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Abstract

An experimental investigation is reported using particle image velocimetry of the flow structure in the flow through a rectangular duct
containing a circular cylinder with axis normal to the flow. A duct with a narrow gap was designed to simulate a fin-tube heat exchanger
containing a single circular cylinder. The time-averaged velocity vectors map, hVi, patterns of streamlines, hwi and corresponding vor-
ticity contours, hxi were obtained using 490 instantaneous images. Development of the entrainment process between the main flow and
wake-flow regions is magnified by a helical horseshoe vortex system emerging upstream of the cylinder. The occurrence and development
of boundary layer separation and the formation of horseshoe vortices upstream of the cylinder close to both upper and lower plate sur-
faces and the merging of these developing horseshoe vortices into a primary horseshoe vortex system were also observed in the side-view
plane for the Reynolds number range of 1500 6 Red 6 6150.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Heat transfer in heat exchangers is strongly related to
the flow structure. Plate-fin-and-tube heat exchangers are
commonly used in space heating and/or cooling devices
such as air-conditioning systems, fan-coils and radiators,
in condensers and evaporators, and in heat recovery sys-
tems. Manufacturers mostly prefer plain fin among the
wavy, slit and louvered fin configurations due to the long
term operation and simplicity. Sheui et al. (1999) numeri-
cally studied the heat transfer in two-row tube heat
exchangers having slotted fins and laminar flow. In general,
these fins can be divided into louvered, radial-strip, paral-
lel-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 sep-
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aration. Their study revealed that the 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. Umeda
and Yang (1999) applied a tracer injection method to visu-
alize streamlines, and both piezometry and two-dimen-
sional laser-Doppler velocimetry (LDV) were used for
flow measurement through the staggered tube bundles.
Their main findings were: (i) the shape and dimension of
a wake vortex formed behind the tube depended upon
the staggered arrangement angle and the Reynolds num-
ber, and (ii) flow conditions around the tube varied with
the staggered arrangement angle. The Von Karman vortex
street oscillation induced a flip-flop flow having a staggered
angle of 30�. A symmetric flow formed and the wake vortex
was confined when the staggered angle of the tube bundles
was set to 60�. Tutar and Akkoca (2004) studied numeri-
cally the time evolution of a horseshoe vortex system and
the details of flow structure affecting the heat transfer coef-
ficient in the base of the circular cylinder in between two
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closely fixed parallel plates. A numerical investigation of
flow structure and heat transfer rate in a rectangular duct
with a built-in circular tube was performed by Tiwari
et al. (2003) for moderate Reynolds numbers and varying
blockage ratios. The duct was designed to simulate a pas-
sage formed by two neighboring fins in a fin-tube heat
exchanger. Close to the tube in a narrow duct a screw-like
motion of a helical vortex tube occurs. The rate of heat
transfer is increased by inducing swirling motion in the
wake region, as pointed out in the studies which were
experimentally conducted by Sumner et al. (1997) and
numerically performed by Yuhi et al. (1999). A three-
dimensional numerical study was also conducted by Tsai
and Sheu (1998) in order to examine the flow structure
and performance of conjugate heat transfer in a finned-
tube heat exchanger element. The physical domain they
considered comprised a double row of staggered cylinder
tubes which were normal to two packed plane plates. For
the calculation of heat transfer between the gaseous and
solid phases, the complex flow structure was considered
as three-dimensional, thermally and hydrodynamically
developing laminar flow. It was found that the rate of heat
transfer increased due to the presence of helical horseshoe
vortices which formed in the upstream base of the tube
close to the lower and upper fin plates and wrapped around
the tube. Spiraling motion of horseshoe vortices adjacent
to their central lines creates an exchange of fluid between
the main and wake-flow regions. Tsai and Sheu (1998) also
indicated that due to the geometrical complexity of finned-
tube heat exchangers, for example, reducing the space
between two adjacent fins causes experimental difficulties.
For these types of practical reasons, the extensive efforts
have been devoted to numerical investigations.

