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ABSTRACT

PhD THESIS

INVESTIGATION OF FLOW CHARACTERISTICSAROUND A SINGLE
AND STAGGERED SLOTTED-CYLINDERS

Suat ONAL

CUKUROVA UNIVERSITY
INSTITUTE OF NATURAL AND APPLIED SCIENCES
DEPARTMENT OF MECHANICAL ENGINEERING

Supervisor  : Prof. Dr. Besir SAHIN
Year: 2010, Pages: 118
Jury . Prof. Dr. Besir SAHIN

Prof. Dr. Recep YURTAL

Assoc. Prof. Dr. Huseyin AKILLI
Assoc. Prof. Dr. Ahmet PINARBASI
Assoc. Prof. Dr .Muammer OZGOREN

The aim of this experimental study is to determine the flow characteristics of
a dngle and multiple sotted-staggered cylinders placed in a rectangular water
channel with a narrow gap using the Particle Image Velocimetry technique.
Quialitative flow visualization was initially employed in order to observe the overall
nature of the vortical flow patterns for different configurations of cylinders.
Quantitative flow visualization was secondly employed for whole configurations of
cylinders in order to understand the physics of complex flow behaviour that gives
rise to unsteady loading with the eventual intent of implementing control schemes
to enchance the rate of heat transfer hydrodynamicaly.

Key words: Confined flow, vorticity, staggered cylinders, dotted-cylinders
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Bu tezin amaci, dikdortgen kesitli sig kanal icerisine yerlestirilmis tek ve
coklu silindirler etrafindaki akis karakteristiklerini Parcacik Goruntllemeli Hiz
Teknigi ile deneysel olarak hesaplamaktir. Baslangigta, degisik siralanmis silindirler
etrafindaki dogal akis girdap parametrelerini bastanbasa nitel olarak gdzlemlemek
amaciyla boya deneyi yapilmstir. Ikinci olarakta hidrodinamik agidan 1si transferi
miktarin artirma amagli daimi olmayan akis kontrol uygulamalarindaki kompleks
akig davramsinin fizigini anlamak igin PIV ile akis yapist nicel olarak incelenmistir.
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NOMENCLATURE

<\V/>

<y >

<w>

uI'I'TIS

Vrms

udve
Fx

Na
Ns

: Cylinder diameter, m
: Cross-sectional area of the pipe, m?

: Distance between the plate surface and the laser sheet in plan view planes

(m)

: water level (m)

: Depth of the water in the channel (m)
: Timeinterval ()

: Saddle point

: Seperation line

: Slot width of cylinder (m)

: Strouha number

: Reynolds number based on cylinder diameter
: Reynolds number based on hydraulic diameter of the open channel
: Time averaged velocity (m/sn)

> Instantaneous velocity (m/sn)

: Time averaged streamline

. Instantaneous streamline

: Time averaged vorticity (1/sn)

. Instantaneous vorticity  (1/sn)

: Free stream velocity (m/sn)

: Instantaneous velocity (m/sn)

: Fluctuations of u (m/sn)

: Fluctuations of v (m/sn)

: Reynolds stress correlation

: Focus

: Noda point of attachment

: Nodal point of separation

: Dynamic viscosity (kg/ms)

: Density (kg/m®)
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1. INTRODUCTION

1.1. Overview of the Present Work

A large amount of work has been devoted to the study of the flow around
bluff bodies which have different geometries but especially circular cylinders. Flow
around circular cylinders has practical significance in many branches of engineering
such as design and analysis of flows past tall towers, chimneys, heat exchangers and
offshore structures. Therefore, investigation of flow characteristic is so important.
Nowadays, flow configuration still presents one of the challenging subject to study
in fluid mechanics, such aspects as aerodynamic forces, vortex shedding
phenomena, instantaneous pressure field, governing the wake formation and its
downstream evolution etc. In addition to that all these interconnected phenomena
are influenced by a large number of factors, including Reynolds and Strouhal
numbers, flow conditions (laminar, turbulence, steady, unsteady, compressble,
incompressible), geometry (interaction between several cylinders, length to
diameter ratio etc). Flow past bluff bodies has received a great deal of attention.
Particularly the flow around acircular cylinder has been well studied up to now but
flow around multiple bluff bodies is less well studied and understood. Therefore, in
this study, flow around single-slot cylinder and multiple slot-cylinders have been
investigated.

Energy is presently the most common issue in the world, because it is known
that energy shortage will rise in al areas in the common decade. That is reason all
countries around the world try to investigate alternative energy sources and also
work on the energy saving technologies. Asit is known heat exchanger is one of the
devices that can be developed further in the energy saving aspects. Heat exchangers
technology is used in a wide variety of industrial, thermal, commercia and
household applications. Thermal power plants based on fossil fuels aso degrade the
quality of environment in large scale. A rapid increase of energy demands in the
world is due to the rate of population growth, the high rate of industrialization,

social and economical development of countries. With this in mind, progress in
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technological development of heat exchanger syssems must continue. Heat transfer
problem and the efficiency in the heat exchanger are strongly depended on the flow
structure. Plate fin and tube heat exchangers are most commonly used in space
heating and cooling devices and in heat recovery systems. Due to the complex flow
geometry, in recent years, most of the research work performed on the fin-tube heat
exchanger is numerical. In the present work, flow structure in the flow passage of
the fin-tube type heat exchanger has been studied experimentally both by dye
visualization and using particle image velocimetry technique in order to examine

the influence of flow structure on the performance of the heat exchangers.

1.2. Description of Heat Exchangers

A heat exchanger can be defined as a heat transfer device that is used to
transfer of internal thermal energy between two or more fluids available at different
temperatures. In most heat exchangers the fluids are separated by a heat transfer
surface, and ideally they do not mix (Kuppan, 2000).

In other term, a heat exchanger is a device which transfers heat energy from
one fluid (or gas) to another fluid (or gas), and without mixing the two different
fluids or gases.

A common example of heat exchanger is automotive radiators. Heat from the
hot engine water is pumped through the radiator, while air is blown through the
radiator fins. The hot engine water's heat energy is transferred to the air, thus keeping
the water a the desired temperature, and thus the engine is kept at the right
temperature. Generaly, heat exchangers are widely used in cooling, heating,
ventilating, air conditioning and refrigeration systems.

There are a number of specially configured fin patterns and tube shapes used in
the plate fin and tube heat exchangers to effectively improve the thermal
performance and to significantly reduce the size and weight of the heat exchangers.
These types of heat exchangers consist of round, elliptical, flat, oval and rectangular
tubes with various fin configurations such as plain, wavy, louvered, multi louvered,

corrugated, etc. In the plate fin and tube type heat exchangers, fins are attached to the
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tubes and are primarily used to increase the surface area and consequently to increase
the total rate of heat transfer. Plain or specialy configured fins are used on the
outside of the array of tubes of staggered or in-lined arrangement passing
perpendicularly through the plates to improve the heat transfer coefficient on that
side. Generally, liquid flows inside of the tubes and gas is forced to flow through the
fins. In these types of heat exchangers, generally plain fins are used because of their
long term operation and lower friction characteristics. Similarly, generally round

tubes are preferred because of their easy construction as seen Figure 1.1.

W

Figure 1.1. Fin configuration with round tubes (Wang et a., 1999)

Therefore some investigators such as Mon and Gross (2004), Kim and Song
(2002), Tiwari et a., (2003), Bouris et a., (2001), Méndez et a. (2000), Jang et al.,
(1997), Tsai and Sheu, (1998), used elliptical and round tubesin their investigations.

Typical geometrica parameters of a plate fin and tube heat exchanger are
illustrated in Figure 1.2. The flow is in the x-direction. The meanings of these
parameters are as follows;

d tubediameter
s distance between lower and upper fin plates
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¢ distance measured from the leading edge of the fin plate to the center

of the tube
Iy finlength
w finwidth

[x1 distance between the leading edge of the plate and the inlet of the heat
exchanger flow passage
lx2 distance between the trailing edge of the plate and the outlet of the

heat exchanger flow passage

Figure 1.2. Geometrical parameters of a typical plate fin and tube heat exchanger
(Mendez et al., 2000)

Various fin geometries are preferred because of better mixing of cold and hot
fluids. Similarly, staggered tube layout is more efficient in terms of heat transfer
characteristics compared with the in-lined tube layout. In order to get flow control
and increase heat transfer, staggered dotted cylinder arrangements have been used in

the present work. Various fin geometries and tube layout are shown in Figure 1.3.
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(al (b} (c)

Figure 1.3. Flat or continuous fins on an array of tubes;, (8) Wavy fin, (b)
Multilouver fin, (c) Fin with sructured surface roughness
(Rohsenow et a, 1998).

Flat plate heat exchangers are used to heat or cool various fluids or gases.
Specifically, they are used for refrigerant to fluid applications, fluid to fluid, and
sometimes gas applications. This type of heat exchanger iswidely used in residential,

commercial and industrial applications as shown Figure 1.4.

Figure 1.4. A flat plate heat exchanger (Ozturk, 2006)
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1.3. Vortex Formation around a Circular Cylinder

When a flow goes across a circular cylinder, in the vicinity of the cylinder
surface and the wake region, flow separation, vortex shedding and shear-layer
instability etc., are usually occured in different regimes of Reynolds numbers.

Two types of stream wise vortices have been mentioned in the laminar and
transitional wakes of cylinders. At a sufficiently high value of Reynolds number,
so-called “transition waves’ appears in the shear layer separating from the surface
of the cylinder. These waves are detectable in the region of the wake extending
from the separation point on the body to the first appearance of the large-scale
Karman vortex. As a result, a vortex is shed from the cylinder when the local
pressure changes each time. When the value of Reynolds number is sufficiently
high, then these transition waves take the form of train of Kelvin-Helmholtz

vortices shown in Figure 1.5.

Kelvin-Hel mholtz vortices

~

Karman vortices

Figure 1.5. The Kelvin-Helmholtz (secondary) vortices and the Karman vortices
from circular cylinder. (Akar, 2008)

Kelvin-Helmholtz vortices in the shear layer are an essential feature of the
transition from a laminar to turbulent state. As a consequence of this transition

process, the first Karman vortex formed from the cylinder at higher value of
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Reynolds number is essentially turbulent. A Karman vortex from circular cylinder is
also shownin Figure 1.5.

When more than one cylinder is placed in a uniform flow, the aerodynamic
parameters and vortex-shedding patterns are completely different from the case of a
single body. Because their wakes or vortex dreets interference each other in a
complex manner depending on the arrangement or spacing of the cylinders. Thus
the flow characteristics around variable arrangement of inline and staggered circular
cylinders have been recently investigated by Hassan and Barsamian (2004) in order
to enhancement heat transfer in heat exchangers. Three dimensional vorticity

magnitudes plot at contour level of 85 Hz for tube bundle is shownin Figure 1.6.

Figure 1.6. Three dimensional vorticity magnitudes plot for tube bundle
(Hassan and Barsamian, 2004)
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2. LITERATURE SURVEY AND OUTLINE OF THE PRESENT STUDY

2.1 Literature Survey

2.1.1. Vortex Formation and Flows Around Cylinders

One of the main problems in the fluid mechanics is to determine the flow
characteristics around bluff bodies and especially cylinders. Of course, formation
and shedding of vortices from a cylinder have fundamental research values in the
areas of vortex dynamics and bluff body flows. In recently years, lots of researches
have been carried out on vortex dynamics of acylinder. Therefore, vortex shedding
from a bluff body at different Reynolds numbers has been a topic of interest for
many fluid dynamics researchers for along time.

Nakamura (1996) has investigated vortex shedding and vortex shedding
frequency experimentally for different type of bluff bodies which are rectangular,
semi-circular and circular with splitter plates in a wind tunnel. He reported that
when increasing the length and diameter of piperatio, L/D, the strouhal number of a
bluff body decreases, the reduction not being dependent on the details of the cross-
sectional geometry but only the value of L/D=1.0

Zdravkovich (1988) reported overall idea about different modes of vortex
shedding. He categorized the observed modes of vortex shedding into 3 groups. The
first one is the low-speed mode caused by the mechanics of vortex formation and
shedding. Second is the synchronized vortex shedding. Third one is another
synchronized vortex shedding is described that is caused by the streamwise
oscillation of a cylinder or when a stationary cylinder is submerged in oscillatory
flows.

Ozono (1999) Performed an experimental studying using a low-speed wind
tunnel and investigated flow control of vortex shedding by a short splitter plate
asymmetrically arranged downstream of a cylinder. The diameter of circular
cylinder used were d=50 mm to 110 mm and splitter plate thickness was 2 mm and

the cord lenght used were 50 mm to 110 mm corresponding to the cylinder



2. LITERATURE SURVEY AND OUTLINE OF THE PRESENT STUDY
Suat ONAL

diameters. Experimental data was taken between Z/d=0 and Z/d=0,5 and also
between G/d=0 and G/d=6. As aresult of experimental result, he obtained that when
the splitter plate is well-removed from the cylinder, strouhal number is kept around
0,2.When the splitter plate reaches a gap of G/d=2, strouhal number jumped down to
0,13 and that result showed good agreement with those of Roshko who had done
same study for G/d=2,7. He reported that in the circular cylinder case with Z/d =
0.5-1.3, the variation of both base suction coefficient and Strouha number with G/d
depends on Z/d significantly.

Kang, Choi and Lee (1999) studied numerically about laminar flow past a
rotating circular cylinder for the purpose of controlling vortex shedding and
understanding the underlying flow mechanism. They made numerical smulations for
Re=40, 60, 100 and 160 in the range of circumferential speed at the cylinder surface
between 0-2,5.They reported that the rotation of a cylinder can suppress vortex
shedding effectively, vortex shedding exist at low rotational speed and completely
disappears over critical rotational speeds which shows logarithmic dependence on
Reynolds number. The strouhal number remains nearly constant regardless of
circumferential speed while vortex shedding exist.

Sumner et al. (1999) measured the flow patterns downstream of two and three
side-by-side circular cylinders in the range of G/D=1~6 and Rep =500-3000 using
flow visualization and the particle image velocimetry techniques. They noted

considerable variation in the flow patterns at a given G/D rétio.

