NATIONAL TECHNICAL UNIVERSITY OF
ATHENS
SCHOOL OF NAVAL ARCHITECTURE &
MARINE ENGINEERING

nvpPeopos

A5

DIPLOMA THESIS

Optimal heat transfer enhancement in flow past a
partially hydrophobic circular cylinder

SPYRIDON T. KAFARAKIS

Thesis Committee:
Supervisor: L. Kaiktsis, Associate Professor N.T.U.A.

Members: G.S. Triantafyllou Professor N.T.U.A.
C.1. Papadopoulos, Assistant Professor N.T.U.A.

Athens, October 2015



>

N

m
(®)

<t

L

ks
|

EONIKO METXOBIO IIOAYTEXNEIO
2XOAH NAYITHI' QN MHXANOAOT'QN
MHXANIKOQN

E
|

7
S

Y

&

|5
.‘!{a

£T508.,
POMHBEVS -
nVpPoros

ol

a
[N

(Ifi
N

AHIAQMATIKH EPT'AXIA

BéAtiotn evioyvon petagopds Oeppotntac ce pon
YOP® OO UEPIKDS VOPOPOPIKO KOAVOPO

XITYPIAQN O. KA®APAKHX

Eetraotikn Emrpom):
Emprénov: A. Kaiktong, Avaninpotg Kadnyntmgc E.M.IL.

Members: TI'.Z. Tpravtagviiov, Kadnynmge E.M.IL
X.I. ITamaddmoviog, Emikovpoc Kadnyntg E.M.II.

ABMva, OktoPprog 2015



ACKNOWLEDGEMENTS

First, I would like to thank my supervisor, Associate Professor Lambros
Kaiktsis, for his support and guidance.

| would also like to thank Assistant Professor Christos Papadopoulos, for
his support on optimization methods, and Professor George Triantafyllou,
for his support.

Special thanks go to Mr. Marios Mastrokalos, for his instruction and
guidance regarding the use of computational tools and the thesis
preparation.



ABSTRACT

Flows past bluff bodies are the subject of various studies due to their
extensive applications in constructions and several other applications of
engineering. Typical examples of constructions behaving as bluff bodies
are skyscrapers and wind generator pylons (ashore applications), and oil
risers (offshore applications). Another important engineering application is
the heat exchanger. Main considerations in these application concern the
reduction or even cancellation of time dependent forces (which may lead to
structural failure due to fatigue), the heat transfer enhancement, as well as
the minimization of construction and operation costs. A main challenge in a
number of these application is thus the simultaneous reduction of forces on
the body and the enhancement of heat transfer.

The scope of the present thesis is the computational study of forced
convection heat transfer in flow past a hydrophobic cylinder, at constant
surface temperature. Hydrophobic surfaces are applied in flow control
applications, since they enable flow slip past a solid boundary; as a result,
they can contribute to flow stabilization. At the same time, hydrophobic
surfaces are a potential means for heat transfer enhancement.

In the present study, the effects of implementing surface hydrophobicity
on the cylinder are investigated, in particular the effects on flow stability
and on enhancing heat transfer from the cylinder surface. Here, we consider
the low Reynolds number range in which the flow remains two-
dimensional, at a constant value of Prandtl number value, equal to unity.
The Navier model is utilized for modeling the fluid slip at the solid
boundary.

In a first step, slip conditions are applied on the entire cylinder surface.
The results demonstrate an increasing trend in both flow stabilization and
heat transfer enhancement, at increasing non-dimensional slip length.
However, it is noticed that, in the region around the rear stagnation point,
application of hydrophobicity does support flow stabilization, and
decreases the local heat transfer rate. Thus, application on only a part of the
cylinder is considered, (partial slip), with the aim of supporting flow
stabilization and heat transfer enhancement, at a reduced control effort.

To this end, a multi-objective optimization problem is formulated and
solved aiming at simultaneously: (a) enhancing heat transfer, (b) stabilizing
the flow, and (c) reducing the control effort associated with implementing
surface hydrophobicity. The optimization results demonstrate that an
optimal implementation of partial slip can simultaneously lead to flow
stabilization and a substantial heat transfer enhancement, by utilizing
significantly lower levels of control effort, in comparison to full slip.



2YNOYH

Ot poéc YOp® amd PN 0EPOSVLVOLUKE COUOTO OTOTEAOVV OVTIKEILEVO UEAETNG
eCattiog TG €VPHTNTOG TOV EPUPUOYDV OV £YOLV GTOV KOTOOKELOOTIKO Ko
punyavoroyikd topea. Tomikd mwopadelyloto KOTOGKEVMOV TOV CUUTEPIPEPOVTOL
®G 1N aePOSVVAUIKE GOUATO otV ENPE glvol T YNnAd KTplo Kot Ol TUAMVES
OVELLOYEVVNTPLOV, 0T BdAacca o1 oymyol HETAPOPAS VOIPOYOVAVOPAK®OY, KOl G
UNYOVOAOYIKEG KOTOOKEVES Ol EVOAAAKTEC Oeppdtnroc. XTOY0C G€ OVTEC TIC
KOTOOKEVEG €lval TOGO 1 ATOPLYN TOV EVOALUGGOUEVOV POPTICEDMV OGO Kol 1
BeAtimon g petapopdg Beppdtnrog.

Avtikeipevo g mapodoog epyaciag eivor m vmoroylotikn e&étacm TV
YOPAKTNPIOTIKOV TNG EEQVOYKAGUEVNG HETAPOPAS BEPUOTNTOC LUE GLVOYMYTN GE
pon YOPp® amd VOPOPOPKO KLAVOPO VO ctabept) Beppokpacia. Ot VIpoPoPiKkeg
empdveleg Ppioxovv epappoyn oe mpoPfAiuata  poikoh eAEyyov, KaODS
emutpénovy TV oAloBnon g pong Katd UnKog evog otepeod opiov. Me avtdv
OV TPOTO, UTOPOLV va, 0dNyNoovv o otabepomoinomn g pong. Tavtdypova,
amoTEAOVV o vToynelo HEB0d0 yia TNV evicyvon g Letapopds Bepudtroag.

Ymv moapovoa epyacioa efgtalovtor TOCO Ol GTOOEPOTOMTIKES KO
OmoGTAOEPOTOMTIKEG EMOPACELS TNG VOPOPOPIKOTNTOC, OGO Kol 1| GUUPOAN NG
oV avénon ¢ petagopds Oeppotrag, yio yoauniéc tuég aptbpov Reynolds
Kot ywoo Ty tov opibuov Prandtl ion pe ™ povada. H vdpogofikdmra
LOVTEAOTOLELTAL [E TN YPIoT TOL poviélov Navier.

Apyicd, 6tav 1 vopoofikdTnTa €PaPUOLETOL GE OAN TNV EMIPAVELDL TOL
KLVAIVOpOL, 1 aENGN TOL UNKOLE OAlGONGNC TOV VOPOPOPIKoD VAIKOD 001 YEL o€
otabepomoinon g pong Kot coe avénomn g HeTopopdc Bepudtntag and Tov
KOAWVOPO 610 pevotd. Evrovtolg, yivetar @oavepd OTL 6TV mMEPLOYN] TOV TIGM
onueiov avokKomng M EQOPUOYN  LOPOEOPIKOTNTAG GLVTIEAEL TOGO OTNV
amootadepomoinon g pong 660 kal ot peimon g petapopds Bepudtnrog.
Mo avtdév tov AdOYyo e€etaleton M €QopUoYn LOPOPOPIKOTNTAS CE TUNUO NG
EMPAVEIONG TOV KLAIVOpOUL, YeEYovOg TOo Omoio cuvtelel kol otn peiwomn Tov
GYETIKOV KOTACKEVOOTIKOD KOGTOVC.