Roulund et al. (2005) performed numerical and experi-
mental work on the flow around a vertical circular pile
exposed to a steady flow. They basically studied the effect
of boundary-layer thickness, Reynolds number and bed
roughness on the horseshoe vortex system. Their numerical
results show that the horseshoe vortex disappears when the
boundary-layer thickness to pile diameter ratio d/d is less
than d/d < 0.01 for Red = 2 · 105. The influence of the Rey-
nolds number, Red on the size of the horseshoe vortex is
significant. In laminar flow, the size of the horseshoe vortex
and the bed shear stress increase with increasing Reynolds
number; on the other hand, the opposite changes take place
in the turbulent regime. An extensive review by Sarpkaya
(2004) covers the fundamental aspects of bluff body flows,
in particular flows past a circular cylinder. Kirkil et al.
(2005) concluded that the structure of the horseshoe vortex
system is very organized and periodic when the incoming
boundary-layer is laminar. But, the horseshoe vortex sys-
tem has a wide range of a coherent structure with a wide
range of energetic frequencies in the velocity and pressure
spectra when the approaching flow is turbulent. A review
by Simpson (2001) reports various physical features of
junction flows around bluff bodies. He discussed the fact
that horseshoe vortices form in all types of bluff body junc-
tions causing high turbulence intensities, pressure fluctua-
tions, heat transfer rates and a scouring around the
obstacle’s base. The cylinder induces a strong distortion
on the spatial development of the mixing layer. Lin et al.
(2002) investigated a horseshoe vortex system near the
juncture of a vertical plate normal to the flow direction
using flow visualization, fiber laser-Doppler velocimetry
and particle image velocimetry (PIV) systems. The PIV
technique in the region close to the vertical cylinder and
base plates was successfully applied to study horseshoe vor-
tex formations that cannot be achieved using more tradi-
tional tools. Velocity vectors obtained by PIV and
corresponding streamline patterns indicate that there are
several concentrated vortices in the boundary-layer region
above the base plate surface. These vortices correspond
exactly to those seen by the flow visualization technique.
Akilli and Rockwell (2002) and Fu and Rockwell (2005)
investigated experimentally the horseshoe vortex system
and wake-flow regions around a vertical cylinder mounted
on a flat plate in shallow-water flow, examining the devel-
opment of horseshoe vortex systems and the convection of
these vortices further downstream which interact with
shedding vortices close to the base plate surface. The main
findings of Fu and Rockwell (2005) are: (i) the instability of
the horseshoe vortices emerging upstream of the vertical
cylinders activates the instability of flow in the near wake,
(ii) increasing the fluctuation level in the horseshoe vortices
causes the development of coherent vortical structures ear-
lier in the separating shear layer, and (iii) rotational pertur-
bation of a vertical cylinder can destabilize the wake-flow
structure.

In the literature, there are a number of numerical studies
on the performance, geometrical parameters, flow proper-
ties, and heat transfer characteristics of compact heat
exchangers. Among them, Wung and Chen (1989) pre-
dicted the heat transfer and flow data and found that the
heat transfer tended to peak in the upstream surface of
the cylinder, and became a minimum in the wake-flow
region. Beale and Spalding (1999) used a version of the
SIMPLE algorithm and the PHOENICS computer code
to present the time-averaged and unsteady flow and tem-
perature distributions around an in-line and a staggered
tube bank. Similarly, Tsai et al. (1999), Tsai and Sheu
(1998), Rocha et al. (1997), Barsamian and Hassan
(1997), Jang et al. (1996), Jang and Chen (1997), and
Kundu et al. (1992) performed numerical calculations or
simulations to investigate the flow structure and heat trans-
fer characteristics of these types of heat exchangers with
various geometrical configurations. There are also a num-
ber of experimental studies regarding flow properties,
heat-transfer characteristics, and the horseshoe vortex sys-
tem formed in the passage of heat exchangers with built-in
cylinders. Saboya and Sparrow (1974), Goldstein and Spar-
row (1976), Rocha et al. (1997), and Kim and Song (2002,
2003) used the naphthalene sublimation technique to mea-
sure local heat and mass transfer coefficients on the fin sur-
face and examined a main and a subsidiary horseshoe



