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ABSTRACT

THE EFFECTS OF POLYMER/SURFACTANT
ADDITIVES ON THE FLOW AND HEAT TRANSFER
AROUND A CIRCULAR CYLINDER IN PERIODIC
VORTEX SHEDDING

This study focuses on the flow and heat transfer properties of dilute poly-
mer /surfactant solutions using Newtonian, and inelastic/elastic non-Newtonian con-
stitutive models. The results are discussed in terms of drag and lift coefficients, vortex
shedding frequency, vortex formation length, separation angle, the critical Reynolds
number for the onset of vortex shedding, local and average Nusselt numbers. Drag re-
duction is observed for shear thinning fluids; moreover, the vortex shedding frequency
increases, and the vortex formation length decreases under shear thinning. Fluid elas-
ticity leads to an increase in the drag coefficient and vortex formation length, and a
decrease in the vortex shedding frequency and separation angle. The onset of vortex
shedding is earlier under shear thinning whereas it is delayed under shear thickening. It
is also observed that weakly elastic effects have almost no impact on the onset of peri-
odic vortex shedding. Blockage effect causes to increase time-averaged drag coefficient
and Strouhal number and it delays the onset of laminar vortex shedding for Newtonian
and shear thickening fluids. For non-isothermal flow condition, heat transfer enhance-
ment is observed under inelastic shear thinning effects through an increase of the local
and average Nusselt numbers, however purely viscoelastic effects lead to a decrease in
the rate of convective heat transfer for the studied range of parameters. Temperature
gradients decrease in the wake region under elasticity whereas shear thinning leads to

an increase in the gradients and to the formation of elongated and clustered isotherms.



OZET

POLIMER/YUZEY AKTIiF MADDE KATKISININ

PERIYODIK GIRDAP KOPMASINDA DAIRESEL

SILINDIR ETRAFI AKISA VE ISI TRANSFERINE
ETKILERI

Bu galisgma Newtonyen ve Newtonyen olmayan inelastik/elastik biinye mod-
elleriyle, seyreltik polimer/yiizey aktif madde katkili ¢ozeltilerin akig ve 1s1 trans-
feri o6zelliklerinin incelenmesini hedeflemektedir. Sonuclar kaldirma ve stiriikleme kat-
sayilari, girdap kopma frekansi, girdap olusum uzakligi, ayrilma agisi, girdap kop-
masinin bagladig kritik Reynolds sayisi, yerel ve ortalama Nusselt sayisi gibi parame-
treleri cinsinden incelenmigtir. Kayma incelmesi gosteren akigkanin siirtikleme kat-
sayisinda azalma gozlemlenirken, girdap kopma frekansinda artis ve girdap olusum
uzakhiginda azalma goriilmektedir. Elastik etkiler siiriikleme katsayisinda ve girdap
kopma frekansinda artiga, girdap kopma frekansi ve ayrilma agisinda ise azalmaya yol
agmaktadir. Girdap kopma baslangici kayma incelmesi altinda daha erken, kayma
kalinlagsmas1 altinda ise daha ge¢ gozlemlenmektedir ve diigiik elastik etkilerin gir-
dap kopmasinin baglangicina etki etmedigi goriilmiistiir. Duvar etkisinin ise zaman
ortalamasi alinmig siirtikleme katsayisina ve Strouhal sayisina arttirici etkisi vardir.
Girdap kopma hareketi duvar etkisiyle Newtonyen ve kayma kalinlagmasi gosteren
akigkanlar i¢in daha yiiksek Reynolds sayilarinda gozlemlenirken, kayma incelmesi
gosteren akigkanlarinda daha diigiik Reynolds sayilarinda gozlemlenmektedir. Esisil ol-
mayan akig kogullarinda, lokal ve ortalama Nusselt sayilar1 dikkate alindiginda, taginimla
181 gecigi arttirmminda kayma incelmesinin onemli rol oynadigi, 6te yandan elastik etk-
ilerin tagimimla 1s1 gegisi hizim1 azalttigi gozlemlenmistir. Elastik davranisin artisi
es sicaklik yapilarinda kiigiilmeye sebep olmus, artan kayma incelmesi ise genig ve

kiimelenmig eg sicaklik egrilerinin olugsmasina katkida bulunmustur.
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1. INTRODUCTION

Friction factor and drag coefficient are known to be reduced under polymer/sur-
factant addition in turbulent flow regime for internal and external flows which have
many applications such as oil pipeline systems, heat exchangers, oil well fracturing

operations, hydrotransport processes and biomedical flows [1].

Since 1940’s, adding a small amount of additive such as polymer or surfactant
has been used for reduction in friction in turbulent pipe flow which is classified as drag
reduction; moreover, adding small amount (100 ppm) of long-chain polymer molecules
could reduce turbulent skin friction drag by 80% [2]. After that, polymer additives
were used commercially for the first time in Trans Alaska crude oil pipeline systems in
order to increase the flow rate and obtain efficient operation in 1979 [3]. Furthermore,
Gadd studied relation between vortex street formation of immersed body and polymer
addition [4]. Generally, drag reduction increases with increasing polymer concentration,
polymer molecular weight, Reynolds number and flow rate; however, some parameters
such as channel size, geometry, pH, temperature, surface roughness, concentration

influence the performance of drag.

In 1980, Fabula et al. [5] from the United States Navy took out a patent of torpedo
drag reduction employing polymer ejection. Ambient water (seawater) is ingested and
mixed with the concentrated polymer, then produced seawater-polymer solution is
ejected from the nose of torpedo backwardly in contact with the surface of the torpedo.
Almost 37% drag reduction was achieved with 1.8 gal/sec ejection flow rate and 0.2%

polymer concentration.

Unlike additive techniques for drag reduction, non-additive techniques on geom-
etry such as riblets, dimples, oscillating walls and micro-bubbles and provide a fair
amount of drag reduction in certain applications. Riblets are protrusions, which re-
sembles to shark fin, with different shapes like V-shaped and U- shaped. Turbulent

intensity of flow might be reduced up to 6-10% which is much lower than additive



techniques using riblets; however, the mechanisms underlying the drag reduction of
riblets are still unclear. Discrete indentations onto the surface to reduce turbulent
skin-friction up to 20% are called dimples which are commonly used in golf balls. Gen-
eration of spanwise or streamwise oscillation with walls also promotes turbulent drag
reduction up to 40% . Spanwise vorticities assist to decrease of drag force by means of
reduction in near-wall velocity gradient. Similarly, microbubbles with diameter around
10pm produced by electrolysis or different ways are effective for drag reduction. De-
spite being environmental friendly, these non-additive techniques are less used because

of their implementation costs and relatively low achievable drag reduction [1].

The presence of polymer /surfactant additives in the base fluid (water) causes to a
different rheological behavior compared to pure water such as decreasing viscosity with
increasing shear rate, and viscoelasticity. Therefore, Newtonian constitutive model is

generally not applicable for these solutions.

1.1. Rheology

In 1920, the term ”rheology” which means the theory of deformation and flow of
matter was officially invented by Markus Reiner and Eugene Bingham. The concept of
rheology comprises the rigid solid (The Euclidean solid) to ideal inviscid fluid (Pascalian
fluid) which are ideally identified terms [6].

Newtonian fluids have a constant viscosity under changing shear rate at constant
temperature and pressure whereas the fluids which have non-linear shear stress curve
with changing shear rate are called non-Newtonian fluids. Water, alcohol and air are
examples of Newtonian fluids, also polymer solutions, biological and drilling fluids are
typical examples for non-Newtonian fluids. Purely viscous or inelastic, time-dependent

and viscoelastic fluids can be subcategorized classes of non-Newtonian fluids [6].

Purely viscous or inelastic fluids can be described as shear-thinning or pseudoplas-
tic if the viscosity decreases with increasing rate of shear, on the contrary fluids have

the viscosity that increases with increasing rate of shear are named as shear-thickening



(dilatant) fluids. Most of the non-Newtonian fluids show shear-thinning behavior in
real life. In literature, presented several models, which are varied from each other with
required number and type of parameters, for Generalized Newtonian fluids (inelastic
fluids) have been used to obtain analytical solutions. These models are produced from
experimental data and theoretical basis. Power- law, Bird-Carreau, Cross Law and
Carreau-Yasuda Law are some examples of the constitutive models for non-Newtonian

inelastic fluids [6].

Time dependent fluids are more complex and difficult to model. Their viscosity
either decreases or increases monotonically depending on duration of shearing and
their kinematic history. The conventional shear stress-shear rate curves have restricted

capabilities unless kinematic history of samples are known [7].

On the other hand, both elastic solids and ideal fluids behavior are the feature of
viscoelastic fluids. Because of the complexity of viscoelastic fluid which has blend of
fluid-like and solid-like responses under suitable conditions, it is quite difficult to solve
mathematical equations according to the behavior of the real fluid. Three important
models, Maxwell, Kelvin-Voigt and Burger, related to usage of springs and dashpots
were applied to observe viscous and elastic effects [8]. Memory effect is the distinctive
property of viscoelastic fluids, and relaxation time () is a significant parameter which
address to time required for viscoelastic substance to relax from a stressed state to its
initial state. Relaxation time is limited between zero and infinity in order to correspond
viscous to elastic response. Whereas low relaxation time implies memory loss, high

relaxation time corresponds high memory retention of the flow [9].

1.2. Literature Review

Flow around a circular cylinder has been a crucial problem in fluid mechanics for
both experimental and numerical studies from last decades. Many practical applica-
tions have been carried out related to this topic in automotive, aircraft and construction
industries. Simplification of a geometry as a cylinder is quite common for investigating

bluff body aerodynamics and internal/external flow properties, also investigating of



simplified geometry is more applicable and accurate than complicated real geometry.

1.2.1. Isothermal Studies for Flow Around Cylinder with Polymer/ Surfac-
tant Additives

1.2.1.1. Experimental Studies. In the literature, there are quite restricted studies

about polymer /surfactant added fluid flow over a circular cylinder in the laminar and

transition regime.

Gadd [4] claimed the reduction of Strouhal Number by increasing concentration
of polyethylene oxide (PEO) - water solution 10 to 40 wppm at Reynolds number
Re = 240. It was also stated that 10 wppm, below which no any change of the
vortex frequency occurs, is determined as threshold concentration for polyethylene

oxide (PEO).

Kalashnikov and Kudin [10] experimentally investigated amplitude and oscilla-
tions of water, PEO and Guar gum solutions for Reynolds number Re < 400 and up to
100 wppm. PEO solution was passed through the centrifugal pump so as to obtain in-
elastic associate-containing solution. It is concluded that the frequency of the Karman
vortex and the intensity of inertial vortices increases in inelastic solutions, whereas it

decreases in elastic ones compared with the Newtonian case.

Usui et al. [11] found out that not only increasing polymer addition but also
decrease of cylinder diameter suppress the Karman vortex formation. In addition,
they found an empirical correlation between Strouhal (St) and Weissenberg number
(Wi). An alternative parameter was also discussed, D/ VA, instead of Weissenberg
number to explain effect of polymer additive on the vortex formation. It was deduced

that D/v/Av term might be more feasible than Wi in case of high Reynolds numbers.