Ot mapoamdve otoéyor odnyodv ot SpOpP®oN kot emilvorn &vog moAD-
Kpurnplakov wpoPAnuatoc Pertiotonoinong pe otdyovg (o) v evioyvomn g
petapopdc Bepuodomrag, (B) v avaipeon g actdbelog g pong, kot (y) ™
pelmon Tov KOGTOVE KATUOKELVNG Kol TG £KTOONG TNG VOPOPOPIKNG EMPAVELNG.
Ta oamoteléopato TG PEATIOTONOINONG KOATASEWKVOOLY OTL 1) KOTAAANAN
EQOPUOYN VOPOPOPIKOTNTAC GE TUNUOL TNG EMPAVELNG TOV KLAIVOPOL Umopel va
odNyNoel TOGO GE GNUOVTIKY EVIGYLOT NG UETAPOPAS Bepudtntog, 660 Kl o€
otafepomoinomn TG pPoNg, YPNOUYOTOIMVTOG CNUOVTIKA YOUNAOTEPA Emimeda
dpdiong eAgyyov.
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1. INTRODUCTION
1.1 Flows past bluff bodies

A large number applications in the field of fluid mechanics concern
flows past bluff bodies. The term ‘bluff body’ refers to an object placed
perpendicular to a flow and whose length, measured in the direction of
flow, is similar to the width, measured in the direction vertical to the flow.
Wind moving past skyscrapers, flow over a moving truck and sea water
moving past oil risers, are some examples of bluff-body flows. In the field
of engineering a representative bluff body application, concerning also heat
transfer, is the heat exchanger. Because of the shape of these bodies, there
exists a region of considerable size behind them, termed as ‘the wake’,
where the flow is slowed down. In bluff body flows the wake is
characterized by the presence of a double row of alternate concentrated
vortices, known as the Karman vortex street. The latter is the source of
oscillating cross-flow forces that may induce significant oscillations of a
structure which may lead to structural failure.

The most common bluff body prototype is the circular cylinder with
other examples being the square (Fig.1a) and the triangle and the trapezoid
cylinder. In comparison with aerodynamic bodies, as the airfoil (Fig. 1b),
bluff bodies have drag coefficients that are at least one order of magnitude
larger, due to the remarkable increase in pressure drag deriving from the
boundary layer separation.

(a) (b)

—

Fig. f Bluff b@?rototgﬁgs:j (@) circular cylinder, (b) square cylinder, (c)
triangular cylinder and aerodynamic body prototype: (d) airfoil.




1.2 Flow past a circular cylinder

A representative bluff body flow, being subject of several experimental
and computational investigations, is the flow past a circular cylinder. The
major non-dimensional quantity describing the flow physics is the
Reynolds number, Re, defined in general as the ratio of momentum forces
to viscous forces. In a flow past a circular cylinder, the Reynolds number is
given in the following form:

Re = — (1)

where D is the diameter of the cylinder, U is the velocity of the flow and v
is the kinematic viscosity of the fluid. It should be noted, that the flow
dynamics around a stationary circular cylinder depends only on the
Reynolds number, due to the lack of external forces.

1.2.1 Flow Structure

As the Reynolds number increases, the flow structure is modified in the
wake region and in the boundary layer of the cylinder. Fig.2 presents the
flow structure as a function of the Reynolds number.

For low Reynolds number values (Re<180) the flow is two-dimensional
and the following cases are distinguished. In more detail, for Re<5, the
flow follows the geometry of the cylinder to the rear stagnation point,
where it is detached (creeping flow). Further, for 5<Re<47 the flow
continues to be stable, however it is detached earlier than the rear
stagnation point forming a symmetrical pair of vortices. The length of this
pair of vortices, commonly referred to as the recirculation zone, is
increased linearly with increasing Reynolds number, Re. Finally, for Re>47
the flow develops an unsteady flow known as the Karman vortex street. At
this point, the previously fixed vortices begin to oscillate leading to the
detachment of one of them from the wake of the cylinder. The second
vortex is shed while the first one is shaped again. This phenomenon is
called as the vortex shedding. The vortices appear and are shed
alternatively at a specific frequency, f. The latter is described by the non-
dimensional Strouhal number, St (defined in Equation 2). The described
particularity of the flow regime (Re>47) is known as the Strouhal
instability.

St = f'TD )



For Reynolds number values Re>180 the flow becomes three-dimensional
and turbulence appear in the wake region of the cylinder. The transitional
regime from laminar wake flow to turbulent wake flow is observed at
180<Re<300, as for Re>300 the wake is fully turbulent. Further,in the
Reynolds number regime, 300<Re<310°, the flow remains turbulent at the
wake region of the cylinder but still laminar at the boundary layers and is
known as the sub-critical flow regime. At this point, by increasing
Reynolds number even more, Re>310°, the boundary layers become
turbulent at the separation point, however this occurs exclusively at one
side of the cylinder, while the other one remains laminar, until Re=3.510".
Further increase of the Reynolds number, Re>3.5710° results in both
boundary layers separation becoming turbulent. However, the flow is not
fully turbulent on neither side of the cylinder until Re=1.510°, when one of
the boundary layers becomes fully turbulent. Finally, at Re>4.5:10° the flow
Is turbulent everywhere.



7N 4 0<Re<5

/_—_\
e S<Re<47

o2 Lo Uit i VAR

300<Re

Re<3-10°

3.510°<Re

/
'\/'

4.5-105<Re

Fig. 2. Flow past a circular cylinder: wake structure for various Reynolds
number regimes.



1.2.2 Drag and Lift Forces

The formation of the Karman vortex street results in the application of
an oscillating force on the cylinder. The stream-wise and vertical
components of this force are defined as the drag force, Fp, and the lift
force, F, respectively. The amplitude of the Lift force is much greater than
that of the drag force; however, the latter has a double frequency in
comparison with the lift force. This occurs because the total period of the
drag force is influenced by every vortex that is shed, while the lift force by
a pair of vortices. The non-dimensional form of the drag and lift forces are

defined as the drag and lift force coefficients, as follows:
Fp

Drag coefficient: Cp = m (3)
. L _F
Lift coefficient: C, = —;—-p-UZ-A (4)

where, p is the density of the fluid, U the velocity of the flow and A the
reference area defined as A = D - z, with z being the cylinder’s height.

1.3 Heat transfer
1.3.1 Heat transfer mechanism

Heat transfer is the transfer of energy as heat due to temperature
differences. Heat transmission is engaged in the study of the mechanisms
through which bodies can exchange energy, which are not in equilibrium
state in contrast to the thermodynamic and uses fluid dynamics to problems
where there is a fluid in motion. Heat, as is well known, is transmitted from
higher to lower levels of heat. The transmission mechanisms are the
following: (a) conduction, (b) convection and (c) radiation.

The heat transfer mechanism of conduction in fluids is due to the
irregular motion (collision) of its particles. The transmission of this energy
through random collisions of molecules is called diffusion. As the
temperature increases the irregular motion of the particles increases and
thus the conduction rate increases (this is more noticeable for gases as for
liquids there is the influence of the molecular forces). Moreover, in the case
of stationary liquid, interactions between molecules are much stronger due
to the presence of strong intermolecular forces. The latter results in an
increase of the dissipation of energy through the interaction between
molecules. The heat transfer due to conduction is described by Fourier's



Law. Fourier's Law is determines the heat flow as a function of the
temperature distribution in the medium. The general form for
multidimensional conduction is given by:

q" = —kVT (5)

where g" is the local heat flux density, k is the thermal conductivity and VT
Is the temperature gradient. The negative sign in equation (5) is due to the
fact that heat always flows towards the lower temperature, which is
opposite to the direction set by the differential temperature gradient.
Moreover, the thermal conductivity, k, is a measure of how well a material
conducts heat and can be defined by equation (5). In general the thermal
conductivity depends on the material and correlates with a temperature.
The heat transfer mechanism inside a moving fluid is called convection.
The heat transfer by convection is generally complex because it includes
heat transfer due to the motion of the fluid and due to heat conduction on
the boundary layer between a solid body and the particular liquid. Further,
at the case of heat transfer through a fluid, the contribution to the heat
transfer rate is much higher by convection compared with that by
conduction, as it is proportional to the fluid’s velocity. In general,
conduction is distinguished as natural or forced regarding the cause of the
fluid’s movement. In natural convection the movement of fluid is due to
natural causes such as gravity or buoyancy, while in forced convection it is
due to external forces. The convection depends mainly on the properties of
the fluid such as the thermal conductivity, k, the density, p, the dynamic
viscosity, u, the specific heat capacity, Cp and the velocity, u. Also, the
roughness and shape of the surface, and the type of fluid flow are factors
which affect the heat transfer by convection. The general equation
describing the heat transfer by convection is Newton's law of cooling:

G" = h(Ty = Tins) (6)

where h is the local convective heat transfer coefficient, T, is the
temperature of the solid boundary surface and Tj, the temperature of the
undisturbed flow, away from the solid body.