342 B. Sahin et al. / Int. J. Heat and Fluid Flow 29 (2008) 340–351
vortex causing a substantial increase in total heat and mass
transfer rates in front of the cylinders, but low heat and
mass transfer coefficients in the wake region downstream
of the cylinders. Authors suggested an optimal non-dimen-
sional length between the two cylinder centers as h/d = 0.5
where h is the distance between the two parallel plates and
d is the diameter of the cylinder, considering the high heat
transfer rates and minimum pressure drops.

The numerical study of Akkoca (2004) and experimental
and numerical studies of Mendez et al. (2000) reported that
no horseshoe vortices appear in the fin and tube junction for
the Reynolds number range 1200 6 Red 6 1460 having fin
spacing of 0.116 6 h/d 6 0.265. They also indicated that
horseshoe vortices in the fin and cylinder junction having
h/d = 0.365 and Re = 1460 were present. Kim and Song
(2002) concluded that the subsidiary horseshoe vortex was
formed when Red was increased to about 2660 for h/
d = 0.2. The three-dimensional numerical studies of Toriko-
shi et al. (1994) revealed that as the fin spacing increases the
flow structure is destabilized which enhances the heat trans-
fer rate. Numerical studies of Khallaki et al. (2005) indicated
that the horseshoe vortex structure upstream of a single
plate-finned-tube heat exchanger is altered substantially
when varying the fin spacing from h/d = 0.13 to h/d = 0.27
and the Reynolds numbers from Red = 2260 to Red =
3800. Akkoca (2004) clearly showed that as the fin spacing
is increased there is a sharp increase in the average heat
transfer coefficient for h/d < 0.15 and finally that this heat
transfer coefficient becomes constant for 0.25 6 h/d 6 0.5
and Red = 920. Secondly, as the fin spacing increases the
value of pressure drop coefficient decreases for h/d up to
0.35 and, finally, the pressure drop coefficient is constant
for h/d > 0.35. Consequently, the optimum fin spacing
should correspond to a minimum pressure drop, but, a max-
imum heat transfer. Finally, for this reason, in the present
study, the value of the fin spacing, h/d is taken as 0.4.

In the present work, a single circular cylinder was fixed
between parallel flat plates for a height-to-cylinder diame-
ter ratio of h/d = 0.4. Sahin et al. (2006) investigated the
flow characteristics in a plate-fin-and-tube heat exchanger
model composed of a single cylinder, using particle image
velocimetry (PIV). A similar geometry and flow conditions
were used in the present work in order to gain further
information about the development of the horseshoe vor-
tex system upstream of the base of the cylinder, the entrain-
ment process and the circulatory motion along the shear
layers which are magnified by emerging horseshoe vortices.
In the present work, a small area of the flow field was
experimentally examined comparing to the work of Sahin
et al. (2006) in order to see the boundary-layer separation
process, the formation of horseshoe vortices, the wake
and shear flow interaction under the influence of horseshoe
vortices in detail. The time-averaged and instantaneous
values of velocity vectors, streamlines and corresponding
vorticity were studied in the flow passage close to the lower
plate surface and across the central axis on horizontal and
vertical planes.
2. Experimental set-up and instrumentations