Zhou et a. (2002) measured the velocity, temperature and their fluctuations at
Re=1800 in the cases of two-and-three-cylinders. They observed that the cross-
stream distributions of the Reynolds stresses and heat flux varied significantly, which
were ascribed to different flow patterns, as G/D ratio was reduced from 3.0 to 1.5.

Sumner et a (2000) investigated flow characteristics for two staggered circular
cylinders of equal diameter in cross-flow, using flow visualization and PIV. They did
experiments within the low subcriticall Re number regime from 850 to 1900 for
centre to centre pitch ratio P/D=1 to 5 and angle of incidence a = 0 to 90 degree.

After al, they reported that some different flow patterns were identifed in the low
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subcritical regimes which are the pitch ratio, incidence angle boundaries, shear layer
reattachment, induced separation, vortex pairing, synchronization and vortex
impingement. They aso explained that existing of vortex shedding from the
upstream cylinder isintrinsically linked the flow through the gap between cylinders.

Mittal and Raghuvanshi (2001) have studied numerically control of vortex
shedding behind circular cylinder and they investigated the effect of the placement of
a control cylinder in the near wake of the main cylinder for flows a low Reynolds
numbers. They took parameters as following that P/D=2, T/D=0,8 ; P/ID=5, T/D=5
and P/D=2, T/D=1 for Re number of 60, 70, 80 and 100.They reported that their
numerical studies and experimental findings of other researchers are good agreement
as pressure, stream function, vorticity fields and aso it is obvious that proper
placement of the control cylinder leads to suppression of the vortex shedding behind
the main cylinder.

Zovato and Pedrizzetti (2001) made a numerical studying flow past a circular
cylinder between paralel walls, at various distances from the walls, for values of
Reynolds number from those corresponding to steady flows and the initiation of
vortex shedding regime. They reported that two-dimensional transition form steady
to unsteady flow significantly delayed by the presence of a close wall and then, in the
steady regime, the presence of a wall inhibits the creation of a vortex pair and the
wakes which become a single row of vortex filaments whereas the transition from
two-dimensional to three-dimensional flow in the wake of an unbounded cylinder is
caused by the self-induced stretching of vortex pairs. They also reported that the
transition form steady flow to a periodic vortex shedding regime occurs at larger
Reynolds numbers as the cylinder approaches one wall, because the wake interacts
with the wall boundary layer. The periodic shedding is delayed because the vorticity
shed from the cylinder’s wall side couples with the wall vorticity which arrests its
evolution.

Keles (2002) performed experimental work on active control of vortex
shedding in the far wake of a cylinder using wind tunnel. He reported that active
control shedding of vortices achieved localy in the beginning of distance x/d=7 of
far wake which extends to x/d=20 further downstream behind the cylinder and
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reductions in the amplitude of flactuation's behind the cylinder were suppressed in
the beginning of far wake distance x/d=7. In the further downstream of the far wake
distance x/d=20 no active control shedding of vortices was achieved. Significant
reductions of the amplitude of the velocity fluctuations in the Karman vortex street
were observed when the active control was turned on in the beginning of far wake
distance x/d=7.

Lim and Lee (2002) investigated flow around cylinders with different grooved
surfaces experimentally. They measured the drag force, wake velocity and surface
pressure distribution for Reynolds number based on the cylinder diameter in the
range 8x10°£Re,£1.4x10°. Their main findings were; i) the u-grooved cylinder
reduces the drag coefficients as much as 18.6% comparing to the smooth cylinder at
Res=1.4x10° on the other hand, the drag reduction for the v-grooved cylinder is only
2.5% , ii) the length of the vortex formation region and the level of Strouha number
increase with an increase of Reynolds number in the case of the u-grooved cylinder
comparing to the smooth and v-grooved cylinders, iii) in the case of u-grooved
cylinder the vortex formation behind the u-grooved cylinder elongates more than
50% comparing to the case of smooth cylinder.

Akilli and Rockwell (2002) investigated the vortex formation in the base of a
vertical cylinder in shallow water flow using a combination of flow visualization and
PIV techniques. Their dye visudization demonstrated the formation of counter-
clock-wise spanwise rotating vortices near the cylinder-plate juncture in the wake
region. While moving from the bed surface to the free surface, the characteristics of
the wake flow region changes for a certain extent indicating that flow is three-
dimensional.

Kahraman et a. (2002) tried to control vortex formation for a vertical cylinder
in shallow water flow by placing a narrow transverse strip of roughness element with
smal size on the flat plate surface in downstream base of the cylinder. They
concluded that the existence and the height of the roughness element change the
wake flow parameters. Reynolds stress, both at the bed and mid plane showed

decreasing peak values with increasing height of the roughness elements.
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Wang and Zhou (2005) studied experimentally in a water tunnel for
investigation of vortex interactions in a two side-by-side cylinder near wake. They
classified the flow as three regimes which are single street, the cylinder center-to-
center spacing T/d<1.2., asymmetrical flow, 1.2<T/d<2.0, and two coupled street,
T/d>2.0. They gave special attention to the asymmetrical flow regime which is
characterized by one narrow and one wide wake.. They reported that the flow
structure and its downstream evolution are closely linked to the phase relationship
between the gap vortex in the wide wake and that in the narrow wake. When the gap
vortex in the wide wake leads in phase, the two opposite-signed vortices in the
narrow wake are typically engaged in pairing, which yields a relatively low pressure
region between them, thus drawing in the gap vortex aong with fluid in the wide
wake. When lagging behind in fase, the gap vortex in the wide wake fails to merge
with the vorticies in the narrow wake.. Interactions between vortices in the two
wakes |lead to changeover of the gap flow deflection from one side to another.

Konstantinidis et al. (2004) investigated the effects of imposed pulsations on
the cross-flow over tube arrays in the subcritical regime both experimentally and
numerically. They reported that the arrangement of the tubes exerts a strong
influence on the vortex shedding characteristics in steady flow. Pulsing the flow
resulted in lock-on in all arrays when the pulsation frequency was close to the
frequency of unforced vortex shedding or its first harmonic but resonance was more
pronounced in the latter case. The amplitude of the velocity fluctuations increased
with lock-on due to an increase of organised periodic motion of the flow associated
with vortex shedding, whereas the level of random fluctuations remained
approximately the same as in steady flow.

Iwaki, Cheong, Monji and Matsui (2004) investigated shell-side cross-flow in
tube bundles experimentally using PIV method. They conducted experiments using
two types of model; inlined and staggered bundles with a pitch-to-diameter ratio of
1.5, containing 20 rows of five tubes of 15 mm diameter in each column. They
reported that, in the in-line array, the flow was characterized by two flow regions,
i.e., avortex region behind the tubes and a straight flow region of high velocity in the
horizontal spaces between the adjacent tubes. On the other hand, in the staggered
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array, the flow was characterized by three kinds of flow regions; a vortex region, a
branching region, and a meeting region. In the in-line array, three typical patterns of
vortex were observed in the mean velocity field; a symmetric pair of vortices, an
asymmetric pair of vortices and a single large vortex. In the staggered array, only a
symmetric pair of vortices formed behind all of the tubes.

Sarpkaya (2004) reported a comprehensive review of the progress made during
the past two decades on vortex induced vibration His extensive review covers the
fundamental aspect of bluff body flows, mostly vortex induced vibration of circular
cylindrical structure subjected to steady uniform flow, with a powerful theoretical
discussion, experimental methods and numerical models regarding the strengths and
weaknesses of the current state of the understanding of the complex fluid/structure
interaction. Unsteady flow structure can cause a severe problem depending on the
location of the cylinder.

Akilli et a (2004) performed the PIV technique and flow visualizations so as to
find out flow characteristics of circular cylinders arranged side-by-side in shallow
water arranged different transverse gap ratio in the range of G/D =1.0-3.0 with an
increment of 0.25 for the Reynolds number of 5000. They reported that the effect of
jet-like flow on the flow characteristics behind cylinders was negligible for larger
gap ratios (G/D > 2.5), jet-like flow between cylinders was remarkably effective for
small gap ratios (G/D < 1.5), bistable nature of the flow observed especially for the
gap ratio of G/D = 1.25 both for two and three side-by-side cylinders arrangements.

Dong and Karniadakis (2005) presented results of direct numerical smulations
for turbulent flow past a stationary and arigid circular cylinder for Re=10.000 and
compared their results with available experimental data.

Naudascher and Rockwell (1994) reported that a cylinder with high aspect ratio
produces a regular vortex shedding leading to create resonances which may fail
whole structures. In some cases, a massive flow separation can cause high drag
forces on the bluff body.

Itoh and Himeno (2001) studied on numerical simulation of three-dimensional
flow around two circular cylinders in tandem arrangement. They ranged the distance

between the centers of the two circular cylinders from 2.0 D to 5.0 D and L/D ratio
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from 2.0 to 5.0. They reported that their computation results of strouhal number and
time-averaged drag coefficient are in good agreement with the previous experimental
results.

Igarashi and Terachi (2002) made an experimental study on drag reduction of
flat plate normal to airstream by flow control using a rod. They chosen chord lenght
of the plate, D, was 50 mm and the diameter of the rod, d, ranged from 2 to 20 mm.
and the distance between the axes of the rod and plate, L/D, was varied from 1.0 to
2.6. The Reynolds number ranged from 19.000 to 77.000. According to the result of
experiments they reported that the larger the rod diameter, the more efficient is the
drag reduction. The maximum reduction of total drag coefficient that includes the
additional force from the rod is about 20-30 % for d/D = 0.4 and L/ D = 2.0 in
comparision to the value obtained without the rod.

Mittal and Kummar (2003) studied numerically on vortex induced vibrations of
two egual-sized cylinders in tandem and staggered arrangement placed in uniform
incompressible flow of Reynolds number 1000. In this arrangement, the cylinders are
seperated by 5.5 times the cylinder diameter in the stream wise direction. For the
staggered arrangement, the spacing between two cylinders is 0.7 times the cylinder
diameter. They reported that the downstream cylinder lies in the wake of upstream
cylinder. In almost all the cases the upstream cylinder responds like an isolated
single cylinder. in certain cases, the oscillations of the cylinders result in an dternate
mode of vortex shedding. Vibration of cylinders is usually accompanied by an
increase in drag.

Liao, Dong and Lu (2004) studied on a numerical simulation in order to
investigate the vortex structure and force characteristics of a foil placed in the wake
of a circular cylinder. According to position of the foil and the cylinder, they
classified into three groups which are as the foil placed inside the cylinder wake
(ICW), on the edge of the cylinder wake (ECW) and outside the cylinder wake
(OCW). Some basic vortex structures, corresponding to these classifications, are
identifed in the near region of the foil. They reported that a preferred vortex shedding
frequency of the foil is synchronized with that of the circular cylinder. As the fail

under the interaction of an incident vortex street shed from the cylinder, it is
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interesting to find that the mean lift and drag coefficients acting on the foil for the
classification of ICW are smaller than those for the classification of OCW.

Lee and Park (2004) investigated drag characteristics and wake structure
behind a circular cylinder by upstream installation of a small control rod. The
Reynolds number based on the main cylinder (D=30 mm) is about Re= 20.000 and
the diameters of control rods ranged from d/D=0.133 to 0.267. They reported that the
drag coefficient of main circular cylinder decreases about 29% when a control rode
of diameter d=7 mm and the maximum reduction of the total system drag including
that of the control rod (about 25%) was observed at a pitch ratio of L/D=1.833 with a
control rod diameter of d/D=0.233.

2.1.2. Wakes Control Around Bluff Bodies

Bluff body is a widely studied subject since Strouhal (1878) observed vortex
shedding from a circular cylinder. So far most of works were carried out on the
cylinders having circular, square and rectangular cross-section, but the flow around
circular cylinders remains the principal subject of researchers because, despite the
geometric simplicity, the mechanisms involved are complex and the flow patterns
are not easy to understand, especially for large Reynolds numbers and when control
processes are implemented.

There are many important reviews and studies in the literature regarding
structure of wake region downstream of the circular cylinder. Chen and Aubry
(2005) stated that the appearance of vortex shedding is accompanied by a large
fluctuation of drag and lift forces, which may cause structura vibrations and
acoustic noises, and shorten the life of the solid structure. Therefore, control of
wakes of bluff bodies is very important in many engineering applications, such asin
aircraft and automobile industry. Zdravkovich (1981) reviewed techniques of
controlling vortex structure. Anagnostopoulos (1997) studied the laminar vortex
shedding behind a circular cylinder using the finite element method. Mavridis et al.
(1998) performed detailed measurements of temperatures and turbulent statistics in

the wake region of sguare cylinders operated with and without jet injection into the
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vortex formation region using laser velocimetry technique. Persillion and Braza
(1998) studied physical analysis of the transition to turbulent flow in the wake
region of a circular cylinder using three-dimensional numerical simulation of the
Navier-Stokes equations.

Souza et al. (1999) investigated turbulent boundary layer interacting with the
wake of a circular cylinder. They indicated that this flow configuration was of
interest in terms of both heat transfer and surface friction control.

Grosche and Meier (2001) pointed out that unsteady vortex shedding into the
wake flow can lead to severe buffeting of the body, especially if the resonance
effects occur. This unsteady flow separation is the main source of wind noise.

Gossler and Marshall (2001) examined the secondary vorticity field generated
by a cylinder during interaction with a normal vortex filament under several flow
conditions. They performed a computational study to give limiting streamlines,
surface pressure contours, and vortex lines on the cylinder surface a various time
frames.

Akill1 et al. (2004) investigated experimentally the flow around two and three
side-by-side circular cylinders of equal diameter (Rep=5000) in shallow water using
the particle image Velocimetry (PIV) technique, over a transverse gap rétio in the
range of G/D= 1.0-3.0 with an increment of 0.25 For the two side-by-side cylinder
case, They found that the flow structure behind the cylinders is asymmetrical at
small gap ratios as a result of jet-like flow between the cylinders. The jet-like flow
tends to deflect toward the narrow wake region that has a higher vortex shedding
frequency. In the case of three cylinders, they observed both an asymmetrical flow
structure at small gap ratio (G/D= 1.25) and a symmetrical flow structure at
intermediate gap ratios (1.5<G/D<2.0). He aso observed bistable wake regions for
the asymmetrical cases.