Effects of dilute cationic surfactant solutions (1000 ppm) on the flow around a
circular cylinder were studied by Bergins et al. [12] for Reynolds number 110 to 2000.
They used both LDV and Schlieren optics for monitoring flow structure, and they



found out that exceeding a critical Reynolds number which depends on the age of the
solution reduces the vortex shedding frequency. In addition, the wake structure and
vortex shedding frequency do not considerably change for the Reynolds number below

200 in comparison with water.

Experimental work of Ozgoren [13] in 2005 investigated that the flow (Newtonian)
around a circular and square cylinder with two different positions (sharped-edge square
and 45 degree orientated square). It has been found that values of Strouhal number, as
well as wake patterns, are functions of the cross-section of the cylinder and Reynolds

numbers, also this study has supported the previous works.

Rehimi et al. [14] experimentally investigated wall confinement effect on the wake
formation behind a circular cylinder for B = 1/3 by using 2D PIV measurements. They
found that the von Karman instability is delayed to Reynolds number Re = 108 from
Re = 47 which is the condition of unconfined cylinder case. Although wavelength of
the von Karman vortices is about 5D to 6D for the unconfined cylinder case, they
obtained 3D for 1/3 blockage case. They also investigated stabilizing impacts of walls
on mean recirculation region and rms velocities. In addition, same as Williamson’s
study [15], Mode A and Mode B 3D instabilities are observed at Reynolds number
Re = 159 and Re = 230 — 260 respectively.

He, Li and Wang [16] presented an experimental study of flow around square
cylinders with cut-corners at the front edges by using PIV. They stated that drag
reduction can be achieved for the cut-corner dimensions at Reynolds number of 1035
for Newtonian fluid. While direct proportionality between drag coefficient and the
minimum wake width is observed, it is seen that the vortex shedding frequency is
inversely proportional to the minimum wake width. It is also revealed that cut-corners
at the front edges can reduce both the size and strength of wake vortex leading to

suppression of separation over the surface.



In recent experimental observations on flow past a cylinder by Coelho and Pinho
[17] 0.2, 0.3, 0.4 and 0.6 wt. % concentration of tylose-water solutions were used as
weakly elastic fluids, and 0.1, 0.2,0.3 and 0.4 wt. % concentration of cellulose sodium
salt (CMC) solutions were used as more elastic fluid over the range 50 < Re < 9000,
based on a length scale twice the diameter of the cylinder. Elastic and shear thinning
characteristics of solutions increase with increasing additive concentration; further-
more, shear thinning behavior was seen all the solutions by fitting to the Carreau-
Yasuda and power-law viscosity models. The laminar vortex shedding was investi-
gated only for 0.3 and 0.4 % concentrated solutions, and several Reynolds number
definitions had been suggested to mark the onset and end of the diverse flow regimes.
The characteristic shear rate, Uy, /2D, was used for the viscosity and Reynolds number
calculations. As a result, they found out that aspect ratio and fluid elasticity give
rise to reduction of several critical Reynolds numbers which individually indicate end
of the transition regime, sudden drop in vortex formation and the base of the peak
frequency in the power spectra becomes narrower by degree. The transition regime is
encountered earlier and even suppressed for the 0.6 % tylose solution by fluid elastic-
ity. Furthermore, fluid elasticity can be better examined with elasticity number which
is Re/Wi than Weissenberg number. In elasticity number, viscosity is calculated by

using a high characteristic shear rate rather than the average value which is Uy, /2D.

Coelho and Pinho [18] deduced that shear-thinning brings about the reduction of
the diffusion length and the boundary layer thickness, to a raise in the vortex shedding
frequency, i.e. the Strouhal number. However, fluid elasticity is responsible for an
enhancement in the formation length, which in turn leads to a decrease in the shedding
frequency. Experimental results for the tested solutions show an increase in Strouhal
number with increasing polymer concentration. Furthermore, the critical formation
length which implies the value of formation length just prior to its sudden drop increases
with increasing Weissenberg number as elasticity decreases the entrainment of fluid by

the shear layers from the formation region.

The pressure (form) drag reduction was observed with increasing polymer con-

centration for Reynolds number below Re = 800 and this behavior attributed to fluid



elasticity on the shear layers by Coelho and Pinho [19]. Pressure rise coefficient which
is difference between the base and minimum pressure coefficients has no notable influ-
ence on the critical Reynolds numbers and formation length. Straight correlation was

found between the elasticity number and the mean pressure rise coefficient.

The effect of viscoelastic Ethoquad O/12 (oleyl- bihydroxyethyl- methyl- ammo-
nium -chloride) surfactant solutions on the flow past a circular cylinder was experi-
mentally and numerically investigated for the Reynolds number ranging from Re = 10
to Re = 10° by Ogata et al. [20]. They observed that the drag coefficient increases
compared to that of tap water for 10 < Re < 3000; however, drag is reduced for
3000 < Re < 30000, and the maximum drag reduction occurs at Re = 7000 up to
%55 for 200 ppm surfactant solution. Existence of wide stagnation zone around the
cylinder and increase of cylinder’s diameter are other presented reasons of drag. Drag
reduction is also associated with narrowing wake at the rear of the cylinder at higher

Reynolds numbers.

Effects of small amount of elasticity on 2D laminar vortex shedding instability, the
fluctuating and time-averaged velocity fields were investigated experimentally in the
Reynolds number range 50 < Re < 150 and Weissenberg number range 0.3 < Wi < 0.8
by Pipe and Monkewtiz [21]. They observed a decrease in the Karman vortex shedding
frequency for the low concentration aqueous solutions of polyethylene oxide (PEO)
due to elasticity. However, at higher concentrations, they observed an increase in
the shedding frequency due to increasing shear thinning effects. Their laser doppler
anemometry (LDA) measurements showed that the transverse velocity fluctuations on
the wake centerline were similar to the Newtonian case at low concentrations although
a reduction in strength is noted at their highest concentrations. They argued that the
normal stress differences and the elongational viscosity contribute to the development

of flow instability.

A mixture of polymer and surfactant is also known as a good drag reducer. From
the work done by Kim et al. [22], it can be deduced that adding surfactant to poly-

meric solution increases drag reduction efficacy, and polymer concentration plays an



important role in drag reduction for polymer/surfactant solutions. The maximum drag
reduction is provided with the critical polymer concentration, however the drag reduc-
tion efficacy decreases faster than that of pure polymeric solution when the critical
concentration exceeded. In addition, Matras et al. [23] stated that poly-ethylene oxide
(PEO) and cetyltrimethyl ammonium bromide (CTAB) solution reduces drag much
more than solutions with these substances alone in a pipe flow for laminar to turbu-
lent regime of surfactant solution with salt and for turbulent flow regime of polymer
solution. They also emphasize that polymer-surfactant solution is able to show strong

drag reduction even after degradation.

1.2.1.2. Numerical Studies. It is well known that solutions with polymer/surfactant

additives exhibit more complex rheological behavior than Newtonian fluids, due to
non-Newtonian effects such as shear thinning, anisotropy and viscoelasticity. In spite
of their wide occurrence, only few numerical studies have been reported on the flow of

non-Newtonian fluids past bluff bodies.

Patnana et al. [24] numerically investigated the unsteady flow of incompressible
power-law fluids over an unconfined circular cylinder between the Reynolds number 40
and 140. They presented detailed kinematics of the flow and macroscopic parameters
(the drag and lift coefficients, Strouhal number). It was concluded that the flow transits
from steady to unsteady behavior at a critical value of Reynolds number Re ~ 40 — 50
depending upon the value of the power-law index. Both the lift coefficient and Strouhal
number were zero for the steady flow regime, however; in the unsteady regime, they
rose with the increasing Reynolds number. Unsteadiness in the flow was determined
at Re = 50 for all values of power-law index (n). Kinematics of the flow and periodic
vortex shedding status demonstrate complex regime after critical Reynolds number,
and for a fixed Reynolds number, the drag coefficient values rise with the increasing
power law index (n). Moreover, for a constant power-law index (n), the drag coefficient
steadily declines with Reynolds number. Increasing value of power-law index also
reduces the lift coefficient values. Strouhal number decreases with rising value of power-

law index at any constant Reynolds number between Re = 40 and Re = 140. Soares



et al. [25] also investigated the non-Newtonian flow across a heated circular cylinder
numerically that the frictional drag component increased with the flow-behavior index

n and the dependence of this component on n increased with Reynolds number.

Sivakumar et al. [26] conducted transient numerical investigation about effect
of power-law index on the critical Reynolds number for 2D steady to unsteady flow
around an unconfined circular cylinder over a range of power-law index (0.3 < n < 0.8).
Stabilizing influence on the flow is observed in shear thinning fluids, and increasing
shear thickening behavior is prone to induce asymmetry. Critical time-averaged mean
drag coefficient, Strouhal and Reynolds numbers are expressed by numerical expressions

in terms of power-law index.

The steady and incompressible flow of power-law fluids past a circular cylinder
is investigated numerically for power law index 0.2 < n < 1.2, for blockage ratios
B = 0.037,0.082,0.164 , for Reynolds numbers Re = 1,20,40 with a stream func-
tion/vorticity formulation by Chhabra et al. [27]. They found a critical power law
index, reducing with Reynolds number (inversely proportional), which makes the drag
coefficient independent of blockage ratio. A high blockage ratio brings about an in-
crease in drag alongside a decrease in separation angle for n > 0.9. Furthermore, Rao
et al. 28] worked on numerical simulations of the 2D laminar flow of power-law fluids
over elliptical cylinders with different aspect ratios, and they demonstrated that the
power-law index is increased from 0.3 to 1.8; the drag coefficient raises continuously
with Reynolds number between 30 and 200. The two-dimensional and unsteady free
stream flow of power law fluids past a square cylinder investigated numerically by Sahu
et al. [29] in the range of 60 < Re < 160 and 0.5 < n < 2.0. They obtained that no
leading edge separation is seen to occur in shear-thickening fluids, at least in the ob-
served range of Reynolds number and power law index. While the drag coefficient
decreases with the increasing Reynolds number in shear-thickening fluids, because of
the occurring recirculation on the surface of the cylinder in shear-thinning fluids, the

drag coefficient goes up with the increasing Reynolds number.



10

The effects on the fluid tunnels by confining walls has been termed as blockage,
and the blockage ratio is defined as B = D/H, where D is the cylinder diameter and H
is the height between lateral walls. There are quite few experimental studies about wall
effects on drag reduction and wake formation, also relatively more numerical studies

in literature.

Anagnostopoulos and Iliadis [30] studied blockage effects on the viscous flow past
a circular cylinder numerically at Reynolds number Re = 106 for blockage ratios of 0.05,
0.15, 0.25. As the blockage ratio increases,the Strouhal number, the separation angle
and drag force increase considerably. Nevertheless, 90% increase of the fluctuating lift
force is observed by increasing blockage 0.05 to 0.25. Similarly, steady-state numerical
computations was carried out by Chakraborty et al. [27] with blockage ratio range
0.05 < B < 0.65 and Reynolds number range 0.1 < Re < 200. They showed that
both separation angle and length of the recirculation region decreases with increasing
blockage ratio, and total drag coefficient increases with increasing wall confinement

because of a significant increase in pressure drag.

