gnemen' re |g|eé»g . 9527 Asafique. 0305 Ger?n o! ggle s g\ ereI r;_lques o 0631
nseignement secondair . Canadienne [Angiaisel - 0352 estion des dffaires es relations raciales ........
Enseignement spécial ... ..0529 H : GENeralitds ....evvvreerernesereeses 0310 Structure et développement
Enseignement supérieur ...0745 82?:%';“%2 Frangaise) ....... 0393 Administration . «..0454 Eere L I 0700
Evaluation ............... ...0288 Latino-an?éricai.ﬁ.é """" - Banques ....... ....0770 Théorie et méthodes. ............ 0344
Finances .......ourenes e ...0277 Moyen-orientale Complabilité ..uvvvecrerireinnens 0272 Travail et relations
llf{c‘nrtm.cxhoc? cfle’s enz?grr:anfs 0530 ROTAGRG e Histgli\;rkehng ........................... 0338 . mtiustrlelles ...................... 0629
istoire de I'éducation...... " ; FANSPOFS .ocveence
Langues et littérature .......ooveecee. Slave et est-européen Histoire générale ........ecenene 0578 Trova?l social
SCIENCES ET INGENIERIE
,SA(IEN(IES BIOLOGIQUES géolohgie ~ 0372 SCIENCES PHYSIQUES %i}?rTédicaleh ......
riculture éophysique . . aleur et ther
9 GENEralités ...eueercrresccensens 0473 H dr%lggi?a . 388 gﬁl.er'lces Purg modynamique ....
Agronomie. ... ...0285 AXilnéralogie 411 '"é'e srafite 0485 Conditionnement
Alimentation et Océanographi 415 B_ene_ru L 487 (Emballage) ...
alimentaire 0359 Paléobotanique 345 focnimie....... Genie aérospatia
0479 Paléoécologie 426 Eh!m!e cngrllco_le 8‘7132 Geénie chimique .
0475 Paléontologie . imie anolytique ............... Génie Civil covvvereerrrriesrrerennns
0777 Paléozoologie gh!mge oot 0488 Génie élecironique et
baih ogie anima !e . 821%8 Palynologie ... Chm;g 2;’5:;:5; """ Gé eclrichue e
athologie végétale . il = énie industriel .....
Phrsiologgie vegstale 0817 SCIENCES DE LA SANTE ET DE . Ghimie pharmccevlique ... 0491 Génie mécanique .
_?y ﬂw]lmr? eé ul;m_e 8%2 L’ENVIRONNEMENT o ;"::léfe-s-" -------------------- Génie nucléaire ........co.ovnes
il echnologie du bois.............. Economie dOMESiiGUe ..vrevcerne 0386 Raciotor. lhr}\geme'rle des syistames rreeres
R alita ' 0306 Sciences de ['environnement ...... 0768 Mathématiques Métallype novale «.-
Aen;era} 85 ceeeereeseneeanens 08y Sciences de la santé Physi ve p gtg urdie ...... P~
B'n? OmIGSt', """" j "'0308 Généralités .......ccivieeineneens 0566 Genéradlités TCI nce eémq!enclmx renesnass
Biolod = e 4 - Administrafion des hipitaux .. 0769 Acoustique Tochmidue e péirole ...........
A et R Tedmdiemitre
""""" - udiologie ... astrophysique .0606 o
oo Shs  Ghmoiers 9% Hedronaue o dearcié 110607 1 RReS 038
Entomologie ...0353 Dentisterie 567 Fluides ef plasma -0759 Mécanique appliquée 0346
Génétique ... ...0369 Eevejoppemet ggg get’t‘eorologle : 89(5)3 Geéotechnologie
Limnologie ...... ...0793 |£rs:l:%gfg1‘?n - pique ..., : Matiéres plastiques
H 3 : m gie ... ..0982 Particules (P plastiqus
mg]%?fli‘;g'e : 8%}9 LOISHFS vvvveesrnnrsedisesineesssnnenes 0575 nucléaire) .. 0798 Rech (Tﬁ‘:h"°|,°9;?) o 0798
Qcanogrophia.. 0416 Médecine du travail et Physique alomiq 0748 TElcs et fisus (Technologiel . 0794
Ph siologiep - "'0433 {herqple tesetsesenn e 0354 Physique de I'état solide .......0611 Xilles el Tissus {lechnologie) ...
Ra)c,iiaﬁog """ 0821 MedF:CIpe et chlrurgle seesenes 0564 Physique moléculaire ........... 0609 PSYCHOLOGIE
Science VEIGrGire ........0778 Qbstétrique of gynécologie .. 0380 Physique nucléaire ........-0610  Gengraltss ...rrrrrrr 0621
s 0472 o p—— e —— (0463 fersonnlte. 0625
GEndralités ...c.cverrevcreinnines 0786 athoogle ... N Sciences Appliqués Et Psychologie chnieue - 0622
Medicale ...oovererrrererrenenenee 0760 Elg:mggflc; e 83{% Technolo ;2p 9 Ps;‘. 10l ugg..- du cqomporiement ....0384
Physiothé g_ 0382 Informati ge Psychologie du développement ..0620
ECIENCES DE LA TERRE R;ﬁs;lcﬁoglreaple 0574 Ingénierig ............................. Psycho Usie gxpérir_nentcle 0623
logeochimie 0425 Santé mentdle ..0347 Geénéralités Psychologie industrielle ..
Geochime... Santé publique .. 0573 Agricole ....... . Psychologie physiclogiqu
Ggodesre JR— Soins infirmiers 0569 Automobile Psychologie sociale
Géographie physig ToxiCOlOgiE +.urverreererrerrorreorer 0383 Psychomstrie .......




THE UNIVERSITY OF CALGARY

FACULTY OF GRADUATE STUDIES

The undersigned certify that they have read, and recommend to the Faculty
of Graduate Studies for acceptance, a thesis entitled, "Heat and Momentum
Transfer to Drag Reducing Fluids", submitted by Arun Sood in partial fulfilment

of the requirements for the degree of Master of Science.

Dr. E. Rhodes
Supervisor, Department of Chemical and
Petroleum Engineering

B g

ot
Dr. A, Jeje :
Committee, Department of Chemical and

Petroleum Engineering

Dr. J. Stanislav d
Committ Department of Chemical and

i gineering

Mechanical

Date <«f?”}?"C 20 (1973

i



ABSTRACT
Addition of low concentrations of Poly(ethylene oxide) to water causes
reductions in the frictional drag and convective heat transfer in turbulent flow.
The reductions are influenced by the quantity of the additive, pipe diameter,

solution viscosity and the average velocity.

Apparent shear viscosities of the solutions were measured for different
amounts of additive and at different temperatures. Steel tubings of two different
diameters were used as the test section. Joule heating was applied at the walls of
the tubes which were externally insulated. This system provided a constant heat

flux condition for the fluid in motion within the tubes.

A threshold value of shear stress at the wall was observed for the reduction
in friction and heat transfer to become apparent which was found to be
independent of the diameter of the tubing. Same shear stress at the wall produced

similar drag reduction and heat transfer reduction effects.
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1. INTRODUCTION
1.1. Drag Reduction

Addition of small amounts of a suitable polymer additive, to the extent of
only a few parts per million by weight, can reduce the frictional drag in turbulent
flow through pipes. This phenomenon, known as drag reduction, is not caused by
an ir‘nprovement in the wall properties but by changes in the flow field near the
wall with the bulk flow still remaining turbulent (Merrill and Shaver, 1959).
Polymeric materials which are suitable for producing this effect have a linear,
unbranched, long chain structure. Macromolecular additives such as synthetics,
biopolymers, surfactants, suspended fibres and solid particles have proved to be
effective drag reducers (Kulicke et. al, 1989). In this study, Poly(ethylene oxide)
Water Soluble Resin 301 which is manufactured by Union Carbide, has been used

as the drag reducing additive in water.

In practical use, drag reduction can create significant economic advantage.
Typical applications are listed in Table 1.1. By using a drag reducing additive, it
is possible to reduce the actual pressure loss in a pipeline, or by using the same
pumping head more fluid can be transported or, in pumping at the same flow rate,

less energy can be expended. Alternatively, the fluid can be pumped to a greater



TABLE 1.1

Applications of Drag Reduction and Heat Transfer Reduction

Engineering Application

Reference

Oil well operations

Hoyt, 1972

Crude oil movement by pipelines

Burger et. al, 1980

Fire fighting

Fabula, 1971

Agriculture

Singh et. al, 1989

Sewage and storm water disposal

Sellin, 1982

Long distance heat transport

Sellin, 1982

Transport of solid particle suspensions

Golda, 1984

Increasing speed of boats & submarines

Hoyt, 1972

Biomedical applications

Greene, 1980
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distance using the same amount of power. Figure 1.1 shows some typical results
obtained during our fluid dynamics experiments and provides a better

understanding of the phenomenon.

Drag reduction for a pipe is given by the following equation ;

_ (AP -AP))

DR x 100% (at constant flow rate) (1.1)

s

Drag reduction can also be calculated by using one of the following

relationships ;

1.2)

1 -_fi x 100% (at constant flow rate)

$

DR

where,

81, (1.3)

f = Darcy friction factor = .
PU,

1.2. Heat Transfer Reduction

Reduction in drag for turbulent pipe flows of polymer solutions is
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Figure 1.1. Comparison of Pressure Drop (m = 0.2 kg/s)
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accompanied by a corresponding reduction in convective heat transfer (Dimant
and Poreh,1976). During heat transfer measurements using constant flux heating
for drag reducing solutions flowing in a circular pipe, obtained by passing direct
current through the walls with or without a heated hydrodynamic entrance length,
reduced heat transfer coefficients result in increased temperature differences
between bulk of the fluid and the inner wall. This can be understood better from
figure 1.2, where a comparison tgetween fluid bulk temperature and wall
temperature for a 20 ppm Poly(ethylene oxide) solution and water is made at the

same flow rate and given constant flux heating.