Akill1 et a. (2005) investigated the effect of splitter plate on the suppression of
vortex shedding in shallow water using the Particle Image Velocimetry (PIV)
technique. Splitter plates with a length of 50 mm, which is equal to the diameter of
the cylinder (D), were used during the experiments. Gap distance between the base
of the cylinder and the leading edge of the splitter plate ranged from O to 2D.
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Velocity vector field and corresponding vorticity contours and streamline topology
and Reynolds stress concentrations were used to explain the characteristics of the
flow. The splitter plates having different thicknesses presented the same influence
on the flow characteristics. The splitter plate has a substantial effect on suppression
of the vortex shedding for the gap ratio between O and 1.75D. In this gap ratios,
shear layers extend up to the trailing edge of the splitter plate preventing the
entrainment of the free- stream flow into the base region. For G/D=1.75, the
normalized Reynolds stress has a peak value of 0.0158 which is approximately 8.5
times smaller than the concentrations occurring for a bare cylinder. After passing
the splitter plate, the flow starts to oscillate with smaller frequency compared to the
natural frequency of the bare cylinder. When the splitter plate was located at 2D
location, no effect of the splitter plate was observed.

Akilli et a. (2008) investigated experimentally passive control of vortex
shedding behind a circular cylinder by splitter plates of various lengths attached on
the cylinder base in shallow water flow (Re=6300). At this study the length of the
splitter plate was varied from L/D=0.2 to L/D=2.4 in order to see the effect of the
splitter plate length on the flow characteristics. Instantaneous and time-averaged
flow data clearly indicate that the length of the splitter plate has a substantial effect
on the flow characteristics. They found the flow characteristics in the wake region
of the circular cylinder sharply change up to the splitter plate length of L/D=1.0.

and above this plate length, small changes occur in the flow characteristics.

2.1.3. Flow Past a Surface Mounted Object (Junction Flows)

Not only the flows around and in the wake of bluff bodies but also flows
around and downstream of the intersection of a bluff body with aflat surface are also
an interesting topic to be investigated. Because such flows have a complicated three-
dimensional flow structure. Practical examples of these types of flows can be seen
applications in nuclear, coastal, wind, and heat transfer engineering, for example,
flow past aircraft wing-body junctions, turbine blade-hub junctions, building-ground
junctions, pipelines, bridge piers, heat exchangers, etc.
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Due to importance of these types of flows, some researchers performed either
numerical and/or experimental studies to determine flow characteristics of junction
flows. Sumer et al. (1997) conducted experiments to determine the flow around the
base of a vertical wall-mounted cylinder exposed to waves. Simson (2001)
discussed the physical features of some practical junction flows around bluff bodies
for both laminar and turbulent approaching boundary layers. Becker et a. (2002)
studied the flow around three-dimensional rectangular obstacles of different aspect
ratios and provided the distribution of turbulent energy downstream of the obstacle
at various sections experimentaly. Martinuzzi and Havel (2004) investigated
periodic vortex shedding from two surface mounted cubes in tandem arrangement
using laser doppler velocimetry. Kairouz and Rahai (2005) presented the results of
the experimental study for turbulent junction flows. Chang et al. (2005) and
Roulund et a. (2005) performed both numerical and experimental studies of flow
around obstacles.

Sahin and Ozturk (2009) investigated the flow behaviour at the junction of
cylinder and base plate in deep water by using the PIV method experimentally for
Reynolds numbers between 1500 and 9600. By analysis of instantaneous flow data,
the time-averaged velocity vectors map, streamlines, vorticity patterns, Reynolds
stress correlations and fluctuations of the velocity component, they showed that the
flow structure occurred in the base of cylinder is three dimensional and the area of
flow field affected by the horseshoe vortex system around the cylinder varies as a
function of the Reynolds number.

Ozturk et a (2009) performed PIV measurements in order to find out the flow
characteristics downstream of a circular cylinder mounted on a flat surface for
Reynolds numbers of 4000 and 7000. They reported that the horseshoe vortex
system emerging from the upstream of the cylinder conveys fresh fluid into the
wake flow region aiding interaction of the horseshoe vortices with the shear layer
vortices caused by shedding vortices. They also reported that the strength of the
normalized Reynolds stress increases while the value of X, /d increases, the peak
value of the normalized Reynolds stress obtained a the saddle point where
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shedding shear layers merge and from the saddle point, further downstream, the

strength of the normalized Reynolds stress decreases gradually.
2.1.4. Definition and Properties of Hor seshoe Vortex System

When aflow passes through a wall-mounted object of sufficient size, this flow
accelerates around the object and vertical velocity gradient of the flow is transformed
into a pressure gradient on the leading edge of the structure. This pressure gradient
results in a downward flow that impacts the object’s base as seen in Fig. 2.1. This
downflow forms a vortex sweps around and downstream of the object and is called
as “horseshoe vortex” or “necklace vortex” dueto its horseshoe shape.

The horseshoe vortex can be seen in every day life at any time a boundary
layer encounters a wall mounted bluff body obstruction and is very important in

various engineering applications.

P wake vortices
v downflow o

horseshoe vartex

Figure2.1. Loca scour mechanism at the base of the bridge pier (Sheppard, 2004).
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The horseshoe vortices are generated in the junction of a bluff body and a
relatively flat surface and are important for many fluid mechanics applications. The
main cause of the horseshoe vortex system is the rotation in the incoming flow at the
junction of aflat surface and a vertically placed bluff body. Figure 2.2 illustrates a

horseshoe vortex mechanism formed in front of acircular cylinder.

Horseshoe vortex

[ see—— ]
A0 40 -0 0 20 40 6O
\orucity [1/5] Stx10

Figure 2.2. Horseshoe vortex mechanism in front of a circular cylinder (Praisner,
2001)

Figure 2.3. illustrates time-averaged streamline patterns <y > upstream of the

cylinder. Two symmetrical horseshoe vortex is formed upstream of the cylinder in

the vicinity of the tube and the fin junction area.
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Figure 2.3. Time-averaged streamline patterns upstream of the cylinder
(Ozturk, 2006)

Kelso and Smith (1995) studied the horseshoe vortex system resulting from the
interaction between a laminar boundary layer and a round transverse jet for the
Reynolds number range of 1200<Re;<4600 based on the pipe diameter using a
hydrogen bubble wire visualization in a water channel. They concluded that the
interaction of round transverse jet and laminar boundary layer can cause steady,
oscillating or coalescing horseshoe vortex system depending on the flow condition.
Their results suggest that there is a strong connection between the unsteadiness in the
wake and the unsteadiness in the horseshoe vortex system.

Seal and Smith (1997) reported that the existence of the horseshoe vortex cause
asignificant impact on the flow characteristics in junction regions of acylinder and a
flat plate relating to the hydrodynamic and thermal effects. So, it is useful to control
these vortex systems. They also performed an experimental work to control the
turbulent end-wall boundary layers using surface suction. Their results indicate that
the surface suction in front of the cylinder weakens both the instantaneous turbulent
vortex and its associated surface interactions.

Faracci et al. (2000) investigated flow structures at the base of a vertical
cylinder in the presence of an oscillating flow. They reported that Keulegan-
Carpenter KC, in the case of fixed bed, dong with the Reynolds number Rey is the
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key parameters to control the horseshoe vortex formation and development. The
horseshoe vortex does not exist for KC<6 and Reynolds number, Re;<50 based on
boundary layer thickness.

Simpson (2001) reported some physical features of junction flows around bluff
bodies such that, horseshoe vortices form in all types of bluff bodies junction
causing high rate of turbulent intensities, pressure fluctuations, circulatory motions
and heat transfer rate around the bluff bodies base.

Lin et al. (2003) studied simultaneous measurements using PIV and LDV
techniques in the periodical oscillatory horseshoe vortex system near the base of
square cylinder—plate juncture. They stated that the combination of PIV and LDV
provide a better understanding of horseshoe vortex system using the spatial
distribution and time history of velocity near the juncture and phase averaging of the
PIV data. They classified the horseshoe vortex system as three types which are the
steady vortex system, the periodical oscillatory vortex system and turbulence-like
chaotic vortex system.

Sau et al. (2003) studied interaction of trailing vortices in the wake of a wall-
mounted rectangular cylinder and they conducted numerical simulations to
investigate three-dimensional unsteady vortex-vortex and vortex-surface interactions
in the junction of awall-mounted rectangular cylinder.

Muzzammil and Gangadariah (2003) investigated the characteristics of the
primary horseshoe vortex on the plane of the symmetry in front of acircular cylinder.

Contantinescu and Koken (2005) used a kind of simulation to reveal the
physical behavior of the horseshoe vortex system at the base of the surface mounted
cylinder. They concluded that the structure of the horseshoe vortex system is very
organized and periodic when approaching boundary layer is laminar. In the case of
turbulent flow horseshoe vortex system has wide range of a coherent structure with a
wide range of energetic frequencies in velocity and pressure spectra The highest
value of the bed shear stress occurs beneath the horseshoe vortex system.

Pattenden et al. (2005) performed PIV experiments to visualize flow details on
different planes and examined the location and motion of the horseshoe vortex

system in front of the cylinder mounted on a ground plane.
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Fu and Rockwell (2005) studied horseshoe vortex system in shallow water
flow with a shallow water layer height of h,=6.3mm. The approaching flow was
laminar. Their main findings are; i) An instability of the horseshoe vortex system
emerging from the forward face region of the cylinder stimulates instability of flow
in the near wake, ii) Increasing amplitude level of the fluctuation in the horseshoe
vortex system causes a formation of coherent vortical structures earlier in the
separating shear layer, iii) Rotational perturbation of the cylinder can destabilize the
wake flow region.

Roulund et al. (2005) performed numerical and experimental studies and
revealed that the boundary-layer thickness, Reynolds number and bed roughness
influence the horseshoe vortex system. The size of horseshoe vortex system and bed
shear stressin laminar flow rise up as a function of Reynolds number, but in the case

of turbulent flow regime a reduction takes place.

2.1.5. Flowsin the Heat Exchanger Flow Passages

As it is known, heat and momentum transfer characteristics around the tubes
are strongly affected by the flow structure and have a great importance in design
and optimization of heat exchangers. In the literature there are a number of studies
regarding flow and heat transfer characteristics and horseshoe vortex system formed
in the heat exchangers composed of parallel plates passing through cylinders.

Wung and Chen (1989) studied numerically studies on the flow and heat
transfer characteristics of heat exchanger configurations. They predicted heat
transfer and flow data and found that heat transfer tended to peak in the upstream
surface of the cylinder, and became minimum at the separation point and in the
recirculation zone.

Kundu et al. (1992) measured heat transfer and pressure drop data for laminar
and turbulent flow over an inline cylinder array for eight cylinders with three
different aspect ratios (ratio of fin spacing to cylinder diameter) in the
220<Re<2800 range concerning flow transition from laminar to turbulent flow

regime.
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Jang et a. (1996) have performed experimental studies over a 3-D multi-row
(1-6 cylinders) plate fin and tube heat exchanger to investigate effects of tube
arrangement, tube row number and fin pitch (8-12 fins per inch) for fin spacing-
based Reynolds number in the range of 60<Re<900. The experiments were
conducted using the wind tunnel. The average heat transfer coefficient of the
staggered arrangement was 15-27% higher than that of the in-lined arrangement,
while the pressure drop of the staggered arrangement was 20-25 % higher than that
of thein-lined arrangement.

Kim et a. (1997) used a multiple regression technique to correlate wavy fin
geometries for both staggered and in-line arrays of circular tubes with varying
number of tube rows, tube diameter, fin spacing and distance between tubes in the
direction either normal to the flow or parallel to the flow.

Wang et al. (1997) conducted several tests on wavy fin and tube hest
exchangers with different geometrical parameters including the number of tube
rows, fin pitch, and also tube arrangement for 400<Re<8000 range in the wind
tunnel. They observed that for the staggered layout at higher Reynolds numbers,
downstream turbulence causes a higher heat transfer coefficient with an increase in
the number of tube rows. Also the heat transfer coefficients for wavy fin geometry
show a 55% to 70% increase compared to the plain fin geometry while the
corresponding values for the friction factor was 66% to 140%.

Ballio et a. (1998), stated that the presence of horseshoe vortex system
increases the local shear stresses, heat transfer, drag in the plate fin and tube hest
exchanger flow passages, as the flow approaches to the tubes, the horseshoe vortex
system forms in front of each tube near the tube and the fin junction region and
reveals the mixing of hot and cold fluids, thus, creates a natural heat transfer
augmentation in that area.

Tsai and Sheu (1998) conducted a three-dimensional numerical study in order
to examine flow structure and performance of a conjugate heat transfer in a finned-
tube heat exchanger element. They reported that the rate of heat transfer increases
due to the presence of helical horseshoe vortices which form in forward base of the

tube both in close region of lower and upper fin plates and wrap around tube.
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Spiraling motions of horseshoe vortices adjacent to their central lines enables
exchange of fluids between main and wake flow regions.

Sheu et al. (1999) numerically studied the heat transfer in two-row tubes heat
exchanger having slotted fins and laminar flow. Because this type of fin can be
divided into louvered, forgo, radial-strip, parallel-strip and wavy-strip types. In this
type of geometry, the physical complexity comes from the three-dimensional
boundary layer development and the subsequent flow separation. Their study
revealed that three-dimensional vortical flow structure becomes more energetic
because of the perforated fin surface leading to an increase in the heat transfer rate
but causing further pressure losses.

Mendez et a. (2000) examined effect of fin spacing on a single cylinder heat
exchanger with plain fin configuration in the 260<Re<1460 range through dye
visualization technique. They showed that the horseshoe vortex development
depends on the fin spacing and corresponds to the peak in the Nusselt number.

Kim and Song (2002) studied the effects of distance between plates and tube
placement for a single tube row in the 114<Re<2660 range using naphthaene
sublimation technique. They observed a subsidiary horseshoe vortex when the
Reynolds number is as large as 2660. They found that total mass transfer rate is
increased up to 25% by proper positioning of the tube.