Sahin and Owens [31] studied wall proximity effect on flow past a circular cylinder
in Reynolds number 0 < Re < 280 and in blockage ratio 0.1 < B < 0.9, and they found
out at least three different neutral stability curves for B < 0.9. Alongside the neutral
stability curves, they presented increasing drag coefficient and the critical Reynolds
number for the primary instability as blockage ratio increases. Kumar and Mittal [32]
also showed increasing both the critical Reynolds number for the onset of laminar
vortex shedding and the vortex shedding frequency with increasing blockage ratio by

using linear stability analysis.

A Floquet stability analysis and empirical formulation were used to investigate
the dynamics of the periodic 2D flow past a circular cylinder confined in a channel by
Griffith et al. [33] They studied in Reynolds number 0 < Re < 200 and in blockage
ratio 0.1 < B < 0.9, and emphasized that 2D beating phenomenon is observed for
the blockage ratio 0.5 at a Reynolds number lower than any Reynolds number where

mode-B type instability is seen. It was also found that the vortex shedding frequency
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is increased with increasing blockage ratio.

Huang and Feng [34] also studied 2D steady flows of a viscoelastic fluid past
a circular cylinder numerically for the Reynolds number between 0.1 and 10, and
their results indicated that the wall effect shortens the wake and increases the drag;
however, this effect was reduced by fluid elasticity. For small blockage ratios, elasticity
increases the drag and lengthens the wake for all Reynolds number that was tested.
Shear-thinning decreases the drag and shortens the wake for all Weissenberg Numbers,

blockage ratios and Reynolds Number they tested.

A fairly detailed investigation with finite-volume method for the simulation of
time-dependent viscoelastic flows over a circular cylinder was carried out by Oliveira
[35] within the Reynolds number range of 50 < Re < 120 and the Deborah number
range of 0 < De < 80, using constant viscosity FENE-CR model. He claimed both the
vortex formation length and the shedding period are increased with fluid elasticity, and
the vortex formation length can be extended more by increasing extensibility parameter
(L? was investigated from 100 to 1200) of the constitutive model. Polymer addition
to a Newtonian solvent also leads to reduction in root mean square (rms) of lateral

velocities, and this may be cause to drag reduction.

Drag enhancement and drag reduction regimes are discussed numerically by Xiong
et al. [36], detail along with their flow properties such as the pattern of vortex-shedding,
the variation of lift as well as changes in pressure, elongational rates, and polymer
stress profiles at a blockage B = 0.1, using the Oldroyd-B constitutive model. When
the Reynolds number is smaller than the transitional Reynolds number (Re = 40), the
drag increases as the Weissenberg number (i) increases in this case. In addition,
they observed three different regimes which are drag reduction, drag enhancement and
Newtonian drag for Reynolds number higher than 40. As the relaxation time of fluid
increases, numerical simulations and soap film experiments show that the fluid elasticity
may lead to flow instabilities. They drew the drag map of the cylinder in an adequate
Reynolds- Weissenberg parameter space. Two threshold Weissenberg numbers as a

function of Reynolds number used to identify behavior of the drag. Drag behaves
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likewise Newtonian drag up to first threshold Weissenberg number, and drag reduction
is observed between first and second thresholds. Above second threshold W4, drag
enhancement of the cylinder increases as the Weissenberg number increases and can
be reached 250% . Xiong et al. also concluded that the drag reduces with increasing
Weissenberg number for high Reynolds number polymer solutions till drag reduction
reaches its maximum point, which is around %50 drag reduction; and after that point,
increasing Weissenberg number has an adverse effect that gives rise to an increase in

the drag coefficient.

The numerical simulation of the transient two-dimensional inertial viscoelastic
flow around a circular cylinder was investigated at Reynolds number Re = 100 and
Weissenberg number Wi = 80 by Norouzi et al. [37]. Giesekus constitutive model was
used to compare the results of FENE-CR and Newtonian fluid models. The results
reveal that fluid elasticity induces an increase in the size of recirculation region and a
decrease in the amplitude and vortex shedding frequency. They also investigated the
impact of mobility factor on the flow stability, and it was concluded that increasing
the mobility factor results in a significant increase in the vortex shedding frequency

and flow instability.

In addition, Rao et al. [38] studied the role of wall confinement on the flow
of power-law fluids past a circular cylinder numerically for the range of conditions
Reynolds number 40 < Re < 140, power-law index 0.4 < n < 1.8 and blockage ratio
0.167, 0.25 and 0.5. They indicated wall effect leads to delay the onset of the vortex
shedding for Newtonian and shear-thickening fluids; however, any consistent relation-
ship is not specified for shear-thinning fluids. While the value of lift force is zero for the
steady flow, they concluded that its instant value goes up with the Reynolds number in
the unsteady flow condition for the all studied blockage ratios and power-law indexes.
Besides, increasing drag coefficient with the increasing blockage ratio, they deduced
that time-averaged drag coefficient increases with the increasing value of power-law in-
dex for fixed values of Reynolds number and blockage ratio. Moreover, they observed
decrement of the average drag coefficient with increasing Reynolds number for constant

values of the power-law index and blockage ratio. Nonetheless, the instant values of
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lift force and Strouhal number (St) decrease with increasing blockage ratio.

1.2.2. Non-Isothermal Studies for Flow Around Cylinder with Polymer/Sur-
factant Additives

Some turbulent pipe flow experiments [39,40] show that using polymer additives
lead to reduction in friction, however the rate of heat transfer is deteriorated under
their action [41,42]. Even though for laminar flow, significant increase in the heat
transfer rate is observed experimentally for non-circular ducts [43-45] without any
effect on friction factor, no heat transfer enhancement is recorded for laminar circular
pipe flow [1]. In the literature, some experimental and numerical studies had been
carried out related to external fluid flow from a circular heated cylinder submerged
in polymer /surfactant solutions to study non-Newtonian flow and heat/mass transfer

properties of these structured fluids [46].

Shah et al. [47] conducted an experiment with carboxy- methyl cellulose (CMC)
solutions with the concentrations of 0.09%, 0.22%, 0.35%, Prandtl number order of 100
and Reynolds number between 102 to 10* to investigate heat transfer from a circular
cylinder to a power-law fluid. They observed that the local Nusselt number for power-
law fluids with n < 0.8 on the cylinder surface is considerably higher than Newtonian
fluid. James and Acosta [48] investigated the laminar flow of dilute polymer solutions
around a circular cylinder at Reynolds numbers less than 50, and they deduced that
viscoelastic effects lead to an increase in the drag coefficient and a decrease in the
heat transfer for high velocities. Moreover, Ghosh et al. [49] conducted experiment
to observe effects of concentrated polymer solutions (0.5% to 1.5%) on the heat and
mass transfer in Reynolds number 0.0018 < Re < 513, and they could not observe any
asymptotic trend as distinct from study of James and Acosta [48]. Ghosh et al. [50]
also presented correlation for the average Nusselt number in the range of conditions
0.71 <n <1 and Re <513. Hoyt and Sellin [51] found experimentally that increasing
concentrations of dilute polyacrylamide solution (5 to 165 ppm) decreases the heat
transfer coefficient at Reynolds numbers between 4000 and 40000, but solution viscosity

is also increased correspondingly. They did not observe any perceptible difference
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between water and polymer solution when an increase of viscosity was taken into

account.

Rao [52] carried out an experimental study about non-Newtonian flows over a
heated cylinder over a range of generalized Reynolds numbers 102 < Re < 5800,
generalized Prandtl numbers 6.5 < Pr < 79 and power-law index 0.6 < n < 1. It was
found that increasing polymer concentration of purely viscous non-Newtonian fluids
causes to decrease the peripherally averaged heat transfer coefficient, and the local
Nusselt number variation with the angle measured from stagnation point has only one
minimum point. Besides, the new correlation of the averaged Nusselt number was

proposed for purely viscous power-law fluids.

A few numerical studies [25,53] about forced convection heat transfer from a
circular cylinder to power-law fluids under unconfined condition in the steady flow
regime (Re < 40) show that both the surface-averaged and local Nusselt numbers
enhance with increasing shear-thinning behavior. In addition, decreasing value of the

local Nusselt number with decreasing Prandtl number was observed.

In an extensive study, two-dimensional time dependent forced convection heat
transfer in power-law fluids from a circular cylinder was studied by Patnana et al. [54]
in the following range of conditions: Reynolds number 40 < Re < 140, Prandtl number
1 < Pr <100, power-law index 0.4 < n < 1.8. They found that irrespective of the
power-law index, the averaged Nusselt number increases with Reynolds or Prandtl
number. They emphasized that shear thinning fluids have higher heat transfer rates
while shear thickening fluids have lower rates of heat transfer in comparison with
Newtonian fluid. Dependence of the power-law index on the local and time-averaged

Nusselt numbers were also plotted.

1.2.3. Proposed Mechanisms of Drag Reduction

Even though there are pretty much studies about laminar and turbulent drag

reduction, the mechanism of polymer-induced drag reduction still remain uncertain.
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Lumley [55] who was the first explicator of the drag reduction mechanism in 1969 sug-
gested ‘time criterion’ phenomenon which says that drag reduction is strictly affiliated
with relaxation time of the polymer solution. They stated drag reduction occurs in
case of higher relaxation time of the polymer solution than the turbulent timescale
of motion. In this case, drag reduction comes from the extensional viscosity which
is enhanced greatly by ‘coil-stretch’ transition under the time criterion. Another the-
ory proposed by Landahl [56] suggests that the drag reduction mechanism is based on
anisotropy effects in the relation between stress and deformation fields, due to extended
polymers. A third explanation was given by de Gennes [57] and Joseph [58,59], where
elastic effects play a major role in drag reduction, and the elastic effect manifests it-
self in polymers property of storing elastic energy, leading to the suppression of small

eddies in turbulence.

There are in the literature experimental [60] and direct numerical simulation
studies [61] on turbulent drag reduction supporting the theory based on the effect
of increased elongational viscosity. However, the experimental observation and direct
numerical simulation results given by Toonder et al. [62] show that drag reduction de-
creases with polymer flexibility and after the onset of drag reduction, elasticity has even
an adverse effect. They suggest that the main factor for drag reduction by polymer
additives is the anisotropic stress due to extended polymers. Direct numerical simu-
lations for turbulent channel flow reported by Gillissen [63] compare the behavior of
rigid and flexible polymers and also indicate that polymer elasticity plays a minor role
in drag reduction mechanism. On the contrary, there are other experimental [64, 65]
and numerical studies [66] suggesting that drag reduction for polymeric solutions arise
from the elastic properties of the polymer macromolecules. Besides, it was suggested
that drag reduction is rather linked with the thickened viscous layers near to the duct

wall [67].