Experiments were conducted in a circulating free-surface
water channel. The internal dimensions of the water chan-
nel are of 8000 mm · 1000 mm · 750 mm which is made
from 15 mm thick transparent plexiglass sheet. Before
reaching the test chamber, the water was pumped into a
settling chamber and passed through a honeycomb section
and a 2:1 channel contraction. The depth of the water in
the test section was adjusted to 600 mm height for the pres-
ent experiments. The water pump was driven by an electric
motor with a variable speed controller. A schematic of the
test chamber of rectangular duct with built-in cylinder is
shown in Fig. 1. The test section consists of a circular cyl-
inder 50 mm in diameter attached to the lower plate and
mechanically press fitted to the upper plate which is placed
in an open water channel flow. The test chamber and cylin-
der are made of plexiglas material so that laser light prop-
agates easily from the plates and cylinder. The distance
between the upper and lower plates is h = 20 mm. The ratio
of the rectangular duct height to the diameter of the circu-
lar cylinder is h/d = 0.4 which is sufficient for the formation
of horseshoe vortices which enhance the heat transfer rate.
To avoid flow disturbances that may occur in the test
chamber, the leading edges of the plates are specially bev-
eled. The lengths of the plates extend 20 times the cylinder
diameter in the longitudinal and 14 times in the transverse
directions. The distance between the centre of the cylinder
and the leading edge of the flat plate is 10d or 25h and the
downstream length between the center of the cylinder and
the trailing edge of the flat plate is 10d or 25h.

The PIV technique is capable of studying unsteady and
wake-flow phenomena by the scanning technique over a
certain area of the flow field with a high level of accuracy.
PIV imaging plan and side-view planes are indicated in
Fig. 1. Average free-stream velocities in the side-view
planes are Uav = 30 mm/s, Uav = 80 mm/s, and Uav =
123 mm/s, which correspond to Reynolds numbers
Red = 1500, Red = 4000 and Red = 6150 based on the cyl-
inder diameter (alternatively Reh = 600, 1600 and 2460
based on the height of rectangular duct and average free-
stream velocity, Uav). The corresponding Reynolds num-
bers based on the hydraulic diameter of the rectangular
duct are Rehd = 584, 1556 and 2400, respectively. Accord-
ing to Reh and Rehd, the approaching flow for
Red = 1500 and 4000 are laminar.

The instantaneous velocity field in the specified flow pas-
sage was measured and the data was recorded using a
DANTEC PIV system and Flow Manager Software. The
measuring cross-section was illuminated by using a pair
of double-pulsed Nd: YAG laser sources of a wavelength
of 532 nm, each with a maximum energy output of
120 mJ/pulse. Each laser produced a thin and intensified
green light sheet with 1.5 mm thickness. The water flow
was seeded with 12 lm metallic coated hollow plastic
spheres. Since these particles had the same density as water
they were neutrally buoyant. The velocity vector analysis
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was performed by recording the locations of the particles
throughout the two-dimensional area of the flow field
and obtaining the change in position of the particles during
the specified time interval between two pulses. A cross-cor-
relation CCD camera with a resolution of 1024 · 1024 pix-
els was used to capture the particle images. The camera was
equipped with a lens of focal lengths 60 mm and 105 mm.
An input buffer was used to read and store the image maps
from the CCD camera. To transfer the images from the
camera to the computer, a high speed digital frame grabber
was employed. To capture the flow field images, the laser
pulse and camera must be triggered with the correct
sequence and timing. Therefore, a synchronizer was used
to control all of the components which were initiated at
the exact moment necessary. These captured images were
recorded in the computer’s memory. A total of 490 instan-
taneous velocity vector fields were recorded with an acqui-
sition frequency of 10 Hz for each continuous run. The size
of the interrogation window was 32 · 32 pixels with 50%
overlap providing 3844 (62 · 62) velocity vectors over the
entire field-of-view plane. The dimensions of the side and
plan-view planes shown in Fig. 1 are 157 mm · 157 mm,
74 mm · 74 mm, and 40 mm · 20 mm, respectively.

Dantec flow grabber PIV software employing the frame-
to-frame cross- correlation technique was used to calculate
the row displacement vectors. The row velocity vector field
was determined from this displacement vector field using
the time interval between laser pulses. Then, the spurious
velocity vectors were detected, using the local median-filter
technique (Westerweel, 1994) and replaced by interpolated
vectors calculated using a bilinear least-square-fit technique
between neighboring vectors.

The PIV technique used during the experiment is similar
to that employed by Westerweel (1993) who concluded that
the uncertainty in velocity is less than ±2%. Seal et al.
(1997) also estimated the uncertainty on the symmetry
plane of filmed-based PIV data as ±2%. Comparisons of
the time-averaged velocity profile in deep-water flow mea-
sured by the present PIV system with the PIV results of
Kahraman (2002) and the LDA results of Kirkgoz and
Ardiclioglu (1997) showed that the disagreement between
the present and these previous results was less than ±2%.