This reduction in heat transfer can be used beneficially for transport of
cooling or heating fluids over long distances where a combination of reduced
pumping power and lowered heat losses may be useful. Although the reduction
in friction is generally beneficial, reduction in heat transfer may have some
counterproductive effects. For example, use of drag reducing additives in heat
exchangers will result in enhanced flow characteristics but, at the same time a
higher heat flux or increased surface area will be required to produce the same

heat transfer effect (Matthys, 1991).

Reduction in heat losses can also be particularly welcome in applications

which involve transport of fluids which need to be kept hot in order to decrease
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their viscosity. A reduction in heat transfer can also cut down the cost of thermal

insulation for the pipeline wall.

1.3. Present State of Knowledge

Even though almost five decades of research have gone into studying the
drag reduction produced by macromolecular additives in turbulent flow, the exact
mechanism of drag reduction is not yet known. Many theories have been put
forward which attempt to explain the effect. A brief review of these theories is
given in the next chapter. All of them agree that the drag reduction effect is
produced by the interaction of the polymer molecules with the flow in the region
near the wall of the pipe. This has been proven by numerous experimental
observations over the years. Investigators however are not unanimous on how
exactly the molecules alter the flow field and dampen turbulence in the boundary

layer region leading to a reduction in friction at the wall.

The problem of comparing experimental data with theoretical models is
compounded by the difficulties involved in measuring the viscosity as a function
of shear rates for very dilute solutions. In the viscometers available commercially,
it is difficult to go up to very high shear rates and still keep the flow laminar thus

making it impossible to measure shear viscosity in those ranges. A number of
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constitutive equations are available for calculating the molecular parameters, e.g.,
relaxation time (see section 2.1.4.3) and low shear and high shear limiting
Newtonian viscosities, for these polymer solutions but are redundant in the

absence of experimental techniques to measure these parameters.

A molecule in turbulent flow is subjected to both extensional and shear
deformation. The solution property named extensional viscosity (Neilsen, 1977)
is likely to play a significant role, even in dilute concentrations, as it would be
several hundred times larger than the shear viscosity for some drag reducing
solutions (Bird, 1977). Methods have been devised to measure the extensional
viscosity of concentrated polymer solutions or polymer melts (Neilsen, 1977), but
very dilute solutions do not exhibit elasticity which could be measured by the
current instruments that use the concept of elongational flow. Hence the
constitutive equations developed based on experiments done on concentrated
solutions are extrapolated with a large degree of uncertainty to describe the dilute

solutions.

Most of the earlier work in the field of drag and heat transfer reduction
was generally expressed in terms of a Reynolds Number based on the solution
viscosity at the averzige bulk temperature. However, dilute polymer solutions

exhibit non-Newtonian behaviour at low shear rates, while in the high shear rate
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regime, the viscosity is approximéte]y independent of shear rate (see chapter 35).
In addition to being a function of shear rate, the viscosity of these solutions is
also effected by change in temperature since these polymer solutions are highly
susceptible to thermal degradation. Temperature correction factors need to be
incorporated in all viscosity correlations to account for this effect. Recent authors
(Matthys, 1987) have used the apparent viscosity at the wall, calculated at the
wall temperatures, for correlating their results. This is calculated at the apparent
turbulent wall shear rate based on laminar viscometric data. Measurement of shear
viscosity has been done by many investigators (Hartnett,1982; Darby et.al,1991)
but since the polymer solutions undergo mechanical degradation, accurate and

reproducible measurements have been very difficult to obtain.

Friction and heat transfer results published in the literature on drag
reducing fluids are shown against the Reynolds number of the flow, which is
calculated using shear viscosity data. But, as mentioned earlier in Chapter 1,
accurate measurement of shear viscosity of dilute drag reducing polymer solutions
is a difficult proposition. For example, Matthys (1991) and Yoon et. al (1988)
have reported heat transfer measurements for 200 ppm Poly(acryl amide) solutions
wherein similar flow and heating conditions were maintained. The Prandtl
numbers for these solutions differed by almost 40%, indicating that the viscosity

used in the calculations were very different as the specific heat and thermal
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cond;lctivity of the fluids do not vary much with temperature. One explanation for
these inconsistent results is that commercially available viscometers are unable to
maintain laminar flow at extremely high shear rates that are encountered in the
highly turbulent region. Hence the choice of viscosity and Reynolds number,
which are essential for meaningful representation of data in fluid dynamics still

remains a subject of controversy for drag reducing polymer solutions.
1.4. Focus of Current Study

For Newtonian fluids, a Reynolds number is sufficient to characterize the
flow through different diameter pipes. Such is not the case with drag reducing
solutions where for the same Reynolds number flow in different diameter pipes,
the drag reduction and heat transfer effects are not similar. This is known as the
‘Diameter Effect’. The aim of the current study was to generate a data base for

future work in correlating the diameter effect for drag reducing solutions.

Friction and heat transfer measurements were obtained for flow of different
concentrations of Poly(ethylene oxide) in water through two different diameter
éteel tubings. In addition, runs with water were also done for comparison
purposes. Constant heat flux electrical heating of the wall was used to study the

heat transfer reduction effect.
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Viscosity measurements of four different concentrations of Poly(ethylene
oxide) in water, at three different temperatures and as a function of shear rate
were done to study the temperature and concentration effects on viscosity. Various
constitutive equations available in the literature were tested on this viscosity data

and their ability to predict the solution viscosity at very high shear rates was

studied.
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2. LITERATURE REVIEW

Extensive literature has been published over the last 25 years to deal with
the various aspects of drag reduction and it is difficult to list all the work done
in this area. This review is limited to a general account of the major lines of

research developed over the years.

B.A Toms, in 1948, was the first one to notice the drag reduction
phenomenon, which is also known as the ‘Toms Phenomenon’ after him. He
observed that the friction factors exhibited during pipe flow by solutions of
Poly(methyl methacrylate) in monochlorobenzene were lower than those obtained
for the pure solvent. Over the next two decades, a number of drag reducing

additives were identified by researchers (as listed in Table 2.1).

2.1. Drag Reduction

The complexities involved in the study of the drag reduction effect are

compounded by a number of other peculiar effects that are associated with it.

Each of these effects is an area for extensive investigation in itself.



TABLE 2.1 (P.S. Virk, 1975)

Drag Reducing Additives

Drag reducing Additive Solvent
Poly(ethylene oxide) Water
Poly(acryl amide) Water
Poly(iso butylene) Cyclohexane
Poly(dimethyl siloxane) Toluene
Poly(methyl methacrylate) Toluene
Poly cisisoprene Toluene
Guar gum Water
Guaran Triacetate Acetonitrile
Hydroxyethyl cellulose Water

13
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2.1.1. The Diameter Effect on Drag Reduction

The degree of drag reduction is dependent on the diameter of the pipe even
for the same Reynolds number and fluid. This could be interpreted as being due
to the influence of the polymer molecules on the boundary layer next to the wall
of the pipe and thus the effect would be seen in small pipes before large ones
since the boundary layer would form a large portion of the flow in a small pipe
(Savins, 1964). For Newtonian fluids a Reynolds. .number is sufficient to
characterize flow through different diameter pipes.This ‘Diameter Effect’, which
is typical of non-Newtonian drag reducing fluids, implies that another parameter,
incorporating the fluid characteristics, is necessary to describe the flow besides
the Reynolds number. Since measurement of intrinsic molecular properties (refer
to section 1.4.4) of the dilute polymer solutions is an extremely difficult
proposition, most of the efforts on predicting the diameter effect have been
limited to methods involving scale up of results to bigger diameters for a single
fluid, assuming its characteristics are constant in different diameter pipes. A set
of experiments covering a large range of diameters were conducted by De Loof
et. al (1977) and by Sellin et. al in 1983. Interthal et. al (1985) conducted
experiments in industrial scale pipelines. Survey of literature published in the field
of drag reduction till early part of 1993 reveals that scaling up methods have been

proposed by T.T. Huang (3.85, 19.18, 31.81 and 50.8 mm internal diameter tubes
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in 1974), Savins et. al (6.98 and 25.4 mm internal diameter tubes in 1977),
Matthys et. al (1982) and Darby et. al (1.78, 2.16, 4.06, 4.67, 6.16, 7.04 and
10.21 mm internal diameter tubes in 1984). All these models have proved

unsuccessful for reasonably predicting drag reduction in different diameter pipes.

2.1.2. Maximum Drag Reduction Effect (figure 2.1)

The macromolecular additives in solution will decrease the wall friction
below that corresponding to its Newtonian solvent, but only down to a certain
point. The solution is then said to have reached the asymptotic drag reducing
conditions (Virk, 1971). Under these conditions, a further increase in polymer
concentration does not lead to an additional further decrease in friction coefficient
at the same Reynolds number. Virk, in 1971, proposed a correlation for
calculating the maximum drag reduction asymptote in the friction factor diagram.
He constructed a three layer model for the velocity profile having the usual
viscous sub-layer, an elastic intermediate layer and an outer core region. The
turbulent Newtonian core region diminishes if the reduction in friction increases.
The maximum drag reduction effect is achieved when the elastic intermediate
layer extends over the whole pipe cross section, with the exception of the viscous

sub-layer. This limiting feature is also known as the ‘Virk’s asymptote’.
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2.1.3. Onset of Drag Reduction (figure 2.2)

For the drag reduction effect to become apparent, there appears to be a
critical value of shear stress at the wall that should be-exceeded (Gadd, 1968). In
flow of the same drag reducing fluid through pipes of increasing diameter, a
larger Reynolds number is required to achieve the same shear stress. For several
years, a controversy has existed as to whether the onset phenomenon could be
identified by a length scale or a time scale (Lumley, 1973). In turbulent flow near
a wall, it is possible to identify a smallest length and a least amount of time based
on kinematic viscosity and the shear velocity. Either of these could be related to
a length (root mean square radius of gyration) or time (relaxation time)
characterizing the molecule. Results of experiments done by Virk in 1967,
demonstrated that onset occurs at a critical value of wall shear stress and that this
is related to the dimensions of the polymer molecules normally defined by the
root mean square radius of gyration. This suggested that the onset of drag
reduction depends only on a length scale parameter. Later experiments by Berman
in 1974 and Gampert in 1982 have tried to prove that the time scale hypothesis

is relevant to the onset of drag reduction with polymers.
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2.1.4. Theories of Drag Reduction

Many theoretical explanations have been offered over the last few decades
for the drag reducing effect, although the mechanism producing drag reduction is

still not known.