Kim and Song (2002) used naphthalene sublimation technique in order to
measure local heat and mass transfer coefficients on the fin surface and examined a
main and a subsidiary horseshoe vortex causing a substantial increase in total heat
and mass transfer rates in front of the cylinders, whereas low heat and mass transfer
coefficients in the wake region downstream of the cylinders. Authors suggested an
optimal non-dimensional length between two-cylinder centers as 0.5, considering
high heat transfer rates and minimum pressure drops.

Leu et al. (2004) performed numerica and experimental analysis so as to
investigate the heat transfer rate and the flow structure in the plate-fin and tube heat
exchangers with vortex generator mounted downstream the tubes. Using vortex

generator can significantly improve the heat transfer performance but causes an
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increase in pressure. They visualized the horseshoe vortex system using dye
injection.

Akkoca (2004) presented detailed instantaneous and time-averaged flow and
heat transfer data as well as structure of the horseshoe vortex system in the heat
exchanger flow passage having different geometrical and operating parameters for
Reynolds numbers in the range 500<Re<7500 by using PIV technique and
FLUENT finite volume code. The influence of the Reynolds number Re, on the size
of horseshoe vortex is significant. In the laminar flow, the size of the horseshoe
vortex and bed shear stress increase with increasing Reynolds number, on the other
hand, in turbulent regime, opposite case happens.

Tutar and Akkoca (2004) studied numericaly time evolution of horseshoe
vortices in the circumference of the first and the second cylinders and loca heat
transfer coefficients on the plate surface in the heat exchanger flow passage. They
reported that, in front of the tubes, the horseshoe vortex contributes to the heat
transfer rate and in the wake of the tubes, a dead flow zone indicating poor heat
transfer rate forms.

Hassan and Barsamian (2004) studied numerically on Large Eddy simulation
(LES) of athree-dimensional tube bundle a Reynolds number of 21,700, based on
the inlet velocity and the tube diameter. They compared their numerical predictions
with available data. Their calculations were consistent with the experimental data
and the flapping effect in the tube wake was captured. They concluded that the large
Eddy simulation technique can be utilized as a tool in predicting the unsteady
behavior of flow in some industria applications. They explained Three definitive
characteristics. First, the largest rotational structures in the flow occur in the tube
wakes and are generated due to viscous forces. Second,there is a clear shedding of
the vortices behind the tubes. Third, the rotating structures that separate because of
the shedding are carried from the low velocity region into the high velocity region
in a manner comparable to the shedding frequency from either side of a given tube.
Their enhanced visualization of the shedding process through the vorticity

magnitude for the same temporal profile is shown in Fig.2.4.
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Figure 2.4. Vorticity magnitude at midplane for tube bundle (Hassan and
Barsamian, 2004)

Xu and Zhou (2005) reported Heat and momentum transfer characteristics
downstream of heated cylinders are also strongly affected by the interaction of wake
flow structures

Sahin et al (2006) investigated the flow structure in a plate fin and tube heat
exchanger model composed of single cylinder located between two parallel plates
for duct height to the cylinder diameter ratio of 0.365 for Reynolds numbers of
4000 and 7500 experimentally by using PIV method. They showed that the
structure of turbulent flow, size of wake flow region, position of the peak values of
turbulence quantities such as concentration of vorticity, Reynolds stress are strongly
effected by the variation of the Reynolds number. The presence of horseshoe vortex
system in close region of the plate fin-circular cylinder junction magnifies the level
of these flow characteristics. They also reported that the increase of heat, mass and
momentum transfer are seen the presence of horseshoe vortex for Z=Fs/9 which is

near to surface plate.
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Sahin et al (2008) investigated the horseshoe vortex in arectangular duct with
a narrow gap which is designed to simulate a fin-tube heat exchanger containing a
single circular cylinder for Reynolds numbers range of 1500 and 6150
experimentally by using the PIV method. They reported that athough the plates are
closely spaced, a horseshoe vortex system appears along both sides of the plate
surfaces and these vortices magnify the entrainment process which occurs between
the main flow and wake-flow regions that causes enhancing the heat transfer rate in
fin-tube heat exchangers.

Ziada (2006) studied on the vorticity shedding excitation in tube bundles and
its relation to the acoustic resonance mechanism experimentally. He explained that
the natura vorticity shedding, which prevails before the onset of resonance, is not
always the source exciting acoustic resonance, especially, in the case for in-line
tube bundles. Therefore, separate "acoustic” Strouhal number charts must be used
when appropriate to design against acoustic resonances. The resonant structure
shown in Fig.5 can couple with a fluid resonance, which induces a particle velocity
in the transverse direction. On the other hand, the vorticity-shedding excitation, As
shown in this figure, the vortex pattern confined to a tube column is 180° out of
phase with those confined to the neighboring columns. The resultant-flow excitation
produced by this vortex pattern in the transverse direction is, therefore, practically
zero. Since the flow instabilities causing the resonance and the vorticity-shedding
excitation are basically different, it is logical to expect them to occur at different
Strouhal numbers. This is compatible with the experimental observation that the
acoustic resonance Strouha numbers are different from the Strouhal number of
vorticity shedding. These findings give support to the supposition that Strouhal

numbers of vorticity shedding should not be determined from resonance cases.
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Figure 2.5. Overview of the resonant flow structure in the array at the same
instant of time in a period of surface wave resonance. (Ziada, 2006)
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2.2. Outline of Dissertation

It is concluded after examining the literature survey that, heat transfer
efficiency around the cylinders in the heat exchanger flow passages is strongly
related to the flow structure and hydrodynamics. It is well known that the most
famous bluff body is the circular cylinder because of its industrial relevance.
Studies of flow around circular cylinder provide most fundamental basics of fluid
dynamics. Due to this reason, circular cylinder has attracted the attention of
researcher most among the other bluff-bodies.

Therefore in the present study, firstly, qualitative flow visualization was
employed during the initial scope of experiments in order to determine the overall
flow patterns for a circular cylinder of 50 mm diameter, a circular slotted-cylinder
of 50 mm diameter and 5 mm dot’s width, multiple circular cylinders of 50 mm
diameter and multiple circular dotted-cylinders of 50 mm diameter and 5 mm slot’s
width mounted over aflat plate and also located between two parallel plates.

Secondly in order to determine the instantaneous velocity fields around the
surface mounted cylinders in the heat exchanger flow passages, high-image-density
Particle Image Velocimetry (PIV) technique was employed. The use of PIV
technique is very famous in modern fluid mechanics, because it helps to understand
unsteady flow phenomena by scanning technique over a certain area of flow field.
The Laser Doppler Velocity and hot wire velocity measuring devices can only
measure once at a point. It is not possible to perform measurements a multiple
points.

Both dye visualization and the PIV experiments were employed at M echanical
Engineering Department of Cukurova University, in the Fluid Dynamics Research
Laboratory.

The interaction between primary, incoming, and counter-clock-wise rotating
vortices and the trail of the horseshoe vortex formed in the upstream base of the
cylinder are clearly identified with the time-averaged and the instantaneous flow
data. It is shown that the position and the strength of the horseshoe vortex and the

location of the saddle point formed upstream of it vary rapidly with an increase in
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the Reynolds number. The secondary and the primary flow interactions in the
upstream and downstream bases of the cylinder with the flat plate surface resultsin
athree-dimensional and a complex flow behavior.

Introduction part introduces briefly the practical application and importance of
the present work.

Literature survey part summarizes the modern research on vortex-bluff body
interactions, physical aspects of vortica flow, and control of vortices.

Material and method part describes the details of the experimental system and
measurement techniques. Specifically, the details of technological developments in
Particle Image Velocimetry (PIV) and image processing used in the present study

are given.

2.3. Objective and Scope of the Present Work

In this dissertation plain fin and circular slotted-cylinder configurations are
investigated in terms of heat transfer and fluid flow characteristics

Asitisoutlined in the previous sections, the heat exchanger flow passage that
consists of plain or specially configured parallel channels located on the outside of
the tube bundle results in a very complex geometry. This complex geometry causes
formation of a highly complex and three dimensional flow and heat transfer
characteristics. Formation of horseshoe vortices in front of and at the rear the
cylinders, interaction of secondary flows of opposite vorticity at the front and sides
of the tubes, vortices in the wake of the fins; improved air mixing and thinning of
boundary layers along with lateral swirl mixing due to the corrugated geometry
formed by the wavy fins.

Due to the rate of population growth, the high rate of industrialization and
development of countries, a quick increase of energy demandsin the world isreality.
Therefore, progress of technological development in heat exchanger systems must
carry on. Because heat transfer rate in the heat exchangers is strongly related to the
flow structure. Heat exchangers are one of the devices that can be developed further

in the energy saving aspects. Thus in recent years, there have been significant
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improvements in heat exchanger technology in order to rationalize the use of
available energy and reduction of lost energy. The investigation of the flow through
fin-tube heat exchanger has been and will continue to be a challenge to the sciences
of therma fluid mechanics in the future. Understanding of complex three-
dimensional flow mechanisms around surface mounted cylinders is a subject of
considerable interest in that the flow field is affected both from the presence of the
cylinder and the flat plate. As far as we know, thereis little study published in the
literature demonstrating details of flow interactions around slotted-cylinders. So the
details of the flow captured experimentally by the PIV technique and dye
visualization around the single slotted-cylinder and multiple slotted-cylinders at
different Reynolds numbers are carried out.

A deeper physical understanding of local flow structure in the heat exchanger
flow passage is very important for design and optimization purposes. Therefore in
the present study the physics of the flow and the horseshoe vortex mechanism are
investigated in detail using time-averaged, instantaneous, and phase averaged flow
statistics obtained by the Particle Image Velocimetry (PlV) technique.

The main purpose of this study is to gain insight into the mechanisms which
are responsible for the performance of the heat exchangers. The dynamics of
horizontal large-scale turbulent flow structure dominate the transverse exchange of
momentum and heat. So, it can be stated that the present study also has the following
main objectives,

I) Analyzing the structure of turbulent flow using data which consist of time
series of two dimensional velocity components measured in some selected cross
sections at various elevations and in vertical planes. The turbulence intensities and
transports are going to be investigated with the help or transverse and vertical
profiles of Reynolds stresses.

I1) Observation are focused in close region of cylinders-plate junctions in order
to see the generation and behavior of the horseshoe vortex system and their effect on
turbulence structure

[11) Finally it is aimed to observe vortices how they stimulate the heat transfer
rate through flow passages.
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Qualitative flow visualization was employed during the initial scope of
experiments in order to determine the overall nature of the complex flow patterns for
different configurations of the heat exchanger.

The present study is extended to investigate the flow characteristics around of
single and multiple slotted-cylinders located between two parallel plates. Numbers of
circular tube were designed seven rows and seven column both in-line and staggered
case. It is known that staggered tube arrangements are more efficient than in-lined
tube arrangements. So, it is planned to examine the effect of various tube
combination on the flow characteristics. The result of the present investigation is
compared with the results available in the literature. Consequently, a final comment
is made on the performances of the defined heat exchanger geometries in terms of

flow characteristics.
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3. MATERIAL AND METHOD

3.1. Particle Image Velocimetry (P1V)

Particle Image Velocimetry (PIV) is a non-intrusive measurement technique
used to smultaneoudy determine the velocities at many points in a fluid flow. The
technique involves seeding the flow field, illuminating the region under investigation
and capturing two images of that region in rapid succession. From the displacement
of the tracer particles, provided that the time interval between image captures is

known, avelocity vector map can be calculated in the flow field.

3.2 Principlesof PIV

The general principle of PIV isto illuminate tracer particles in the flow field of
interest with a plane sheet of light, and acquire two images of the flow field with a
known time separation. When a digital CCD camera is used for image acquisition,
one uses the acronym DPIV. The displacement field is determined from the motion
of the tracer particles between the two images, and by dividing this with the known
time separation one obtains the velocity field. The problem in PIV isto determine the
displacement field. The time separation is assumed to be known with sufficient
accuracy. The technique of PIV can be considered as consisting of two stages; image

acquisition and image evaluation.
3.3 Image Acquisition

Figure 3.1 shows a typical experimental arrangement for carrying out PIV
measurements. Tracer particles added to flow under investigation are illuminated by

laser sheet and images of the illuminated flow field are captured and stored for later

analysis.
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Light sheet

Figure 3.1. Schematic of experimental apparatus and digital PIV instrumentation

3.3.1 Seeding

Particle size and density, and fluid density and viscosity, determine the effects
of buoyancy and inertia. Exact neutra buoyancy is difficult to achieve, but particles
must remain suspended throughout an experiment. In general, seeding is easier in
fluids. Lower velocities and accelerations combined with the higher density and
viscosity of liquid means larger, more easily detectable images. In fluids, they may
be up to tens of microns in diameter; in air diameters range from 5 microns to sub
micron. For very large accelerations, such as in aero shock waves, particle lag cab
can introduce gross errors and requires careful optimization with other requirements.
The light scattered from the particles is only a fractions of the light introduced into
the flow. Of this scattered light, only that within the solid angle defined by the lens
aperture of the imaging system will be collected to form an image. Conventional PIV
set-ups record sde-scattered light, which can be orders of magnitude weaker than
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forward-scattered light. The size and material of the seed particles can affect
scattering efficiency and small particles also affect particle image intensity. The
average particle image should exceed the fog level of photographic emulsions or the
noise level of solid-state detectors. Seeding is, in general, easier in water than in air.
Lower velocity and accelerations combined with the higher density and viscosity of

liquid mean larger, more easily detectable particles can be used.

3.3.2 llumination

In PV, the displacement field is determined as average displacements within
so-called interrogation areas of the image plane. A typical size of these interrogation
areas is 32x32 pixels, which means that one gets about 1000 vectors from an image
with a resolution of 1008x1016 pixels. For single exposed images, the displacement
is determined by forming the cross-correlation of corresponding interrogation areas
in the first and second images. The location of the highest correlation peak in the
correlation plane corresponds to the most likely average particle displacement in the
interrogation area. Sub-pixel accuracy of the displacement is obtained by fitting a
Gaussian distribution to the correlation peak, and finding the exact peak location.
Since the cross-correlation method uses al information within the interrogation area
for finding the displacement, the method is robust and often provides reasonable
results even for non-ideal conditions. Another advantage is that the displacement
field is obtained on aregular grid.

