PERGAMON

International Journal of Heat and Mass Transfer 44 (2001) 587-603

International Journal of

I'IEAT and MASS
TRANSFER

www.elsevier.com/locate/ijhmt

A numerical simulation of the convective heat transfer in
confined channel flow past square cylinders: comparison of
inline and offset tandem pairs

J.L. Rosales?, A. Ortega™*, J.A.C. Humphrey®

4 Department of Aerospace and Mechanical Engineering, University of Arizona, Tucson AZ 85721, USA
College of Engineering, Bucknell University, Lewisburg, PA 17837, USA

Received 2 July 1999; received in revised form 15 March 2000

Abstract

A numerical investigation was conducted to analyze the unsteady flow-field and heat-transfer characteristics for a
tandem pair of square cylinders in a laminar channel flow. The drag, lift, and heat transfer coefficients from the
downstream heated cylinder due to inline and offset eddy-promoting cylinders were studied. The results show that
the drag coefficient and cylinder Nusselt number decrease as the heated cylinder approaches the wall. The highest
Strouhal number value is observed in the channel-centered, inline-eddy configuration. Complex periodic vortex
shedding develops when the eddy promoter is offset from the primary cylinder. © 2001 Elsevier Science Ltd. All

rights reserved.

1. Introduction

The unsteady, viscous flow past two-dimensional
bluff bodies and the resultant vortex shedding have
been the focus of numerous numerical and experimen-
tal investigations. The motivation behind these studies
has been to understand fundamental physics and to
find practical applications in industrial processes.
These investigations have examined the unsteady
nature of the flow behind the bluff bodies and the
effects of flow blockage on the heat transfer and Strou-
hal number. The two-dimensional flow around circular
cylinders has been studied in great detail, but recently,
rectangular cylinders, flat plates, and other blunt cross-
sections have received renewed attention because of
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their relevance to engineering applications. The motiv-
ation behind the current analysis is of a fundamental
nature, yet it also relates to the cooling of electronics.
The flow over a three-dimensional bluff object is
very different from that of a two-dimensional bluff
body and is exceedingly complex, as illustrated by ex-
perimental observations [1]. Furthermore, the comput-
ing time required to perform a three-dimensional
calculation is significantly greater than the time
required for a two-dimensional simulation. Therefore,
the present investigation is concerned with the two-
dimensional, laminar flow and heat transfer for a con-
fined square cylinder with an inline or offset upstream
eddy promoter. Despite its geometric simplicity, the
fluid flowing past the cylinders displays a complicated
unsteady motion and presents an opportunity for
understanding basic fluid mechanics that occur in var-
ious technologies, especially in the cooling of elec-
tronics. An illustration of the two-dimensional
geometry of interest is given in Fig. 1. The dynamic
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Nomenclature

a  distance between the top of the heated cylinder
and the upper channel wall (m)

b distance between the top of the eddy-promot-
ing cylinder and the upper channel wall (m)

c local wave speed in the wave equation (m/s)

Cp drag coefficient, Eq. (6)

Cp lift coefficient, Eq. (7)

d  side length of the eddy-promoting cylinder (m)

D side length of the heated cylinder (m)

f eddy-shedding frequency from the heated
cylinder (s™")

Fp total force per unit length on the cylinder in
the streamwise direction (N/m)

F  total force per unit length on the cylinder in
the cross-stream direction (N/m)

h  convection heat transfer
—k(dT/dn)./(T. — T,) (W/m? K)

H  channel height (m)

k  thermal conductivity (W/m K)

L distance between the eddy-promoting cylinder
back face and the heated cylinder front face
(m)

Ly downstream channel length (m)

L, upstream channel length (m)

n  surface normal direction

Nu Nusselt number, Eq. (5)

p  pressure (Pa)

Re Reynolds number, UD/v

St Strouhal number, fD/U

t time (s)

coefficient,

temperature (K)

streamwise velocity (m/s)

mean velocity (m/s)

cross-stream velocity (m/s)

streamwise coordinate direction in Cartesian
coordinates (m)

y  cross-stream coordinate direction in Cartesian
coordinates (m)

><<Q:>\]

Greek symbols

o thermal diffusivity of the fluid (m?/s), or non-
dimensional distance between the top of the
heated cylinder and the upper channel wall, a/
H

f  non-dimensional distance between the top of
the eddy-promoting cylinder and the upper
channel wall, b/H