2.1.4.1. The Wall Effect

Experiments done by Merrill and Shaver (1959) suggested that the region
near the wall plays the main role in drag reduction occurring in turbulent pipe
flow of very dilute solutions of macromolecules. They injected a coloured
polymer solution at the centre line of the experimental tube in which a pure
solvent was flowing and observed that the drag reduction effect manifested itself
only when the polymer solution diffused to the wall of the tube. B.A Toms (1948)
suggested the possibility of the flow containing a shear thinning wall layer due
to additional lowering of viscosity at the wall, having an extremely low viscosity
which resulted in lower friction coefficients for drag reducing solutions. The
possibility of the presence of a shear thinning (decrease in viscosity with an
increase in shear rate) wall layer was discounted by the rheograms of drag
reducing polymers (Hoyt, 1972), Poly(ethylene oxide) and Guar gum, which are

not shear thinning and are in fact Newtonian by conventional viscometric methods
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in the concentrations needed for optimum drag reduction. It was shown by Walsh
(1967) that Polymethacrylic acid, which is essentially a shear thickening (increase
in viscosity with an increase in shear rate) substance, gave considerable drag
reduction. Lumley (1964) showed that turbulence should not be appreciably
sensitive to shear induced changes in viscosity. The inertial forces dominate the

changing viscosity effects.

El'Perin (1967) proposed the existence of an adsorbed layer of polymer
molecules at the pipe wall during flow which could lower viscosity, dampen
turbulence and prevent any initiation of vortices at the wall. Later work by Little
(1969), with rotating disks of various materials, has shown that the surface
composition of the disk does not change the observed drag reduction in polymer

solutions.
2.1.4.2. Decreased Production of Turbulence

Gadd (1965, 1966) proposed that the cause of drag reduction was the
decreased production of turbulence. Johnson and Barchi (1968) were the first to
show experimentally the decreased production of small eddies in a developing
boundary layer contai'ning polymer. According to Walsh (1967), the polymer

molecules slightly alter the energy balance of the turbulent fluctuations close to
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the wall. Turbulent shear stresses (Reynolds stresses) stretch out and tend to store
energy in the polymer molecules, which have a very high extensional viscosity.
This process leads to viscous dissipation to destroy disturbances which would
have had sufficient kinetic energy to grow into large scale disturbances
downstream, resulting in lower Reynolds stresses and hence lower friction.
Walsh’s theory was given further support by expeﬁments done by Wells (1971)
where polymer was injected into a pipe in which the pure solvent was flowing.
He found that during the injection of polymer solution into the turbulent core, no
reduction in local pressure gradient occurred until the polymer has diffused into
the wall region. Walsh’s theory does not predict turbulence damping in a free
flow and is based on the assumption that the phenomenon is essentially due to the

existence of a wall boundary layer flow.

2.1.4.3. Extensional Viscosity

Another possible explanation for drag reduction involves the idea of
elongational flow. It is quite likely that the addition of small quantities of polymer
to a solvent leads to a substantial increase in resistance to elongational flow (i.e.,
resistance to deformation by tensile stresses) which is also known as extensional
viscosity, thereby resulting in less turbulent fluctuations and thus lowering the

turbulent drag. Maxwell’s model of visco-elastic materials states that with a
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purely viscous fluid, energy imparted to the system as work during shear becomes
dissipated as heat, and in contrast, energy imparted to an ideally elastic material
during strain becomes stored as potential energy, and may be recovered on
removal of the stress. Drag reducing fluids which are visco-elastic in nature
impart energy by both mechanisms (Dodge, 1959). If steady state laminar motion
of a visco-elastic fluid is suddenly stopped, the Maxwell model predicts that the
shear stress will decay exponentially. A parameter called ‘Relaxation Time’
represents a characteristic time constant for the stress decay and as such is
indicative of the degree of elasticity of the system. Measurement of Relaxation
time for dilute polymer solutions is extremely difficult as these solutions do not

exhibit readily measurable elasticity.

Peterlin (1965) expanded this idea in such a manner that the statistical
coiled polymer molecules were stretched strongly in areas with elongational flow

character, which probably exists between adjacent eddies.

Tulin (1966) proposed that the polymer molecules become greatly extended
in the shear direction, thus providing a stiffening effect, which absorbs energy
from the turbulent eddies and radiates it away as elastic shear waves, which later
decay due to viscosiiy. Lumley (1969) concurred with Tulin’s theory that the

growth of the laminar sub-layer could be explained by molecular extension, but
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he found by calculation that the elongation itself is very slight. Cottrell (1970)
came to the same conclusions on the basis of his experiments. In Bird’s (1977)
theory, the elongational viscosity can increase by up to hundred times if the

polymer molecules could be stretched to their full extent.

2.2. Heat Transfer Reduction

Though the problem of drag reduction has been under investigation for
over three decades now, the phenomenon of convective heat transfer reduction
that accompanies it has not received as much attention. Drag reducing visco-
elastic solutions have heat transfer characteristics which are totally different from
the Newtonian fluids, a fact that was ignored by early investigators and led to
experimental measurements and modelling efforts based on wrong assumptions

as mentioned below.

Turbulent heat transfer performance of drag reducing fluids flowing
through circular pipes is characterized by thermal entrance lengths as long as 400-
500 pipe diameters (Ng et. al, 1977). This is in sharp contrast to Newtonian fluids
in turbulent flow, which have thermal entrance lengths of the order of 10-15 pipe
diameters (Deissler, 1955). Most of the early researchers were unaware of this

critical fact and hence carried out runs in relatively short tubes, leading to
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collection of data in the thermal entrance region rather than in the region of fully
developed flow (e.g. Astarita, 1967; Gupta et. al, 1967; Smith et. al, 1969). Hence
steady state heat transfer characteristics in the fully developed temperature and

velocity profile region, which have practical implications, could not be studied.

Reynolds analogy assumes that eddy diffusivities for momentum and heat
transfer are approximately equal. It is based on the concept that the physical
mechanisms leading to the transport of momentum and energy by mixing are very
similar. This analogy does not hold true for drag reducing solutions (Pr = 10),
which typically have rather long thermal entrance lengths as compared to the
hydrodynamic entrance lengths. Khabakhpasheva and Perepelitsa (1973) measured
velocity and temperature profiles for aqueous solutions of Poly(acryl amide) and
used them to calculate the eddy diffusivities of momentum and heat. They
observed that eddy diffusivity of heat was smaller than the eddy diffusivity of
momentum. This was the first visco-elastic heat transfer study not based on the

Reynolds analogy.

Drag feducing fluids are highly susceptible to mechanical degradation. Yoo
(1974) and Matthys ( 1985) measured the friction factor and heat transfer
coefficient for a degrading aqueous solution of 100 ppm Separan AP-30 in a

recirculating flow loop. They showed that both the friction factor and heat transfer
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coefficients increased substantially, approaching the values of Newtonian fluids

for the severely degraded case.

Ever since Virk et. al (1970) reported the existence of the maximum drag
reducing asymptote for drag reducing fluids, there have been attempts to identify
the corresponding maximum heat transfer reduction, or the minimum heat transfer
asymptote. Correlations for predicting the minimum heat transfer asymptote were
postulated by Cho and Hartnett (1982) and Matthys (1991). As in the case of
friction, the non dimensional numbers used in the case of Newtonian fluids are

not sufficient to correlate non-asymptotic heat transfer results in different diameter

pipes.
2.2.1. Diameter Effect on Heat Transfer Reduction

Very little work has been done in the field of predicting the ‘Diameter
Effect’ on heat transfer reduction. Cho and Hartnett (1982) carried out heat
transfer measurements in three different diameter pipes for different

concentrations of Poly(acryl amide) solutions in water.

A prediction technique for drag reduction and heat transfer reduction was

developed by Matthys et. al (1982). A simplified three layered model for velocity
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profile (Virk, 1975) was assumed which included a shift of the logarithmic layer.
A relationship was derived between this shift and the friction velocity and
assumed to be valid regardless of the diameter of the pipe. Analogous
assumptions were made for deriving the correlation for prediction of heat transfer
reduction in different diameter pipes. This technique was not tested at the time for

lack of experimental data.

Yoon and Ghajar (1988) developed another prediction technique. They used
the characteristic frequency of the smallest energy dissipating eddies (Astarita et.
al, 1969) to correlate heat transfer reduction in different diameter pipes. This

technique reportedly fits their experimental data obtained in two different diameter

pipes.
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3. EXPERIMENTAL SET-UP AND TECHNIQUES

The main objectives of the research project were to make friction and heat
transfer measurements for a polymer solution flowing through different diameter
steel tubings. The design of the experimental set-up was done keeping in view the
constraints imposed by the characteristic of the polymer solution to undergo shear

induced degradation.

To inhibit degradation of the polymer solution in the system, the following

features were incorporated while building the experimental set-up:

- A single pass system was used.

- To avoid contact of the polymer solution with any moving parts (i.e., in
a pump which leads to high shear zones), air pressure was used to make
the solution flow through the system.

- Flexible Polypropylene tubing was used everywhere, except for the test
section which was made of SS 304 tubing, to avoid bends and fittings
which cause additional friction due to discontinuous surfaces and lead to
unnecessary degradation of the polymer solution.

