Ó Indian Academy of Sciences

Sådhanå (2020)45:107
https://doi.org/10.1007/s12046-020-01358-6

Sadhana(0123456789().,-volV)FT3](012345
6789().,-volV)

Convective transport around two rotating tandem circular cylinders
at low Reynolds numbers
DIPANKAR CHATTERJEE1,2,*

and N V V KRISHNA CHAITANYA2

1

Advanced Design and Analysis Group, CSIR-Central Mechanical Engineering Research Institute,
Durgapur 713209, India
2
Academy of Scientiﬁc and Innovative Research, Ghaziabad, India
e-mail: d_chatterjee@cmeri.res.in
MS received 12 September 2019; revised 6 February 2020; accepted 26 February 2020
Abstract. The convective transport around two rotating circular cylinders kept in a tandem conﬁguration to an
unconﬁned ﬂow of an incompressible ﬂuid (Prandtl number, Pr = 0.717) is investigated through two-dimensional numerical simulation. The ﬂow Reynolds number is considered constant at Re = 100. Four different gap
spacings between the tandem cylinders such as 0.2, 0.7, 1.5 and 3.0 are chosen for simulation. The cylinders are
rotating about their centroidal axes for a range of dimensionless speed ð0  X  2:75Þ. The rotation to the objects
causes the unsteady periodic ﬂow around them to become stabilized and at some critical rotational speed, the
vortex shedding stops completely resulting in a steady ﬂow pattern. The critical speed of rotation at which the
vortex shedding completely stops is a function of the cylinder spacing. Overall, it is observed that increasing the
gap increases the critical rotation rate. The thermal ﬁelds are also strongly stabilized as a result of the cylinder
rotation. The rotating cylinders actually create a zone in their proximity which acts like a buffer to the
convective transport. The conduction mode of heat transfer predominates in these regions causing the heat
transfer rate to assume a decaying pattern with increasing the rotational speed at all cylinder spacings.
Keywords. Vortex shedding suppression; rotating circular cylinders; heat transfer; tandem arrangement;
simulation; critical speed.

1. Introduction
The hydrodynamic and thermal transport over and around
variously shaped objects ﬁnds numerous engineering
applications. To name a few, one can identify rotating
shafts, heat exchangers, fuel rods in nuclear reactors, suspension bridges, oil drilling platforms, power cables, etc.
Depending on the incoming ﬂow velocity, the ﬂuid
dynamics evolving behind the objects shows some
intriguing characteristics such as the ﬂow separation and
wake formation, vortex shedding, ﬂow induced vibration,
acoustic noise or resonance, etc. Additionally, the convective heat transfer is signiﬁcantly disturbed as a result of the
vortex interactions leading to a remarkable variation of the
thermal performance parameters.
There are complex interactions of the shed vortices
behind the bodies in a two-cylinder problem. The gap
between the bodies kept in a side-by-side or tandem or
staggered arrangement has major inﬂuence on the vortex
shedding mechanism [1, 2]. In the tandem arrangement, the
downstream cylinder is obstructed by the upstream one and
the incoming ﬂow conditions for the downstream cylinder
*For correspondence