When there is a temperature difference between a fluid and a solid body,
the thermal boundary layer is formed, in correspondence with the
hydrodynamic boundary layer; the latter is created when a moving fluid
encounters a solid body. The particles of the fluid in contact with the plate
come to thermal equilibrium with it and exchange energy with their
adjacent ones. Thus, the temperature transitions smoothly from the



temperature of the wall, T, to the temperature away from the wall, T;.;. The
thickness of the boundary layer is defined as:
5, —» 2 T™ _ 099 (7

w—linf

where T(n) is the temperature of a point at a distance, n, normal to the solid
body surface.

Practically, Equation (7) states that the boundary layer thickness is the
distance where the fluid has almost attained the temperature of the fluid
away from the solid body. Furthermore, when the fluid velocity at the
boundary surface is zero (non-slip condition), the heat transfer from the
solid body to the fluid is transmitted only by diffusion. In the opposite case,
when the fluid is moving on the boundary surface (slip condition) the heat
transfer is transmitted by diffusion, but primarily by convection. In general,
heat transfer depends on both the thermal and the hydrodynamic boundary
layer thicknesses. The non-dimensional quantities describing the heat
transfer between a solid body and a fluid depend on the Prandtl number, Pr,
defined as:

pr =42 (8)

The Prandtl number quantifies the relative effectiveness of the
momentum and the energy by diffusion in the boundary layer velocity and
thermal boundary layer respectively and depends only on the type and
condition of the fluid under study. Specifically, the Prandtl number of the
gases is close to unity, which implies that the transmission of momentum
and transmission of energy by diffusion are comparable. Thus, in this case
the thickness of the momentum boundary layer is equal to the thickness of
the thermal boundary layer.

In a heat exchange problem, the non-dimensional quantity describing the
efficiency of convection in comparison with conduction, is the Nusselt
number, Nu, defined as:

_ hlc
Nu = p (8)

where L. is the characteristic length of the corresponding problem in study.



In particular, in the flow past a circular cylinder, the characteristic
length, L. equals the diameter of the cylinder, D, and thus Equation (8)
becomes:

Nu =22 (9)
The Nusselt number quantifies the heat transfer enhancement due to a

fluids motion through the mechanism of convection.

1.3.2 Heat transfer in wake flows

Several literature studies have addressed heat transfer in the flow past
heated circular cylinders. In particular, Nakamura and Igarashi (2004) and
Sanitjai and Goldstein (2004) have studied a wide range of Reynolds
numbers (70<Re<105) and reported the Nusselt number variations. In the
regime where the flow remains two-dimensional Bharti et al. (2007) and
Vegad et al. (2014) investigated the heat transfer of steady flows (Re<47),
while Patnana et al. (2010), Baranyi (2003), Golani and Dhiman (2014) and
Harimi and Saghafian (2011) examined the interaction of heat transfer and
the Karman vortex street in the unsteady flow regime (47<Re<180). In
more specific, Nakamura and Igarashi (2004) suggested that in the
Reynolds — Nusselt numbers correlation, inconsistencies are expected in the
flow transition regimes. They demonstrated that a reverse correlation exist
between the vortex formation length and the Nusselt number at the rear
stagnation point region. As a result, the shortening of the vortex formation
length occurring in the regime in which the wake develops to a complex
three-dimensional flow (300 < Re < 1500) has a negative impact on the
mean Nusselt number. However, in both two-dimensional steady and
unsteady flow regimes (Re<180), it was demonstrated that the value of the
mean Nusselt number increases monotonically with the increasing value of
the Reynolds number. This occurs in the unsteady regime due to the
formation of the vortex street (Baranyi L. 2003); the intensity of the
vorticity reflects the increase of the heat transfer rate.

In the present study, a non- isothermal flow past a circular cylinder is
investigated, for low values of Reynolds number (40<Re<180). In this
region, Baranyi (2003), Harimi and Saghafian (2011) and Karniadakis
(1987) identfied the general distribution of the local Nusselt number across
the cylinder surface. They demonstrated that the maximal value of the local
Nusselt number is attained at the front stagnation point (6=0°) due to the
thin boundary layer present at that point. As the boundary layer becomes
thicker, the local Nusselt number decreases steeply and its minimal value is



observed in the regime between the separation point and the rear stagnation
point (90°<0<160°). Further, a local maximum is observed at the rear
stagnation point (6=180), which is due to the formation of the vortex
shedding. Finally, although the maximum and local maximum values of the
local Nusselt number increase with an increase of the Reynolds number,
(Nakamura and lgarashi, 2004, Harimi and Saghafian, 2011) the minimum
local Nusselt number value is unaffected, and thus remains constant
(Harimi and Saghafian, 2011).

1.3.3 Heat transfer enhancement in wake flows

The problem of enhancing heat transfer, is a classical problem with
great challenges in the fields of fluid mechanics and thermal engineering.
Concerning the flow past a heated cylinder, several literature studies have
addressed the problem of heat transfer enhancement, by means of both
passive and active flow control techniques (see below section 1.4.1). Some
of them include cylinder rotation (Pourgholam et al., 2015) or use of
nanofluids (Bovand et al., 2015, Ziyad et al., 2008). In particular,
Pourgholam et al. (2015) utilized the flow augmented agitation, in
comparison to the stationary cylinder, which led on heat transfer
enhancement. On the other hand, Bovand et al. (2015) and Ziyad et al
(2008) achieved heat transfer enhancement by exploiting the addition of
nanoparticles in the base fluid, leading to an increased effective dynamic
viscosity and thermal conductivity. However, these methods deviate from
the objectives of this study as they destabilize the global flow. Here, a
method that enhances heat transfer, while at the same time suppresses the
flow instability, is investigated. A possible candidate for heat transfer
enhancement according to Haase et al (2015), Maynes et al. (2008) and
Rothstein (2010) is the application of surface hydrophobicity. In flow
through microchannels, Haase et al. (2015) and Maynes et al. (2008)
demonstrated that the application of surface hydrophobicity involves two
conflicting effects. On the one hand, the heat transfer coefficient is reduced
due to the reduction of the liquid-solid contact, while, on the other hand,
the reduction of the drag force coefficient, results in the increase of the
local boundary velocities of the flow, amplifying the velocity profile and
enhancing heat transfer. They have demonstrated that the second effect
predominated the first one, and thus the heat transfer rate was enhanced.



1.4 Flow control
1.4.1 Flow control: suppression of unsteadiness

In flow past a cylinder several control strategies have been investigated,
aiming at the suppression of the Karman vortex street. The flow control
methods are distinguished as passive or active, regarding the energy input
they require after they have been set. In particular, the passive control
methods usually include a geometry modification, such as (a) placement of
a splitter plate (Roshko, 1955), (b) proper placement of a smaller cylinder
in the wake (Strykowski and Sreenivasan, 1990, Mittal and Raghuvanshi,
2001, Yildirim et al., 2010) or (c) application of a hydrophobic material on
the surface of the cylinder (You and Moin, 2007, Legendre et al. 2009,
Muralidhar et al., Seo and Song, 2012 and Mastrokalos et al., 2015). On the
other hand, the active control methods require an external energy input, as
for example a (a) suction/blowing on the cylinder surface (Delaunay Y. and
Kaiktsis L. 2001), (Wood CJ. 1967), (Dong et al. 2008), (b) cylinder
rotation and/or rotary oscillation, (Tokumaru PT. and Dimotakis PE. 1991),
(Tokumaru PT. and Dimotakis PE. 1993), (Mittal S. and Kumar B. 2003),
(c) cylinder heating (Lecordier JC. 1991) or an (d) application of a Lorentz
force (Chen Z. and Aubry N. 2003).