- Agitation in the solution preparation tank was done by passing air bubbles
from a compressed air cylinder. The air entered the tank at the bottom

and a gentle flow over a period of one hour was observed to provide
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sufficient circulation to mix the solution and break up any small gels
formed in the tank. This proved to be an effective substitute to
mechanical agitation, which would have degraded the polymer solution
to a certain extent even before the actual run. This method was relied
upon since no chemical or visual method is available to test the
homogeneity of the solution.

- The holes drilled on the tubing for pressure tappings were carefully
cleaned on the inside to remove any pieces of metal sticking to the inside
of the holes.

- Instead of using an online flowmeter, which might have moving parts in
contact with the solution, the mass flow rates were measured by
collecting samples over a period of time and weighing them. This is

probably the most accurate way of measuring the flow rates.

The data acquisition system selected for making measurements was directly
connected up to a PC386 which made it possible to simultaneously collect data
at a large number of points. It could make measurements as a function of time
and perform averaging of the data as the run progressed. The software also

enabled graphical monitoring of measured data during the course of a run.

A constant heat flux mode was employed to study the heat transfer
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characteristics of the polymer solution, which was obtained by direct heating of
the stainless steel tubing. A DC power supply was connected to the two ends of
the test section and the electrical resistance of the tube generated the heat flux.

Care was taken to isolate the test section from the rest of the flow loop.

As the fluid flows through the tube, the temperature of the wall and the
bulk fluid rises in the axial direction. Also, due to the insulated boundary
condition at the outer wall surface, a temperature profile exists in the wall in the
radial direction. Effect of these temperature variations on the heat flux is

discussed in Chapter 5.

The entire test section was supported in such a way that it allowed for free
thermal expansion of the tube at both ends. No clamps were used all along the
test length and the supports were designed so that the tube rested freely on them.
The supports could slide on a square metal tube which was used as the base

support.

A detailed flow diagram of the experimental set-up is shown in figure 3.1.
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3.1. Experimental Set-up
3.1.1. Solution Preparation Tank (figure 3.2)

The polymer solution was prepared in a 1.15 m® high density polyethylene
tank. The dimensions of the tank are shown in figure 3.2. The tank was elevated
on a steel platform to facilitate transfer of the solution to the pressure tank by
gravity drainage. The tank was provided with a draining line at the bottom to

allow cleaning of the tank before solution preparation.
3.1.2. Pressure Tank (figure 3.2)

The prepared polymer solution was gravity drained into an SS 304
cylindrical pressure tank of 0.45 m® capacity with dished ends. As shown in
figure 3.2, the pressure tank was fitted with a plastic sight tube for monitoring the
level of liquid inside the tank. Air at 311-346 kN/m” from a compressed air
cylinder was used to push the solution from the bottom of the tank and through
the flow loop'. The tank has a pressure release valve which was set to go off at
‘484 kN/m? and a pressure gauge to monitor the pressure inside the tank.
According to the design specifications supplied by the manufacturer, the tank has

a maximum operating pressure limit of 830 kN/m? and a burst pressure of 1245
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kN/m?. The bottom of the tank was connected to the test tube using 12.7 mm OD
flexible high pressure polypropylene tubing. An SS 316 needle valve with a
regulating stem was fitted to the line coming out of the pressure tank to control

the flow rate through the test section.

3.1.3. Flow Calming / Flow Mixing Chamber (figure 3.3)

Just before the solution entered the test section, it passed through a flow
calming section which was a plexiglass chamber of 75 mm inside diameter.
Turbulent fluid flow in a circular pipe is characterized by a boundary layer flow
and an inner core of bulk flow. In the bulk flow region, the velocity profile is flat
and coherent eddy structures are present. Turbulent fluctuations are confined to
the boundary later flow. The flow calming chamber, which is approximately 10
times in diameter than the test section, ensured that uniform flow with a flat
velocity profile entered the test section. Also, an increase in diameter from the
vinyl tubing (2.00 cm) to flow calming chamber (8.9 cm) reduced the shear stress
at the wall and hence less turbulent fluctuations resulted in the flow calming
chamber. The inlet temperature of the liquid going to the test section was
measured here by means of a thermocouple probe sitting in a glass capillary tube

which projected into the chamber.
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At the end of the test section a flow mixing chamber ensured that a well
mixed outlet temperature was measured. The flow mixing chamber was a
plexiglass chamber of same dimensions as the flow calming section with two half
discs fitted inside to act as baffles. When the fluid flows past an obstruction, such
as a flat plate, a high vorticity region is generated at the back of the plate due to
flow separation and leads to the formation of wakes which increase the intensity
of turbulence and provide effective mixing. Such an arrangement was necessary
because the constant flux heating at the walls results in non-uniform fluid
temperatures across a given cross section as the fluid next to the wall has a higher

temperature than the fluid near the centre of the tube.

3.1.4. Test Tube (figure 3.4)

Two different diameter SS 304 tubings ( 9.53 mm OD and 12.7 mm OD )
were used in the current study for making pressure drop and heat transfer
measurements. Both the tubes had a wall thickness of 1.2 mm. Drag reducing
polymer solutions in the 500 ppm concentration range reportedly (Cho and
Hartnett, 1982) have a thermal entrance length of about 500 diameter for high
Reynolds number flow, which led to the use of approximately 600 diameter long

tubes in both the cases.
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To ensure that the test tubes were in the horizontal plane when making
experimental measurements, the supports used all along the length of the tubes
had screw heads, which could be used to adjust the height of the tubes ( as shown

in figure 3.4).

3.14.1. Pressure Measurement (figure 3.4 and 3.5)

Pressure drop along the length of the tube was measured by ten pressure
transducers (Barksdale CVD-2000, 0 to 120 psi). The positions for the pressure
tappings (figure 3.8) were selected in such a way that they were closely spaced
in the first half of the tube so that data could be gathered to study the
development of the hydrodynamic entrance region. At each pressure tap location,
two holes, 1.5 mm in diameter, were drilled diametrically opposite and a teflon
collar was placed over them (figure 3.5). The teflon collar has a sealed circular
chamber overlapping the two holes which was also connected to the pressure
transducer. This arrangement allowed the measurement of average pressure across
the cross section where the pressure tap was located. Drilling of the holes resulted
in the formation of burrs inside the tubes which were cleaned carefully to avoid

any unintentional distortion of the flow and unreliable pressure readings.
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3.1.4.2. Temperature Measurement (figure 3.6)

For heat transfer measurements ‘I’-type 30 gauge copper-constantan
thermocouples were attached at 8 different locations axial locations on the surface
of the tube. Two thermocouples were attached diametrically opposite at the same

axial location.

Bare thermocouple probes could not be attached directly to the tube surface
as the DC current passing through the tube for constant flux heating would have
distorted the readings. To overcome this problem, a Beryllium Oxide ( BeO )
disc, 6.35 mm in diameter and .76 mm thick was attached on the surface of the
tube. The disc offers excellent thermal conductivity and electrical resistivity. Its
normal use is in the cooling of power transistors. The following procedure for

thermocouple installation was employed:

- A drop of heat sink compound was placed on the tube a.t the correct spot.

- The BeO disc was put on the spot over the drop of heat sink compound
and a little more of the compound was put on it.

- Teflon tape was wrapped around the tube up to this spot.

- The thermocouple was placed in position, so that its tip was embedded

in the heat sink compound on the BeO disc and wrapped with a further
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layer of teflon tape to hold it in place.

3.1.5. Constant Flux Heating

Heating of the tube was done by DC power. A 13.5 kW DC welder which
could work in constant current or constant voltage mode was used for this
purpose. The electrical resistance of the tube generated heat, which was

transferred to the solution flowing through the tube.

For passing DC power through the test tube, Copper plates were soldered
on to the tube at both ends and the leads from the DC power supply were

clamped tightly to them (figure 3.1).

The test section was electrically isolated from rest of the flow system by
placing phenolic discs in between the copper plates and the flow calming/flow
mixing chamber at the two ends of the tube. Phenolic is not only an electrical and
thermal insulator but can also withstand operating temperatures of up to 150°C,
hence it was considered suitable for use in our experimental set up as runs were

to be carried out in the temperature range of 20 °C-50 °C.

The tube was wrapped with teflon tape all along the length to insulate it
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against heat losses to the ambient. In addition, a rubber insulation, which is used
for low temperatures, was used on top of the teflon tape to ensure that the heat

losses were minimised.

3.1.6. Flow Measurement

Mass flow rate of the solution flowing through the system was measured
by weighing a sample collected over a known period of time. A Mettler PC 1616

weighing scale and a stop watch were used for this purpose.

3.1.7. Data Acquisition System

Relatively short runs at high flow rates made the manual collection of data
at a large number of points impossible. Consequently, an on line data acquisition
system was used which was directly connected to the computer, where with the
help of a software data files were generated. The software also enabled on-line
graphical monitoring of the run conditions which proved useful for keeping track
of any abnormalities during the course of a run. Also, since we were interested
in collecting data at steady state, the graphical display was used to determine
when they had been reached and thus eliminated collection of data in the unsteady

state.
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The signals from the 10 pressure transducers, 18 thermocouples and the
voltage and current output from the DC power supply were fed to two Analog to
digital conversion cards. With the help of a computer interface card, these signals
were transmitted to the computer where the data acquisition software interpreted
the signals and provided the output in engineering units. Data were collected at
a frequency of 4 Hz. The software received 4 readings per second from each input

device, calculated the average and wrote the final value to a file.