3. Results and discussions

Experimental investigations of the flow structure in the
passage of finned-tube heat exchanger are restricted
because of the geometrical complexity. Fin configurations
are usually plain, corrugated, punched and slotted types.
Over the past years, slotted fins have received an increasing
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amount of attention in industrial applications. Under-
standing the flow structures in the heat exchanger flow pas-
sage is of substantial importance for the design and
optimization purposes. Flow structures in separated flows
or wake flows are extremely unsteady. Consequently, flows
of this type require spatial and temporal information of the
entire flow fields to allow a quantitative detection of spatial
structures in unsteady flows as it is not possible with a sin-
gle measuring technique. With this in mind, laser-based
particle image velocimetry was employed. The time-aver-
aged velocity vector map, hVi, patterns of streamlines,
hwi and corresponding vorticity, hxi captured in the for-
ward face of the cylinder at an elevations of y/h = 0.05
above the lower plate surface and y/h = 0.5 at the central
plane of the rectangular duct are presented in Fig. 2. The
first row of images presents the data of time-averaged flow
data at an elevation of y/h = 0.5 detecting no horseshoe
vortex system and so no saddle points, S appear further
upstream of the cylinder. In contrast the remaining images
in Fig. 2, taken at an elevation of y/h = 0.05 close to the
lower plate, show the formation of the horseshoe vortices.
It is worth mentioning that, in most cases fin-tube heat
exchangers similar to the present rectangular duct geome-
try with a narrow gap are used. The optimum fin spacing
should correspond to the minimum pressure drop, but,
maximum heat transfer as Akkoca (2004) suggested. As
seen in the second row of images of Fig. 2, the location
of the saddle point, S due to the primary rotating horse-
shoe vortex system appears upstream of the cylinder
base at a distance of Ls = 0.35d for Red = 1500 (and
Reh = 600 based on the fin spacing, h). Here, Ls denotes
the distance between the location of the saddle point, S
and the upstream face of the vertical cylinder. It is worth
indicating that for a cylinder with the same diameter in
deep-water flow the location of the saddle point, S occurs
further upstream at Ls = 0.72d although the incoming flow
is turbulent, having a Reynolds numbers of Red = 1500
and Rehd = 32,730 based on the hydraulic diameter of the
open channel flow (Ozturk, 2006). Increasing the Reynolds
number to a value of Red = 6150, the saddle point, S gets
closer to the surface of the cylinder with a distance of
Ls = 0.19d as shown in the last row of Fig. 2. On the other
hand, Ozturk (2006) reported that this distance, Ls in the
case of Reynolds numbers, for Red = 9600 and Rehd =
2.1 · 105 for deep-water flow studies is Ls = 0.26d,
although the range of the Reynolds number of incoming
flow in that study is very high compared to those of the
present flow geometry. It can be concluded that the saddle
point of the time-averaged flow data appears further
upstream for deep-water flow cases compared with the
present work. Averaging the instantaneous flow data in
the plan-view plane at an elevation of y/h = 0.05 eliminates
the arbitrarily rotating developing vortices leaving
simply the primary vortices. These primary vortices
obtained from the time-averaged flow data revolve faster
with a high rate of momentum and come closer to the
juncture region when the Reynolds number is increased
to a value of Red = 6150 (Reh = 2460). Here, the cluster
of focus, the location of the saddle point and the node of
attachment and line of coalescence are identified as F, S,
Na and Lc, respectively. A pattern of negative vorticity is
indicated with a dashed line and positive vorticity is
indicated with a solid line. In the last column of Fig. 2,
time-averaged vorticity contours, hxi are presented. Here,
negative and positive vorticity indicate the existence of
the horseshoe vortex system convecting downstream along
the shear layers.