1.4.2 Implementation of surface hydrophobicity

Hydrophobic or superhydrophobic surfaces are bio-inspired surfaces,
characterized by a combination of micro- and nanoscale roughness.
Superhydrophobic surfaces are resistant to wetting, thus enabling low
friction levels in fluid flows. Hydrophobicity is commonly quantified by
the value of contact angle between a liquid drop and the surface, which in
hydrophilic surfaces is less than 30 deg, in hydrophobic surfaces less than
150 deg and in superhydrophobic surfaces higher than 150 deg (Fig. 3).
Macroscopically, use of hydrophobic surfaces may result in a deviation
from the no-slip condition at the fluid boundary, resulting in the presence
of a nonzero velocity at the boundary wall (slip velocity).
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Water
Hydrophobic Surface

Fig. 3. Contact angle for: (a) hydrophilic surfaces, (b) hydrophobic surfaces
and (c) superhydrophobic surfaces.

Hydrophobic Surface

Super-Hydrophobic Surface

Implementation of hydrophobicity on the cylinder surface passively
controls the flow supressing its unsteadiness. In particular, fluid slip at the
cylinder surface leads to a delay of separation, and thus to the formation of
a narrower wake. This reduces the intensity of the lift and the drag force
oscillations (Legendre et al. 2009), and may even lead to a complete
suppression of the vortex street (You and Moin 2007, Mastrokalos et al.
2015).

At the same time, as was earlier mentioned (1.3.3), the implication of
hydrophobicity can enhance heat transfer between the cylinder and the
fluid. The main question here is to investigate whether the vortex
suppression, resulting in lower velocities at the rear stagnation point region,
combined with the reduction of the liquid-solid contact (Haase et al 2015,
Maynes et al. 2008 and Rothstein, 2010), can be counterbalanced by the
increased boundary velocities due to hydrophobicity, in the remainder
cylinder, and if, as a result, heat transfer can actually be enhanced.

Finally, it should be noted, that due to the substantial manufacturing cost
of hydrophobic and superhydrophobic surfaces, the minimization of the
extent of the hydrophobic region should be a main consideration.

1.5 Goal of the present study

In the present computational study hydrophobic materials are
implemented on the entire cylinder surface or on a part of it, in order to
achieve three goals, namely: (a) heat transfer enhancement, (b) partial or
full suppression of the Karméan vortex street and (c) use of a minimal
control effort (minimization of cost and of the extent of the hydrophobic
region. At first, hydrophobicity is applied on the entire cylinder surface.
The results demonstrate a substantial heat transfer enhancement in
comparison to the uncontrolled case. However, it is highlighted that in the
rear stagnation point region heat transfer is decreased, due to the increase
of local velocities. Therefore, in a second step, hydrophobicity is
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implemented on a part of the cylinder surface. It is verified that partial
hydrophobicity can lead to the same levels of heat transfer as in the full slip
case. Finally, guided, by these results a multi-objective optimization
problem is formulated and solved, aiming at the maximization of heat
transfer rate and the minimization of the flow unsteadiness and the control
effort. The solution of the optimization problem by means of genetic
algorithms results in optimal combinations of the slip length and the extent
of the hydrophobic region. Here, the term optimal refers to the
minimization/maximization of proper defined objective functions
corresponding to the three goals defined above.

The present diploma thesis is organized as follows. In Chapter 2, the
problem setup is presented. In Chapter 3, results of numerical simulations
of flow past a cylinder with slip on the entire or part of its surface
(full/partial slip) are presented and analyzed. In Chapter 4, the optimization
problem of the present study is defined, and the optimization results are
presented and discussed, for two values of Reynolds number. Finally, in
Chapter 5, the main findings of the present thesis are summarized.
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2. PROBLEM SETUP

2.1 Computational model — boundary conditions

We consider a circular cylinder in uniform cross-flow. In the present
study, the thermo-physical properties of the fluid are assumed to be
independent of the temperature. The variable-density effects are negligible
and the specific heat capacity, Cp, and the thermal conductivity, k, of the
fluid are constant, thus the energy of the fluid per unit mass can be
expressed as deg;oqm = dh = CpdT and the energy equation takes the
following form (12). As a result, the temperature difference between the
cylinder, T,, and the free steam, Tiy, IS maintained small so that these
simplifying assumptions can be justified. Flow fields are computed from
the numerical solution of the non-dimensional Navier—Stokes equations for
two-dimensional incompressible non-isothermal flow:

Continuity equation: V-i=0 (10)
Momentum equation: %ﬁm-vu = —Vp+RiAJ (11)
€
. aT 1
Energy Equation: LV (T)=—— 12
ergy Equatio Y UT) = AT (12)

where © = (U, V) is the velocity vector and p the static pressure and T is
the temperature. Here, physical variables are non—dimensionalized with
proper scales based on the cylinder diameter, D, the free stream velocity,
Uins, the fluid density, p, the cylinder’s wall temperature, T,, and the free
steam temperature, T Frequencies are non- dimensionalized as Strouhal

numbers, St = L

. The Reynolds number is defined as Re = Yine D , Where v

inf |4

Is the kinematic viscosity of the fluid, and the Prandtl number as

Pr= u-ka , Where u is the dynamic viscosity of the fluid, Cp the specific

heat capacity and k the thermal conductivity.
The numerical solution of the governing equations utilizes the ANSYS
CFX CFD code. Here, a second-order finite volume approach is adopted.



The center of coordinates (x=0, y=0) is taken at the cylinder center. The
following conditions are prescribed at the domain boundaries (see Fig. 4).

Inflow and lateral boundaries: u =u,, =1, v=0, T=T,=0
Outflow boundary: p=0, Neumann boundary condition

Cylinder surface:uezrb*Re:b*%, u =0, T=T,=1 (Navier model,

or

Zhang et al., 2012)

where Uy and u, are the non-dimensional velocity components in the
circumferential and radial direction, respectively (see Fig. 5), z is the non-
dimensional wall shear stress and b" is the non-dimensional slip length.
The Navier model thus assumes that the fluid flows against a fictitious
(non-hydrophobic) surface, located at a distance b from the actual solid
boundary (slip length, see Fig. 5). Slip velocity at the cylinder surface is
proportional to the local values of shear stress and slip length. In the
present study, the value of slip length is assumed constant for the entire
hydrophobic part of the cylinder surface.

Furthermore, heat transfer is quantified by the non-dimensional Nusselt
number and the cylindrical cylinder is maintained at the constant
temperature of T,,. The local Nusselt number, Nu(6), on the surface of the
cylinder is defined as:
hci;D (13)
Here, h. is the local value of the convective heat transfer coefficient
calculated as:

Nu(@) =

(T /o)
h, = LT, 14
’ (Tw _Tinf) ( )

where 1i is the direction normal to the cylinder. The mean Nusselt number,
defined as the overall surface average value of the local Nusselt number, is
obtained by integrating Nu(6) over the surface of the cylinder, as follows:

1 27
Nu, =—— | Nu(oyde (15)

whereas the time-averaged mean Nusselt number is calculated as:
- 1 tp
Num = IO Nu,,dt (16)

Tt

p
For stable solutions, the mean Nusselt number attains a constant value,
while for unstable solutions an oscillatory behavior corresponding to limit
cycle is observed.
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For the present problem, it follows from dimensional analysis that the
flow dynamics depends (i) on the Reynolds number, Re, (ii) on the Prandtl
number, Pr and (iii) on the non-dimensional slip length, b*. Here, results
are presented for the representative value of the Prandtl number, Pr=1 and
for four values of Reynolds number, Re= 40, 90, 120, 150, 180, for which
the uncontrolled flow is unsteady and two-dimensional.
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Fig. 5. Sketch of velocity profile near cylinder surface, for a slip length b..
Local velocity components on the cylinder surface, u, and u, are depicted.

2.2 Domain definition — grid generation

The computational domain extends 20D upstream from the cylinder
center and 60D downstream, while the lateral boundaries lie 17D from
y=0, the domain centerline (Fig. 4). The adequacy of this domain size has
been demonstrated in relevant literature studies (see Kaiktsis et al., 2007,
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Delaunay and Kaiktsis, 2001 and Evangelinos and Karniadakis 1999).
Spatial resolution tests have shown that a grid with 54000 quadrilateral
finite volumes, with approximately 100 volumes osculating to the cylinder
surface (see Fig. 6), is sufficient for the Reynolds number range of the
present study. A time step value of 0.01 non-dimensional time units has
been used throughout the present study, and its adequacy is verified by
temporal resolution tests utilizing smaller time step values (up to 0.005
time units).

i
E

Fig. 6. Finite volume mesh with detail close to the cylinder (the number of
finite volumes osculating to cylinder surface is close to 100).