3.2. Experimental Techniques

3.2.1. Preparation of Polymer Solution

The polymer solution was prepared in the 1.15 m® polyethylene tank

according to the following procedure which was strictly adhered to in preparing

the solutions for all runs:

The tank was filled up to the half level with tap water. Since the tap water

temperature in Calgary is around 5°C, the water was allowed to stand in the tank

for about two days to bring it to room temperature.
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4

The addition of polymer to water was a time consuming process. Rapid
addition of powder to water leads to the formation of large chunks of gels which
take a long time to go into solution. Polyox WSR 301 is in the form of an
amorphous powder and has a very low bulk density. An improvised method of
adding the powder to the water was devised, as shown in figure 3.7, to ensure that
all of the powder went into the solution. The nozzle fitted to the bottle allowed
only a small amount of powder to issue out in a steady stream. The bottle and
funnel arrangemént was placed under a jet of tap water with the funnel tip only
a few millimetres away from the water surface in the tank. Once the powder
started to come out of the nozzle, the bottle and funnel arrangement was moved
in and out of the path of the water jet in a horizontal plane. It was in fact a
manually controlled periodic motion which ensured that when the bottle was not
in the path of the water jet, the jet fell on the powder sitting on the water surface,
thus sending it into the water mass instantly. When the bottle was in the path of
the water jet, the water spray from the top of the funnel wetted the powder which
came out of the nozzle when the bottle was not in the path of the water jet. Thus
the to and fro motion of the bottle resulted in all the powder being wetted the
instant it came out of the nozzle. It also prevented the formation of gels of
polymer mass which take a long time to go into solution and sometimes need to

be broken up manually.
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The powder was added to the water mass while the tank got filled up to
about three fourths of its capacity. The polymer took about 36 to 48 hours to
dissolve. During this period, air was gently bubbled through the tank from the
bottom to provide agitation and ensure uniform mixing of the contents in the tank.
This also helped in dislodging small gels of polymer which might have been

sticking to the walls of the tank.

The water level in the tank was made up before the run to achieve the

required concentration of polymer in the solution.

3.2.2. Experimental Run Procedure

The following sequence of operations was followed for every experimental

run:

The polymer solution preparation tank was cleaned with water to remove
any traces of the previous solution. A fresh polymer solution of required
concentration was prepared. The pressure tank was cleaned and the flow system
was purged with water to ensure that no polymeric material from previous run
was remaining in the system. The flow calming and flow mixing chambers were

drained to remove accumulated water. Before draining the prepared solution into
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the pressure tank, air was bubbled through the solution preparation tank to ensure
uniform concentration. After about an hour, the solution was drained to the
pressure tank. The level of the liquid in the pressure tank was monitored through
the sight glass and when the tank was filled to the top, the draining valve was
closed and the line from the compressed air cylinder was connected to the
pressure tank. The pressure regulator on the cylinder was set to the desired
pressure. The desired output from the DC power supply in the constant voltage
mode was selected. The pressure tank was pressurized by opening the valve from
the compressed air cylinder. The needle valve just before the entrance to the test
section was set for the desired flow rate. The valves at the end of the test section
were set to allow draining of the solution during the initial parts of the run. The
Data Acquisition System was put online to graphically monitor the run conditions.
The valve at the bottom of the pressure tank was opened to let the solution flow
through the system. The DC power supply was turned on to pass electric current
through the wall tubes. A constant watch was kept on the graphical display to
ensure that the pressure and temperature profiles had reached the steady state
values. At steady state conditions, transfer of data to the data files was initiated
and by adjusting the valves, the flow at the outlet of the system was directed to
the tank on the weighing scale for a set period of time (using a stop watch) to
measure the mass flow rate. The valves were then again switched to allow flow

of the solution to the drain. Transfer of data to the data files was stopped. The
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power supply was turned off and the valve at the bottom of the pressure tank was

closed to complete one cycle of operation.
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4. VISCOSITY MEASUREMENTS

4.1. Nature of Drag Reducing Polymer Solutions

Fluids are classified on the basis of their response to applied shearing
stresses in the laminar flow regime. Newtonian fluids exhibit a direct

proportionality between shear stress and the induced rate of shear.

T=u(-g-;‘—) 4.1)

The constant of proportionality, p, is the fluid viscosity. All those fluids
that do not conform to the above equation are categorised as non-Newtonian
fluids. For these fluids, the viscosity varies with the imposed conditions of shear

and is called the apparent viscosity.

Drag reducing polymer solutions exhibit a decrease in apparent viscosity
with an increase in shear stress. This is known as pseudo-plasticity, which is the
most common type of non-Newtonian behaviour. In a plot of shear stress versus
shear rate for a pseudo-plastic solution, the slope of the tangent at the origin is
the apparent viscosity at zero rate of shear and the slope of a straight line drawn

asymptotically to the curve at high values of shear rate is called the limiting
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viscosity at infinite shear.

4.2.1. Viscosity Measurement Procedure

Viscosity measurements were carried out using two concentric cylinder
viscometers to cover a broad range of shear rates. A Contraves Low Shear
viscometer was used for shear rates from 0.204 sec”! to 128.5 sec”. A Contraves

High Shear 6 viscometer was used for shear rates from 297.0 sec™ to 1340 sec™.

To study the effect of concentration and temperature on the shear viscosity
of Poly(ethylene oxide) solutions in water, viscosity measurements were carried
out for 20, 50, 100 and 200 ppm solutions at 25, 35 and 45°C. In addition, the
viscosity of tap water which was used for preparing the solutions, was also
measured at the above three temperatures for comparison of results. Two separate
solutions of 200 ppm concentration were prepared and their viscosity was
measured at the above three temperatures to verify the repeatability of the

measurements.

Tap water contains dissolved gases which come out of the solution at high
temperatures and can change the viscosity of water by a considerable extent. The

tap water used for making the solutions was degassed beforehand. Only a few
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bubbles were observed during the viscosity measurements at high temperatures

which did not affect the viscosity of the solutions.
4.2.2. Viscosity Measurement Results

Measurement of shear viscosity constitutes an important part of the data
interpretation for dilute polymer solutions. At low shear rates, the viscosity of the
solutions decreases with an increase in shear rate. Though at high shear rates the
viscosity of the solutions tends towards an asymptotic value, the effect of
temperature is very pronounced due to the susceptibility of the polymer solutions

to thermal degradation at higher temperatures.

The choice of viscosity to be used in the calculation of Reynolds number
for characterising the flow of drag reducing polymer solutions has been a point
of much debate over the last decade (Hartnett, 1982). In our heat transfer
experiments, constant flux heating at the wall was used. This led to a non uniform
temperature distribution in the radial direction at the same axial position during
flow experiments. Since in our experiments the outer wall temperatures were
ﬁeasured, the apparent viscosity at the wall was considered appropriate for
calculation of the Reynolds number. To take into account the effect of

temperature on viscosity, measurement of viscosity at different temperatures
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covering the range of temperatures encountered in our experiments was done.
Figures 4.1 through 4.4 show the results of these measurements which show the
effect of temperature and concentration on viscosity of Poly(ethylene oxide) at

different shear rates.

The viscosity measurement results shown in figures 4.1 through 4.4 are
consistent, with the viscosity of the solutions increasing with an increase in
concentration. At low shear rates, the viscosity of the solution decreases with an
increase in shear rate. At higher shear rates, the viscosity tends to approach an
asymptotic value indicating that at these shear rates the solutions are
approximately Newtonian by conventional viscometric methods. The viscosity of
the polymer solutions is also seen to be a function of shear rate, which is typical
of non-Newtonian fluids. Figure 4.5 shows the repeatability of the measurements

with two 200 ppm solutions.

A number of models have been proposed over the years which try to
predict the viscosity behaviour of the drag reducing polymer solutions. A list of
these equations is provided in Table 4.1. An iterative least squares regression
routine was used to fit these constitutive equations to our experimental data
(figures 4.6 through 4.8). It was observed that the second and higher degree

polynomials fit the experimental data well at low and moderately high shear rates
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(figu;e 4.6). Third and higher degree polynomials tended to predict a solution
viscosity which was lower than the viscosity of the pure Newtonian solvent at
higher shear rates. The second order polynomial predicted a viscosity which
increased with shear rate at high shear values (figure 4.6). The Carreau and Cross
models fit the data best with the viscosity tending towards an asymptotic value
which is slightly higher than the pure solvent viscosity at high shear rates (figures
4.7 and 4.8). A comparison of the sum of least squares of errors for all models
was made (figure 4.9) and it was observed that the Carreau model and the Cross
model give the best fit curves. Though the third, fourth and fifth degree
polynomials show the least error in data fitting, they cannot be used for viscosity

correlations as they tend to fail at high shear rates.



TABLE 4.1

Viscosity Models for Dilute Polymer Solutions (Elbirli et al. 1978")

MODEL EQUATION
Linear Polynomial a+bx+c+ ..
Beuche - Harding, 1958 y = al(l + b(cx)™”?)
Cross, 1966 y=a+bl(l +cx)
Sabia, 1963 -y =al(l + (bx)) e
Sutherby, 1966 y = a + b((arc sinh(cx)/cx)*
Eyring, 1936 y = a(arc sinh(bx))/bx
Powell - Eyring y = a + b(arc sinh(cx))/(cx)
Mieras, 1973 y = al(l + ((bxy)la))
Carreau, 1972 y =a+ (b-a)l(I + (cx)

Yexcept Carreau Model
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5. RESULTS AND DISCUSSION

Experimental runs were carried out with tap water and three different
concentrations (20, 100, 200 ppm) of Poly(ethylene oxide) WSR 301 in tap water.
Pressure drop and temperature measurements were done for different flow rates
in 7.04 mm and 10.21 mm inside diameter SS 304 tubes, as described in the

Experimental Set-up and Procedures section.