The onset criterion is predicted in the study of Min et al. [66], and they hypoth-
esized that the polymer molecules absorb the turbulent kinetic energy near the wall,
then transform it into elastic energy when drag reduction occurs. If the relaxation

time of the polymer was long enough, this elastic energy would be raised upward by
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near-wall vortical motion and dissipated into buffer or log layers; thereby, the near-
wall turbulence is diminished, and thus caused to drag reduction. In spite of the fact
that there are many proposed theoretical mechanisms of drag reduction by different re-
searchers, drag reduction mechanism in the presence of polymer solutions is still nearly

unknown.

1.3. Objective

Even though there are many studies about internal flow with polymer additives,
shortage of polymer induced external flow studies in laminar to transition regime
restrict technological advancements and applications. Therefore, unconfined lami-
nar/transition flows over circular cylinder is considered for this study, and shear-
thinning, shear-thickening and viscoelasticity impacts on laminar/transition flow is
studied numerically. The basic aim of this study is a parametrical analysis and compari-
son of similar effects in laminar periodic vortex shedding and transition flow regimes for
external flows. Therefore, two-dimensional numerical simulations are considered for un-
confined non-isothermal /isothermal flow of a dilute polymer/surfactant solution over a
circular cylinder. Purely shear thinning/thickening, purely elastic and combined shear
thinning and elastic effects are compared in terms of the changes in various flow features
such as drag and lift coefficients, vortex shedding frequency, separation point location,
vortex formation length and wake region structure for periodic vortex and transition
regimes, through the use of Newtonian, generalized Newtonian (power-law), Oldroyd-
B, Giesekus and FENE-P constitutive models. While the power-law and Oldroyd-B
models display purely shear thinning/thickening and purely elastic effects, respectively,
the combined effects are monitored by the viscoelastic Giesekus and FENE-P models,
which display shear rate dependent viscosity property through anisotropy and finite
extensibility parameters, respectively. This study also deals with wall confinement im-
pact on Newtonian and power-law fluids past a circular cylinders in the blockage ratio

range 0.02 < B < 0.5.

Additionally, the unconfined non-isothermal flow past a circular cylinder with

both inelastic and viscoelastic non-Newtonian properties is considered to investigate
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the effects of polymer/surfactant additives on forced convection heat transfer proper-
ties in terms of heat transfer enhancement or deterioration in periodic vortex shedding.
The local and averaged heat transfer coefficients and temperature fields in the peri-
odic vortex shedding regime under uniform (constant) wall temperature condition are

revealed.

1.4. Outline of the Thesis

The thesis has four major chapters. After this introduction chapter with back-
ground and objective, mathematical formulation and solution method are given in
Chapter 2 which gives insight about formulation of CFD simulations. In Chapter 3,
results are discussed on the basis of output parameters of non-isothermal/isothermal
flow calculations in detail. Finally, Chapter 4 concludes the thesis by a summary of

the results and future works.
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2. MATHEMATICAL FORMULATION AND SOLUTION
METHOD

2.1. Domain and Geometry

In this study, cylinder with diameter D is placed symmetrically between upper
and lower walls in a rectangular channel, and the cylinder is exposed to a free stream
with uniform inlet velocity U. No slip condition is applied on cylinder surfaces, as well
as on confining boundaries. Moreover, outlet pressure is set as 0 and uniform velocity
inlet boundary condition is selected according to Reynolds number. The distances are

illustrated on the Figure 2.1 are taken as 10D and 25D respectively.

For non-isothermal flow condition, uniform inlet velocity U and constant temper-
ature T' = Ty are imposed at the inlet of the flow domain. No slip condition is applied
for velocity on the upper and lower walls. The wall temperatures are set to T' = Tj. On
the surface of the cylinder, the no-slip condition is used, and the uniform temperature

is T =T,. At the outlet,the pressure and heat flux are set to zero.

Blockage ratio (B) is defined as the projected area of the object in the flow direc-
tion to the cross-sectional area of the computational domain. According to Zdravkovich
[68], in order to avoid the upper and lower stationary walls effects on the unconfined flow
structure near the cylinder, the blockage ratio B which is defined as D/H should not
be more than 0.1, it is used as 0.02, in this study for the unconfined case. Additionally,
in order to examine wall effect on Newtonian and Non-Newtonian inelastic (power-law)
fluid flow around a circular cylinder, domains with different heights are used for subse-
quent investigations. It is also stated that for the condition of 0.1 < D/H < 0.6, block-
age considerably alters the flow [68]; therefore, the range of condition 0.02 < D/H < 0.5

is studied for Newtonian and power-law fluids to investigate confinement effect.
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I, No slip

— No slip on cylinder Qutlet p:O
u=10d ) Xd=25d

No slip

Figure 2.1. Computational domain and boundary conditions.

2.2. Governing Equations and Constitutive Models

Considering a dilute solution of a base fluid (water) with polymer/surfactant
additives, the mass conservation, linear momentum and energy equations under the

absence of body forces for an incompressible flow are given respectively as,

V.V =0 (2.1)

DV =
—=-V V. T 2.2
Py p+ (2.2)
where p is the fluid density, V is the velocity, p is pressure, ¢ is the time and T is the

extra stress tensor. For non-isothermal flows, energy equation is defined as,
Dr _ =
pey—=kV?*T +7r+57:D (2.3)
Dt
where ¢, is the specific heat capacity, 7" is the temperature, r is the heat generated by

the external sources which is neglected, k is the thermal conductivity, the term & : D

represents the viscous dissipation which consists of the total (Cauchy) stress tensor
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o= —p? + ?, and the rate of deformation tensor, D.

For Newtonian case, the stress tensor can be defined as:

el
Il
DO
3
)

(2.4)

where T is unit tensor and 7 is the fluid viscosity. In Power-law, or Generalized New-

tonian model, the stress tensor T in the Navier- Stokes equations becomes:

=2(4)D = my"'D (2.5)

el

where 7 is the shear rate which is defined by ¥ = 4/ %ﬁ : ﬁ, m is the consistency factor,
and n is the power-law index. When n equals to 1, the model represents the Newtonian
and viscoelastic fluids; when 7 is less than 1, the fluid is shear thinning; and when n

is greater than 1, the fluid is shear thickening [9)].

The modified Reynolds number is defined as,

2—nDn
Re= """ (2.6)
m
where U is the velocity scale and D is the length scale.
The modified Prandt number (Pr) is,
cm U na1
Pr=2_"(= 2.7
r==-(3) (2.7)

Weissenberg number, Wi = A\U/D , is the dimensionless parameter which indi-
cates the value of elasticity for viscoelastic fluids. It is the ratio of the elastic forces
to viscous forces [69]. As it is understood from the definition of Weissenberg number,

Wi = 0 represents purely viscous fluid while Wi = oo indicates purely elastic response.
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For viscoelastic models, the extra-stress tensor is the sum of the viscoelastic

component f and the purely viscous component ?2 as,

Oldroyd-B model is one of the simplest differential viscoelastic model which is
slightly better than Maxwell model. Implication of the purely stress component of the
extra stress results in better behavior of the numerical scheme. For the Oldroyd-B

Model, the viscoelastic component (f) is calculated as,

1<

T+ ATi=2mD (2.9)

~

\Y
where the symbol () represents the upper convected derivative, 7, is the viscosity of the

polymer /surfactant additive, and A represents the relaxation time. The purely viscous

component (ﬁ) is given by,
Ty = 20,0 (2.10)

where D is the rate of deformation tensor, and 7, is the viscosity of the purely viscous

part. The relation between n; and 7, is expounded by 8 which is the viscosity ratio,

— 772
n2+m

(2.11)

Viscosity ratio () denotes the contribution of the solvent viscosity to the total

solution viscosity [9].

Giesekus model is used for more realistic approach to model viscoelastic fluid. It
exhibits both shear thinning and a non-quadratic first normal-stress difference at high

shear rates [9].
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f is computed in the Giesekus model from;

v

= A—= —= frt =

(T+ 2T Ty + A Th=2mD (2.12)
m

The Giesekus model contains four parameters: the dimensionless “mobility fac-
tor” a which is associated with anisotropic hydrodynamic drag and Brownian motion,
the solvent and polymer contributions to the zero shear rate viscosity 7, and 7, a
relaxation time A. Mobility factor («) indirectly connected with concentration of the
solution as a = 0 represents dilute solution whereas a = 0.5 represents concentrated
solution. It should be noted that, condition of 0 < « < 0.5 is required to provide
realistic properties. In addition, « is also related to shear thinning character in such a
way that the reduction in the shear viscosity with Weissenberg number increases when

« is increased [9)].

In the FENE-P model molecules are described as dumbbells, each consisting of
two spheres linked together by a spring. Differently from the Maxwell model, the
springs can extend within finite limits. The model predicts a realistic shear thinning
of the fluid and a first normal stress difference [9], additionally, it provides a finite

elongational viscosity for all magnitudes of extension rates [70].

In the FENE-P model, the viscoelastic component of the stress tensor f is defined

as,

~
T + A(%) = 2am, (%)5 - am% G)? (2.13)

where f is a function of the stress invariants which is computed from the following

equation;

f(f) _ L* + ()L/chT;Tr(Tl)

(2.14)
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where a = L?/(L? — 3) is a constant, and L is the finite extensibility parameter which
is the ratio of maximum length of the polymer chain to its length at rest. When L
is increased to infinity, the constant viscosity Oldroyd-B model is recovered, and the

model exhibits more and more shear thinning with decrease in the finite extensibility

[71,72].

In non-isothermal calculations, the effects of small temperature difference between
the cylinder surface and non-Newtonian fluid on the flow structure and heat transfer
parameters are examined in detail. AT = T,,—Ty = 2K, is applied to provide minimum
changes in the fluid properties (p,n, A). The Williams-Landel-Ferry (WLF) model is
used to specify temperature dependency of the physical parameters (relaxation time A

and total viscosity 1) as [73],

ANT) = MTo) f1(T) (2.15)

n(T) = n(To) f1(T) (2.16)
where the shift factor f; is defined by,

(2.17)

Si(T) = exp< __al-T) )

Cz—|— (T—To)

where T is a reference temperature, and the constants ¢;, ¢y are chosen as ¢; = 5,
cs = 150 which are appropriate for the temperatures far from the glass transition
temperature, leading to low relaxation times [73]. In this study, a small temperature
difference (AT = T, — Ty = 2K) is considered between the cylinder surface and the
fluid. Figure 2.2 shows the variation of relaxation time (\) and total viscosity () with

temperature according to WLF model.
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T Ty + 0.5 Ty + 1 To+ 1.5 Ty + 2

Temperature [K]

Figure 2.2. WLF function for ¢; = 5 and ¢, = 150.

The local Nusselt number Nu(#) which changes from one point to another on the

surface of the cylinder is evaluated from the temperature fields as,
Nu(f) = —= (2.18)

where 6 is the angle measured from the front stagnation point, A is the convective heat
transfer coefficient which is derived from the local heat flux. Due to the periodic nature
of the flow, time-averaged values of 10 to 15 settled periodic cycles are considered in

the calculation of the local Nusselt number.