For the illumination, it is preferable to use a laser, since the laser beam is easy
to form into a sheet by a cylindrical lens. A pulsed laser is preferred, since one
obtains a high light energy during a very short time interval (typically 5 ns for a
Y AG-laser), which means that the particle images will be practically frozen even for
high velocities (> 100 m/s). The repetition rate of a YAG-laser istypically 10-30 Hz,
which is too low except for very low velocities (< 1 cm/s). One therefore needs two
lasersto get full freedom in terms of time separation between the pulses. Special PIV
YAG-lasers are available that combine two laser cavities with a common beam
outlet.
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3.3.3 Image Capturing

To be able to acquire two single exposed images with a time separation of the
order of microseconds, one uses a so-called full-frame interline transfer progressive
scan CCD camera, also called a cross-correlation CCD-camera. The basic ideais that
the image exposed by the first laser pulse is transferred very rapidly to light-hidden
areas on the CCD-chip. This is done on a pixel-by-pixel basis, i.e. each pixel has its
own storage site in immediate vicinity of the light sensitive pixel area. After the
second exposure, both images are transferred to the computer. Since a lot of data has
to be transferred, it is only possible to take a few double-images per second. The

temporal resolution of the flow isthusin general very poor with this technique.

A very important issue for obtaining accurate PIV measurements is appropriate
seeding of the flow with tracer particles. To closely follow the flow the particles
should be as small as possible, but on the other hand they may not be too small,
because then very small particles will not scatter enough light, and hence produce too

weak images.
3.4 Image Evaluation

Since the introduction of the first PIV image evaluation methods, aternative
analysis algorithms have been developed as well as error correction and post-
processing procedures designed to improve speed and accuracy of the PIV method.
However, the classical PIV analysis method is still the most frequently used and
forms the basis of many other algorithms. (Figure 3.2). The heart of the PIV analysis
is the correlation of regions of the input images (known as interrogation areas) with
each other to determine the displacement vector of the flow in that part. Knowing the
time interval between the images captures enables a velocity vector to be calculated
from the displacement vector. The correation technique can be used for a single
frame multiply exposed (auto-correlation) or multiple frames singly exposed (cross-
correlation). To speed up the convolution process, correlation of each pair of
interrogation areas is carried out in Fourier space. After interrogating the images in

this way and generating the vector map, post-processing is carried out to validate the
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data and to improve the vector map resolution and accuracy. Using this vector map,

vorticity and Reynolds stress contours and streamline topology can be obtained.
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Figure 3.2. Basic PIV analysis process (Schiwietz, T., Westermann, R., 2004)

3.5. Time-Averaging of PIV Images

Time-averaging of PIV images were performed using following formulation.

Time-averaged horizontal component of velocity:

up(x,y) (3.2)

Qo=

W=y

I

n=
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Time-averaged transverse component of velocity:
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(3.3)

(3.4)

(3.5)

(3.6)

Where N is the total number of instantaneous images used for the time-averaged

values and n refers to the instantaneous images.
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3.6. Phase-Averaging of PIV Images

In addition to time-averaging, phase-averaging of images were pursued. The
phase-reference to be employed depends on the type of experiment. In cases, where a
periodic signal is recorded aong with the PIV images, it is possible to employ this
signal as phase-reference, provided that the timing of PIV images is known. In this
study where such a signal is not available, it is necessary to make use of the PIV
images themselves and search for characteristic motion representing the phase-
oscillations.

The equations employed for phase-averaging are directly analogous to those
employed for time-averaging, except the average was performed for the total number
of M images at agiven phasef, as described in the foregoing.

Phase-averaged horizontal component of velocity:

(), =58 U 0Y) @)
Phase-averaged transverse component of velocity:

(%:ﬁé - (6.y) (38)
Phase-averaged transverse component of vorticity:

<>:Maw( y) (39)

m=1

Where M is total number of instantaneous images used for the phase-averaged values

and m refers to the instantaneous images.
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3.7 Dye Visualization Experiments

A fluorescent dye which shines under laser sheet was used to create color
change in water to visualize flow characteristics around the cylinders during the dye
experiments. Dye was located in a small container which is located 500 mm above
the free surface of the water channel. Dye was injected at the entrance of confined
plate by plastic pipe and dye was passed through the confined plates. The video
camera which was SONY HD-SR1 was used to capture the instantaneous video
images of the vortex flow gructures. The images were captured by frame grabber
software of camera. The dye visualization technique gives no numerical information

about flow structure of vortical flow, but demonstrates a brief and rough idea about

flow structure around the cylinders

Figure 3.3. General view of Water Channel for dye visualization and the PIV
Experiments (Akar, 2008)
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3.8 PIV Experimental Setup

Experiments were performed in a large-scale water channel, having a test
section length of 650 mm and width 750 mm. In order to study the case of a
confined flow, the test section, which has a total height of 610 mm was filled with
water. In order to characterize the flow structure downstream of single and multiple
staggered dotted-cylinders, a technique of high-image-density particle image
velocimetry was employed.

During the period of the experiment, images taken were indicated in the
schematic of Figure 3.4.

Servo motor

Primary tank
Honey comp Secondary tank

= g "~ § N

Frequency cortrolled

Figure 3.4. Schematics of channel and its mechanism

This approach is necessary in order to attain sufficient spatial resolution.
Images acquired in each of these fields of view are averaged, and by splicing them
together, it is possible to define this flow structure over arelatively long streasmwise
distance of the water flow. The experimental set-up of PIV system typically consists
of several subsystems. In most applications tracer particles have to be added to the
flow. These particles have to be illuminated in a plane of the flow at least twice
within a short time interval. The light scattered by the particles has to be recorded
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either on single or on a sequence of frames. The displacement of the particle images
between the light pulses has to be determined through evaluation of the PIV
recordings. In order to be able to handle the great amount of data which can be
collected employing the PIV technique, sophisticated post-processing is required.
Figure 1 briefly explains atypical set up for PIV recording. Small tracer particles are
added to the flow. A plane (light sheet) within the flow is illuminated twice by
means of alaser (the time delay between pulses depending on the mean flow velocity
and the magnification at imaging). It is assumed that the tracer particles move with
local velocity between the two illuminations. After development the photographical
PIV recording is digitized by means of a scanner. The output of the CDD camerais
stored in real time in the memory of a computer directly. Asthe resolution and image
format of CDD camera is several orders of magnitude lower than that of a
photographic medium, digitization cannot be ignored.

For evaluation, the digital PIV recording is divided in small sub-areas called
interrogation areas (windows). The local displacement vector for the images of the
tracers particle of the first and second illumination is determined for each
interrogation area by means of methods. It is assumed that all particles within one
interrogation area have moved homogenoudy between the two illuminations. The
projection of the vector of the local velocity into the plane of the light sheet is
calculated by taking into account the time delay between the two illuminations and
the magnification at imaging.
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Figure 3.5. A typical experimental set-up for PIV technique is shown.

The process of interrogation is repeated for al interrogation areas of the PIV
recording. With CDD cameras it is possible to capture more than 100 PIV recordings
per minute. The evaluation of one camera PIV recording with 3600 instantaneous
velocity vectors (depending on the size of the recording and of the interrogation area)
is of order of afew seconds with standard computers. If even faster availability of the
dataisrequired for on line monitoring of the flow, dedicated hardware processors are
commercially available which perform evaluations of similar quality within fractions
of a second.

3.9. Examination of PIV on the Shear and Wake of Surface Mounted Cylinder

One of the most challenging problems in fluid mechanics is the measurement of
the overall flow field properties, such as the velocity, vorticity and pressure. Hot-
Wire and Laser Doppler velocimetry can only measure velocity at a single point.
However as it is known, many flow fields such as coherent structures in shear flows
or wake flows are highly unsteady. For these types of flow, it is required measuring

whole flow field instantly in order to interpret these types of flow in detail.
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In all test geometries the cylinders and the plates are made from Plexiglas
material so that the laser light propagates easily. Before the image processing, all the
spurious vectors are detected and removed using Cleanvec software and then the
digital images were improved and smoothed by neighborhood averaging technique.

In this study three different geometries were taken and experiments have been
carried out. These arrangements are single completed cylinder, single dlotted-
cylinder and multiple staggered slotted-cylinders in a narrow gaped rectangular duct
respectively as seen figure 3.6, figure 3.7 and figure 3.8.

In the part of study, dye visualization and the PIV Technique have been used to
determine the velocity field around the surface mounted cylinder in the passage
having laser sheet height to water height ratio of 0.1. The cylinder is cutted in to 2
pieces with a 5 mm of whole cross-section slot and alows flow between semi-
cylinders. Cylinder height is 20 mm and the diameter is 50 mm. The flow Reynolds
numbers are Re;=1500 and Re;=4000 based on the cylinder diameter.
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Figure 3.6. Test geometry of single cylinder in plan view plane (Dimensions in mm).
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Figure 3.7. Test geometry of single sotted-cylinder in plan view plane
(Dimensionsin mm).
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Figure 3.8. Test geometry of multiple staggered slotted-cylindersin plan view plane
(Dimensions in mm).
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4. RESULTS AND DISCUSSION

4.1. Experimental Study of Flow Details for a Single Cylinder and Slotted-
Cylinder

4.1.1. Introduction

It is well known that, fin-tube heat exchangers which are similar to the
rectangular duct geometry with narrow gap is mostly used in heat transfer devices.

A substantial energy demands in the world is due to the rate of population
growth, the high rate of industrialization and social and economical development of
countries. On the other hand, electricity generation used thermal power plants based
on fossil fuels deteriorate the quality of environment in large scale. With this in
mind, progress of technological development in heat exchanger systems must go on.
Heat transfer problem in the heat exchangersis strongly related to the flow structure.

The flow characteristics past a cylinder exist in both practical life and
engineering studies as they are frequently encountered in aircraft and automobile
industries, heat exchangers, flow around bridge piers, building-ground junctions, etc.
Therefore, in many engineering branches, such as in chemical, nuclear, coastal,
marine, wind, hydraulics, and heat transfer engineering, this kind of flow
configurations are investigated in order to produce information on the characteristics
of juncture vortices occurred in the vicinity of circular cylinder in a confined flow.
Furthermore, in this study, it is focused on investigating the flow characteristics
around staggered dotted-cylinders which can be used in new design of fin-tube heat
exchangers so as to get enhancement of heat transfer rate as a function of horseshoe

vortex system

4.1.2. The Objective of the Present Work

In the case of flow passing bluff bodies, the flow is forced to separate and pass
around the bluff body, the separation of the flow at the both sides of the body forms
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wake vortices, and vortex shedding in the wake of the cylinder starts. Interactions
between the cylinder wake, horseshoe vortex system, and the flat surface result a
complex flow behavior. In order to understand that complex flow around the bluff
body, the PIV technique is used and it is well known that PIV technique can give
quantitative information on the instantaneous spatial structure of the velocity field.
Therefore, in order to better understand the flow characteristics in the upstream and
downstream regions of the single slotted-cylinder and multiple slotted-cylinders in
the confined geometries flow, the PIV technique and dye visudization experiments
are conducted to obtain instantaneous and time- averaged flow data in plan-view

laser planes and the results are presented as shown in the following sections.

4.1.3. Test-Chamber Arrangement

The objective of the present work is to perform qualitative and quantitative
flow studies in plan-view laser planes for a circular cylinder, a circular dotted-
cylinder which are mounted on a bottom plate in the rectangular narrow gaped duct.
for the purpose of revealing the structure of the flow details using instantaneous and
time-averaged flow data. Plan-views of the test section, direction of the flow and the
coordinate system are illustrated in Figures 4.1. and 4.2. The dimensions of the base
plate are 1000mm x 400mm x 10mm. The diameter of the cylinder is d=50 mm, the
width of the slot is5 mm and the height (Gap) is h=20mm, respectively.
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Figure4.1. Test geometry, size of images, location of measuring planesin plan
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Figure4.2. Test geometry, size of images, location of measuring planesin plan view
plane (Dimensions in mm).

4.1.4 Dye Visualization of Flow Around A Single and Sotted-Cylinder

In figure 4.3 a well-seen saddle point occurs upstream of the cylinder surface.
The region between the circumferential flow emanating from the saddle point and the
surface of the cylinder involves upstream flow, which is associated with the
horseshoe vortex in that region. Spiraling horseshoe vortex on both side of the
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cylinder moves further downstream along the wake region. Almost a distance of one
D starting from rear surface of the cylinder, between horseshoe vortices and shedding
vortices interactions take place. These interactions increase the turbulence intensity
of the flow to a higher level. The wake region downstream of the cylinder enlargesin
the free-stream flow direction randomly. In other words, merging points of shedding
vortices move forward and backward in the main flow direction. On the other hand
horseshoe vortices on both sides of the cylinder wonder in the lateral direction giving
rise the entrainment between wake flow and core flow regions. Along the shear
layers Kelvin-Helmholtz vortices are developed predominantly. After merging of

shear layers downstream of wake flow region Von Karman vortices occur.