Due to unavailability of standard equipment to measure viscosity at high
shear rates, several investigators (Matthys, 1985) have used custom built capillary
viscometers to carry out the measurements in those shear rate ranges. Such
equipment was not available for the current study and thus viscosity
measurements were carried out at low and moderately high shear rates using
commercially available concentric cylinder viscometers. As discussed in the
Viscosity Measurements section, the Carreau model showed a very good fit to the
experimental data and predicted an asymptotic viscosity at higher shear rates. But
to avoid correlation of experimental data on the basis of a viscosity calculated
from a constitutive equation rather than aﬁ experimentally determined one, friction
and heat transfer results were compared for different mass flow rates. The mass
flow rates were maintained in such a way that fully developed turbulent flow was

achieved for all the experimental runs.
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5.1. Friction Results

The friction factors for the experiments were calculated based on the
method described in Appendix III. The friction factors for water in our calibration
runs were obtained within 5% of the values predicted by experimental correlations
listed in Appendix IV. Calculations for the smaller diameter tubing with a pipe

roughness factor of 0.0062 yielded friction factor values within 16% of those
predicted by the Moody chart for Re = 15,000 to 20,000 (Perry’s Handbook,

1984).

The friction factor is plotted against mass flow rate in figures 5.1 and 5.2
for water and 20, 100 and 200 ppm polymer solutions for flow through 7.04 mm
ID (D1) and 10.21 mm ID (D2) tubes respectively. Considerably lower friction
factors are observed for the polymer solutions as compared to water. It is
observed that at a given constant flow rate, drag reduces with an increase in the
concentration of the polymer in solution. The effect of concentration on drag

reduction seems to become more apparent with an increase in the flow rate.

For Newtonian fluids, flow through two different diameter pipes is
considered similar if the Reynolds number of the flow is the same; in other

words, the same friction factor is obtained for flow through different diameter
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pipes for similar flow conditions. Reynolds number is defined as,

Re=2 Un P _ 4m (5.1)
2 nDp
Re (Ep_) = 1 (5.2)
D

For a given solution, viscosity, x4, is constant. Hence, m/D is also a measure

of similar flows through different diameter pipes.

A 'diameter effect” (see Literature Review) is associated with drag
reducing solutions, as a result of which similar flows in different diameter pipes
do not lead to the same friction factor. This is observed from figures 5.1 and 5.2
where at a mass flow rate of 0.2 kg/s (m/D = 28.426) in D1 tube, a friction factor
of 0.00425 is obtained while at a mass flow rate of 0.29 kg/s (m/D = 28.426) in
D2 tube, a friction factor of 0.0045 is obtained. Hence, it can be inferred by
comparing the two graphs that to achieve the same levels of drag reduction, a

“higher value of m/D is required in a larger diameter pipe.

Figures 5.3 and 5.4 show that lower values of shear stress at the wall



shear stress at wall, N/sq. m

100 ™
- 9
90 X water
Dt = *
80 20 ppm
- a “ )
707 Lox 100 ppm
x
60 * *
e x 200 ppm
50+
40 *
_________________ .’;
30 |
oy
-, [}
20 g
|
]
107 !
I
]
0 T T 4 T T T T 7
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

mass flow rate, kg/s

Figure 5.3. Effect of shear Stress at the Wall on Mass Flow Rate (D 1)

0oL



shear stress at the wall, N/sq. m

100
b 3
90 water
s
80+ b2 20 ppm
0O
707 100 ppm
601 * ' X
- 200 ppm
50
]
e
407 - »
T T T T S T T T T T S S T T T T T T T T o 1 »
301 | i
< i
20 0" i
¢ |
107 Nc’ ?': !
o = :
0.00 0.10 0.20 0.30 0.40

mass flow rate, kg/s

Figure 5.4. Effect of Shear Stress at the Wall on Mass Flow Rate (D 2)

IL



72

correspond to low flow rates and the curves for all concentrations seem to
approach the value for water. At higher values of shear stress, the curves for the
polymer solutions tend to move away from that of water showing an increase in
mass flow rates (hence drag reduction) with an increase in concentration at a
given value of the shear stress. The value of shear stress at the wall at which the
curves for the polymer solutions begin to move away from that of water is
observed to be the same in both the tubes. This confirms the findings of Gadd
(1968) who observed that a critical value of shear stress at the wall should be
exceeded for the drag reduction effect to manifest itself. This critical value is
found to be independent of the diameter of the tube. This observation provides
support to the theory that the interaction of the polymer molecules with the
turbulent fluctuations in the boundary layer flow produces the drag reduction
effect (Lumley, 1973). The intensity of turbulent fluctuations can be scaled based
on the shear stress value at the wall (Tritton, 1990), i.e., same shear stress at the
wall in different diameter pipes would lead to similar turbulent fluctuations in the

boundary layer which are equal in magnitude.

The same levels of shear stress are only achieved in larger diameter pipes
at higher flow rates as seen in figures 5.3 and 5.4. Hence, the drag reduction
effect is generally seen at higher flow rates in larger diameter pipes.This is also

evident from figure 5.5 where friction factors for 200 ppm solution are plotted
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against m/D for the two diameter pipes used in our study. Since m/D is equivalent
to the Reynolds number if the viscosity of the fluid is constant, the friction
factors for water (Newtonian fluid) fall on a single curve. Different curves for 200

ppm solution are obtained due to the ‘diameter effect’.

Though it cannot be concluded definitely from figures 5.1 through 5.4,
there appears to be an effect. of mechanical degradation on the 20 ppm solution.
Mechanical degradation leads to the breaking up of the molecule chains and as
a result of this, they lose their drag reducing effectiveness. The friction factors for
the 20 ppm solution tend towards that of water at higher flow rates (figures 5.1
and 5.2). Such effect is not seen on 100 and 200 ppm solutions for the flow range
examined. The effect of mechanical degradation would become evident for the
lower concentration earlier than the more concentrated solutions (Matthys, 1991).
At higher shear stress values at the wall, the mass ﬂow rate for the 20 ppm
solution tends towards that of water indicating the degradation effects (figures 5.3

and 5.4).

To demonstrate an idea of the extent of drag reduction achieved in our
experimental set up, a comparison of drag reduction values for polymer solutions

over water at the same flow rates is done in figures 5.6 and 5.7 using equation
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1.2 from Chapter 1. Since flow rates were randomly selected in the turbulent
region during the runs, comparisons could only be done at a few flow rates. Drag
reduction ranging from 6% (20 ppm solution, 10.211 mm ID, figure 5.7) to 23%

(200 ppm solution, 7.0358 mm ID, figure 5.6) is observed.

5.2. Heat Transfer Results

The heat transfer coefficient is defined by an equation of the form;

R (5.3)
(Ti,w —Tbx)

where g is the rate of heat flux at the wall, T;, is the inside wall temperature and
T, is the bulk temperature. It is very difficult to measure the inside wall
temperature of an electrically heated tube in an experiment, so a more convenient

way to express the heat transfer coefficient is (Ghajar and Yoon, 1988),

h, = i (5.4)
T,,-T,) - T,-T,) - (T, -T,)

The quantity, T,

oW

- T,, can be measured experimentally. The other terms in the
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denominator can be calculated using the heat conduction equation in the
cylindrical coordinates (Appendix IT) and energy conservation equation (Appendix

IT). This is done as follows;

_ Q[2D,In(D /D) ~(D, -D)]

To W Ti w (5'5)
' 4n(D2-Dx L
and,
T, -T, = o, (5.6)
x mC .

where ¥, is the thermal conductivity of the tube. The value of k, was calculated
as a function of temperature using data shown in Appendix Va. Properties of
water used in calculation of the heat transfer coefficients from experimental

correlations (Appendix IV) are listed in Appendix Vb.

Direct current electrical heating of the steel tube produces an approximately
constant heat flux. As a result of this, the bulk temperature of the fluid and both
the inside and outside wall temperatures increase almost linearly with distance.
Slight non-linearities will be caused due to variation in material properties as a

result of these temperature increases. The viscosity of the fluid will also change
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along with local Reynolds and Prandtl numbers due to an increase in the
temperature of the fluid as it passes through the tube. Hence local heat transfer
coefficients will also vary along the length of the tube due to these property
changes, though the main effect would be of the changing fluid viscosity as
thermal conductivity and specific heat capacity of liquids do not change

appreciably with temperature.

An increase in the tube wall temperature between entry and exit to the test
section causes an increase in the thermal conductivity and electrical resistivity of
the tube. Hence the heat generated in the wall will be a function of the axial
location and the temperature difference between inside and outside wall will vary
as well. In fact, the heat generated in the wall and the conductivity of the metal
varies in the radial direction as well due to the radial gradient of temperature in

the w_all.

The expression for the difference in temperature between inside and outside
wall of the tube (equation 5.5) was developed assuming no heat loss. As a further
simplification, radial gradients of temperature were assumed to be much larger
than the axial ones. This assumption was based on the fact that typical rise across
the length of the smaller tube was about 5°C (1.186°C/m) compared to about 1°C

(803°C/m) across the wall. Temperature drop across the beryllium oxide disc was
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assumed to be negligible as it has a very high thermal conductivity (272 W/m °C
at 27 °C). Further, the variation of heat flux in the radial direction was assumed
to be negligible as the thermal conductivity of SS 304 increases by approximately

0.8% for a 10°C rise in temperature.

Local heat transfer coefficients were calculated using the above method for
the same constant heat flux at the wall (28.9 kW/m?) for the two different
diameter tubes used in the experiments. A discussion of the results obtained is

given hereunder.