Fig. 3 presents time-averaged flow data for a flow field
imaging dimension of 157 mm · 157 mm in order to cap-
ture the flow structure around the cylinder in a complete
frame. The first two images show the flow data at an eleva-
tion of y/h = 0.5 on the central plane. Two foci, F1 and F2

occur between the cylinder surface and the saddle point, S.
Here, the time-averaged velocity vector map, hVi and the
pattern of streamlines, hwi show that flow recirculation
only occurs in the wake-flow region, indicating that a low
level of entrainment exists between the main flow region
and the wake flow. On the other hand, close to the lower
plate surface; foci, F1 and F2 are developed in between
the saddle points, S1 and S2 showing that interactions
between the shear layers and the horseshoe vortex system
stimulate circulatory motion so that a high rate of fresh
flow from the main core flow region is entrained into the
wake-flow regions; for example, the velocity vector distri-
butions, hVi and the pattern of streamlines, hwi in the last
row of images of Fig. 4 clearly reveal this entrainment
process which enhances the heat transfer rate in the case
of fin-tube heat exchangers. Saddle points, S1 and S2 are
connected by upstream-oriented streamlines. These stream-
line patterns leading to the foci, F1 and F2 have a spiral
nature which indicates that the flow structure near the flat
plate surface is three dimensional.

Fig. 4 presents the time-averaged flow data covering the
flow field on the left-hand side of the cylinder in the plan-
view plane at elevations of y/h = 0.05 and 0.5. The first row
of images present the time-averaged flow data at an eleva-
tion of y/h = 0.5, in terms of the velocity vectors map, hVi,
the streamlines, hwi and the corresponding contours of vor-
ticity, hxi which presents the boundary of the wake-flow
region with a focus F in it. This focus simply rotates
between the inner wall of the shear layer and the central
axis of the wake region. The rest of the images present
the time-averaged flow structures close to the lower plate
surface downstream of the cylinder as a function of Rey-
nolds number. For Red = 1500 the center of the focus is
out of the flow field frame. The flow structure for
Red = 1500, reveals that the wake-flow region is larger than
for the higher Reynolds number. Along the shear layer,
shown by the vorticity contours, a pair of horseshoe vorti-
ces appears and moves further downstream. The flow struc-
ture for Red = 4000 and 6150 presented in the third and
fourth rows of Fig. 4 demonstrates that the mixing process
takes place between core and wake-flow regions. Constan-
tinescu and Koken (2005) stated that the horseshoe vortex



Fig. 2. Patterns of time-averaged velocity, hVi, streamlines, hwi and vorticity, hxi, minimum and incremental values of vorticity are hxmini = ±1 s�1 and
Dhxi = 2 s�1.
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system has a wide range of a coherent structures with a
wide range of energetic frequencies in the velocity and
pressure spectra when the approaching flow is turbulent.
Time-averaged patterns of streamlines for both Reynolds
numbers indicate the appearance of a saddle point, S1 at
the inner face of the shear layer close to the cylinder surface
having a secondary focus, Fs upstream of this saddle point,
S1. On the center line of the wake flow, saddle point, S2 is
located upstream of the focus, F. Here, wake-flow region I
which is surrounded by a secondary focus, Fs, saddle
points, S1, S2 and Focus, F. This part of the wake-flow
region does not receive fresh flow from the main (core) flow
region as much as wake-flow region II situated downstream
of the saddle point, S2. In other words, wake-flow region II,