150

Figure 4.3. Instantaneous dye visualization of single cylinder for Rey =1500,
h/h,=0.1
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As can be seen in figure 4.4. a horseshoe vortex system which is developed in
the forward face of the cylinder takes place closer to the forward face of the cylinder
time to time having Reynolds number 4000 comparing the case of Reynolds number
1500. Because of increasing the Reynolds number from Re;=1500 to Re;=4000 this
spiraling horseshoe vortices move in close region of the shedding vortices and hence
interaction starts earlier between those two different types of vortices due to the high
rate of momentum. It is clearly seen that the level of velocity fluctuations goes a
higher level along the shear layers. This flow behavior stimulates mixing of main
flow and wake flow. By increasing the rate of mixing fresh fluid and the fluid of
wake flows enhance the rate of heat transfer to a certain level hydrodynamically.
Outer regions of shedding vortices, Kelvin Helmholtz vortices are developed for all
case at elevation of h/h,=0.1 and both cases of Reynolds numbers. Starting from the
merging point of shedding vortices which take place downstream of wake flow
region awell defined Von Karman vortex street is developed. These flow behaviors
happen for all cases of Reynolds numbers.
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0

Figure4.4. Instantaneous dye visualization of single cylinder for Re;=4000,
h/h,=0.1

Patterns of time-averaged velocity, streamlines and vorticity at elevation of
measuring planes of h./D=0.06 in deep water flow were established by Ozturk et al.
(2009) for Reynolds number of Re;=4000 based on the cylinder diameter and
Re=87280 based on the hydraulic diameter of the open channel. They found that the
approaching flow rolls up to generate horseshoe vortex system and wrap around the
cylinder as seenin figure 4.5. Their instantaneous velocity vector map and streamline
pattern indicate the presence of horseshoe vortex system as well as corresponding
vorticity pattern, » also indicates the occurrence of this horseshoe vortex system in
the upper region of the cylinder.
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With the primary vortex Nvy, as illustrated in the last image of the third row of
fig.4.5, three pairs of counter-clock-wise, Pvi, Pv,, Pvs and clock-wise Nvy, Nv,, Nvs
rotating vortices grow rapidly. As time passes, the counter-clock-wise rotating
vortices Pv;, Pv, and Pv; grow in size, but decay in strength and later are washed
away by the clock-wise rotating vortices Nvi, Nv, and Nv; to allow for the formation
of the primary vortex. A close examination of the time-averaged and the
instantaneous vorticity contours reveal that along the upstream cylinder surface,

counter-clock-wise rotating secondary type vortices occur. These vortices revolve

vertically downwards along the cylinder surface toward the junction region.

Figure4.5 Instantaneous velocity vector map, V streamline patterns,y and
vorticity contours, w in the upstream base of the cylinder in side-view
planes. Minimum and incremental values of vorticity are Wy=+3.5s*
and Dw=7s" (Ozturk et a, 2008)
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Kirkil et al. (2005) stated that if the free stream flow is turbulent a wide range
of turbulent scales are evident around the cylinder which controls the transport
process. They reported that if the free stream flow is turbulent the location, size and
intensity of vortices commonly known as horseshoe vortices are highly variable with
time. Present dye visualization experiment also shows that these horseshoe vortices
effect the turbulence structure in the upstream base of the cylinder when these
vortices converted into 3D eddies. These horseshoe vortices are very sensitive to a
flow parameters such as the height of the rectangular channel
In the work of Ozturk et al (2008) the patterns of streamlines reveals that there are
three different saddle points, S and attachment of nodal points, N indicating the
existence of three individual horseshoe vortices as seen in figure 4.6. They stated that
through the observation of cinema of dye visualization in side view plane of their test
geometry there were three different horseshoe vortices. These multiple horseshoe
vortices in forward face of the cylinder merged to combine into one primary
horseshoe vortex system in unsteady mode. In the present work, dye visualizations
demonstrate that the side view images shown in figure 4.7 indicate that these vortices
move backward and forward in the direction of the free stream flow. These vortices
are often combines together to create a well defined horseshoe vortices. In last two
images of figure 4.7 indicates two symmetrical primary vortices which are well
defined. In the work of Ozturk et al. (2008), two identical developing large-scale
swirling patterns of velocity vectors of approximately the same length, are observed
close to the lower plate surface, and relatively wide and elongated primary swirls of
velocity were detected close to the upper plate surface shown in figure 4.6. In order
to demonstrate the capability of the horseshoe type vortices, the formation,
development of these vortices in the side-view plane, upstream of the cylinder, are
presented in this Fig. for Rey = 4000. Studies of the instantaneous flow data shows
that multiple vortices are formed in the vicinity of the upper and lower plates. Close
to the lower plate, clock-wise rotating vortices occur and these are F, Fy, F> and Fs,
They reported that as soon as a half-node of attachment point, Na, appearsfocusF is
formed which rolls up towards the plate-cylinder junction and gradually grows in

size. It is worth mentioning that below each saddle point along the lower plate and
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above each saddle point along the upper plate, counter-rotating secondary vortices,
Vc interact with the developing and primary vortices. These secondary vortices, Vc
prevent merging of developing vortices with the primary vortices temporarily as
reported by Ozturk et a. (2008). Animation of their instantaneous flow data
demonstrated that, as soon as these secondary or counter-rotating vortices, Vc
disappear, the developing vortices combine with the primary vortices to form alarge
primary vortex which moves towards the plate-cylinder junction. The half-node of
attachment point, Na on the lower plate surface is further away from the cylinder
surface than the corresponding point, Na close to the upper plate. Both instantaneous
velocity vector maps, V and corresponding streamline patterns, y clearly indicate
that the size of the circulating flow region gradually increases as the flow moves
towards the cylinder. In the present work the cinema of dye visualizations also reveal
that the vortical flow structure is sometimes dominant along the lower plate, while
sometimes dominant along the upper plate. In the present work as seen in figure 4.7
two identical developing large-scale vortices approximately the same size are
observed close to the lower plate surface and close to the upper plate surface. These
well-defined vortices rotate clockwise. Cinema of the dye visualization of the present
work demonstrates same information as Ozturk et a (2008) obtained.
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Figure 4.6. Instantaneous velocity vectors, V and streamlines patterns, y for
Reynolds number Re;=4000 (Ref. Ozturk et al. (2008)).
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(b) Reyg=4000

Figure4.7. Instantaneous dye visualization in side-view in the upstream of the
cylinder for Reg = 1500 and 4000

The comparison of PIV results in figure 4.8 conducted by Ozturk et a (2008) a
single cylinder mounted on the flat plate in deep water flow and dye visualization of
the present work reveal that having dot at the center of the cylinder activates the
wake flow region to the higher value. For example, as observed from cinema of the
dye experiment a jet flow which is caused by slots goes through the center of the
wake flow regions as seen in figure 4.9. This jet flow moves side to side in quas
periodic regime. This movement of jet flow increases the entrainment of the main
flow across the shear layer. Again, this entrainment is expected to increase the rate of
heat transfer in the cases of heat exchanger. Primary horseshoe vortex system moves
further close to the slotted cylinder due to the suction of the flow by this slot and
hence the level of interactions between horseshoe and shedding vortices increase.
Because of this high level of interactions put the entrainment between main and wake

flows to upper leve.
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Figure 4.8. Patterns of time-averaged velocity, <V> and streamlines, <y > for
Reynolds number Re;=6150 (Ref. Ozturk et a. (2008)).

Examing figure 4.9 and 4.10 reveal that having 5 mm dot at central line of the
circular cylinder vortical flow behavior around the dotted-cylinder is completely
changed. For example, the saddle point in the upstream region of the slotted-cylinder
move close to the forward face of the cylinder for both cases of Reynolds numbers.
Furthermore, horseshoe vortices travels in the free stream flow direction close to the
outer surface of the shedding vortices. Having flow jet through the slot a wake flow
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region of the cylinder is further activated. As Fu (2004) stated that it is apparent that
the base bleed through a slot can substantially retard the onset and development of
large-scale vortical flow structures in the near-wake region, relative to those
occurring from a complete cylinder. Confined flow past a cylinder gives rise to a
horseshoe vortex about the upstream surface of the cylinder, and large-scale vortex
formation occurs in the near-wake. Furthermore, existence of a negative base
pressure on the downstream surface of the cylinder, in conjunction with time-
averaged patterns of recirculation cells, are also well-known. The consequence of a
streamwise slot through the cylinder is used to alter the patterns of the flow structure
along the fore and base regions of the cylinder, as well as in its near-wake. Such
alterations have important implications, not only for the steady and unsteady loading
on the cylinder, but aso the corresponding loading on the bed region about the
cylinder. But, in the present study a slotted cylinder is placed in a narrow gaped
rectangular channel. During the dye visuaization it is seen that the horseshoe vortex
that exists about the upstream surface of the complete cylinder or without a dot is
altered significantly due to the flow extraction through a slot. Fu (2004) also stated
that water flow jet available through the slot decreases the vertical gradient of
circumferential vorticity along the plane of symmetry, in accordance with loss of the

well-defined cluster of vorticity that represents the horseshoe vortex.
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Figure 4.9. Instantaneous dye visualization of a single slotted-cylinder for
Rey=1500, h/h,=0.1
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Figure4.10. Dye visualization of a single slotted-cylinder for Rey =4000,
h/h,=0.1

4.1.5. PIV Resaults of Single Cylinder and Single Slotted-Cylinder

Figure 4.11., shows the time-averaged velocity vector map at an elevation of
h/h,=0.1 aove the base of the cylinder, for Re;=1500 and Res=4000. The flow
separation region is symmetric in both cases of Reynolds numbers. It is evident that,
in the vicinity of the slot entrance, the magnitude of the velocity is small. On the
other hand in the boundary layer around the cylinder, the magnitude of the velocity
has a higher value.
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Figure 4.11. Time-averaged velocity vector map in the upstream region of single
dotted- cylinder at elevation of h/h,=0.1, for Rey =1500 and 4000

The time-averaged vorticity contours <w> in the upstream of single slotted-
cylinder at an elevation of h/h,=0.1 for Rey =1500 and 4000 presented in figure
4.12. Time-averaged patterns of vorticity, <w> illustrates that the horseshoe vortex
which usually take place in the case of cylinder disappears in close region of the slot
entrance, but the horseshoe vortices occur on both sides of the slotted-cylinder. A

pair of negative and positive horseshoe vortices is developed next to the shedding
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vortices for both cases of Reynolds numbers. It is also observed that the vorticity
layers are symmetric with each other according to the plane of symmetry of the
cylinder. It can be seen that the existence of horseshoe vortex system convecting
downstream along the shear layers. The positive vorticity layers and the negative
vorticity layers are drawn as solid and dashed lines, respectively. The minimum and

the incremental values of the vorticity are w=+0.5s" and Dw=1s", respectively.

Figure 4.12. Time-averaged vorticity contours in the upstream region of single
dotted-cylinder for h/h,=0.1, Rey =1500 and 4000. w=+0.5s' and
Dw=1s"
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Figure 4.13 presents <u/U> streamwise velocity distribution in the upstream
region of the cylinder. The patterns of streamwise velocity indicates that the higher

streamwise velocity occurs along outer region of the shear layers.
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Figure 4.13. Streamwise velocity in the upstream region of single slotted-cylinder
for hi/hy=0.1, Rey =1500 and 4000

The root mean square of streamwise component, <u,,¢/U> normalized by a free
stream velocity, U are presented in figure 4.14 for Reynolds numbers Re;=1500 and
Rey=4000. For the purpose of comparison with the results of Sahin et al. (2009) who
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performed similar work on the flow of a single cylinder in deep water flow the size
of measuring images were intentionally taken the similar size with the work of Sahin
et a. (2009). Relatively a low level of Reynolds stress <umdU> appear on the
shoulder of the dotted-cylinder comparing to the results of Sahin at al. (2009). This
situation may happen due to the suction of the flow through the slot. In other words,

the horseshoe vortex may not as strong as in case of single cylinder without dot.
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Figure4.14. ums value in the upstream region of single slotted-cylinder for
h/hy=0.1, Req =1500 and 4000
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Figure 4.15, shows the time-averaged velocity vector map of wake flow at
elevation of h/h,=0.1 above the base of the cylinder, for Re;=1500 and Re;=4000.
Regarding the exit region of the dlot, patterns of velocity vectors show the
transformation from the slot flow to the free jet. The influence of the jet from the slot
on the flow in the base region becomes apparent, asit induces two recirculation cells.
The size of the wake region is obtained wider and two symmetric vortices rotating in
opposite direction are clearly seen in both cases of Rey =1500 and 4000. It seems that
velocity vectors in the exit region of the dot is higher comparing to the case of a
single cylinder without dot. This flow behavior can increase the heat transfer rate

hydrodynamically.
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Figure4.15. Time-averaged velocity vector map, <V> in wake flow of single
dotted-cylinder for h/h,=0.1, Reg =1500 and 4000

Figure 4.16 demonstrates the time-averaged vorticity contours, <w> at
elevation of h/h,=0.1 above the base of the cylinder, at Rey =1500 and 4000.
Regarding the exit region of the slot, patterns of time-averaged vorticity show the
transformation from the slot flow to the free jet. It is clearly seen that the vorticity
layers beginning from the slot entrance are convecting in the flow direction in the
shear layer. It is observed that the vorticity layers are symmetric with each other
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according to the plane of symmetry of the cylinder. Vorticity contours are seen
nearly paralel with only mild deflections towards the wake centerline. A pair of
vortices is developed at the wake region due to the jet flow emanating from the dot.
Well defined shedding vortices along the shear layer moves further downstream in
the free-stream flow direction a companying with horseshoe vortices.