0  size ratio between the eddy-promoting cylinder
and the heated cylinder, d/D

¢  dependent variable in the wave equation

A non-dimensional inter-cylinder spacing, L/D
p  density of the fluid (kg/m>)

T time period of oscillation, 1/f

v kinematic viscosity (m?/s)

Subscripts

¢ cylinder value or condition

m  time mean

o inlet value or condition

rms root-mean-square of fluctuating component

properties of the present flow were selected to remain
below a critical Reynolds number value of 5314, which
was calculated as the transition from laminar to turbu-
lent flow in a channel [2]. It has also been reported [3]
that flows over square cylinders in channels in the Rey-
nolds number regime of about 500 are laminar to tran-
sitional in nature. However, the assumption of laminar
flow is not unreasonable since the presence of the
channel walls tends to stabilize the flow. The long-
range goal of this work is to understand the funda-
mental mechanisms of unsteady flow interactions in
air-cooled channels, beginning with two-dimensional
cases, as in the present study, and continuing to three-
dimensional situations.

2. Literature review

Earlier numerical studies have investigated the lami-
nar flow past single bluff bodies of square or rectangu-

lar cross-section. However, the flow past tandem
square cylinders has not yet been studied in great
detail. Tandem cylinder arrangements are of funda-
mental interest and can provide information for practi-
cal applications. Tatsutani, et al. [4] studied tandem
square cylinders in a channel for Reynolds numbers
between 200 and 1,600 based on the downstream cylin-
der. They observed distinct flow patterns that are
dependent on a critical inter-cylinder spacing, A, given
by A. =168 - Re~?/3. Below the critical spacing, two
counter-rotating eddies formed in the gap between the
square cylinders and vortex shedding was only
observed for the downstream cylinder. At the critical
spacing, eddy shedding was initiated for the upstream
square cylinder. A reduction in the size of the eddy
promoter caused an increase in the frequency of eddy
shedding from the downstream square cylinder. In a
similar numerical study, Valencia [5] investigated the
separation distances using equally sized rectangular
cylinders. He observed that the channel blockage ratio
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was the dominant parameter for heat-transfer enhance-
ment. Devarakonda and Humphrey [6] performed ex-
perimental and numerical investigations for the
unsteady flow past a tandem pair of square cylinders
for a Reynolds number of 592 based on the down-
stream cylinder. The presence of an eddy promoter
enhanced the heat transfer of the downstream cylinder
and reduced the drag experienced by the two cylinders.
The channel flow had a uniform inlet profile. Sub-
sequently, Devarakonda [7] numerically showed that
the heat transfer from the downstream cylinder was
maximized for certain inter-cylinder separations. Con-
figurations that yielded a negative or zero drag coeffi-
cient for the downstream square cylinder were also
found. A comprehensive review of earlier work on
single rectangular cylinders is available in Rosales et
al. [8].

3. Objectives of this study

From a review of the literature, it is evident that not
much work has been done in the area of tandem bluff
bodies. An investigation by Rosales et al. [8] has
demonstrated that an upstream eddy promoter causes
significant changes in the shedding frequency of the

primary cylinder as well as in the drag coefficient. Fur-
thermore, it has been shown that interesting flow pat-
terns result from the placement of tandem cylinders
near a wall. It is apparent that no systematic study for
offset eddy promoters has been considered. The main
objective of this investigation has been to perform nu-
merical calculations to understand the effects of the
cylinder arrangements on aerodynamic and heat-trans-
fer values for forced convection in a channel. The
main issues motivating the present study are: (i) how
do offset tandem pairs compare to inline tandem con-
figurations in heat transfer removal? (ii) how does the
presence of the wall affect the flow and heat transfer
for the offset configuration? (iii) is the flow unsteadi-
ness altered considerably by offsetting the eddy promo-
ter? The present research seeks to clarify these
questions while recognizing that our study is only a
partial contribution to a larger systematic investi-
gation. It is our goal to have a better understanding of
the unsteady flow dynamics driven by the vortex shed-
ding phenomenon.

4. Numerical method

An incompressible finite-volume computer program,

NN R ...