2.3 Validation tests

The present CFD results are validated by comparing high resolution
simulations of the uncontrolled flow against published literature data. Here,
the simulations are performed for the Reynolds number range between
Re=10 and Re=180, for which the flow remains two-dimensional. In
particular, the distribution of the local Nusselt number for the present study
is presented and compared with that of Patnana V. et al. (2010) in Fig. 7a.
Further, in Fig. 7b the mean Nusselt number for different Reynolds number
values is compared with the calculations of Patnana V. et al. (2010), as well
as with the ones of an empirical correlation; an excellent agreement
between the present and the literature and empirical results is demonstrated.
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Fig. 7. Validation of the present study results with literature studies: (a)
local Nusselt number for Re=40, (b) time-averaged mean Nusselt number
for representative values of Reynolds number.
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3. COMPUTATIONAL RESULTS

3.1. Application of slip conditions on the entire cylinder
surface

3.1.1 Application of full slip at a constant value of slip length for
various Reynolds number values

For given Reynolds number values (Re=40, 90, 120, 150 and 180), flow
and temperature fields have been computed for the uncontrolled flow, as
well as for a hydrophobic case at the non-dimensional slip length value
b*=0.2; in the latter hydrophobicity is applied on the entire cylinder
surface. For all cases considered, Fig. 8 presents the time-averaged local
Nusselt number values along the cylinder surface, whereas Fig. 9 and Fig.
10 illustrate the instantaneous vorticity and temperature isocontours
respectively.

In the uncontrolled case (b*=0), Fig. 91 demonstrates the presence of the
recirculation zone for Re=40 and the formation of the Karman vortex street
for Re=90, 120, 150 and 180. The structure of the vortex shedding is in
accordance with the structure of the temperature isocontours (Fig. 10i). For
the same case, concerning the distribution of the local Nusselt number, it is
verified, that its maximal value is attained at the front stagnation point
(6=0°), while the corresponding lowest value is reached between the
separation point and the rear stagnation point (Fig. 8). Moreover the local
Nusselt number attains a local maximum at the rear stagnation point, which
Is due to the high velocities created by the vortex shedding. It is also
demonstrated, that an increase of the Reynolds number results in an
increase of the local Nusselt number in the rear stagnation point and more
intensively in the front stagnation point.

When slip conditions are applied on the entire cylinder surface (b*=0.2),
the Karman vortex street is fully canceled for Re=40, 90, 120 and partially
suppressed for Re=150 and 180 (Fig. 9ii); a similar behavior is observed in
the corresponding temperature isocontours (Fig. 10ii). The distribution of
the local Nusselt number demonstrate, that for Re=90, 120, 150 and 180
(Fig. 8b-e), its minimum values are located closer to the rear stagnation
point, in comparison with the uncontrolled cases. This observation
demonstrates, that when the vortex street is cancelled, the two minimum
values of local Nusselt number tend to merge into one, as seen for Re=40
(Fig. 8a) where the minimum value of local Nusselt number is located in
the rear stagnation point.



In general, by comparing controlled against uncontrolled cases, it is
demonstrated (Fig. 8) that the local Nusselt number increases in the front
stagnation point region, but decreases in the rear stagnation point region. In
more detail, the local Nusselt number reduction in the rear stagnation point
region is caused by the suppression of the vortex street, while in the rest of
the cylinder, and more prominently in the front stagnation point region, due
to the presence of hydrophobicity. Further, the area which is affected
negatively regarding the heat transfer, close to the rear stagnation point, is
much smaller in comparison to the enhanced one in the rear stagnation
point region.

Furthermore, Fig. 11 presents the calculated values of the mean Nusselt
number for all the cases considered. It demonstrates an increase of the
mean Nusselt number by the application of hydrophobicity, verifying the
earlier observations concerning the local Nusselt number. It should be
noted, that the increase in the mean Nusselt number is stronger for larger
Reynolds number values; the latter is due to an increase of local velocities
in the rear stagnation point region, leading to a corresponding increase in
heat transfer.

The earlier analysis suggests that the stabilization of the flow has a
negative impact on the heat transfer enhancement, affecting in particular
the rear stagnation point region. However, this comes as an inevitable result
of the application of slip which leads to substantial heat transfer
enhancement in the remaining part of the cylinder i.e. all the cylinder
surface excluding a region near the rear stagnation point. Finally, Table 1
summarizes the time-averaged mean Nusselt number values of the
uncontrolled flow, as well as those of the controlled flow (b*=0.2), for
various Reynolds numbers, and the corresponding heat transfer
enhancement of the controlled flow. It is demonstrated that up to 31%
Improvement in the heat transfer rate can be achieved, which is similar to
the heat transfer enhancement Maynes et al.(2008) calculated in their work
regarding flow in a microchannel with hydrophobic surface.
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Fig. 8. Local Nusselt number distribution for (i) uncontrolled flow (b*=0) and
(i1) for controlled flow at b*=0.2 for the Reynolds numbers: (a) Re=40, (b)
Re=90, (c) Re=120, (d) Re=150 and (e¢) Re=180; the front stagnation point is
considered as the reference point (6=0°).
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Fig. 9. Color-coded contours of instantaneous vorticity for representative
Reynolds number values, corresponding to (i) Controlled and (i) Uncontrolled
cases, in the non-linear flow state.
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Fig. 10. Color-coded contours of instantaneous temperature for representative
Reynolds number values, corresponding to (i) Controlled and (i) Uncontrolled
cases, in the non-linear flow state.
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Fig. 11. Time-averaged mean Nusselt number vs Reynolds number for (i)

30 60 90 120 150 180 210

Re

b* increase

—0—b*=(
-0--b*=0.2

uncontrolled flow (b*=0) and (ii) for controlled flow at b*=0.2

Table 1. Computed values of time averaged mean Nusselt number, at
different values of Reynolds number, for: (i) uncontrolled flow, (ii)
controlled flow at a specific value of non-dimensional slip length, b*=0.2.

Re Nu,, Heat transfer
Enhancement
(%)
(i) b*=0 (ii) b*=0.2
40 3.6858 4.5641 23.8
90 5.5443 7.0821 21.7
120 6.4796 8.3405 28.7
150 7.3281 9.4913 29.5
180 8.0539 10.5824 31.4
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3.1.2 Application of full slip at a given Reynolds number value for
various values of slip length

In order to investigate in more detail the effect of hydrophobicity on
heat transfer, computational calculations were performed for a sufficiently
large range of b~ values, at the representative Reynolds number value,
Re=90.

Fig. 12 presents the time-averaged mean Nusselt number as a function
of the non-dimensional slip length, b” whereas, Fig. 13 and Fig. 14, present
the vorticity and temperature isocontours for unstable and stabilized flow
respectively. As the slip length increases, the vorticity intensity is reduced
(Fig. 13) up to the limit of vortex street cancelation at the critical value of
b*=0.17; the latter is in excellent agreement with Legendre et al. (2009)
and Mastrokalos et al. (2015). A further increase in b* results in a reduction
of the recirculation zone length (Fig. 14). Moreover, regarding heat
transfer, it is shown that an increase of b results in an increase of Nu,,. In
Fig. 12 it is illustrated that the gradient of the curve remains considerable
for small to moderate values of b"; this region includes both stable and
unstable solutions. As a result, hydrophobicity is more efficient for small to
moderate values of b~ i.e. for b’<0.3. On the other hand, for b™>0.3
hydrophobicity becomes ineffective, as for example doubling the value of
b” returns slight increase of Nu,,; the latter is also verified by the fact that
for b™>0.3 the temperature isocontours attain negligible deviations (Fig.
14).