A comparison of the local heat transfer coefficients for 20, 100 and 200
ppm solutions and water at the same mass flow rate in D1 tube is shown in figure
5.8. The plot clearly shows the effect of increasing polymer concentration on heat
transfer, with the local heat transfer coefficients going down with an increase in
concentration. It appears that the presence of polymer molecules in solution
causes an additional resistance to heat transfer leading to lower local heat transfer
coefficients than for the pure solvent flow. The greatest reduction in heat transfer
is obtained in the entrance region of the tube with the heat transfer coefficient for
iOO ppm solution being lower than that for water by almost 45% at x/D =73. The
difference decreases to 25% beyond x/D = 400. This can be explained based on

the fact that as the solution enters the test section from the flow calming section,
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the streams break contact with the wall of the tube. A jet is formed which flows
into the stagnant fluid in the tube (figure 5.9). The jet first contracts and then
expands to fill the entire cross-section and downstream from the point of
contraction, the normal velocity distribution is eventually reestablished. Due to the
separation of the flow from the wall, vortices appear (Kays and Crawford, 1980)
and this subjects the polymer molecules to high shear stresses at the wall in the
entrance region. As discussed earlier in the case of drag reduction, where the
dependence of drag reduction on the shear stress at the wall was shown, high
shear stress values at the wall causes the polymer molecules to produce the
enhanced heat transfer reduction effect in the entrance region which increases with
an increase in the polymer concentration. As the solution moves further down the
tube, the velocity profile is reestablished and the shear stress at the wall stabilizes
at a lower value thus leading to a decreased heat transfer reduction effect. Due to
the use of only a few thermocouples in the entrance region, the effect of polymer

concentration on the thermal entrance length could not be studied.

Figure 5.10 is a plot of local heat transfer coefficients for water at different
flow rates. It is observed from the plot that water has a thermal entrance length
of approximately 100 - 120 diameters. Thermal entrance length for water has been

reported to be 50 - 70 diameters (Hartnett, 1982).
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Figure 5.9 Structure of flow near the entrance of the test section
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A comparison of heat transfer coefficients for different concentrations of
polymer solution and water at one particular x/D (330), at different flow rates (or,
shear stress at the wall) (figure 5.11) leads to some interesting observations. This
plot for heat transfer reduction shows similar trends as figures 5.3 and 5.4 which
are plots to show the effect of shear stress on the drag reduction. At lower flow
rates, when the shear stress at the wall is low, the heat transfer coefficients for all
concentrations of polymer solution tend towards that of water. As the flow rate
increases and once the threshold value of shear stress at the wall is exceeded, the
presence of polymer molecules in the solution affects the heat transfer coefficients
and the curves for the polymer solution tend to move away from that of water.
The 200 ppm solution shows the maximum heat transfer reduction effect, which
means that an increase in flow rate does not result in a corresponding increase in
the heat transfer coefficients as the polymer molecules are creating an added
resistance to the heat transfer probably in a thermal boundary layer containing
stretched polymer molecules and suppressed turbulence. The critical value of
shear stress at which the heat transfer reduction effect appears to manifest itself
(figure 5.11) is found to be approximately the same at which the drag reduction
effect becomes apparent (figure 5.3). Hence the role of shear stress at the wall
(i.e., intensity of turbulent fluctuations) in producing the drag reduction and heat

transfer reduction effect is confirmed.
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Figure 5.12 confirms that at a low flow rate, where the shear stress is
below the critical value, 100 ppm and 200 ppm solutions show very similar heat

transfer behaviour.

Figures 5.13 and 5.14 compare heat transfer coefficients for different flow
rates in 7.04 mm and 10.21 mm ID tubes respectively for 200 ppm polymer
solution. It is observed that an increase in flow rate leads to a corresponding
increase in the heat transfer coefficients due to an increase in the rate of
convective heat transfer. Considerably lower heat transfer coefficients are obtained

for the larger diameter tube.

Figure 5.15 shows the difference in heat transfer under similar flow
conditions in two pipes for the 200 ppm solution. Like m/D, hD is also an
approximate measure of heat transfer for a given fluid under same heating
conditions in different diameter pipes (assuming constant thermal conductivity for
the fluid). The hD values for D2 are bigger than those for the D1, indicating a
less heat transfer reduction due to the ‘diameter effect’ in the bigger diameter
tube. The above results could not be compared with water as data was not

available at the same flow rates.

It appears from the above observations that extensional viscosity of the
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polymer molecules in solution plays an important part in producing the drag
reduction and heat transfer reduction effect. If indeed it is the property of the
polymer molecules in solution to resist stretching due to the action of turbulent
shear forces, in the boundary layer flow, that results in the above discussed
effects, then the polymer molecules should be effected in the same way

irrespective of the diameter of the pipe if the shear stress near the wall is the

same. In other words, if the same shear stress at the wall (i.e., same intensity of
turbulent fluctuations) is maintained in two different diameter pipes for the flow
of polymer solution, then similar drag and heat transfer reduction effects should
be obtained. To test this hypothesis, shear stresses at the wall were calculated
from the pressure drop data collected during the experimental runs. Data from
pressure transducers in the fully developed flow region, which were far away
from the entrance and the exit to the test section, were used in the calculations.
One set of heat transfer and friction data, each for 20, 100 and 200 ppm solutions
at the same shear stress at the wall in both the tubes was chosen. Drag reduction
and heat transfer reduction were calculated by comparing these runs with the

water runs at the same flow rates.

w

T
DR =|1 - 2| x 100 (same flow rate) (8.7)
T

w‘
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h,
HTR = |1 - _h_. x 100 (same flow rate) 5)

&

Heat transfer coefficient, 4; is obtained by calculating the area under the curve in

the plot of A, versus x/D. The results obtained are shown in Table 5.1.

It is seen from Table 5.1 that the drag reduction ratios are observed to go
down in all the cases with an increase in diameters. The heat transfer reduction
is seen to go up for the 20 ppm solution but goes down for 100 and 200 ppm
solutions with an increase in diameter. The above results are plotted graphically

in figures 5.16 and 5.17.

In the above calculation, friction factor and heat transfer coefficients for
water were calculated from empirical correlations as data were not available.
Average heat transfer coefficient values were c;btained from the calculation of
area under the curve for local heat transfer coefficient versus x/D plot, which is

an approximate method of calculation.

Figure 5.17 is a plot of DR/HTR ratio for the two diameters at the same

shear stress for three different concentrations. Interestingly enough, the value of
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DR/HTR ratio for the two diameters is very close to 1 for all concentrations. This
may be due to the fact that the shear stress values for all the three sets of data are
very close, indicating that there may be an analogy between heat and momentum
transfer for drag reducing polymer solutions. The Reynolds analogy which
assumes that the eddy diffusivities for heat and momentum transfer are
approximately equal as the fundamental mechanism of heat and momentum
transport are the same, does not does not hold for drag reducing polymer solutions
when comparison is made at the same Reynolds number. It seems that from the
above that there may be a basis to derive an analogy between momentum and
heat transport in drag reducing fluids if comparison of results is made at same
shear stress value at the wall. This may also be used in predicting the ‘diameter
effect’ for these solutions. Though more data are not available currently to test
this hypothesis, the trends shown by these results are quite encouraging and

justify further investigation.



Table 5.1

Conc. T, Dia DR HTR DR/HTR \
DR, /HTR,
(ppm) (N/m?) W)
1) 17.888 6.9989 2.556
20 33 @) 17.251 7.3995 2331 1097
1) 16.930 9.36 1.8088
100 29 ) 13.710 8.988 1.5254 1.186
1) 19.438 10.302 1.8868
200 30 @) 17.580 9.82 1.7902 1.054

$6
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6. CONCLUSIONS AND RECOMMENDATIONS

An experimental study on momentum and heat transfer to dilute
Poly(ethylene oxide) solutions has been completed. Experimental runs were
carried out with and without constant heat flux input at the wall for three (20, 100
and 200 ppm) concentrations of polymer in solution and water in two SS 304
tubes of internal diameter 0.00704 m and 0.01021 m respectively. Pressure drop

and temperature data were collected all along the length of the test tubes.

Viscosity measurements for these solutions were carried out at different
shear rates and three temperatures in two concentric cylinder viscometers covering
low and moderately high shear rates. Available correlations in literature to predict

viscosity behaviour of dilute polymer solutions were tested on our data.

The following conclusions were drawn:
1. Viscosity of dilute polymer solutions decreases with an increase in shear
rate and tends towards an asymptotic value at higher shear rates. It is also a
function of temperature with viscosity of a 20 ppm Poly(ethylene oxide) solution

in water decreasing by about 30% for a 20°C rise in temperature.

2. The Carreau model and Cross model fit the viscosity data best and predict
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a viscosity at higher shear rates that tends towards an asymptotic value. Linear
polynomials fit the experimental data well at low shear rates but tend to predict
a solution viscosity which is lower than the pure Newtonian solvent viscosity at

higher shear rates.

3. An effect of increasing concentration of polymer in solution on friction
factor and local heat transfer coefficients was observed. It was shown that an
increase in concentration of the polymer in solution leads to an increase in drag
reduction and lower heat transfer coefficients , with the effect becoming more

apparent at higher flow rates.

4. The findings of Meyer (1966) were confirmed that a critical value of shear
stress at the wall has to be exceeded for the drag reduction effect to become
apparent. A similar dependence of heat transfer reduction on shear stress at the -

wall was observed.

5. Maximum reduction in heat transfer was observed in the entrance section
of the test tube. Since in our experimental set up, hydrodynamic boundary layer
and thermal boundary layer develop simultaneously, high shear stress values near
the entrance of the tube might be effecting the polymer molecules and producing

this increased reduction in heat transfer.
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6. A new hypothesis for predicting the ‘diameter effect’ on friction and heat
transfer reduction was proposed, which is based on the concept of extensional
viscosity (Dodge, 1959). This theory visualizes the polymer molecules absorbing
energy and getting stretched due to the action of shear forces in the region near
the wall. A comparison of friction and heat transfer results at the same values of
shear stress at the wall should show similar trends for a given concentration of
polymer in solution. The hypothesis was tested on a single set of data for 20, 100

and 200 ppm solutions and encouraging trends were observed.

Recommendations for future work are:
1. Though extreme care was taken in preparing and homogenising the
polymer solutions, the concentration of the solutions was not analyzed before the
runs. A method for determining the exact concentration of the solution needs to
be devised for proper correlation of friction and heat transfer results for different

concentrations.