T

Fig. 1. (a) Schematic of an inline tandem pair of square cylinders in a channel. (b) Schematic of an offset tandem pair of square

cylinders in a channel.
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FAHTSO (Fluid And Heat Transfer SOlver), was used
to perform the numerical calculations. The program is
a custom CFD/CHT solver based on the work of
Queipo et al. [9,10] and is described in detail by
Rosales [11]. The code has been further developed to
solve two- or three-dimensional, steady or unsteady
laminar flows wusing the SIMPLE (Semi-Implicit
Method for Pressure Linked Equations) algorithm
described by Patankar [12]. The program is based on
the derivation of the discretized governing equations
using the staggered grid, control-volume formulation.
The modified strongly implicit procedure [13] was used
to solve the system of algebraic equations. The convec-
tion terms were discretized using a third-order QUICK
scheme while the diffusion terms were discretized using
second-order, central differencing. A fully implicit, sec-
ond-order three-level time scheme is used to solve the
time-dependent equations.

5. Governing equations

The flow is assumed to be unsteady, two-dimen-
sional, non-isothermal, and laminar, and the fluid is
assumed to be Newtonian with constant properties.
The relevant conservation equations describing the
flow are continuity, and time-dependent Navier—Stokes
and energy equations.

Vu=0 (1
u . - 1 -
B—L;—{—u-Vu:—;V[H—szu ()
aT -

E+u-VT=W2T 3)

In these equations, p is the density; v is the kinematic
viscosity; and o is the thermal diffusivity of the fluid.
The velocity vector is represented by u, p is pressure, T'
is temperature and ¢ is time. The numerical procedure
solves the equations in terms of the primitive variables,
velocity, pressure and temperature on a non-uniform,
staggered grid.

The geometry studied is shown schematically in
Fig. 1. The dimensional values for the heated cylinder
diameter, D, and the eddy promoter diameter, d, are
0.01 and 0.005 m, respectively, with a fixed inter-cylin-
der spacing, L, of 0.02 m. The channel height, H, is
0.0727 m with an overall channel length of 0.355 m.
The distance between the inlet plane and the front face
of the upstream cylinder, L, is 0.08 m, and the dis-
tance between the back face of the downstream cylin-
der and the channel exit plane, L4, is 0.24 m. A fully
developed velocity profile with an average value of

0.7875 m/s is prescribed at the inlet such that the cylin-
der Reynolds number is 500 based on the side length,
D, and the channel Reynolds number is 3635 based on
its height, H. A uniform temperature, T,, is fixed at
the inlet plane. The downstream cylinder is placed at a
fixed distance downstream of the inlet plane as shown
in Figs. 1(a) and (b) and held at a constant tempera-
ture 7. No-slip, impermeable boundary conditions for
the velocity are imposed on the upper and the lower
channel walls and on the cylinders. The walls are speci-
fied as adiabatic, as is the upstream eddy promoter.
The exit boundary conditions are chosen to minimize
the distortion of the unsteady vortices shed from the
cylinders and to reduce perturbations that reflect back
into the domain.

A detailed investigation found that the wave
equation was the most computationally efficient math-
ematical condition compatible with the physics at the
exit plane, i.e.

9 00 _

TR @

where the variable ¢ is the independent variable u, v,
or T. Eq. (4) is enforced at the exit plane for the
momentum and energy equations, Egs. (2) and (3).
The wave speed, ¢, is the mean-channel, inlet velocity,
U,. A comprehensive study of the exit plane boundary
conditions that were investigated is provided in
Rosales et al. [8]. An extensive grid and time-step
analysis was performed to correctly capture the highly
unsteady flow features present in these laminar channel
flow calculations. An examination of the time means
for parameters such as the lift and drag coefficients
and the Nusselt number, and their rms deviation, indi-
cated that a grid of 188 x 114 and a time step of
0.125E-03 s were adequate for the simulation of these
flows. A sample grid for an offset pair of cylinders in a
channel consisting of 188 x 114 internal control nodes

Table 1
Summary of test cases calculated

o (a/H) p((/H) o(D) A(LID) Rep
Inline tandem cylinders

0.431 0.466 0.5 2.0 500
0.216 0.250 0.5 2.0 500
0.108 0.142 0.5 2.0 500

Offset tandem cylinders

0.431 0.397 0.5 2.0 500
0.216 0.319 0.5 2.0 500
0.216 0.181 0.5 2.0 500
0.108 0.211 0.5 2.0 500
0.108 0.0734 0.5 2.0 500
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is shown in Fig. 2. A detailed study is provided in
Rosales [11].