Stable region

Unstable region

Iincontr lled Case

5 . . — —— :
0 0.5 1 1.5 2

b*

Fig. 12. Re=90:Time-averaged mean Nusselt number vs. non-dimensional
slip length, b*.
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Fig. 13. Re=90: color-coded contours of instantaneous vorticity (left column) and
color-coded contours of instantaneous vorticity (right column) in the non-linear
flow state, corresponding to unstable cases depicted in Fig. 12.
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Fig. 14. Re=90: color-coded contours of instantaneous vorticity (left column) and
color-coded contours of instantaneous vorticity (right column) in the non-linear
flow state, corresponding to stable cases depicted in Fig. 12.
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3.2. Application of slip conditions on part of the cylinder
surface

When hydrophobicity is applied correctly on a part of the cylinder,
disabling slip in the region of the rear stagnation point, it was shown
(Mastrokalos et al. 2015), that the flow can be stabilized even more
compared to the full slip case. In section 3.1 it was demonstrated that the
suppression of the vortex shedding causes heat transfer to hinder in the
region of the rear stagnation point, however the mean Nusselt number is
slightly affected, when the suppression is achieved by means of
hydrophobicity. The main goal here is to investigate whether the control
effort, defined by the product of the non-dimensional slip length, b* and the
extent of the hydrophobic regime, can be substantially reduced, while in the
same time achieving equivalent heat transfer enhancement in comparison
with the full slip case.

To this end, the cases of full and partial slip are investigated and
compared. Here, simulations are performed for Re=90 for the
representative value of non-dimensional slip length b"=0.17, which
corresponds to global flow stabilization at Re=90, when slip is applied on
the entire cylinder surface. In the partial slip case, slip conditions are
applied on the entire cylinder surface excluding a region extending +32°
from the rear stagnation point. Provided that the non-dimensional slip
length, b*, is the same for both cases, the control effort depends only on the
extent of the hydrophobic region, defined by the angles 6y, and Gyax (Fig.
15).

Fig. 16 demonstrates that despite considerably decreasing the extent of
the hydrophobic region, ¢, and thus the control effort by 17.8%, the mean
Nusselt number attains practically the same value as in the full slip case. At
the same time, it is observed that the flow is stabilized quicker, which
verifies the fact that the partial slip can be even more effective than full slip
in suppressing the global flow instability.

Overall, these results suggest that an optimal partial slip setup should be
examined more thoroughly with respect to the global flow stability and the
heat transfer enhancement. As a result a proper optimization method should
be addressed. To this end, a multi-objective optimization problem is
formulated and solved, aiming at the maximization of heat transfer rate and
at the identification of optimal combinations of the slip length and the
extent of the hydrophobic region.
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Fig. 15. Sketch of slip condition application on the cylinder surface, for a
flow from left to right: slip is applied in the arc ranging from G, t0 Oax.
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Fig. 16. Computed values of time-averaged mean Nusselt number and lift
coefficient signal, for Re=90 and b*=0.17 for two cases: (i) full slip, (ii)

partial slip.
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4. FORMULATION AND SOLUTION OF
OPTIMIZATION PROBLEM

The main goal of the present computational study is the heat transfer
enhancement with complete suppression or intensity reduction of the
Kéarman vortex street in flow past a cylinder, by means of a proper
implementation of partial slip. The partial slip parameters consist of the
corresponding cylinder arc, defined by 6y, and 0. (see Fig. 15), and the
corresponding slip length, b*. Here, an optimal passive control is sought,
associated with attaining desired flow states at a minimal control effort. To
this end, a three-objective minimization problem is formulated. The first
objective function is associated with the flow’s global stability. The second
one quantifies the control effort, taking into account the slip length, b*, and
the extent of the slip region, which corresponds to the angle ¢=0max-Onin-
Finally, the third objective function quantitatively expresses heat transfer,
using the non-dimensional time-averaged Nusselt number. Optimization
results are reported for two values of Reynolds number, Re=90 and
Re=180.

4.1. Design variables and search space

Three design variables are utilized in the present implementation: the
non-dimensional slip length, b*, and the angles i, and Gy, defining the
slip area. The application of slip is symmetrical with respect to the domain
centerline (y=0). A broad domain of definition is considered for each of the
three design variables:

0<b*<0.5, 0<6,, <70° 110° <6,

min —

<180° (17)

max —

The selection of search space boundaries was guided by the simulations
reported in Section 3, corresponding to implementation of full and partial
slip.



4.2 Objective functions

Three objective functions are introduced.
(a) First objective function, J;:

The first objective function, Jy, is related to the flow’s global stability.
Here, a total of M points along the domain centerline (y=0) is considered,
and the numerical signal of the transverse velocity (V-component) at large
times is analyzed, for each point. For a total of N data points in time (N
being a very large number, corresponding to several flow periods), the
objective function J; is defined as the average of the standard deviation
values, §;, of the V-velocity signals, in the population of M points:

V- Ve @
=it V) ®
- s @

where V, , is the transverse velocity at point x; calculated at time instant t,

V_XJ_ the corresponding time-averaged value, and S; its standard deviation at

point x;. In the present study, M=100, corresponding to equidistant points in
the wake region 1<x/D<21.

Unsteady wakes are characterized by non-zero instantaneous V-
velocities along the wake centerline, with the magnitude of velocities being
representative of the intensity of the global mode. On the other hand, steady
wakes are symmetric along their centerline (V=0). Thus, the value of J; is
expected to decrease for control actions corresponding to increased
stabilizing effects, becoming zero for steady flow.

(b) Second objective function, J,:

The second objective function, J,, defines the control effort, which
increases with both the non-dimensional slip length, b*, and the normalized
half-arc of the slip region. Thus, their product is taken as the objective
function J,:

gmax m|n ) 1

I (
J,=b 5 2b ® (5)

where p=0max - Omin 1S expressed in radians.



(c) Third objective function, Nupn:

The third objective function, related to the heat transfer from the
cylinder to the fluid, is the time-averaged mean Nusselt number, defined in
eq. 7.

4.3 Optimization problem

The optimization problem is stated as follows: find the optimum
combinations of the problem design variables (b*, Omin, Omax), Which
simultaneously minimize objective functions J;, J, and maximize the
objective function Nu.. The optimization problem, as formulated here, is
solved for two representative values of Reynolds number, Re=90 and
Re=180, i.e. in a Reynolds number regime where the flow is two-
dimensional.

4.4. Optimization methods

The final set of optimal solutions for the three-objective
minimization/maximization problem of the present study is obtained by
evolving, by means of a genetic algorithm, an initial, randomly generated,
population (generation). The evolution produces subsequent generations,
by utilizing the operations of parent selection, cross—over and mutation (see
Fonseca and Fleming,1995). In the present work, each individual
corresponds to a different slip condition (b*), applied on a different part of
the cylinder surface (defined by the two arcs, On,i» and ), and is rated
based on the resulting values of the problem objective functions. Here, the
evaluator, finally giving the values of objective functions, is the CFD code
ANSYS CFX, which is coupled to an optimization tool; the latter utilizes
the ParadisEO genetic algorithms library (Cahon et al., 2004), and adopts
the Non—dominated Sorting Genetic Algorithm NSGA-II for ranking
solutions within a generation (Deb et al., 2002). The process terminates
when the optimal set of solutions is hardly improved from one generation
to the next. The final set of optimal solutions forms the problem’s Pareto
front; with respect to these solutions, there exist no others improving all of
the problem objective functions. The optimization procedure is outlined in
Fig. 17.