The positive and negative vorticity layers diverge substantially and, in fact,
tend to interact with the clusters of vorticity of the separating layers from the base of
the cylinder. The positive vorticity layers and the negative vorticity layers are drawn
as solid and dashed lines, respectively. The minimum and the incremental values of
the vorticity are Wmin=+0.5 s* and Dw=1 s, respectively. Animation of instantaneous
vorticity patterns demonstrates that horseshoe vortices along the shear layer movesin
lateral direction in randomly. A well defined positive and negative cluster of vortices
occur at exit of the dot. It prevails that the jet flow emanating from the slot activates
the wake flow region.
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Figure4.16. Time-averaged vorticity contours, <w> in wake flow of single
dotted-cylinder for h/h,=0.1, Rey =1500 and 4000, Wi;i=+0.5 s*
and Dw=1s"
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4.1.6. Reynolds Stress Correlationsfor Both Cases of Single Cylinders

The images of Figure 4.17 show contours of constant Reynolds stress <u'Vv'
/U*> in the near-wake region a an elevation of h/h,=0.1 as seen that the peak
values of Reynolds stress correlations, <u'v//U?> are evident, regarding magnitudes
of the Reynolds stresses at the bed. It is obvious that the unsteadiness associated with
the developing jet emanating from the slot does not locally enhance the Reynolds
stresses for Re;=1500. On the other hand, it is evident that for Re;=4000, momentum
of thejet flow has a significantly large magnitude and therefore locally higher values
of <uVv/U?*> are attainable in the region of jet formation. On the shoulder of the
cylinder asmall size cluster of the Reynolds stress correlations occur for the case of
Reynolds numbers Re;=4000 due to the existence of horseshoe vortices around the
dotted-cylinder. However, the peak values of Reynolds stress correlation, <u'vi/U?*>
occur along the shear layer. In addition, jet flows emanating from the dot of the
cylinder cause postive and negative clusters of Reynolds stress correations
<uV'/U?> a alocation a distance of a half diameter far from the rear surface of the
cylinder in the downstream region. Similar experimental analysis was performed by
Ozturk et a. (2009) without slot. Ozturk et a. (2009) have conducted experiment
using the single cylinder placed on the ground in deep water flow in order to study
the interaction of horseshoe vortices and shedding vortices having ground effect also.
They concluded that minimum value of Reynolds stress correlations <u'v'/U%> for the
casxe of elevation h /D=0.06 is developed comparing to higher elevation. He also
stated that although a low level of Reynolds stress correlations <u'v'/U%> occur in the
case of elevation, h /D=0.06, but it occupies a wider area comparing to the higher

elevationsin deep water flow cases.
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iyl Reg=1500

Figure4.17. Time-averaged Contours of Reynolds stress correlations, <u'v//U?>
minimum and incremental values of Reynold stress correlation
are <u'v'/U? i, =+0.005 and D <u'v'/U?> = 0.005

Sahin and Ozturk (2009) conducted an experimenta work on the behaviour of
flow at the junction of the cylinder and base plate in deep water. They reported that
the patterns of the time- averaged normalized streamwise velocity, <u/U> component
for Re;=1500 and 9600, the negative pockets of streamwise velocity component, u/U

appears. But in the present case these negative pockets of streamwise velocity are
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avoided by the water jet flow emanating from the slot which passes through the
central axis of the cylinder as seen in figure 4.18
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Figure 4.18. Time-averaged streamwise velocity around a single slotted-cylinder
for h/h,=0.1, Rey =1500 and 4000, <u/U>p,,=%1 and D <u/U> =3

Figure 4.19 presents the distributions of the root mean sguare of streamwise

velocity fluctuations, <umdU> at an elevation of h/h,=0.1 for Reynolds numbers of
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Rey =1500 and 4000. Higher values of fluctuations are developed aong the shear
layers and along the central axis of the slot dueto the jet leaving the slot and moving
in the direction of the free-stream velocity for both cases of Reynolds numbers. The
flow with a high rate of velocity fluctuations occupies a larger region in the
downstream direction comparing to the work of Sahin and Ozturk (2009). It is

supposed that the water jet flow can cause velocity fluctuations further in
downstream direction.
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Figure4.19. Time-averaged uyms value in wake flow of single slotted-cylinder
for h/h,=0.1, Reg =1500 and 4000, <Urmg'U>pin =£0.01 and
D <urms/U>=0.01

75



4. RESULTS AND DISCUSSION Suat ONAL

Figure 4.20 presents the distributions of the time-averaged transverse velocity
< v/U> at an elevation of h/h,=0.1 for Reynolds numbers of Re;=1500 and 4000.
Contours of cross-stream velocity components v/U are involved in a switching of the
orientation of the positive and negative values of < v/U> downstream of the cylinder
as happened in the work Sahin and Ozturk (2009). In the case of Rey=4000, on the
upstream shoulder of the cylinder a maximum level or concentrations of positive and
negative cross-stream velocity components, <v/U> are evident. While the flow
moves further downstream the magnitude of cross-stream velocity, <v/U>
fluctuations are gradualy attenuated. It is expected that as the Reynolds number
increases the level of fluctuation also increases due to the high rate of momentum of

the flow.
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Figure 4.20. Time-averaged transverse velocity, < v/U> in wake flow of single
dlotted-cylinder for h/h,=0.1, Rey =1500 and 4000,

<v/U>pin=t1l and D<v/U>=3

Figure 4.21 presents the distributions of the root mean square of transverse

velocity fluctuations, <v,mdU> at an elevation of h/h,, =0.1 for Reynolds numbers of

Rey=1500 and 4000. Amplitude of the root mean square of cross-stream velocity

fluctuations <vymdU> for Re;=1500 is low comparing to Re;=4000 due to the lower

rate of momentum of the fluid. Velocity fluctuations occupy the area where the
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shear layers and horseshoe vortices pass through the area which includes the
merging point of the shear layers emanating on both sides of the cylinder. In the case
of Reynolds number Re;=4000, the magnitude of velocity fluctuations in the wake
region is also as high as other regions because of exiting the water flow jet through
the slot.

Figure4.21. Time-averaged <v;mdU> value in wake flow of single slotted-cylinder
for h/h,=0.1, Reg =1500 and 4000, <V;mgU>pin =£0.01 and
D<vims/U>=0.01
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4.2. Dye Visualization of Multiple Slotted-Cylinders

4.2.1 Introduction

It is known that heat exchangers are one of the devices that can be developed
further in the energy saving aspects and they are used in a wide variety of industrial
applications. Therefore in recent years, there have been sgnificant improvements in
heat exchanger technology in order to save the loss of energy. Even though, the
investigation of the flow characteristics through fin-tube heat exchanger will
certainly be a challenge to those scientists who involve in sciences of thermal fluid

mechanicsin the future.

4.2.2. Scope of the Present Work

The aim of this study is to study the mechanisms of hydrodynamics of the heat
exchangers experimentally which are mostly responsible for the performance. Main
objectives of the present work are as follows.

I) Visuaizing the structures of the vertical flow qualitatively and quantitatively
through the confined staggered slotted-cylinders.

1) Analyzing the flow structure using data which consist of time series of
streamwise and cross-stream velocity components measured in some selected cross-
sections, at an elevation of h/h,=0.1, in plan view planes. Reynolds stress
correlations and root mean square of u and v velocity components, Urms and Vims Were
calculated.

[11) Observation are focused in close region of cylinders-plate junctions and the
central cross sections in order to see the effect of jets emanating from the slot on the
wake flow, the generation and behavior of the horseshoe vortex system through the
staggered dotted-cylinders and hence their effect on wake flow structures

IV) Finally it is aimed to observe vortices how they stimulate the entrainment
between main flow and wake flow which enhances the heat transfer rate through

flow passages hydrodynamically.
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4.2.3. Arrangement of Test Chamber

Asit has been known the flow in the passage of the fin tube heat exchanger is
extremely complicated. It is rather difficult and time consuming to perform
experiment in the case of having multiple tubes in staggered combination in between
rectangular duct with narrow gap. Seven rows and seven columns of dlotted-
cylinders were mounted on the lower plate and later upper plate was pressed on the
top of these slotted-cylinders. The width of this slot is5 mm. Cylinders are located at
the corners of equilateral triangles. The distance between cylinders was taken as 1D
at all directions. The height of the flow passage was taken as h,=20mm. The width
of the rectangular duct was 400mm as seen in Figure 4.22. The upstream length of
the flow passage starting from the central points of first column of cylinders was 325
mm. The length of downstream flow passage starting from the centra points of last
column of the cylinders was 150 mm. This narrow gaped rectangular duct was
connect to the nozzle with included angle 90 degree. The locations of the measuring
flow sectionsin the plan view indicated in Figure 4.22. The dimensions of plan view
of measuring section are 160mmx120mm.This dimensions are chosen in order to see
the interference of the multiple slotted-cylinders on the flow behaviors. The

measuring plane was h/h,=0.1 above the lower plate surface.
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Figure 4.22. Overview of multiple slotted-cylinder combination, size of images and
location measuring plane (Dimensions in mm)

Figure4.23. Isometric view of test geometry (Dimensions in mm)
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4.2.4. Dye Visualization of Flowsfor Multiple Sotted-Cylinders

In general, the present combinations of staggered cylinders produce a complex
flow characteristics. In the present work, the combination of staggered dlotted-
cylinders was the same as the work of Ozturk (2006) without slot and dye
visualization experiment has also performed for multiple slotted-cylinders.

Comparison of flow structures in the forward face of the cylinder at an
elevation of h/h,=0.1 for a staggered dotted-cylinders array is presented in figure
4.22. The location of primary horseshoe vortex, in the forward face of the multiple
slotted-cylinders shown in figure 4.24, is further closed to the surface of the cylinder
comparing to the single cylinder shown in figure 4.3. This situation happens due to
the configurations of the multiple staggered cylinders. It can be also concluded that
horseshoes vortices moves further close to the surface of the cylinders due to the
suction caused by water jet flow occurring through slots. Further more, on both side
of the slotted-cylinder those spiraling horseshoe vortices travel in the direction of the
main flow in the vicinity of shedding vortices having high rate of interactions.
Shedding vortices arise from the shoulder of the cylinder which interact with
horseshoes vortices provokes the shearing phenomenon. It is known that the flow
characteristics downstream of cylinders are vitally important in terms of heat transfer
rate comparing to the forward faces of cylinders since the occurrence of wake flow
region deteriorates the rate of heat transfer hydrodynamically. Dye images shown in
figure 4.24 illustrate that wake flow region is shortened in size compared with the
results of single cylinder. There are two reasons to have flow characteristic in the
present form. These are;

i) The compactness of the cylinder combinations and

ii) Jet flow occurring through dlots.
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Figure4.24. Instantaneous dye visualization of multiple slotted-cylinders for
Reys=1500, h/h,=0.1

As seen view of dye images in figure 4.25 water jet flow is more effective on
the suction of the horseshoe vortex in the forward face of the cylinder as well asin
the wake flow regions. Horseshoe vortices move in the flow direction further close to
the shear layers due to the existence of downstram cylinders and hence interactions
of shedding vortices and horseshoe vortices increase significantly. The water jet flow
exiting the slot moves in the lateral direction stirring the wake flow region to

increase the entrainment to a higher level.
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HHY 250 3UH}

Figure4.25. Instantaneous dye visualization of multiple slotted-cylinders for
Rey=4000, h/h,=0.1

4.2.5. PIV Resaults of Multiple Cylindersand Multiple Slotted-Cylinders

In the work of Marakkos and Turner (2006) it has been indicated that the past
experimental studies are limited due to the difficulties in measuring the unsteady
flow data. Because of this reason, most of the past work on horseshoe vortex systems
was qualitative using flow visualization, point-wise measurement of time-averaged
velocity information and velocity spectra. In recent years and present time, particle
image velocimetry gives an opportunity to the researcher to measure the
instantaneous velocity distribution across a defined flow field quantitatively. In order
to demonstrate the capability of the horseshoe type vortices, the formation,
development of these vortices the PIV technique has been used in the present work
along with dye visuaizations.

In figure 4.26, time-averaged velocity vector distributions <V> is shown and
images were taken at an elevation of h/h, =0.1 for Re;=1500 and 4000. Averaged
velocity vector distributions, <V> images indicate that a high rate of velocity occurs

on the shoulders of each cylinders and travel further downstream aong the shear

84



4. RESULTS AND DISCUSSION Suat ONAL

layers with S shape. The curvature of the flow is repeated due to the configurations
of cylinders. The wake flow region is rather small compared with the single cylinder
cae. This wake region is also smaller than the results of Ozturk (2006) who
performed experimental test on the multiple cylinders without slot having the same
configurations of the present work.

It isalso seen in this figure that along the slot water jet flow is conveyed into
the wake flow regions. Wake flow regions of staggered dotted-cylinders shrink in
Size comparing to the case of single cylinder. Shear layers emanating from the
upstream of cylinders interfere with the shear layers of downstream cylinders
resulting in a high rate of fluctuations.

Overall conclusions can be derived through the examinations of images as; the
size of wake flow regions get smaller as soon as flow enters into the second columns
of cylinders. Shear layers of upstream cylinders reattaches the shear layers of

downstream cylinders causing high rate of turbulence.
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Figure 4.26. Time-averaged velocity vector map, <V> in wake flow of multiple
dlotted- cylindersfor h/h,, =0.1, Rey =1500 and 4000

Ozturk (2006) conducted experimental work on the flow structure a the base
of staggered cylinders without slot having the same combination cylinders same as
the present work. His results such as the time-averaged velocity vectors, <V>, the
patterns of streamlines, <y > and contours of vorticity, <w> at an elevation of h/hy
=0.05, are presented in figure 4.27 for both case of Reynolds numbers Re;=1500 and
4000. Digtributions of velocity vectors for both cases Reynolds numbers reveal that
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the size of wake flow region downstream of the cylinder shrinks in size comparing to
the case of a single cylinder. But the slotted cylinders reduce the wake flow size
further.

In second column of figure 4.27 patterns of vorticity are presented. As seen in
his figure the line of separation, Lswhich crosses this saddle point, S surrounds both
the cylinder and wake flow region. Corresponding vorticity contours <w> aso
present that along the outer region of shear layer horseshoe vortex systems take
place. Second and third row of images present the flow structures of multiple
cylinders. Examining of these figure show that horseshoe vortices occurring in
forward face of cylinders reveal that the saddle points, S are closer to the surface of
the cylinders comparing to the single cylinder case. The size of wake flow regionsis
smaller. Foci, F; and F; that occur in the wake flow regions are closer to the surface
of the cylinder. Patterns of streamlines indicate that fresh flow due to the
hydrodynamics of horseshoes vortex system is transported in to the wake flow
regions. Corresponding vorticity <w> presents that, initially, horseshoe vortices has
an elongated shape. While the main flow travels further downstream through the
staggered cylinders this elongated shaped horseshoe vortices disappear.

Overall conclusions of Ozturk (2006) are; the size of wake flow regions get
smaller as soon as flow enters into the second columns of cylinders. But these wake
regions get slightly thicker in the lateral direction comparing to the case of single
cylinder. Shear layers of upstream cylinders reattaches the shear layers of
downstream cylinders causing high rate of turbulence. Separations lines, Ls crosses
the upstream saddle points surrounds the cylinder on both sides and reattaches
downstream of wake flow regions and extends to the saddle points of upstream of
next cylinder as seen in the images of second row. Last row of images present the
flow data of forth column of cylinders. In these images, patterns of streamlines
indicate that separation lines, Ls surrounds its cylinder and wake flow regions and
reattached at the saddle point of downstream.
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Figure4.27. Comparisons of time-averaged flow data for Re numbers Red=1500
and Re;=4000 at elevation of h/h,=0.1 (Ozturk, 2006)

In Fig.4.28, vorticity contours <w> also present that along the outer boundary
of shear layers, horseshoe vortex systems take place. It seems that the water jet flow
sucks the horseshoe vortex in a way that the primary horseshoe vortex comes very
close to the inlet region of dots. In the image of vorticy patterns positive and
negative shedding vortices are developed in close region of the inlet of dots.