All numerical calculations were performed on an
SGI Origin2000 system at the University of Arizona.
The actual CPU time was not determined for any of
the simulations.

6. Results and discussion

Numerical calculations were performed for eight
cases which are summarized in Table 1. The heated
square cylinder was placed at the center of the channel
and at two locations approaching the wall. The eddy-
promoting cylinder was placed either inline with the
primary cylinder or it was offset and centered on the
upper or lower edges of the heated cylinder. Because
of symmetry, when the heated cylinder is centered in
the channel, the eddy promoter is only offset to one
edge of the primary cylinder. All the simulations were
performed for a fixed cylinder Reynolds number of
500 and a fixed inter-cylinder spacing, L/D = 2.0.

The instantaneous values of the drag and lift coeffi-
cients and the Nusselt number on the heated cylinder
were calculated at each time step and plotted versus
time. The time-averaged values of these parameters
were also determined for each case. The time histories
for the drag and lift coefficients were used to determine
the eddy-shedding frequency. One eddy-shedding cycle
is composed of a pair of opposite signed vortices being
shed from the downstream cylinder. A Fourier trans-
form was performed on the time series of these quan-
tities to determine the eddy-shedding Strouhal number.
The average Nusselt number for each surface of the
heated cylinder as well as the total average cylinder
Nusselt number were found. The Nusselt number is
defined in this study as:

_ D

N
Y=

5)
where /i is the heat transfer coefficient and k is the
thermal conductivity of the fluid. The viscous and
pressure forces acting on the cylinder were used to cal-

culate the drag and lift coefficients. The drag and lift
coefficients are defined as:

F,
Cp=1—— (©)
F
G =t (M
~pU2D
2Pe

where Fp and Fp are the drag and lift forces exerted
by the fluid on the cylinder, respectively. These forces
are calculated by integrating the pressure and viscous
shear forces over the surface of the cylinder. The drag
and lift due to viscous stresses were observed to be
small in comparison to the drag and lift due to the
pressure forces.

7. Inline tandem arrangement

Rosales et al. [8] conducted a numerical investigation
for single and inline tandem square cylinders located in
a channel with a parabolic inlet velocity profile. They
observed that the cylinder Nusselt number was slightly
larger for the tandem pair and decreased as the heated
cylinder approached the channel wall. The Strouhal
number increased from 0.242 for the channel-centered
single cylinder to 0.357 for the channel-centered tan-
dem configuration with the same inter-cylinder spacing
as the present study. Conversely, for the same arrange-
ment, the drag coefficient decreased from 4.88 for the
single cylinder to 1.33 for the larger cylinder in the
tandem pair configuration. The dominant effect
observed is the deflection of the flow by the eddy pro-
moter around the primary cylinder, which helps to
reduce the force acting on the front face of the heated
cylinder. Figs. 3 and 4 show time-series snapshots and
temporal traces of the unsteady drag and lift coeffi-
cients, respectively, for the tandem cylinders for o =
0.431. A pair of bound vortices develops between the
two cylinders that exhibits an asymmetric pattern, as
shown in Fig. 3. This uneven behavior results in an

Fig. 2. Non-uniform grid structure for the offset tandem cylinders (¢ = 0.108, f = 0.211).
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Fig. 3. Time series of vorticity for inline tandem cylinders (z = 0.431, § = 0.466); (a) =0, (b) t = 0.25, (¢) T = 0.50, (d) T =0.75,
(e) t=1.0.