Fig. 3. Patterns of time-averaged velocity, hVi, streamlines hwi and vorticity, hxi, minimum and incremental values of vorticity are hxmini = ±1s�1 and
Dhxi = 2s�1.
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in between saddle points, S1 and S2, is exposed to a high
rate of entrainment between the main (core) and wake-flow
regions. Streamlines characterized by a line of coalescence,
Lc, which passes through the saddle point, S located
upstream of the cylinder base, reveal that the primary
horseshoe vortex spirals inward towards the focus, F.
Wake-region oriented streamlines, which occupy wake
region I, reveal that there is a low level of entrainment
between the main and the wake-flow regions. Distributions
of the time-averaged velocity vectors, hVi and the corre-
sponding patterns of streamlines, hwi clearly demonstrate
that streamlines emerging from the upper face of the cylin-
der fed into focus, F. Fu and Rockwell (2005) concluded
that an instability of the horseshoe vortices emerging
upstream of the vertical cylinder activate the instability of
the flow in the near wake. Upon increasing the Reynolds
number of the flow, the saddle point, S2 at the shoulder
of the focus, F moves backward towards the cylinder sur-
face. The animation of instantaneous flow data demon-
strates that the saddle point, S2 and focus, F travels
forward and backward in the direction of the main flow.
Along the shear layer, horseshoe vortex system takes place.
Circulatory motions between wake and core flow regions
are activated by this horseshoe vortex system emerging
from the upstream side of the cylinder and these vortices
migrate further downstream as illustrated by the images
of the vorticity contours. Small positive and negative
vortices occur close to the cylinder base at an elevation
of y/h = 0.05 for all Reynolds numbers.

Distributions of the instantaneous velocity vector, V and
corresponding patterns of streamlines, w at an elevation of
y/h = 0.05 for Red = 4000 are presented in Fig. 5. Both
instantaneous velocity vector distributions, nodes of
attachment, and streamlines, w indicate that there are
two saddle points, S1, and S2 and nodes of attachments,
Na1 and Na2 on the upstream side of the cylinder. These
saddle points appear just in front of the primary and devel-
oping horseshoe vortices. Through the animation of these
instantaneous 490 images, it is observed that these points
travel forward and backward in the main flow direction
upstream of the cylinder. Fu and Rockwell (2005) obtained
a similar result in shallow-water flow past a circular cylin-
der. Sahin et al. (2006) obtained three different saddle
points located upstream of the cylinder in deep-water flow.



Fig. 4. Patterns of time-averaged velocity, hVi and streamlines, hwi for Reynolds number Red = 6150.
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In the present studies, lines of convergence or coalescence,
Lc1 and Lc2 pass through these saddle points, S1 and S2.
These two vortices merge to combine and form primary
horseshoe vortices in random motion.

As Marakkos and Turner (2006) have indicated, past
experimental studies are limited because of the difficulties
in measuring the unsteady flow data. For this reason, most
of the past work on horseshoe vortex systems was qualita-
tive using flow visualization point-wise measurement of
time-averaged velocity information and velocity spectra.
Nowadays particle image velocimetry gives an opportunity
to the researcher to measure quantitatively the instanta-
neous velocity distribution across a defined flow field. 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



Fig. 5. Distributions of instantaneous velocity vector, V and patterns of streamlines, w in plan-view at y/h = 0.1 for Red = 4000.
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in Fig. 6 for Red = 4000. Studies of the instantaneous flow
data shows that multiple vortices are formed in the vicinity
of the upper and lower plates. The instantaneous velocity
vector, V and the corresponding patterns of streamlines,
w for frame number N = 66 are shown in the first two
images. A pair of Foci, F1 and F2, both having clock-wise
rotation, and saddle points, S1 and S2 located in forward
faces of Foci, F1 and F2 and counter-rotating vortex, Vc

appear in between Foci, F1 and F2 in the vicinity of the
lower plate. Identical flow characteristics are placed along
the surface of the upper plate. Finally, a half-node of
attachment, Na, as referred to by Visbal (1991) and Khan
and Ahmed (2005), are formed at the same position on both
lower and upper plates. The distribution of the velocity vec-
tors reveals virtually identical flow structures on both sur-
faces of the plates. For frame number N = 331 shown in
the third and fourth images of Fig. 6, close to the lower
plate, clock-wise rotating vortices occur and these are F,
F1, F2 and F3. As soon as a half-node of attachment point,
Na, appears focus F 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 above each saddle point along the upper
plate, counter-rotating secondary vortices, Vc interact with
the developing and primary vortices. These secondary vor-
tices, Vc prevent merging of developing vortices with the
primary vortices temporarily as observed in the animation
of 490 instantaneous velocity vector fields and correspond-
ing patterns of streamlines. Animation of these instanta-
neous 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 a large primary vortex which moves towards the
plate-cylinder junction. The half-node of attachment point,
Na in frame, N = 331 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 pat-
terns, w clearly indicate that the size of the recirculating flow
region gradually increases as the flow moves towards the
cylinder. The animation of 490 images also reveals that
the vortical flow structure is sometimes dominant along
the lower plate, while sometimes dominant along the upper
plate. This is the reason that the starting points of the