The overall surface averaged Nusselt number (Nu) is calculated by integrating

the local Nusselt number over the surface of the cylinder as,

_ 1 27
Nu = —/ Nu(0)do (2.19)
2w Jq

2.3. Solution Method

Finite Element method(FEM) based solver ANSYS Polyflow is used to calculate
differential equations which are defined in the flow domain. Boundary sets are defined
after dividing 2D domain into finite elements as quadrilateral or triangle grids. Internal
boundaries or connectors are intersections between 2 finite elements as seen in Figure

2.3.
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Figure 2.3. Definition of finite element [74].

Table 2.1.

25

Mesh independency study for Newtonian fluids (Re = 100).

B =0.02 B =0.05 B=0.1 B=02 B=105
Grid Cp, Nu | Grid Cp | Grid Cp Grid Cp | Grid Cp
12307  1.32 13.69 | 8532 1.31 | 11552 1.54 | 23092 2.09 | 10592 5.88
27212 1.37 13.83 | 26132 1.43 | 24302 1.62 | 41412 2.14 | 25084 5.89
52262  1.37 13.83 | 48334 1.44 | 41652 1.64 | 75292 2.14 | 36003 5.89
105252 1.38 13.82 | 76432 1.45 | 63752 1.65 | 104392 2.15

For space discretization, linear interpolation for pressure and quadratic inter-

polation schemes for velocity and temperature variables are used. For all following

calculations are carried out by using implicit Euler time integration method. EVSS

interpolation is used in calculations of viscoelastic constitutive equations; however, it

is not applicable to FENE-P viscoelastic model. Therefore, the DEVSS method is pre-

ferred in FENE-P calculations [74]. Typical time step for calculations is in the order

of 10~%. Simulations completed in 8 to 120 hours with intel i7-5930K depending upon

Reynolds number and using constitutive model.
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Table 2.2. Mesh independency study for shear thinning fluids (Re = 100,n = 0.6)

B =0.02 B =0.05 B=0.1 B=02 B=105
Grid Cp Nu | Grid Cp | Grid Cp Grid Cp | Grid Cp
12307 1.2 16.79 | 8532 1.18 | 11552 1.33 | 23092 1.71 | 10592 3.71
27212 121 16.93 | 26132 1.25 | 24302 1.39 | 41412 1.76 | 25084 3.84
52262 1.21 16.94 | 48334 1.25 | 41652 1.40 | 75292 1.77 | 36003 3.86
105252  1.21 16.93 | 76432 1.26 | 63752 1.40 | 104392 1.78

Table 2.3. Mesh independency study for Oldroyd-B fluids

(B = 0.02, Re = 100, Wi = 1, 8 = 0.9).

Grid 12554 27564 45836

Cp
Nu

1.71
11.68

1.72
11.75

1.72
11.76

2.4. Mesh Independency Study and Validation

Newtonian flow at different Reynolds numbers ranging from 80 to 300 are inves-

tigated over a circular cylinder located in the above computational domain. X,/D

and X,/D are taken as 10 and 25 respectively, and blockage ratio (D/H) is taken

0.02 for the test cases as suggested in Zdravkovich’s limitation [68] as unconfined flow

condition; afterwards, domains with blockage ratios 0.05, 0.1, 0.2 and 0.5 are analyzed

in order to understand wall proximity effects on the flow structure and parameters.

In this study, finite-element computational fluid dynamics (CFD) program, AN-

SYS Polyflow, is used for simulating Newtonian and non-Newtonian flow applications.

Convergence test value is set to 107*. Then computational meshes are generated by

ANSYS Icem-CFED for determining finer mesh grid to get accuracy.
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Figure 2.4. a) 27564 grid for 0.02 blockage ratio. b) Enlargement of computing mesh.

For grid independency, the computational meshes with different number of ele-
ments, generated by ANSYS Icem-CFD, are tested for the Newtonian, non-Newtonian
power-law (n = 0.6) and Oldroyd-B (Wi = 1) cases at the value of the Reynolds num-
ber Re = 100. In Table 2.1,2.2 and 2.3 meshes with underlined grid numbers which
have less than %1 difference with finest grids are found appropriate to perform analy-
ses in terms of accuracy and computational availability. The average Nusselt number
values are checked only for B = 0.02 as non-isothermal flow is investigated with uncon-
fined flow condition. Apart from number of grids, some mesh criteria such as aspect

ratio, skewness and smoothness are taken into consideration in mesh generation.

After mesh generation and grid independency tests (Table 2.1 and 2.2), con-
vergence of the solutions is tested with respect to data published in the literature.
Newtonian (n = 1) drag coefficient value for Re = 100, which is around 1.37, is found
to be close to the experimental data values published in the literature for unconfined
flow around a circular cylinder [75,76]. Drag coefficient values calculated using the

power-law model are also compared with the numerical work of Patnana et al. [24],
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and good quantitative agreement (Cp ~ 1.2) is found for n = 0.6. Figure 2.4 shows the
computational structured mesh chosen for the simulations. For non-isothermal flow,
the Newtonian result for average Nusselt number (Nu = 13.83) at Re = 100, Pr = 10 is
in good agreement with the experimental correlations presented in [77,78]. The power-

law (n = 0.6) result (Nu = 16.93) is similar to the value obtained in the numerical

study by Patnana et al. [54].
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3. RESULTS AND DISCUSSION

Newtonian and inelastic (power-law), elastic (Oldroyd-B, FENE-P and Giesekus)
non-Newtonian fluid models are adopted in the flow simulations. Pure shear thin-
ning/shear thickening effects are monitored through the inelastic power-law model.
The viscoelastic Oldroyd-B is a constant viscosity model, unable of predicting shear
thinning, which therefore predicts purely elastic effects. This model is also derivable
from a microstructural model which consists of Hookean dumbbells representing poly-
mer molecules in a Newtonian solvent. The dumbbells are formed of two identical
beads and an infinitely extensible connecting spring leading to an unbounded exten-
sional viscosity at finite extension rates, in elongational flow regions. The combined
shear thinning and weakly elastic effects for dilute polymer/surfactant solutions, are
investigated through the Giesekus and FENE-P viscoelastic models. The Giesekus
model includes the effects of anisotropic hydrodynamic drag and Brownian motion on
polymer/surfactant molecules through the mobility factor («) [9]. This model displays
shear thinning behavior which increases with increasing a. The FENE-P model is
based on finitely extensible non-linearly elastic springs connecting the beads for the
dumbbell representing the polymer/surfactant molecules. The finite extensibility pa-
rameter L is the ratio of the length of a fully extended spring to its equilibrium length.
When L is infinite, the Oldroyd-B model is recovered [9]. This model also displays
increasing shear thinning properties with decrease in the finite extensibility parameter
L. Both the Giesekus and FENE-P models lead to bounded extensional viscosities in
elongational flow regions [9]. The elongational viscosity increases with decrease in the
mobility factor for the Giesekus model, and with increase in the finite extensibility

parameter for the FENE-P model [71].

For the two-dimensional flow simulations, the Reynolds number range is 80 <
Re < 300, which covers the laminar periodic vortex shedding and transition flow
regimes. The power-law index n is chosen in the range 0.6 < n < 1.2, to cover and
compare shear thinning and shear thickening effects. For a dilute polymer/surfactant

solution the viscosity ratio is fixed at § = 0.9 and weakly elastic effects are repre-
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sented by the Weissenberg number in the range of 0 < Wi < 1.2. The flow fields
obtained by the simulation results are displayed and discussed in terms of the drag
and lift coefficients, the vortex shedding frequency (Strouhal number) and the onset
of vortex shedding, the separation angle, the vortex formation length, and the wake

region streamline structure. Wall confinement effect is also investigated.

Non-isothermal simulations are carried out to reveal and compare different types
of non-Newtonian effects on heat transfer characteristics for the vortex shedding flow
past a cylinder due to polymer/surfactant additives. Pure shear thinning viscosity
effects are monitored through the inelastic power-law model for the power-law index
range 0.6 < n < 1. The constant viscosity Oldroyd-B model is used to reveal the effects
of pure viscoelasticity on heat transfer properties. The combined elasticity and shear
thinning effects are reflected by the Giesekus and FENE-P models through the mobility
factor o and the finite extensibility parameter L, respectively. In non-isothermal flow
calculations, the Weissenberg number is fixed at Wi = 1 in consideration of a weakly

elastic dilute solution for viscoelastic models. The Prandtl number is fixed at Pr = 10.

3.1. Isothermal Flow Calculations

3.1.1. Drag and Lift Coefficients

Different methods for drag calculation have been used in order to obtain similar

values with experimental studies in the literature.

Firstly, drag and lift coefficients are calculated by using conventional method

which are defined as in Equations 3.1 and 3.2.

2F

Cp = pU_;;) (3.1)
2F

C, =—L (3.2)

~ pU2D
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Figure 3.1. Evolution of lift and drag coefficients at Re = 100 for Newtonian and
power-law fluid a) n=1b) n=0.8¢c) n=0.6d) n =1.2

where Fp and Fj are the total drag and lift forces acting on the cylinder per unit

length, respectively.

Figs. 3.1a-3.1d show the time-variation of lift and drag coefficients for Newtonian
and non-Newtonian power-law fluid flows at Re = 100. After an initial period, the
values of the coefficients settle into periodic oscillations. The time averaged drag
coefficients and the root-mean-square (rms) values of lift coefficients are evaluated

from after 10 to 15 steady periodic cycles.

Experiments and 2D numerical studies in Figure 3.2 [79,80] showed that rms
of lift increases up to Reynolds number Re = 300 (with a value of C =~ 0.6 for
Re = 300) for Newtonian flow, and these values and trends are matched with results
of the present study which are showed in Figure 3.3a. The values of the lift coefficient
also increase with increasing Reynolds number for the power-law shear thinning and

shear thickening fluids. It can also be observed in Figure 3.3a that the lift coefficient
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Figure 3.3. a) Variation of rms values of lift coefficient with Reynolds number for
different power-law indeces b) Variation of time-averaged drag coefficient with

Reynolds number for different power-law indeces

increases with increasing power-law index at a fixed Reynolds number. These trends
for power-law fluids were also observed in previous numerical study in the literature
for the Reynolds number range 40 < Re < 140 in the case of unconfined flow past a

circular cylinder [24].

The predicted drag coefficient values for Newtonian fluids shown in Figure 3.3b
are in agreement with Wieselsberger’s experimental data [75]. It can also be observed
that shear thickening increases the drag coefficient while shear thinning decreases it

up to Re = 300. This trend can also be found in the study Patnana et al. [24] for
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Figure 3.5. a) Time averaged drag coefficient variation with Reynolds number for
different models b) Red: Friction component of drag coefficient (Cp;), blue: Pressure

component of drag coefficient (Cp,), black: Total drag coefficient (Cp)

the Reynolds number range of 40 < Re < 140. Drag reduction is expected for shear-
thinning fluids due to reduction in viscosity with increasing shear rate in the boundary
layer regions close to the cylinder’s wall. Moreover, shear thinning effect reduces with
increasing the Reynolds number number, i.e. the change in the power-law index has

smaller effect on drag coefficient in the transition regime.