J.L. Rosales et al. | Int. J. Heat Mass Transfer 44 (2001) 587-603 593

asymmetry in the lift coefficient and in a larger Nusselt
number value on the bottom face of the heated cylin-
der than on the top face. Fig. 4 reveals that the drag
coefficient oscillates at twice the frequency of the lift
coefficient. Furthermore, a phase shift is present in the
peak values of the curves for the drag and lift coeffi-
cients. The asymmetric condition is also evident in the
drag coefficient curve as an alternating high and low
peak to peak value. Figs. 5 and 6 illustrate time-series
snapshots and temporal traces of the unsteady drag
and lift coefficients, respectively, for the tandem cylin-
ders for o = 0.108. In contrast to the channel-centered
configuration, vortex shedding from the eddy promoter
is observable. In the channel-centered configuration,
the vortex pair is stretched and not allowed to separate
because of the presence of the downstream, heated
cylinder. Due to the lower velocity fluid near the wall,
the vortices are not stretched as intensely, allowing
them to form, separate, and shed from the eddy pro-
moter. When the heated cylinder is placed near the
wall, the front surface experiences a higher heat trans-
fer rate than when centered in the channel because of
flow unsteadiness caused by the alternate sweeping of
the vortices on the front face of the primary cylinder.
Close observation of Fig. 5(a) reveals that the vortices
exiting the channel are formed only on the lower sur-
faces of the cylinders (Fig. 5a). The presence of the

eddy promoter also helps to channel the flow between
the upper surface of the downstream cylinder and the
wall, which causes the fluid to accelerate in the narrow
gap as observed in plots of the streamlines. An earlier
study with a single cylinder in a channel [8] found that
the vortex separating from the lower surface of the
heated cylinder sweeps towards the wall and shuts off
the flow jetting in from the narrow space between the
cylinder and the wall. In the present case, however,
there is a continuous flow of fluid in the narrow gap
between the cylinder and the wall that distorts the vor-
tex forming on the lower surface of the primary cylin-
der. As a vortex separates from the lower surface of
the heated cylinder, it coalesces with a vortex shed
from the lower surface of the upstream eddy promoter
and is advected downstream with remarkable coher-
ence. The vortex circulation on the lower surface of
the cylinder is counter-clockwise due to the shear of
the main flow below the cylinder. Fig. 6 shows that the
shedding cycle for the drag coefficient is almost the
same as the shedding cycle for the lift coefficient
because vortex shedding from the upper surface is
almost completely suppressed. A close examination of
Fig. 5 reveals that the vortices that emerge from the
narrow gap between the primary cylinder and the wall
emanate from the upstream, eddy promoter.

The amplitude of the eddy-shedding oscillations
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Fig. 4. Instantaneous drag and lift coefficients for the inline cylinders (o« = 0.431, = 0.466).
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Fig. 5. Time series of velocity for inline tandem cylinders (¢ = 0.108, f = 0.142): (a) T =0, (b) T = 0.25, (¢) T = 0.50, (d) T =0.75,
(e) t=1.0.
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increases appreciably when the cylinders are moved
off-center and then decreases as the wall is approached.
This behavior can be observed in the unsteady lift
coefficient, C;, whose RMS value increases from 0.994
to 1.90 when moved off-center and then decreases to a
value of 0.778 near the wall. Fig. 7 shows that the
Strouhal number decreases as the tandem cylinders
approach the wall. The front face of the heated cylin-
der has the highest surface-averaged Nusselt number
value, except when the cylinders are centered in the
channel, followed by the bottom, top and rear faces,
as shown in Fig. 8. In the centered position, the separ-
ated flow from the upstream eddy promoter reattaches
on the top and bottom surfaces of the heated cylinder.
This causes the time-averaged Nusselt numbers on the
side faces to be higher than the front face. When dis-
placed from the center of the channel, the separated
flow is allowed to reattach on the front cylinder sur-
face. The displacement of the cylinders into lower vel-
ocity fluid causes a net decrease in the overall heat
transfer from the heated cylinder as the wall is
approached, as seen in Fig. 9. As cited earlier, the
increased flow unsteadiness enhances the heat transfer
from the front surface of the heated cylinder, but it
cannot compensate for a decreased mean velocity,
which results in a reduction in the heat transfer from
the bottom, top, and rear surfaces. Not surprisingly

25

the cylinder drag, Cp, drops as well, as shown in
Fig. 10. In a previous study [8], an examination of
Fig. 8 showed an interesting difference between the
values of the time-averaged Nusselt number for the
top and bottom faces for the inline, channel-centered
position. A careful study, to be reported elsewhere,
revealed that the Nusselt number values on the top
and bottom surfaces could switch, depending on how
the flow was initiated, leading to a hypothesis that an
asymmetric solution exists due to a bifurcation in the
flow.

8. Offset tandem arrangement

Devarakonda [7] calculated the case of an offset tan-
dem pair of square cylinders exposed to a uniform
inlet velocity profile for 4 = 3.0 and observed that the
Strouhal number was larger than for an inline pair of
cylinders. The time-averaged Nusselt number as well as
the drag coefficient was insensitive to the staggered
arrangement and the values were similar to those for a
single cylinder. In the present case, with a parabolic
velocity profile the effects are more complex and the
results are markedly different.