In the present implementation, each generation consisted of 20
individuals. Each optimization problem converged to the final Pareto front
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after 22 generations. An individual CFD run has required approximately 12

hours of turnaround time, on 24 cores of a parallel cluster.
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Fig. 17. Optimization flow chart.
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4.5. Optimization results
4.5.1 Optimization results for Re=90

The optimization results for Re=90 are presented in Fig. 18, in terms of

the values of the problem objective functions, J;, J, and Nun. Each
combination of the problem design variables (b*, Oyin, Omax) COrresponds to
a different slip condition, resulting in either unstable or stable flow (values
of function J; positive or zero, respectively). To obtain a better perspective
of the optimization results Fig. 19, Fig. 20 and Fig. 21 were created by
projecting the solutions at the level defined by the two objective functions
considered; the red lines, depicted in those Figures, correspond to a virtual
Pareto front, including all the non-dominated solutions; the uncontrolled
case and the case of full slip case, at the representative value of non-
dimensional slip length b*=0.17, have been also added. The increase of the
time-averaged mean Nusselt number as well as the decrease in control
effort (J, value) of corresponding optimal flow cases in comparison with
the full slip case are depicted in Fig. 19 and Fig. 20 respectively.
Specifically, in Fig. 19 the objective function J; is plotted versus the

mean Nusselt number, Nu.. It is demonstrated that, in the set of optimal
solutions, the increase of the flow stability results in higher heat transfer

rate (increase of Nun). Further, it is observed that a transition area exist

around the value of mean Nusselt number Nu. =6.85, separating unstable
with stable solutions. This value is an upper limit value for unstable

solutions, while for the stable ones Nu. can increase even more reaching
the value of the optimal solution, regarding the mean Nusselt number, Point
e (Num =7.54497). This optimal solution has a mean Nusselt number 75%
higher in comparison with the full slip case (b*=0.17), however, a much
greater control effort is utilized. Namely for Point e the value of the
objective function J, is 0.638, as for the full slip case J,=0.267.

Moreover, in Fig. 20 the objective function J; is plotted versus the
objective function J,. It is displayed that in the set of optimal solutions, an
increase in control effort results in a more stable flow (decrease of J,).
Point d represents the optimal solution giving global flow stabilization at a
minimum control effort. Although Point d has a slip length value of
b*=0.174, which is relatively close to the one corresponding to stabilization
with full slip (b*=0.17), the extent of the hydrophobic region is
significantly shorter, thus a reduction in control effort of 34% s
demonstrated.



Finally, in Fig. 21 the objective function J, is plotted versus the mean
Nusselt number. It is displayed that in the set of optimal solutions, an
increase in control effort results in an increase of the mean Nusselt number.
However, in correlation with Section 3.1.1, it is shown that exceeding a
certain value of J, (about J,~0.66) and respectively of b* the mean Nusselt
number no longer increases.
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Fig. 18. Re=90: Solutions of the optimization problem in a three-
dimensional space corresponding to the three objective functions J;, J, and

Nun; the projection of the solutions at the level defined by objective
function J; vs. mean Nusselt number, Num, is also included.
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Fig. 19. Re=90: projection of the solutions at the level defined by objective
function J; and the mean Nusselt number, Nu., and sketch of the
corresponding Pareto front. The uncontrolled case is included and five
Pareto front solutions are highlighted. Point e corresponds to the stabilised
case at a maximum mean Nusselt number.
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Fig. 20. Re=90: projection of the solutions at the level defined by objective
function J; and objective function J,, and sketch of the corresponding
Pareto front. The uncontrolled case, as well as the stabilized solution at the
minimum control effort (Point d), are highlighted.
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Fig. 21. Re=90: projection of the solutions at the level defined by objective

function J,, and the mean Nusselt number, Nu,, and sketch of the
corresponding Pareto front. The uncontrolled case as, well as the full slip
case, are highlighted.

In Fig. 19 five representative solutions of the Pareto front are depicted
with colored triangles by Points a-e; the uncontrolled case and the full slip
case for b*=0.17 are also included. The corresponding design variables and
objective function values are reported in Table 2.

Fig. 22 presents the calculated slip velocity distributions, as well as the
vorticity isocontours. It is shown, that for three out of the five cases,
namely Points b, ¢ and e, the hydrophobic region includes the front
stagnation point region, while for all the cases slip is disabled in the rear
stagnation point region. Considering that those cases represent non-
dominated cases regarding the time-averaged mean Nusselt number, the
earlier indications (Section 3.2) are confirmed, showing that control effort
can be substantially reduced at the same time achieving optimal solutions
in terms of heat transfer enhancement. The vorticity isocontours
demonstrate that cases a-c are unstable due to the formation of the K&rman
vortex street, while cases d and e correspond to a stabilized flow.

On the other hand, Fig. 23 presents the local Nusselt number distribution
and the temperature iso-contours for the solutions corresponding to
solutions depicted by Points a-e in Fig. 19. Fig. 23 demonstrates, that for
the solutions depicted by the Points b, ¢ and e, the local Nusselt number
distribution attains a smooth transition in the front stagnation point region,
due to hydrophobicity. On the contrary, solutions depicted by Points a and
d attain a more sharp transition of the local Nusselt distribution from the
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front stagnation point region to the sideway regions of the cylinder. Here, it
could be suggested that flow solutions depicted by Point a and Point d
would benefit from the application of hydrophobicity in the front stagnation
point region, in terms of heat transfer enhancement. In more detail Point d
corresponds to an optimal solution in respect with the minimization of both
the control effort and flow unsteadiness; in this case the vortex street is
fully cancelled. However, it is already demonstrated, that the lack of
hydrophobicity in the front stagnation point region hinders a further
increase of the mean Nusselt number. Finally, the temperature isocontours
(Fig. 23) demonstrate a similar structure to the one of the vorticity
isocontours (Fig. 22).

Table 2. Re=90: design variable values and corresponding objective
function values, for the uncontrolled case, as well as for cases a to e.

Case b* Omin Omax ¢ =OmaxOnin Ji Js mm
Uncontrolled | 0.000 | 0.00° 0.00° 0.00° 0.308 | 0.000 | 5.520
Point a 0.016 | 12.20° | 114.85° 102.65° 0.287 | 0.014 | 5.857
Point b 0.080 | 5.03° |153.26° 148.23° 0.203 | 0.103 | 6.540
Point ¢ 0.130 | 0.00° |150.91° 150.91° 0.140 | 0.172 | 6.820
Point d 0.174 | 23.97° | 138.57° 114.60° 0.000 | 0.174 | 6.850
Point e 0.442 | 5.24° |170.47° 165.23° 0.000 | 0.638 | 7.545
Full slip,
stabilized | 0.170 | 0.00° | 180.00° 180.00° 0.000 | 0.267 | 6.974
flow
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Fig. 22. Re=90: computed slip velocity profiles of base flow corresponding
to solutions a to e (left column) and color-coded contours of instantaneous
vorticity in the non-linear flow state (right column).
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Fig. 23. Re=90: local Nusselt number distribution along the cylinder surface
corresponding to solutions a to e (left column) and color-coded contours of
Instantaneous temperature in the non-linear flow state (right column).
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In order to demonstrate the adequacy of the search space extent, the
variation of all three design variables along the Pareto front is presented in.
Fig. 24 verifies a more pronounced increase in the first component of the
control effort, b*, in comparison to the second one, ¢, at increasing total
control effort (J,). In particular, regarding ¢, its increase is due to the rapid
Increase in Onax, While y,in tends to zero. As a result, for the majority of the
solutions lying on the Nu-J; projection of the Pareto front both the Oy
angle and the extent of hydrophobicity ¢ converge to about 150°. These
results suggest that slip should be applied on the entire cylinder surface
excluding a region +30° from the rear stagnation point.

Finally, Fig. 25 presents the results of a detailed sensitivity analysis
around the optimal solution depicted by Point d in Fig. 19. Fig. 25i and Fig.
25ii present the values of the objective function J; and Nu respectively, as a
function of the three design variables (b*, Onin, Omax); for each case two
design variables are kept constant, while the third one is modified around
the corresponding design variable value at Point d. The main goal here is to
evaluate the accuracy of the optimization by investigating whether the
solution (Point d) is actually optimal.

In Fig. 25a it is shown that a decrease in the slip length results in (i)
unstable solutions (decrease in J,), and (ii) a decrease of the mean Nusselt
number. These results can be verified by the increase of the vorticity
intensity and the decrease of the local Nusselt number, illustrated in Fig.
26. Further, a decrease in the extent of hydrophobicity, presented in Fig.
25b and Fig. 25c, results in (i) unstable solutions and (ii) lower mean
Nusselt number.

On the other hand, by increasing the slip length (Fig. 25a) it is
demonstrated that (i) the solutions remain stable (see Fig. 26) and (ii) the
mean Nusselt number increases; the latter is in accordance with the results
presented in Fig. 26. However, in these cases the control effort escalates,
which is not acceptable. Finally, in Fig. 25b and Fig. 25c, an increase in the
extent of hydrophobicity cause (i) destabilization of the flow, but results in
(i) higher Nusselt number values. As a result the optimal solution depicted
by Point d is accurate in terms of control effort.