Figure 3.4a presents the variation of the drag coefficient under elastic effects for
the Oldroyd-B fluid at Re = 100, and in the range of 0 < Wi < 1.2 . From Figure
3.4a it can be deduced that the drag coefficient increases with increasing elasticity

at constant Reynolds number (Re = 100). In Figure 3.4b, the behavior of the drag
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Figure 3.6. a) Effect of mobility factor on the time averaged drag coefficient for
Giesekus fluid at Wi = 1 b) Effect of extensibility parameter on the time averaged
drag coefficient for FENE-P fluid at Wi =1

coefficient is displayed and compared for the Newtonian (Wi = 0) and the Oldroyd-B
(Wi=0.5and Wi = 1) fluids in the Reynolds number range of 80 < Re < 300. Elastic
effects lead to increase in drag with respect to Newtonian case for the entire range of

periodic vortex shedding and transition regimes, as observed in Figure 3.4b.

In Figure 3.5a the drag coefficient trends are compared for Newtonian and non-
Newtonian inelastic power-law and elastic Oldroyd-B, Giesekus and FENE-P models
in the periodic vortex shedding and transition flow regimes. The viscosity ratio and the
elasticity parameters are fixed. The power-law index, the mobility factor and the finite
extensibility parameters are chosen from typical values for a dilute solution. It may
be observed that the constant viscosity Oldroyd-B fluid predicts a much higher drag
coefficient than the Newtonian and other non-Newtonian models. Higher shear thin-
ning in the power-law model (n = 0.6) leads to drag reduction compared to Newtonian
fluid in the periodic vortex shedding, however with a decrease in reduction for higher
Reynolds numbers. The Giesekus and FENE-P models predict much lower drag coef-
ficients compared to Oldroyd-B fluid due to effective shear thinning, although there is
no significant difference in the trend and the values compared to Newtonian case in the
periodic regime. However these models exhibit some drag reduction in the transition

flow, compared to Newtonian fluid.
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In Figure 3.5b the variations in the pressure (form) drag (Cp,) and the friction
(viscous) drag (Cpy) coefficients are displayed to observe separately their contributions
to the total drag, for the Newtonian, power-law shear thinning (n = 0.6) and the
Oldroyd-B (Wi = 1) fluids. The shear thinning fluid has the lowest friction drag and
the elastic fluid has the highest pressure drag contributions. It may be deduced that
total drag reduction due to shear thinning is due to reduction in friction drag as a
result of decrease in apparent viscosity in the boundary layer where velocity gradients
are higher. Also, the increase in drag for the elastic fluid may be associated with the
increase in pressure (form) drag, which can also be confirmed by the change of the flow

separation point location, as will be shown in the subsection 3.1.3.

Effects of the mobility factor () for the Giesekus model and the extensibility
parameter (L) for the FENE-P model on the drag coefficient are demonstrated in
Figure 3.6a and Figure 3.6b respectively at Weissenberg number W¢ = 1 and Reynolds
number Re = 100. The drag coefficient is observed to decrease with increasing mobility
factor (o) at constant elasticity in the Giesekus model due to anisotropic effects leading
to shear thinning, as seen in Figure 3.6a. It can also be deduced from Figure 3.6b that
increasing the extensibility parameter (L) in the FENE-P model at constant elasticity
(Wi =1) increases the drag coefficient. As it has been mentioned before, the increase
in finite extensibility leads to a reduction in shear thinning behavior. Therefore, the
increase in the anisotropy parameter in the Giesekus model, and the decrease in the
finite extensibility parameter in the FENE-P model leading to shear thinning reduce

the drag coefficient in periodic vortex shedding.

Unlike conventional drag coefficient calculation (Equation 3.1), Rajagopalan and
Antonia [81] suggested that Reynolds normal stresses could be negligible at 30 diam-
eters behind a circular cylinder. F' is kinematic streamwise force component per unit

length of the cylinder calculated by,

Fe /_Oo U(U = Us) + (@ — 0%)]dy (3.3)
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Figure 3.7. a) Mesh and 21 points (10D to —10D) at 24D away from cylinder
(B =0.02) b) Time-averaged U velocity variation throughout the y axis at 24D away
from the cylinder for Re = 100.

where U is the local mean velocity, Uy, is the freestream velocity, u is the longitudinal

velocity fluctuation and v is the lateral velocity fluctuation.

Consequently, the drag calculation turns into;

>~ U U Y o 2 2 Y
eo=2 [ - gona+2 [ ) (3.4

According to suggestion of Rajagopalan and Antonia [81] if the velocity profiles
are taken 30 diameters away from the cylinder, the contribution of the second term

can be neglected.

Figure 3.7a shows the domain which is used in calculation of drag coefficient
(Equation 3.4); The shown 21 points are considered at 24D away from the cylinder to
apply the above formula of Rajagopalan and Antonia [81]. Time-averaged x velocity
is plotted at that distance throughout the y axis (10D to —10D) as seen in Figure
3.7b. In Table 3.1, results for the drag coefficient calculation with the Equation 3.4
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Table 3.1. Drag calculation results of Equation 3.4 with I; and I contributions (24D

away ).

B =10.02 B =0.05
L | L |Cp | L | I | Cp
Re=280 [ 1.21]0.17 | 1.38 | 1.37 | 0.12 | 1.49
Re=100|1.25|0.16 | 1.41 | 1.37 | 0.16 | 1.53
Re=120|1.24 | 0.17 | 1.41 | 1.34 | 0.16 | 1.50
Re=150|1.20 | 0.19 | 1.39 | 1.29 | 0.18 | 1.48
Re=200|1.220.30|1.52|1.36|0.35 | 1.71
Re =300 | 1.15 | 0.32 | 1.47 | 1.23 | 0.37 | 1.60

Table 3.2. Drag calculation results of Equation 3.4 by using points in the vicinity of
the cylinder (B = 0.02).

Use =Unmaa Uso=U4.point
I I, | Cp | L I | Cp | Cpggsa
Re=280 | 1.28 | 0.26 | 1.54 | 1.16 | 0.26 | 1.42 1.40
Re =100 | 1.25]0.36 | 1.61 | 1.04 | 0.37 | 1.41 1.37
Re =120 |1.26 | 041 | 1.67 | 0.94 | 0.42 | 1.36 1.35
Re =150 | 1.14 | 0.53 | 1.67 | 0.84 | 0.54 | 1.38 1.34
Re=200|1.11 | 0.71 | 1.82 | 0.65 | 0.73 | 1.38 1.36

Re =300 |1.04]091|195]0.74]0.93 | 1.67 1.39

is given for two different blockage ratios. Due to increasing I, integral contribution
with increasing Reynolds number, these result could not be validated with the existing

literature [75].

Moreover, Son and Cetiner [82] recommended that using the velocity profiles
at the location where the centerline velocity reaches 0.5 Uy, (half of the freestream
velocity) could be applicable for maximum drag coefficient calculation. These both ex-

perimental methods are checked numerically in order to get consistent results with the
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Figure 3.9. a) Shear thinning and shear thickening effect on Strouhal number b)
Effect of viscoelasticity on Strouhal number (Re = 100, B = 0.02)

literature. In Equation 3.3, freestream velocity cannot be determined properly; there-
fore, velocities at points which have maximum x velocity and locate at the 4th point
from centerline (Table 3.2) are assumed as freestream velocities individually. Even
though calculated results are not consistent with existing literature in terms of I inte-
gral contribution, drag coefficient are merely acceptable for the results with freestream
velocities are taken as the velocity of 4th point from centerline at low Reynolds num-

bers.
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Figure 3.10. a) Strouhal number variation of Oldroyd-B fluids with Reynolds number.

b) Strouhal Number variation of different models with Reynolds number.

3.1.2. Vortex Shedding and Strouhal Number

The Strouhal number represents the dimensionless frequency of vortex shedding

in the periodic regime, and is defined as,

D

St — % (3.5)
where the vortex shedding frequency (f) is derived from Fast Fourier Transform (FFT)
applied on the time evolution of the lift coefficient in all flow simulation cases, as shown
in Figure 3.8. The variation of the Strouhal number with power-law index and Reynolds
number is plotted in Figure 3.9a. The results for the Newtonian fluid (n = 1) follows the
well known experimental findings in the literature [79,83]. Strouhal number is observed
to decrease under shear thickening and increase under shear thinning, in accordance
with the experimental observations for dilute polymer solutions by Kalashnikov and
Kudin [10] and by Coelho and Pinho [18], where this increase was attributed to the
reduction of the boundary layer thickness and diffusion length. For both shear thinning

and thickening the Strouhal number increases with Reynolds number up to Re = 300.

Elasticity in the absence of shear thinning leads to a decrease in Strouhal number
when the Weissenberg number increases for the Oldroyd-B fluid as it can be observed
in Figure 3.9b. The variation of the Strouhal number with the Reynolds number in

periodic and transition regimes is given in Figure 3.10a for Oldroyd-B fluids (Wi = 0.5
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and Wi = 1). The decrease in shedding frequency with respect to Newtonian case
becomes more pronounced at higher elasticity and higher Reynolds numbers in parallel

with the observations in the literature [11,35].

It is empirically known from past studies in the literature that for geometrically
similar objects, Strouhal number changes inversely with the drag coefficient for New-
tonian fluids in laminar vortex shedding [84]. This relation has also been observed
experimentally for polymer solutions [11]. This behavior is confirmed in Figures 3.3b-
3.9a and in Figures 3.4a- 3.9b for both the inelastic shear thinning and constant vis-
cosity elastic fluids, where decrease in drag and increase in shedding frequency with
respect to Newtonian fluid are observed under shear thinning, and increase in drag and

decrease in the frequency are observed under elasticity.
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In Figure 3.10b the Strouhal number variations are shown for Newtonian and non-
Newtonian inelastic power-law and elastic Oldroyd-B, Giesekus and FENE-P models in
the periodic vortex shedding and transition regimes. The constant viscosity Oldroyd-
B fluid predicts a much lower shedding frequency compared to Newtonian and other
non-Newtonian models, due to purely elastic effects. Pure shear thinning effects for
the power-law model (n = 0.6) lead to highest Strouhal numbers. The Giesekus and
FENE-P viscoelastic models predict higher frequencies compared to Oldroyd-B fluid
due to effective shear thinning. These results also confirm the inverse relation between
the changes in the drag coefficient and the Strouhal number when compared with the

trends for the drag coefficient, as observed in Figure 3.3b.

In Figure 3.11, the effects of the mobility factor (a) for the Giesekus model and
the extensibility parameter (L) for the FENE-P model on the Strouhal number are
shown for Weissenberg number Wi = 1 and Reynolds number Re = 100. At constant
elasticity (Wi = 1), the Strouhal number increases with the mobility factor in the
Giesekus model, as seen in Figure 3.11a, and increasing the extensibility parameter (L)
in the FENE-P model decreases the Strouhal number, as seen in Figure 3.11b. These
results confirm that shear thinning effects present in Giesekus and FENE-P models are
responsible for the increase in vortex shedding frequency, compared to purely elastic

case.

For Newtonian fluids, it is well known in the literature [76,85] that beyond the
critical Reynolds Number around Re = 50, the steady vortex flow in the wake becomes
unsteady at the onset of periodic vortex shedding flow regime. Norberg [85] observed
experimentally that critical Reynolds number for the onset of vortex shedding is nearly
constant at Re = 47.4 for Newtonian fluids and unconfined flow around cylinders with
aspect ratio (ratio of cylinder length to cylinder diameter) larger than 40. He also

indicated that this onset may be delayed as the aspect ratio decreases.