The shear layers emerging from both sides of cylinders move downstream in
between neighboring cylinders and interacts with the shear layers of other cylinders
for y/h=0.1. It can be concluded that combinations of these cylinders stimulate the
rate of turbulence and non steadiness. It may be thought that the entrainment
enhances to further level because of interferences water jet flow caused by staggered
slotted-cylinders. In addition, combinations of cylinders lead the main flow to
accelerate and decelerate continuoudly in between staggered cylinders while the main

flow moves in the forward direction. Patterns vorticity, <w> also illustrate that wake
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flow region is shortened in size compared with the results of Ozturk (2006). In
addition, cluster of positive and negative vortices developed by the water jet flow at
the centre of positive and negative elongated shedding vortices along by horseshoe
vortices take place which merges into the shedding vortices. Finaly, it can be
concluded that having slots along cylinders improves the results of Ozturk (2006)
further.

Figure 4.28. Time-averaged vorticity contoursin wake flow of multiple slotted-
cylinder for h/h,=0.1, Rey =1500 and 4000. Wi;j,=%+0.5s* and Dw=1s"
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In the case of multiple slotted-cylinders arrangements, Clusters of negative and
positive Reynolds stress correations are occupied whole flow field as presented in
figure 4.29. Maximum values of Reynolds stress correlations, <udv¢>/U? occur along
the shear layer in close region of cylinder surface extended to the center of wake
flow region. The distributions of velocity component are also indicates that the wake
flow region is aso energetic. Thisimage present the time-averaged data of multiple
cylinders at an elevation of h/h,=0.1 for Reynolds number Re;=1500 and 4000.
Clusters of Reynolds stress correlations, <ud/¢>/U? appear over the whole flow
fields. Once again, the maximum value of Reynolds stress is located in close region
of cylinder surface. It can be summarized that the distributions of Reynolds stress
and velocity components declare that wake flow region is very energetic in the case
of multiple slotted-cylinder arrangement comparing to the single cylinder case and

multiple cylinders without slots as which are presented by Ozturk 2006.
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Figure4.29. Reynolds stress correlation in wake flow of multiple slot-cylinders for
h/h,=0.1, Rey =1500 and 4000
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In figure 4.30 the time-averaged streamline patterns, <y > illustrates that
separated flow regions are more compact since the water jet flow goes through sots
directly into the wake flow region. Because of this water jet flow the size of foci are
very small comparing to the results of Ozturk (2006). Patterns of streamlines
indicate that fresh flow due to the hydrodynamics of horseshoes vortex system and
from the dlot is transported in to the wake flow regions to further extent. These foci
F1, and F2 are aimost symmetrical for both case of Reynolds numbers. Thereis a
saddle point, S for each focus, F. In addition, focus is developed close to the surface
of the cylinder comparing to the case of single cylinder and results of Ozturk (2006)
due to enforcements of the curvature of the core flow region. Row of cylinders
located downstream of the observed cylinder affect the upstream flow to merge into
the wake flow region and water jet flow of dots. These are the reasons that wake
flow area shrinks in size in the longitudinal direction and lateral direction. But the
wake flow area in the work of Ozturk (2006) enlarges dightly in the lateral
direction.
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Figure 4.30. Time-averaged streamline pattern, <y > in wake flow of multiple
dotted-cylinders for h/h,=0.1, Reg =1500 and 4000

Streamwise flow velocity distributions, <u/U> presented in figure 4.31 clearly
indicates that the wake flow area is very small. This result reveas that wake flow

region has a velocity distribution with high magnitude.
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Figure4.31. Streamwise velocity, <u/U> in wake flow of multiple slotte-cylinders
for h/h,=0.1, Rey =1500 and 4000

Figure 4.32. presents the distribution of Urms showing that the high rate of
fluctuations cover whole flow regions. The rates of fluctuations are higher than the
results of multiple cylinders with the same combinations but without slots. The
maximum value of Uyms 0ccur aong the shear layers and the merging points of these

shear layers and water jet flow.
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Figure4.32. UynsVvaluein wake flow of multiple slotted-cylinders for
h/h,=0.1, Rey =1500 and 4000

Figure 4.33 present the distributions of transverse veocity, <v/U>. It is
interesting that a cluster of transverse velocity distributions are evident on shoulder
of cylindersin the forward faces. Outlet of slot exit alow level of transverse velocity
takes place. This indicates that in the case multiple slotted-cylinders, horseshoe
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vortices combines with shedding vortices time to time causing high rate interactions

between these two types of vortices.

<v/U> Req=1500

Figure4.33. Time-averaged transverse velocity in wake flow of multiple
dotted-cylinders for h/h,=0.1, Rey =1500 and 4000

Figure 4.34 present the distributions of the Viyns Of transverse velocity

component. The maximum value of Vys occurs in the area where shear layers
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emanating from both sides of dotted-cylinders and water jet flow combines together.
The other part of the measuring suction also has a high rate of Vyys This situation
indicates that fluctuating of flow is high over whole measuring section. It can be
concluded that the rate of heat transfer is improved to further extent

hydrodynamically comparing to the same combinations of cylinder without slots.

Figure4.34. Vs vauein wake flow of multiple dotted-cylinders for
h/h,=0.1, Rey =1500 and 4000
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Overall conclusions can be derived through the examinations of all images as;
the size of wake flow regions get smaller as soon as flow enters into the second
columns of cylinders. Although in the work Ozturk (2006) these wake regions get
dlightly thicker in the lateral direction comparing to the case of single cylinder, in the
present work even in the lateral direction the size of wake flow are is smaller. Shear
layers of upstream cylinders reattach the shear layers of downstream cylinders
causing high rate of turbulence. These conclusions are indicated in figures given

above.

4.2.6. Instantaneous Vector Velocity Didributions for Multiple Slotted-
Cylinders

Representative instantaneous flow data are presented in Figures 4.35 for
multiple slotted-cylinder as a function of slot width B/D is equa to 0.1, for Rey
=1500 and 4000. Throughout the PIV experiment 350 images were taken for each
test sets and all patterns are phase-referenced according to the same phase of the
cycle of vortex formation. The patterns of V indicate that vortex formation occurs
immediately adjacent to the base of the cylinder and as these horseshoe vortices
immigrate in the direction of the free stream flow they also flap in the lateral
direction in unsteady fashion. It is obviously seen that near wake vortex formation
changes periodically due to jet flow from dot into wake flow region. Image 5 shows
that jet flow from dot goes along the slot axis and there is no any undulation in the
near wake flow. Image 10 shows the jet flow from the slot changes direction to the
right hand side. Large-scale of swirling patterns of velocity vectors are evident in the
downstream base of the cylinder, corresponding patterns of vorticity shows that the
shear layer is pushed to the base region causing a well defined concentration of
vorticity as seen in image 10. Image 15 shows the direction of jet flow to the left
hand side in wake flow region and it is clear that lateral undulation is occured.

The patterns of velocity images show a higher frequency level, transverse
undulation comparing for Re;=1500. These characteristics of the flow clearly

indicate the existence of the horseshoe vortex system.
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h/h,=0.1

Figure 4.35. Instantaneous velocity vector map,V for Re;=1500,
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4.3. Concluding Remarks

The flow dructure in a plate fin and tube heat exchanger thermal unit
composed of staggered slotted-cylinders arrangement is continuously accelerated and
decelerated due to the arrangement of cylinders. Cylinders are located at the corners
of equilateral triangles. Due to the compactness of this type of heat exchanger the
distance between cylinders surfaces is 1.0 D. On the other hand, the distance between
lower and upper platesis 0.4 D. Horseshoe vortices are developed on both surface of
the plate in close regions of the cylinders. Flow structures are restless due to the
continuous developing flow process. Flow jet layers appear aong the outer of the
shear layers. Entrainment processes due to the high rate of circulatory flow motion
on vortical flow structure is extremely high engender energetic wake flow structure.
In summary, staggered dotted-cylinder arrangements enhance the heat transfer rate
hydrodynamically even in wake flow regions but they cause pressure losses.
Comparing with complete staggered cylinders, pressure losses are less for staggered
slotted-cylinders and flow structure supplies more efficiency for heat transfer rate.
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1. Flow Structure Around Single and Multiple Staggered Sotted-Cylinders

Heat exchangers, which are used in wide variety of industrial applications, are
one of the devices that can be developed further in regard to energy-saving, from the
hydrodynamics point of view. Therefore the main aim of the present study is to
investigate details of flow structure in the upstream and downstream of a circular
single slotted-cylinder and multiple staggered slotted-cylinders mounted on a flat
surface in a narrow gaped rectangular duct in the case of confined flow which is used
in plate-fin-and-tube type of heat exchangers.

It is known that multiple cylinders in staggered arrangement are more efficient
than in-line tube arrangement in the case of heat transfer. With this in mind, this
study examines the effect of a combination of multiple sotted-cylinders on flow
characteristics. Therefore the effect of staggered arrangement of slotted-cylinders on
the flow characteristic in confined flow was investigated both using dye visualization
and the PIV technique. PIV experiments were carried out for single-slotted cylinder
and multiple staggered dotted-cylinders.

The width of the dot is5 mm, the diameters of the cylinders are 50 mm and the
ratio of B/D is 0.1, the gap ratio G/D is 2 where the ot width is B, diameter of the
cylinder is D and distance between the centers of the cylinders in the lateral direction
is G. The laser sheet was located parallel to the bottom surface of the water channel
at the elevation of h/h,=0.1.

The slotted-cylinders significantly change the flow characteristics in
downstream directions. The most important change occurs on the Reynolds stress
concentrations and it substantially decreases the peak concentration of Reynolds
stress.

Water jet-flow passing through the slot was remarkably effective for the gap
ratio B/D=0.1 in case of staggered cylinder arrangements. The jet-like flow changed
direction and switched from one side to the other randomly. Jet-flow between

cylinders was effective and amost symmetrical wake region in downstream direction
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for Re;=1500 and Re;=4000. At the bottom surface plane (h/h,=0.1), the analysis of
the instantaneous flow data and time-averaged velocity vectors map, <V> patterns of
streamlines, <y > and corresponding vorticity contours, <w>, Reynolds stress
correlations <ut/¢>/U? and fluctuations of the velocity components show that the
horseshoe vortices take place in the base of the cylinder in three dimensional forms
causing a scour mechanisms. These vortices also magnify the entrainment process
and circulatory motions between core and wake flow regions downstream of the
cylinder mounted on the flat plate in confined flow

Control of jet-like-flow both on the shoulders of dotted-cylinders and in the
slot along the cylinder provides the absence of biased flow. In terms of the size of the
wake region, wake region elongates in streamwise direction due to the momentum
transfer from the slot of the cylinder in case of single dotted-cylinder. The vortex
shedding., Kelvin-Helmholtz instabilities in the shear layer become effective on the

flow characteristics downstream of the cylinder.

5.2. Flow Control Around Slotted-Cylinders

In this section, flow characteristics of circular slotted-cylinders arrangement
Has been investigated experimentally. Experiments were only carried out for the gap
ratio of G/D=2 and B/D=0.1. During the experiments, Reynolds numbers were
changed between 1500 and 4000. The cylinders having same slot widths were used
during the experiments. All experiments were carried out at elevation of h/h,=0.1.
The dot width has an effect on the flow characteristics. The peak value of Reynolds
shear stress concentration decreases due to ot width.
Following conclusions can be derived from the overall experimental studies.

A test model geometry comprised of multiple dotted-cylinders row

surrounded by a fin plate configuration should be considered in the context of

optimization and design of plate fin and tube heat exchangers. Fluid flow and

corresponding heat transfer characteristics of multiple row heat exchanger

geometry can be extended to investigate for different ratio of B/D for fin and

tube heat exchangers.
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Tube row number, tube arrangement with dot, fin configuration and
Reynolds number are important governing design parameters for the plate fin
and tube heat exchangers.

The heat transfer rate increases with an increase of the Reynolds number.
Staggered sSlotted-cylinders arrangements enhance the heat transfer rate
hydrodynamically, even in wake-flow region compared to the arrangement
of multiple in-line cylinders since staggered cylinder arrangements activate
the flow behaviours further because of the repetition of boundary-layer
development.

The magnitude of the pressure drop along the tube surface in the staggered
slotted arrangement is found to be lower comparing staggered arrangement
without dlot.

A continous flow development, involving shearing phenomena and
interactions of shedding and horseshoe vortices, causes a high rate of
fluctuations and heat transfer over the whole flow field. For the staggered
arrangement with dot has higher heat transfer rate than for the inlined
arrangement.

The distributions of the time-averaged flow data for multiple slotted-cylinders
demonstrate that the wake-flow region is shortened in size in the longitudinal
direction but dightly enlarged in size in the lateral direction, comparing with
the same configuration of cylinders without slots.

The size of the wake region differs slightly depending on the Reynolds
number for single slotted-cylinder but not multiple slotted-cylinders. As the
Reynolds number isincreased, the size of the wake region becomes smaller.
The positive and the negative vorticity layers are approximately equal and

symmetric with each other.
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5.3. Recommendationsfor Future Work

The present work focused on the flow control for single and staggered slotted
arrangement of cylinders in confined flow which is similar to heat exchanger flow
passage. The flow behavior in the heat exchanger flow passage is really a complex,
three-dimensional and unsteady with flow separation, reattachment, recirculation
zones, and vortices in the wake of the cylinders.

The present study can be further extended heat transfer aspect of plate fin and
tube heat exchangers. Different control techniques can be also used to control vortex
formation around staggered arrangements of dotted-cylinders.

In addition to that, the study may be further extended to investigate effects of
tube diameter, dot width, effects of different tube shapes having oval or elliptical
configurations, and effects of transverse and longitudinal distance between the tubes
on the flow and heat transfer characteristics of plate fin and tube heat exchangers.

Besides three dimensional experimental investigations with 3-D PIV system
can be undertaken to measure the third velocity component over a complete flow

field of the confined flow of multiple slotted-cylinders.
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