When the heated cylinder is centered in the channel,
moving the eddy promoter from an inline to a stag-
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Non-dimensional Distance, o

Fig. 8. Time-averaged Nusselt number as a function of cylinder position in the channel for each face of the heated cylinder.
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Fig. 9. Time-averaged Nusselt number as a function of cylinder position in the channel for the heated cylinder.

gered position decreases the Strouhal number as
shown in Fig. 7. When the heated cylinder is placed at
o =0.216 and o = 0.108, staggering the eddy promoter
to the lower edge of the primary cylinder increases the
Strouhal number when compared to the inline con-
figuration. For the same primary cylinder locations,
staggering the eddy cylinder to the upper edge of the
primary cylinder always gives the lowest Strouhal
number values. It has been observed that the down-
stream heated cylinder locks on to the eddy-shedding
frequency of the eddy promoter. This causes both
cylinders to shed at the same frequency. For the chan-
nel-centered, heated cylinder with an offset eddy pro-
moter, traces of the lift oscillations for both cylinders
are shifted in phase by about 20% with the eddy cylin-
der lift trace leading the primary cylinder lift trace, as
shown in Fig. 11. The shedding frequency of the eddy
promoter depends upon the local velocity, and there-
fore, on its location in the channel. When the heated
cylinder is centered in the channel, the inline configur-
ation places the eddy promoter in a location where it
can experience the highest possible approach velocity.
The largest value for the Strouhal number of 0.357 is
observed for this location. When the eddy promoter is
staggered and placed in a lower velocity fluid, the
Strouhal number decreases to 0.332. The placement of
the heated cylinder off-center causes the eddy promoter

to encounter a different approach velocity for all pos-
itions. For o = 0.216, the value of the Strouhal number
is 0.291, 0.267 and 0.233 when the eddy promoter is
located at the lower edge, inline and the upper edge,
respectively. In a parabolic flow, the lower edge experi-
ences the highest approach velocity followed by the
inline and upper edge. This behavior of the Strouhal
number is also observed when the heated cylinder is
located at o = 0.108.

Fig. 9 compares the values of the time-averaged
Nusselt number as a function of position for both
inline and offset cylinder configurations. For a fully-
developed inlet velocity profile, the inline configuration
consistently displays the highest Nusselt number value.
Although heat transfer on the front surface of the
heated cylinder is increased for the staggered configur-
ations, it does not compensate for the decrease in heat
transfer observed on the side and rear faces, as shown
in Fig. 8. The time-averaged drag on the primary cylin-
der differs slightly when the eddy promoter is staggered
to either edge, as shown in Fig. 10. The inline con-
figuration always displays the lowest drag and
approaches the values of the staggered arrangements
as the wall is approached. Figs. 12 and 13 show time-
series snapshots and temporal traces of the unsteady
drag and lift coefficients, respectively, for the tandem
cylinders for  =0.431 and f=0.397. A comparison



598 J.L. Rosales et al. | Int. J. Heat Mass Transfer 44 (2001) 587-603

C, - Lower Edge
C,, - Upper Edge
C, - Upper Edge

4
-
[ | —&—— C, - Inline
[ | —— C, - Inline
3 :_ C, - Lower Edge

emQOOD

N
Illl

C,and C,
III
0
wu

Non-dimensional Distance, o

Fig. 10. Cp and Cy as a function of cylinder position for the inline and offset tandem cylinders.

8.0

6.0

lllll]j_fll

4.0

T TT

IS
=

LI L R 22w
-

60 e C, - Primary
——e— C, - Eddy
_8 0 1 1 | L I I 1 I 1 l 1 Il 1 I I L L L L l 1 1 4 L
0.0 0.1 0.2 0.3 0.4 0.5

t (seconds)
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Fig. 12. Time series of vorticity for offset tandem cylinders (o« = 0.431, = 0.397); (a) t =0, (b) T = 0.25, (c) T = 0.50, (d) T = 0.75,
(e) T =1.0.
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Fig. 13. Instantaneous drag and lift coefficients for the offset cylinders (z = 0.431, f = 0.397).