The critical Reynolds number for the onset of vortex shedding is determined
from the settling of periodic oscillations in the time evolution of the lift coefficient. It

is found that this critical Reynolds number is nearly between Re = 47 and Re = 48
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Figure 3.13. a) Mean local shear rate variation on the cylinder’s top surface. b) Shear

thinning and shear thickening effect on separation angle.

for the Newtonian case, which is in good agreement with experimental studies in the

literature [85,86].

In addition, it can be seen in Figure 3.12 that the critical Reynolds number for
the onset of vortex shedding (Re.) decreases under shear-thinning, while this onset is
delayed for shear-thickening fluids. Even though this trend is in good agreement with
the study of Rao et al. [38], the numerical study of Sivakumar et al. [26] predicts a
decrease in the critical Reynolds number under shear thickening. In another numerical
study, Lashgari et al. [87] also observed a decreasing trend for Re. with increased shear-
thinning using the inelastic Carreau model. It is also observed that weak elasticity has
no significant effect on the onset of laminar vortex shedding for the Oldroyd-B fluid in
the range of 0 < Wi < 1.2. This observation is in agreement with the experimental
study of Coelho and Pinho [17] which revealed that weakly elastic tylose solution has
almost the same Re,. with Newtonian fluids although they measured lower Re, values

for more elastic CMC solutions.

3.1.3. Separation Angle

The flow separation point location is also investigated in the periodic vortex and
transition regimes for Reynolds number up to Re = 300 for different flow cases. As
seen in Figure 3.13a, the point at which the minimum value of time-averaged (mean)

local shear stress is located on the cylinder surface is determined as the separation
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Figure 3.14. a) Effect of viscoelasticity on separation angle (Re = 100) b) Separation
angle variation of Oldroyd-B fluids with Reynolds number.
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Figure 3.15. Separation angle variation of different models with Reynolds number.

point. The separation angle, denoted as 6, is the angle between the front stagnation

point and separation point.

Figure 3.13b shows that the separation angle decreases with increasing Reynolds
number for fixed power-law index; however, it also decreases under shear thinning for
fixed values of Reynolds number. Good agreement is found between the results of
the present study (Figure 3.13b) and data from other experimental observations and
numerical studies which show a decrease from around 6, = 120° to 6, = 110° for
Newtonian fluids [88,89] and shear thinning polymeric solutions [19] in the range of

80 < Re < 300.
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Figs. 3.14a shows that purely elastic effects lead to a decrease in the separation
angle, for the constant viscosity Oldroyd-B fluid at Re = 100. Figure 3.14b displays
the decreasing trend of the separation angle with Reynolds number in the periodic and
transition flow regimes, for different Weissenberg numbers (Wi = 0.5 and Wi = 1).
Therefore, the separation point moves towards the front of the cylinder under elasticity,
which would lead to an increase in the vortex formation length, as will be shown in the

next subsection.

Comparison of different non-Newtonian inelastic and elastic models for 6, given
in Figure 3.15 demonstrates that both shear thinning and elasticity reduce the sepa-
ration angle. This reduction implies an increase in the pressure (form) drag coefficient
with respect to Newtonian case, which was observed in Figure 3.5b. Even though the
separation angle values for purely shear thinning fluids are much lower than Newto-
nian fluid, leading to higher pressure drag contributions, considerable decrease in the

friction drag component accounts for the overall drag reduction.

3.1.4. Vortex Formation Length

In the literature, there are several definitions [15] of the vortex formation length
(Ls). In this study, the vortex formation length is taken as the distance between the
cylinder surface and the point with zero velocity at the centerline in the downstream

region.

In Figure 3.16a, the vortex formation length can be estimated from the length
between the rear stagnation point on the cylinder surface (the origin point), and the
location point with zero velocity component in the streamwise direction for the New-

tonian case at Re = 100.

The computed values of vortex formation length for Newtonian and power-law flu-
ids can be observed in the normalized vortex formation length (L/D) versus Reynolds
number (Re) plot in Figure 3.16b. Increasing the Reynolds number gives rise to a de-

crease in the formation length for all power-law indices at Reynolds numbers ranged
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Figure 3.17. a) Effect of viscoelasticity on normalized vortex formation length
(Re =100, B = 0.02). b) Normalized vortex formation length variation of Oldroyd-B
fluids with Reynolds number.

from Re = 80 to Re = 300. The Newtonian trend is similar to experimental results in
Gerrard’s study [83]. Figure 3.16b also indicates that for a fixed value of the Reynolds

number, the vortex formation length decreases under shear thinning.

Variation of normalized vortex formation length with increasing Weissenberg
number at Re = 100 is illustrated in Figure 3.17a. The variation with the Reynolds
number at different elasticities (Wi = 0.5 and Wi = 1) is shown in Figure 3.17b. It

can be observed that the vortex formation length increases with elasticity.

Therefore, the vortex formation length and shedding frequency change inversely

under inelastic and elastic non-Newtonian effects, in parallel with experimental obser-
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Figure 3.19. Normalized vortex formation length variation with Reynolds number for

different models.

vations in the literature for Newtonian fluids [90].

In Figure 3.18a, the normalized vortex formation length decreases with increasing

the mobility factor o for Giesekus fluid at a given Reynolds number and at constant

elasticity Wi = 1. As seen in Figure 3.18b, increasing the finite extensibility parame-

ter in the FENE-P model (Wi = 1) slightly increases the normalized vortex formation

length at a given Reynolds number. These results are related to shear thinning ef-

fects observed with the increase in the mobility factor for the Giesekus model and the

decrease in the extensibility parameter for the FENE-P model.
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Figure 3.20. Streamlines in the vicinity of the cylinder for Newtonian fluid with

B=0.02and Re=100a) n=06b)n=08c)n=1d)n=12

The normalized vortex formation length variations in the periodic shedding and
transition regimes, are given in Figure 3.19 for the considered inelastic and elastic
models. The trends for the Giesekus and FENE-P models (Wi = 1) reflecting combined
shear thinning and elastic effects, are between the trends of purely shear thinning
(power-law, n = 0.6) and purely elastic (constant viscosity Oldroyd-B, Wi = 1) cases,

as expected.

Streamlines in the wake region of the cylinder for Reynolds number Re = 100
and power-law index from n = 0.6 to n = 1.2 are presented in Figure 3.20a-3.20d. The
streamlines are plotted at the time when the lift coefficient reaches the peak value of
steady periodic oscillations for each case. It is revealed that both the vortex formation
length and the width of the wake region increase from shear-thinning (n < 1) to shear-
thickening (n > 1) cases. Figure 3.21a-3.21d shows that elasticity also increases the
vortex formation length and the wake width, for the Oldroyd-B fluid at Re = 100.
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Figure 3.21. Streamlines in the vicinity of the cylinder for Oldroyd-B fluid at
Re=100a) Wi=04b) Wi=0.8¢c) Wi=1d) Wi=1.2

3.1.5. Blockage Effect and Wall Proximity

In the literature [68], it is stated that the blockage effect can be negligible for the
cases of B < 0.1, and for 0.1 < B < 0.6 cases, blockage impacts the flow considerably,
so correction of the measured date is required. For the case of B = 0.6 and above,
correction is meaningless because of excessive impact of blockage on the flow around a

cylinder.

In this study, 4 different blockage ratios are investigated in order to analyse

blockage effect on the purely inelastic and viscous flow around a cylinder.
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Figure 3.22. Blockage effect on time averaged drag coefficient (Cp) for a) n =1 b)
n=08c)n=06d)n=12

There are quite few experimental and numerical studies about wall effects on drag
reduction and wake formation in the literature for different blockage ratios. Wall effect
on drag coefficient is indicated in Figure 3.22 by plotting drag coefficient with respect
to Reynolds number for different power-law indices, and it is clearly seen that drag
coefficient is enhanced with blockage effect. This outcome is common in many studies

in the literature [31, 38, 76].

The role of blockage ratio on the flow of shear-thinning and shear-thickening
fluids over a circular cylinder is investigated numerically with the Reynolds number
ranging from Re = 80 to Re = 300. It is found that time-averaged drag coefficient
enhances with increasing blockage ratio for both shear-thinning and shear-thickening
fluids. Moreover, the trend of vortex shedding frequencies (Strouhal numbers) are
parallel to time-averaged drag variations with Reynolds number and blockage ratio.
It is also noticed (Figure 3.23) that Strouhal number increases with the increasing
blockage ratio which is also observed numerically in other studies [30,38]. In addition,

separation angles are nearly equivalent for each blockage ratios except B = 0.5 which
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Figure 3.23. Blockage effect on Strouhal Number (St) for a) n =1 b) n = 0.8 ¢)
n=06d) n=12

has obviously higher values for all Reynolds numbers.

The onset of vortex shedding is also delayed with increasing blockage ratio; be-
sides, shear-thinning effect reduces the critical Reynolds number for the onset of lam-
inar vortex shedding (Re.) in case of high blockage ratios particularly, while shear-

thickening increases the critical Reynolds number as seen in Figure 3.24.
3.2. Non-isothermal Flow Calculations

Although there are some non-isothermal experimental investigations for uncon-
fined non-Newtonian flow past a circular cylinder, existing few numerical studies deal
mostly with inelastic fluids, and do not take into account the viscoelastic properties of
polymer /surfactant solutions. In this subsection, the unconfined non-isothermal flow
past a circular cylinder with both inelastic and viscoelastic non-Newtonian properties
is considered in the vortex shedding regime under uniform wall temperature condi-

tions. Instantaneous isotherm profiles, time averaged local Nusselt numbers (Nu(0))
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Figure 3.24. Dependence of the critical Reynolds number (Re,) for the onset of

vortex shedding on blockage ratio (B) and power-law index (n).

and surface averaged Nusselt numbers (Nu) are discussed in detail.

3.2.1. Local Nusselt Number

In Figure 3.25, the local heat transfer rates in terms of the time averaged local
Nusselt number values are plotted and compared for the studied fluid models at dif-
ferent Reynolds numbers in the vortex shedding flow regime. For a dilute polymeric
solution, the mobility factor and the extensibility parameter are chosen as a = 0.1
and L = 10 for FENE-P and Giesekus models, respectively. While the maximum local
Nusselt number values are located between # = 0 and § = 50 degrees, the minimum

values are located between § = 110 and 6 = 130 degrees on the cylinder surface.

In general, purely viscoelastic effect (displayed by the Oldroyd-B model) decreases
the local values of Nusselt number while inelastic shear thinning behavior (represented
by the power-law model) leads to an increase in the local Nusselt numbers compared

to Newtonian model. The local Nusselt number values obtained from the Giesekus and
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Wi =1 (for viscoelastic models) a) Re =80 b) Re = 100 ¢) Re = 120 d) Re = 150 e)
Re = 200 f) Re = 300

FENE-P models which exhibit combined elastic and shear thinning effects are situated

between these purely inelastic and viscoelastic results.