40



(@)

(b)

(©

(d)

0.2

: APoint d

Am

b*=0.1136-Nu,,

70

" EFullslip ¢ ¢

5 55 6 6.5 7

7.5

60 |
750 -
" ]
5,40 |
_g 4
=30 -
<20

10

0

APoint d

| WFull slip

5 55

180
170

= 160

(5]

£ 150

-

= 140

=130
120
110

180
160

@ [degreesl

—_ = =

D X O N B
o O o o O

-
<

<

- 000
] A
| APointd 0,0 = 23.876:Nu,, - 11.327

| EFullslip o<

©

5 55 6.5 7

LA e e e e s e e e

7.5

| APoint d S

| mFull slip

5 55 6 6.5 7

7.5

Fig. 24. Re=90: design variables versus the time-averaged mean Nusselt
number for solutions lying on the projection of the Pareto front on the J;-
Nu,, plane. The case of stabilized flow with full slip is also included.



() (i)
0.20 75
i ©Point d ©Point d
<
~0.10 o g7 ¢
(@) °
a
o
0.00 & S 6.5
0.1 0.15 0.2 0.25 03 0.1 0.15 02 025 0.3
b* b*
0.002 7
& Point d FS < Point d
0 o
0.0015 o
=~ 0.001 |.2-f 6.75 )
(b) o
0.0005 a
& <
0 <& 6.5
15 20 25 30 35 15 20 25 30 35
O i [degrees] O i [degrees]
0.004 6.86
0 < Point d & &
0.003 6.85 <
a
<0002 1T 684
(c) o
0.001 6.83 0
< Point d
0 <& & 6.82
130 135 140 145 150 130 135 140 145 150

0,0 [degrees)

0., [degrees]

Fig. 25. Objective function J; and time-averaged mean Nusselt number,
Nu,,, versus the design variables (b*, Onin,Onax). Each case correspond to
one design variable fluctuating, namely (a) b*, (b) 6ni, and () Gnax While
the remaining two as equivalent to those of Point d. The cases with control
effort reduction in comparison with Point d are depicted with squares.

42




b*

(i) Vorticity Isocontours

(ii) Local Nusselt Distribution

0.1
0
0 90 180 270 360
0 [degrees]
14
12
10 -
8 <
=
z 5
0.15 4
2
0 T T
0 90 180 270 360
6 [degrees]
14
12
10 -
= &
0.174 =
(Point d) o
0 T T T
0 20 180 270 360
0 [degrees]
14
12
10 -
8 <
=
Z s
0.25 4
2
0 T T
0 90 180 270 360
@ [degrees]
14
12 -
10 -
8 -
=
Z |
0.3 4]
2 -
0 T T T

)

90 180 270 360
@ [degrees)]
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4.5.2 Optimization results for Re=180

For Re=180, the optimization solutions are projected on the Nun-J; and
J»-J; planes and are presented in Fig. 27 and Fig. 28 respectively. All three
mappings demonstrate a similar structure to the one observed for Re=90
(see Fig. 19, Fig. 20).

Fig. 27 establishes, that optimal solutions lying on the Nu. -J; projection
of the Pareto front are characterized by increased mean Nusselt number
values, in comparison to the corresponding case, for Re=90 (Fig. 19). The
latter is in accordance with the indicative observations for the full slip case,
related to the heat transfer enhancement due to the Reynolds number
increase (see Section 3.1.1). Further, five representative solutions of the
Pareto front (Points a-e), as well as the one corresponding to uncontrolled
flow, and the stabilized full slip case at a minimal slip length (b*=0.25) are
depicted in Fig. 27. In order to investigate in more detail the solutions
depicted in Fig. 27, the corresponding vorticity isocontours and the local
Nusselt number distributions are presented in Fig. 29. Fig. 29 shows, that
as the control effort increases, the vorticity intensity is reduced; the solution
depicted in Fig. 27 by Point e corresponds to vortex street cancelation at the
maximal Nusselt number. On the other hand, the distribution of the local
Nusselt number exhibits a similar behavior to the Re=90 case. Here, an
increase in the control effort results in smooth local Nusselt number
distributions in the rear stagnation point region.

Finally, Fig. 28 presents the projection of the Pareto front on the J,-J;
plane. Here, Point f depicts the optimal solution corresponding to the
vortex street cancelation at the minimal control effort, for Re=180. The
corresponding vorticity isocontours demonstrate the global flow
stabilization, whereas the local Nusselt number distribution reflects the
enhancement in comparison with the uncontrolled case (Fig. 30).

The values of design variables and objective functions of all the cases
are reported in Table 3. Table 3 demonstrates that a maximum of 38%
enhancement, regarding heat transfer, is achieved for Point e, in
comparison with the uncontrolled case. The solution depicted by Point f in
Fig. 28 is characterized by a reduction of control effort of 12% in
comparison with the full slip case.
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dominated cases are highlighted. In specific, Point e is the stable case with
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Fig. 30. Re=90: color-coded contours of instantaneous vorticity in the non-linear
flow state (left column) and local Nusselt number distribution along the cylinder
surface (right column), corresponding to solution depicted in Fig. 28.

Table 3. Re=180: design variable values and corresponding objective

function values, for the uncontrolled case, as well as for cases a to f.

Case b* Omin Omax ¢ =BmaxOnin Ji Js mm
Uncontrolled | 0.000 | 0.00° | 0.00° 0.00° 0.411 | 0.000 | 8.064
Point a 0.010 | 35.78° | 177.66° 141.88° |0.399 | 0.012 | 8.445
Point b 0.043 | 0.003° | 176.44° 176.44° | 0.339 | 0.066 | 9.500
Point ¢ 0.383 | 5.44° | 114.10° 108.66° | 0.224 | 0.364 | 10.697
Point d 0.430 | 26.04° | 135.79° 109.75° | 0.000 | 0.412 | 10.710
Point e 0.378 | 1.85° | 167.63° 165.78° 0.000 | 0.547 | 11.118
Point f 0.369 | 26.89° | 135.76° 108.87° | 0.000 | 0.350 | 10.630
Full slip,
stabilized | 0.250 | 0.00° | 180.00° 180.00° 0.000 | 0.393 | 10.775
flow
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5. CONCLUSIONS

The present computational work has investigated the problem of heat
transfer in a flow past a circular cylinder at low Reynolds numbers, by
means of a passive control scheme utilizing surface hydrophobicity.

Firstly, slip conditions were applied on the entire cylinder surface. It
was demonstrated, that the increase in the slip length leads simultaneously
to suppression of the flow unsteadiness and to a substantial heat transfer
enhancement. However, it was noticed, that application of hydrophobicity
in the rear stagnation point region induces destabilizing effects and imposes
a local negative effect regarding heat transfer; the local Nusselt number is
there reduced.

Next, in order to avoid these negative effects, as well as to decrease the
extent of the hydrophobic region and the associated cost, hydrophobicity is
not applied in the rear stagnation point region. The results demonstrated,
that application of hydrophobicity on the remaining part of the cylinder
results in the same enhancement levels of heat transfer, as in the full slip
case and in stronger stabilizing effects.

Finally, guided by the initial simulations and results, a multi - objective
optimization problem was formulated aiming at the identification of
optimal combinations of the slip length and the extent of the hydrophobic
region. This optimization problem addressed three goals, namely: (a) the
heat transfer enhancement, (b) the flow stabilization and (c) the reduction
of the associated cost, in terms of the slip length of the hydrophobic
material and the extent of the hydrophobic region. All these goals were
guantified by the introduction of proper objective functions. The
optimization problem was solved, by means of genetic algorithms, for two
representative Reynolds number values.

The present results have demonstrated that optimal application of partial
slip is more effective than full slip in suppressing flow unsteadiness. At the
same time, in the partial slip setup the heat transfer attains the same
enhancement levels as in the full slip case. It should be noted, that in both
the full and the partial slip cases, an increase up to 37% in the mean Nusselt
number in comparison with the uncontrolled cases, is demonstrated. On the
other hand optimal application of partial slip can result in a decrease of
control effort by up to 35%, leading thus to a substantial decrease of the
associated cost.
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