of Figs. 3 and 12 shows a marked contrast in the
characteristics of the fluid flow in the channel down-
stream of the cylinders. The displacement of the eddy
cylinder from an inline to a staggered arrangement
causes the vortex shedding to change from a simple
steady periodic motion to a complex periodic motion.
For the inline tandem cylinders, the shed vortices are
convected along a narrow path with minimal inter-
action with the channel wall boundary layers. How-
ever, the vortices significantly distort the boundary
layers within a few cylinder diameters downstream
when the cylinders are staggered. The five time-series
snapshots in Fig. 12 represent one vortex-shedding
event. A vortex-shedding event is characterized by the
process of having a pair of vortices shed from each
side of the cylinder. Fig. 13 shows that three vortex-
shedding events are required to form one complete
repeating cycle. Although quite complicated, the non-
linear interaction between the vortices shed from the
heated cylinder and those shed from the eddy promo-
ter are not chaotic but very periodic. The time-series
snapshots presented in Figs. 3, 5 and 14 also represent
one vortex-shedding event and not necessarily one
complete cycle. Figs. 14 and 15 show time-series snap-
shots and temporal traces of the unsteady drag and lift
coefficients, respectively, for the tandem cylinders for

o =0.108 and p =0.0734. A comparison of Figs. 5
and 14 reveals that the inline upstream eddy cylinder
promotes a stronger jet between the primary cylinder
and the upper channel wall. This strong jet increases
the strength of the vortex shed from the bottom sur-
face of the main cylinder. This is not observed in
Fig. 14 where the vortices are weaker. The offset eddy
promoter effectively diverts the flow away from the
narrow passage between the wall and the upper surface
of the primary cylinder. In Fig. 15, the occurrence of
low frequency “‘beating” (i.e. periodic amplitude
modulation) can be observed from amplitude vari-
ations in the temporal traces of the drag and lift coeffi-
cients. This low frequency variation in the amplitude
of the drag and lift traces was also observed for a
single cylinder placed near a wall [8].

9. Conclusions

The characteristics of the fluid flow and heat transfer
due to an inline and offset tandem pair of cylinders
has been investigated numerically. The cylinders were
located at several positions in a channel with a hydro-
dynamically fully-developed inlet velocity profile. All
the numerical simulations were performed at a Rey-
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Fig. 14. Time series of vorticity for offset tandem cylinders (¢ =0.108, f =0.0734): (a) t =0, (b) T =0.25, (¢) ©=0.50, (d)
t=0.75, (¢) 1 = 1.0.
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Fig. 15. Instantaneous drag and lift coefficients for the offset cylinders (z = 0.108, § = 0.0734).

nolds number of 500 based on the larger heated cylin-
der. The alignment of the tandem cylinders and their
location in the channel determined whether a simple,
steady periodic or a complex periodic vortex shedding
occurred downstream of the cylinders. The complexity
of the unsteady flow field produced by the cylinder
configurations can be clearly demonstrated by numeri-
cal visualization. A summary of the results obtained in
this study is given below.

1. As the inline or offset tandem pair of cylinders is
positioned closer to a channel wall, both the overall
heat transfer and drag are reduced. The dominant
mechanism seems to be the reduced velocity near
the channel wall because of the parabolic velocity
distribution.

2. Offsetting the eddy-promoter causes a significant re-
duction in the heat transfer and a large increase in
the drag for the channel-centered heated cylinder as
compared to an inline eddy promoter. It is found to
slightly reduce the overall heat transfer and increase
the drag from the downstream heated cylinder for
the other two transverse locations. This is contrary
to the negligible effects on the drag and heat trans-
fer found in previous studies using a uniform inlet
velocity profile.

3. For the offset eddy-promoter, little difference is
found between placement of the promoter on the

upper or lower edges of the heated cylinder.

4. The Strouhal number from the primary cylinder is
dependent on the placement of the smaller upstream
eddy-promoting cylinder. The results indicate that
placement of the eddy-promoter in higher velocity
fluid increases the Strouhal number.

The present study revealed pronounced differences
in the unsteady behavior of an inline or offset tandem
pair of cylinders in a fully-developed parabolic channel
flow when compared to a channel flow with an initially
uniform inlet velocity profile. The optimum placement
of the eddy-promoting cylinder as a function of rel-
evant geometrical and dynamical parameters is the
subject of continuing work.
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