These results may be attributed to the increase in the heat transfer coefficient

due to the decrease in apparent viscosity for shear thinning fluids in the boundary layer

next to the cylinder surface, where large velocity gradients are observed. It can also be

deduced from Figure 3.25 that the heat transfer enhancement for shear thinning power-

law fluids or the heat transfer deterioration for viscoelastic Oldroyd-B fluid increase

with Reynolds number from laminar to transitional vortex shedding. It can be argued

that elasticity plays a role in the stabilization of the flow in vortex shedding through
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Table 3.3. Values and locations of the maximum local Nusselt numbers on the

cylinder surface for different models (Wi = 1 for viscoelastic cases).

Re =80 Re =100 Re =120 Re =150 Re = 200 Re =300
Models 6 Nu@®)| 6 Nu@®) | 6 Nu@® | 6 Nu@®)| 6 Nuld)| 6 Nu(f)

Giesekus
a=0.1 112 2240 | 114 2524 | 11,5 2782 | 11.7 31.31 | 11.9 36.49 | 12.1 45.24
a=0.01 122 2196 | 12,5 24.75 | 127 2730 | 12.8 30.76 | 12.9 35.89 | 13.2 44.52
a=0.001 | 248 20.61 |25.1 23.20 | 25.3 25.60 | 25.5 28.84 |25.5 33.70 | 25.6 41.86
FENE-P
L?=100 |13.1 21.20 |13.2 23.93 | 133 2642 |13.4 29.82 |13.4 3491 | 135 43.52
L?*=400 |24.8 20.19 |25.1 2272 [25.2 2503 |253 28.18 254 3292 |254 41.04
L?=1000 |26.4 19.73 |26.8 22.08 [26.9 24.28 |27.5 27.19 [27.3 31.54 | 27 38.81
Oldroyd-B | 28.2 19.13 | 28.7 21.25 |29.2 23.14 |30.3 25.65 |29.7 29.17 | 30.1 34.34
Power-law
n=10.6 235 27.775 | 23.7 3152 | 24.0 35.09 | 242 39.82 | 24.3 46.76 | 24.5 58.73
n=0.8 14.0 244 | 142 2764 | 143 30.56 | 144 3457 | 14.6 40.48 | 14.6 50.57
Newtonian | 0 26.89 0 30.28 0 33.36 0 3754 1 0 43.77 | 0 54.20

a decrease in vortex shedding frequency [18] and an increase in the vortex formation

length which in turn leads to a decrease in heat transfer rate near the cylinder surface.

Table 3.3, where values and locations of the maximum local Nusselt numbers
on the cylinder surface are shown for different models, indicates that increasing the
Reynolds number (Re) leads to an increase in the local heat transfer rate, as also
known from the literature [46]. It can be observed from Table 3.2 that the location of
the maximum local Nusselt number moves upstream and its value increases with the
mobility factor () under increased shear thinning. The opposite effect is observed with
the increase in the extensibility parameter (L) of FENE-P model (decrease in shear
thinning), i.e. the maximum Nusselt number location moves downstream and its value
decreases. The lowest values and the closest locations to the rear stagnation point
for the maximum local Nusselt number are obtained for purely viscoelastic Oldroyd-B
solutions, while inelastic shear thinning power-law solutions display higher maximum

local Nusselt number values than purely viscous Newtonian and viscoelastic solutions.
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Figure 3.26. The local Nusselt number variation of Giesekus model with Pr = 10,

Wi =1, a) Re =100 b) Re = 150 ¢) Re = 200 d) Re = 300

Therefore, decreasing the power-law index (n) increases the maximum local Nusselt
number at a fixed Reynolds number. Moreover, the maximum local Nusselt number

location is at the front stagnation point for Newtonian fluids.

Time averaged local Nusselt number variations over a surface of the circular cylin-
der are plotted with the angle in a counterclockwise direction from the front stagnation
point (0 or 360 degree) for several mobility factors and extensibility parameters in Fig-
ure 3.26 and Figure 3.27. It is shown that increasing mobility factor (a) leads to an
increase in the local Nusselt number (Nu(f)) over the surface of the cylinder as seen
in Figure 3.26. Accordingly, Figure 3.27 indicates decreasing extensibility parameter

(L) causes to an increase in the local Nusselt number.
3.2.2. Average Nusselt Number

In Figure 3.28, a comparison of the studied models reveal that shear thinning

fluids (n = 0.6) have highest average Nusselt number (Nu) values while Oldroyd-B
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Figure 3.27. The local Nusselt number variation of FENE-P model with Pr = 10,
Wi=1,a) Re=100b) Re = 150 ¢) Re =200 d) Re = 300

fluids (Wi = 1) have lowest values for Reynolds numbers in the range of 80 < Re < 300.
As suggested in the numerical study of Patnana et al. [54], shear thinning behaviour
promotes the convective heat transfer, and decreasing power-law index leads to increase
in the heat transfer rate. Moreover, Giesekus fluid (e = 0.1, Wi = 1) has slightly higher
average Nusselt number values whereas FENE-P fluid (L? = 100, Wi = 1) has lower

average Nusselt number values compared to Newtonian case.

In parallel with the local Nusselt numbers, Figure 3.29a demonstrates that av-
erage Nusselt number values increase with increasing mobility factor (a) of Giesekus
model for all range of Reynolds numbers. Similarly, increasing the extensibility param-
eter (L) of FENE-P model decreases the average Nusselt number for a fixed value of

the Reynolds number as seen in Figure 3.29b.
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3.2.3. Isotherm Contours

Isotherm contours in the wake region of the cylinder are displayed for the studied
fluid models at different Reynolds numbers to reveal the variations in the temperature
field structure and its effects on convective heat transfer properties. Since the flow is
oscillating in time, all isotherms are captured at the instant when the lift coefficient

reaches the peak value in steady periodic oscillation for each case. In Figure 3.30,



57

Newtonian (n=1) Shear thinning (n=0.6) Oldroyd-B (Wi=1) Giesekus (a0=0.1, Wi=1) FENE-P (L*2=100, Wi=1)
a) =< < : x> { P
D) v G @Tr G S N

@ g ¢ VP TV
c) - ~ ¢

Q. @ Qo Y o ® g Y T
d) - 1;;\‘} <N

( ® W) )

Qs Q@9 0 e V| Qe ) o\F>
e) N - ) SN =
f) _ -

Q@ U o Q@) 060 T Qo ¥ < Qe U

Figure 3.30. Isotherm patterns for different models and Reynolds numbers at

Pr=10a) Re =80 b) Re =100 ¢) Re = 120 d) Re = 150 ) Re = 200 f) Re = 300

a) b)
@
0 )
‘\(‘:;) ©
a=0.01
(
N pa 4
© ©
a=0.1
¢ -
© )

Figure 3.31. Isotherm patterns for Giesekus model with different mobility factors. b)
Isotherm patterns for FENE-P model with different finite extensibility parameters
(Re =100, Wi =1, Pr = 10).



o8

the constant temperature lines for different models are presented for the Reynolds
number range of 80 < Re < 300. It is shown that the size of the thermal wake (both
in length and width) decreases with increasing Reynolds number, from Re = 80 to
Re = 300. More formed isotherm patterns appear under shear thinning in comparison
with Newtonian case, whereas clustered pairs are relatively attenuated at high Reynolds
numbers under purely elastic effects. The FENE-P and Giesekus isotherms are quite
similar to the wake pattern of the Newtonian case, for the chosen values of model

parameters.

The temperature gradients in the boundary layer near the cylinder surface are
observed to increase under shear thinning and decrease under elasticity, with respect to
Newtonian case. This trend is in parallel with the heat transfer enhancement for shear
thinning fluids and heat transfer deterioration for elastic fluids, respectively, reflected in
the local and average values of the Nusselt number presented in the previous subsections

3.2.1 and 3.2.2.

The effects of the mobility factor (a)) and the finite extensibility parameter (L) on
the isotherm patterns are illustrated in Figure 3.31a and in Figure 3.31b. It is revealed
that decreasing the mobility factor or increasing the extensibility parameter lead to
a slight decrease in the temperature gradients and to the attenuation of the thermal

wake behind the cylinder due to decreasing shear thinning behavior.
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4. CONCLUSION

In this study, a detailed investigation of non-Newtonian effects on two-dimensional
unbounded flow around a circular cylinder has been carried out for the vortex shed-
ding and transition regimes, using finite element based numerical simulations. Inelastic
and weakly elastic non-Newtonian effects on the flow structure have been revealed in
terms of several flow parameters such as drag and lift coefficients, the vortex shed-
ding frequency, the vortex formation length, the separation angle and the critical
Reynolds number for the onset of vortex shedding. Purely inelastic shear thinning
and purely elastic effects are monitored by the power-law and Oldroyd-B model simu-
lations. Effects of combined shear thinning and elasticity are shown based on Giesekus
and FENE-P models which exhibit shear thinning and bounded elongational viscosity

through mobility and finite extensibility parameters, respectively.

Drag reduction together with a decrease in the vortex formation length and an
increase in shedding frequency is observed under shear thinning, whereas weakly elastic
effects lead to increase in drag together with an increase in the formation length and a
decrease in vortex shedding frequency. Although shear thinning reduces the separation
angle leading to an increase in the pressure (form) drag component, the total drag is
reduced due to decrease in the friction (viscous) drag component. For purely elastic
case, the separation angle decreases and both the pressure and friction drag components
increase. The critical Reynolds number for the onset of periodic flow decreases with
shear-thinning, on the contrary it is delayed under shear-thickening, and it is observed
that weak elasticity has almost no effect on this onset. Nonetheless, blockage effect
increases the drag coefficient and Strouhal number and it delays the onset of laminar

vortex shedding for all cases.

Inelastic and weakly elastic effects of dilute polymer/surfactant solutions on the
temperature field and convective heat transfer properties are revealed. Both local
and average Nusselt number values show that increasing shear thinning effect leads to

an enhancement in the rate of convective heat transfer, however significant decrease
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in the heat transfer rate is observed under pure elasticity. Increasing the mobility
factor of the Giesekus or decreasing the extensibility parameter of the FENE-P models,
corresponding also to an increase in shear thinning behavior, leads to an increase in
the local Nusselt number on the cylinder surface, and to the shift of the location
of the maximum local Nusselt number towards the front stagnation point. Isotherm
patterns show that the thermal wake is more pronounced under shear thinning while
it is attenuated under elastic effects. The temperature gradients in the boundary layer
next to the surface are much higher for shear thinning compared to Newtonian case,

whereas they decrease under elasticity.

Even though numerous works have been carried out related to drag reduction
by polymer /surfactant additives, mechanism of the drag reduction is still not clear.
More extensive experimental and theoretical research are needed for both internal and
external flow applications in laminar, transitional and turbulent flow regimes. The
effects of these additives on heat transfer properties in non-isothermal flows need to
be investigated in more detail as well. It would also be interesting to identify new
drag reducers such as polymer added nanofluids (POLY-nanofluid [1]) to improve the
drag reduction and heat transfer enhancement. Also, the development of software and
computer systems may enable the realistic 3D flow simulations using macro,micro or

molecular and atomistic scale modeling.
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