Fig. 6. Distributions of instantaneous velocity vector, V and patterns of streamlines, w in side-view in the upstream of the cylinder for Red = 4000.
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recirculating flow region, (Na) occur at different points on
both surfaces of the plates for most of the time. It seems that
it is necessary to conduct further quantitative experimental
work in order to define the parameters which cause the
instability and lead the vortical flow structure to become
strongly unsteady. Numerical studies of Kirkil et al.



Fig. 7. Time-averaged patterns of streamlines, hwi in side-view and plane-
view planes.
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(2005) on the horseshoe vortex system around a cylinder
bridge pier mounted on a flat bed reported that the second-
ary counter-rotating vortices at the floor interact very
strongly with the developing and primary vortices which
are also the case in the present studies. In general, separa-
tion occurs in both laminar and turbulent flow boundary
layers, due to the streamwise adverse pressure gradient;
but laminar boundary layers separate more easily than tur-
bulent boundary layers. because, in the former, the increase
of velocity with distance from the flat plate is less rapid, and
the adverse pressure gradient can more readily halt the
slow-moving fluid close to the plate surface. A turbulent
boundary layer can resist this adverse pressure gradient
for some distance further downstream before separating.
That is why flow separation from the bottom surface
appears to occur later at a higher value of Reynolds num-
ber. The narrow gap of the rectangular duct is one of the
parameter which influences the vortical flow structure.

Patterns of time-averaged streamlines are shown in side-
view and plan-view planes in Fig. 7 for the case of Rey-
nolds number, Red = 1500. A pair of primary vortices, F1

and F2 accompanied by saddle points, S2 and S3 appears
close to the lower and upper junctions. Half-nodes of
attachment points, Na1 and Na2 occur close to the saddle
points, S2 and S3. A half-node of attachment, Na1 coincides
with the saddle point of S1 on the lower plate and a half-
node of attachment, Na2 coincides with the saddle point
of S4 on the surface of the upper plate as seen in Fig. 7.
4. Conclusions

Understanding the flow structure in the passage through
a heat exchanger is vitally important for design and optimi-
zation purposes. In the past, most of research work was
performed numerically due to difficulties of experimental
studies in complex geometries (Tsai and Sheu, 1998). How-
ever, the vortical structure of the flow in the flow passage
with two closely placed parallel plates with a built-in cylin-
der has been studied quantitatively using particle image
velocimetry. Although the plates are closely spaced, a
horseshoe vortex system appears along both sides of the
plate surfaces. These vortices magnify the entrainment pro-
cess which occurs between the main flow and the wake-flow
regions and enhances the heat transfer rate. It has been
realized that the rate of mixing gradually decreases, start-
ing from the last saddle point downstream of the foci along
a line towards the cylinder surface. Vortices in the reverse-
flow region along both plate surfaces upstream of the
cylinder rotate towards the cylinder as observed in the
side-view planes. In between these rolling vortices a coun-
ter-rotating vortex attached to the surface of the plate
occurs. These counter-rotating vortices gradually expand
in size but lose strength and later disappear. As soon as
these counter-rotating secondary vortices disappear, devel-
oping vortices in rolling motion combine together to form
a primary vortex. Time-averaged and instantaneous flow
data show that the entrainment process is increased
between the main and wake-flow regions by the horseshoe
vortex system hence leading to an enhancement of heat
transfer rate in the case of fin-tube heat exchangers.

It is concluded that further quantitative experimental
work should be performed in order to define the parame-
ters which cause the instability and lead the vortical flow
structure to become strongly unsteady.
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