2. Modifications in the experimental set up need to be carried out so that the
same solution is tested in different diameter pipes for friction and heat transfer
studies. This will eliminate the error that may have crept in due to non uniform

concentration of the solutions.
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3. Further tests should be carried out at constant shear stress at the wall in
different diameter pipes for different concentrations of polymer solutions. This
will prove to be an effective test of the hypothesis that the polymer molecules are

effected by the shear stress at the wall.

4, More thermocouples should be used in the thermal entrance region to study
the development of the thermal boundary layer for different concentration

solutions.

S. Accurate viscosity measurements should be carried out at higher shear rates
to provide a sound basis for correlating the experimental results with Reynolds

number of the flow.
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APPENDIX I

CALIBRATIONS

Before actual runs were performed on the experimental set up, calibration
runs were carried out to determine the accuracy of the measurement techniques

and the Data Acquisition System.

A.l. Temperature Measurement

To study the response time and accuracy of the thermocouples, the inlet of
the test section was connected to the cold water (5°C) and hot water (60°C)
supply lines through two valves in such a way that it allowed instant switching
from one line to the other. Such an arrangement was useful in studying the

response of the thermocouples to step change in input.

The procedure adopted for this study is outlined below:
Cold water was allowed to run through the system for some time to let the
thermocouples reach a steady state value. This could be observed by graphically
monitoring the run conditions on the computer. At this moment, data transfer to
the files was initiated. After a few seconds, by quickly operating the valves, the

cold water line was shut off and hot water was allowed to pass through the
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system. The system was allowed to reach a steady state and transfer of data to

files was stopped.

It was observed (figure Al) that the thermocouple installed at the inlet of
the test section to measure the bulk fluid temperature took about 100 seconds to
reach the final steady state after the step input. The thermocouple at the outlet of
the test section took slightly more time to reach the final steady state (figure A2),
which is understandable, as the moment when the cold water line was shut off
and hot water circulated through the system, the test section still contained cold
water. This introduced a time lag in the response of the thermocouple at the outlet
of the test section. Also, it read lower than the thermocouple at the inlet at steady
state because of the heat losses to the ambient from the copper plates soldered to

the two ends of the test section.

The response of the thermocouples was tested for a step change of 55°C
in temperature. During actual heat transfer experiments, the heat flux input at the
wall resulted in a wall temperature rise of about 10-12°C for the low flow rates.

Hence the steady state was achieved much quickly in this case.

In comparison with the thermocouples at the ends of the test section, the

ones on the wall of the tube followed almost the same responses (figure A3).
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Another calibration run was done by passing water at room temperature
through the system. All the thermocouples read the temperature within 0.5°C of

each other.

The above analysis enabled determination of the response time of the
thermocouples. Hence in all heat transfer measurements, a sufficient time delay
(about 90-100 seconds) was allowed prior to data collection, to ensure that all
thermocouples were reading steady state temperatures. In addition to this, a visual
monitoring of the run conditions on the computer was also done during all the

runs to ensure data acquisition at steady state .

A.2. Energy Balance

Runs were carried out with water at different wall heat flux inputs to
ascertain the validity of the law of conservation of energy for our system. The
power output from the DC welder (a measure of the heat input at the wall) was
calculated from the voltage and current signals measured by the data acquisition
system. The amount of heat removed from the system by water was calculated by
measuring the flow rate and monitoring the temperatures at the inlet and outlet
of the test section. It was observed that the heat losses to the ambient were

minimum and the data acquisition system was able to verify the heat balance
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within £2.0%, which is within the limits of experimental error (figure A4).

The power output from the DC power supply was constant (+0.5%) and
ripple-free, which was essential for maintaining constant heat flux conditions at
the wall (figure AS). It was monitored for all runs by using the Data Acquisition
System which received the voltage and current signals from the DC power supply.
The software enabled online calculation of power input from the DC welder,

which could be visually monitored during the runs on the computer screen.

A.3. Pressure Measurement

The 10 pressure transducers used for the experimental set up were statically
calibrated against a digital manometer at 7 pressure levels, covering the range of
operating pressures used during the actual runs. The pressure transducers had
linear responses (figure A6). The calibration curves for individual transducers
were incorporated in the Data Acquisition software. During the experimental runs,

voltage signals from the pressure transducers were converted to absolute pressures
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and written to files.

Air pressure from a compressed air cylinder was used to provide the
driving force to make the solutions flow through the system. A pressure regulator
on the air cylinder maintained the constant pressure in the pressure tank. The
changing liquid level in the 1.6 m high pressure tank could lead to corresponding
change in the test section pressure head. To study this fluctuation, a run was
carried out in which the water level in the pressure tank was allowed to go down
by 0.75 m at a constant pressure head. It was observed that the reading from the
first transducer on the test section changed by 0.4% (figure A7). During actual
runs the liquid level in the tank would go down by about 5 cm. Hence it was safe

to assume that constant pressure head (flow rate) was maintained during the runs.

A.4. Friction Results for Water

Runs with water were done at different flow rates to enable friction factor
calculations at different Reynolds numbers. A comparison of the experimental
results with the values predicted by the empirical correlations available in the

literature showed a good agreement within 4% (figure AS8).
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A.5. Heat Transfer Results for Water

Average heat transfer coefficients (Nusselt number) for water runs at
different flow rates were compared with those predicted by empirical correlations
available in the literature. There is a difference of about 20% in the values of heat
transfer coefficients predicted by correlations. Our values of heat transfer
coefficients for water seem to be predicted well by the Sleicher and Rouse

correlation. An agreement within + 10% is observed (figure A9).
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APPENDIX II

To calculate the temperature difference across the tube wall, heat
conduction is considered. The general energy equation is of the form,
Input + Generation = Output + Accumulation
Assuming steady state conditions, the equation takes the form,
Generation = Qutput - Input

In cylindrical coordinates,

V[ (rx) VT| = -Q(r.%) (1)

or,

Vi (rx)VT +k(rx)V*T = -Q(r,~x) )

where Q is the heat generated per unit volume of the steel tube. Both &£ and Q can
be functions of r and x. As a simplification, radial heat temperature gradients are
assumed to be much larger than the axial ones (as discussed in Chapter 5). Also,
since the thickness of the tube wall is very small, £ and Q are assumed to be

constant in the radial direction. Hence, the equation finally reduces to the form,

Integrating,



123

14 3)

o .__9or, E_’ 4)
or 2k, r
Integrating once again,
r2
T=- %ks + Cn(n) + C, ©)

The boundary conditions are as follows;

1.Atr=r,, T=T1,,

o _

2. Atr=r,, k —_
*or

9,

where,

0 - Q[ﬂ‘("ozw—rii)ldjl (6)

Equating the boundary condition 2 and equation 4,
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2.0 .G M
k 2k r .
or,
C, = Gir, + grii

kL 2k
®)

2

_ 0 Fow

From boundary condition 1 and equation 5,

2
r
C2 “ Low + Q4°W - Clln(row)
: : 9
I N
“ o Tak; 2mkL|y2 ;2

Substituting equations (9) and (10) in equation (5),

2

T-T = Q + Q Fow ln_f_}

> amkLl  2mkL E 2o |\T,

(10)




Atr=r,, T =T,, hence equation (11) takes the form,

w?

Expressing in terms of the outer and the inner wall diameters,

_ o[2D2m(©,-D) - DZ-D})]
4n(D}-D})k L
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(11

(12)
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APPENDIX III

Friction factor calculations

The friction factor, f, is defined as the ratio of the wall shear stress to the

velocity head. It is given as,

T, 287,

(A1)

2

puLl2g, Py

This equation can be derived if we consider steady state flow in a horizontal tube.
The fluid is incompressible and has a fully developed flow pattern. If a circular,
axially concentric element of radius r and length dL is considered to be at the
centre of the tube (figure A10) then the shear force acting on the rim of thé
element is the product of shear stress and the cylindrical area. The force balance

on the element leads to,

SF = 1r’P - nr¥P+dP) - (2nrdL)T = 0 (A2)
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On simplification,

ar 2t _ (A3)

For a steady state flow, the pressure at any given cross section of a stream
tube is constant. Thus equation (A3) is valid for the entire cross section of the
tube if T, and r, are substituted for T and r respectively where 1,, is the shear
stress at the wall and r, is the radius of the conduit. With these substitutions,

equation (A3) becomes,

—Z% 2t (Ad)
r

Subtracting equation (A3) from equation (A4) gives,

Wt (A5)
-

Bernoulli’s equation is now applied to the flow under consideration. Since there
is no change in either kinetic energy or potential energy and the only friction is

due to the skin friction between the wall and the fluid stream, denoted by A,
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P _P-AP (A6)
p

AP _ (A7)

An expression for h; is obtained by integrating equation (A4) and combining

equation (A7).

Hence,
27 47
h, = —2AL = _ZAL (A8)
pr,, pD
Or,
1 = DAP (A9)
4 AL

where D is the diameter of the pipe.



130
APPENDIX 1V

Correlations for water :

1. Friction Results :

a) Blasius Equation

_0.0791

b) Petukhov Equation

_g = (2.236 InRe - 4.639)

2. Heat Transfer Results

a) Sieder-Tate Equation

.14
Nu = 0.023 Re® Pr '@ [&I
b,

for Re > 10°, 0.7 < Pr < 700



b) Sleicher and Rouse Equation

Nu =5 + 0.015Re® Prb®
a =088 - %
4 +Pr

b = 0.333 + 0.5exp(-0.6Pr)

for 10 < Re < 10°, 0.1 < Pr < 10
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APPENDIX V a

Thermal Conductivity of SS 304 (ASME Handbook)

Temperature Conductivity
°C W/m °K
100 16.27
200 : 17.82
300 19.04
400 | 20.42

500 21.63
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APPENDIX V b

Properties of water

p, kg/m’
999.7
999.1
998.2
996.9
995.4
993.9
992.4

990.2

G, J/kg °K
4192
4186
4182
4180
4178
4178
4179

4180

k, W/m °K

0.5794

0.5884

0.5971

0.6056

0.6132

0.6202

0.6272

0.6392
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