get modiﬁed by the wake of the upstream cylinder. The
wake dynamics and the associated vorticity characteristics
of the upstream cylinder are subject to interference effect
due to the downstream one. Hence, in this arrangement, the
downstream cylinder behaves as a wake stabilizer while the
upstream one acts as a turbulence generator [3–5]. However, the behavior of the ﬂow and wake region completely
depend on the ﬂow Reynolds number (Re) and the cylinder
spacing [6–8]. Zdravkovich [9] comprehensively reviewed
the ﬂow interactions and behavior for tandem, side-by-side
and staggered arrangements of cylinders.
Experimental and numerical investigations on ﬂow over
rotating cylinders from low to a critical Reynolds number
and beyond were also conducted [10–15] to observe the
instabilities, unsteadiness and vortex formations behind the
bluff bodies. Yoon et al [16] studied the turbulent mass
transfer around rotating circular cylinder by varying the
Schmidt number (Sc) and concluded that when there is an
increase in Sc, the thickness of Nernst diffusion layer
decreases. Lift enhancements, drag reduction and vortex
suppressions can be observed when the bluff bodies are
subjected to rotation [17–19]. It is also observed that when
the body is subjected to a rotary oscillations, there is a
signiﬁcant improvement in the control of wake structure
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behind the cylinder [20, 21]. Rao et al [22] reviewed the
ﬂow over rotating cylinder, wake transitions along with
two- and three-dimensional transitions.
Chatterjee [23] investigated the ﬂow over circular and
rectangular cylinders and observed that when thermal
buoyancy is introduced, the vortex shedding can be initiated at much smaller Re. Further, the shedding frequency
increases with Re and Richardson number (Ri) beyond its
critical value. The average Nusselt number (Nu) increases
with Prandtl number (Pr) [24]. When the rotation rate
increases, the average Nu and the drag decreases [25–27].
The difference in temperature between the ﬂow and the
object can be appreciated as an agent for the control of
vortex shedding [28–30]. With increasing rotational speed,
the laminar forced convection heat transfer decreases [31]
and increases with increase in the Rayleigh number.
There are few numerical studies conducted on rotating
cylinders arranged in tandem or side-by-side conﬁgurations
[32–34] which show that the wake instabilities can be
attenuated and can be reduced completely. After a critical
rotational speed, the ﬂow behind the cylinder changes its
form from periodic to steady depending on the cylinder
spacing [35–38]. While rotation tries to induce stabilization, the ﬂow becomes destabilized due to the gap between
the cylinders. Additionally, there are some studies [39–42]
available in the literature pertaining to the convective heat
and ﬂuid ﬂow around two co-rotating/counter-rotating
cylinders arranged in tandem or side-by-side conﬁgurations. However, a comprehensive study on the critical
rotational speeds for different cylindrical gaps with forced
convection is not available in the literature.
Accordingly, the purpose of this study is to understand
how the thermal and ﬂow ﬁelds evolve around two rotating
tandem circular cylinders placed in an unconﬁned medium.
Additionally, the role of cylinder spacing and the rotational
speed on the suppression of vortex shedding are also
explored. The cylinder spacing is varied as 0.2, 0.7, 1.5 and
3.0, keeping Re ﬁxed as Re = 100 with Pr = 0.71. The
dimensionless rotational speed is considered in the range of
0  X  2:75.

2. Physical, mathematical and numerical
approaches
The physical problem considers two equidiameter (diameter, d) circular cylinders in a uniform ﬂow of velocity U1
and temperature T1 . The cylinders are placed in a tandem
arrangement on the central horizontal axis in a computational domain as shown in ﬁgure 1. The upstream and
downstream cylinders are placed at 8d distance from the
inlet and 30d distance from the outlet, respectively. This
domain has little inﬂuence on the ﬂow and thermal
parameters close to the cylinders. The domain height is
20d, placing the cylinders at 10d from either side, making it
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the centre of the domain. Hence, the blockage ratio
becomes 5% which approximately replicates an unconﬁned
domain. Sohankar et al [43] studied the effect of blockage
for a single stationary cylinder and showed that the free
stream condition is satisﬁed and that the artiﬁcial conﬁning
boundaries have little effect on the ﬂow characteristics near
the cylinder if the blockage ratio is less than or equal 5%.
There are some studies available in the literature for the
rotating [37] or the tandem cylinders [44] using a similar
domain. The gap spacing (g*) between the cylinders C1 and
C2 is varied and the other geometric quantities are kept
constant. The cylinders are rotating clockwise with a uniform speed ðxÞ about their axes. It is to be noted that
dimensionless parameters are considered to carry out the
study. The dimensionless rotational speed can be calculated
from: X ¼ xd=2U1 . Reynolds and Prandtl numbers are
considered constant for all cases as Re = 100 and Pr =
0.71, g ¼ g=d = 0.2, 0.7, 1.5, 3.0 and 0  X  2:75.
A two dimensional laminar, incompressible ﬂow is
considered for the numerical model. The ﬂuid is Newtonian
with constant properties. The equations governing the
continuity, momentum and energy are given in the
dimensionless form as:
oui
¼0
oxi

ð1Þ

oui oðui uj Þ
op
1 o2 ui
þ
¼
þ
oxj
oxi Re oxj oxj
os

ð2Þ

oH oðui HÞ
1 o2 H
þ
¼
os
oxi
Re Pr oxi oxi

ð3Þ

In the above equations, all the parameters are dimensionless. The velocity is scaled with the free stream velocity
2
, time is scaled
U1 , pressure is made dimensionless by qU1
by d=U1 , temperature is made dimensionless as H ¼
ðT  T1 Þ =ðTW  T1 Þ with incoming ﬂuid temperature T1
and cylinder temperature TW , Re ¼ U1 d=v and Pr ¼ v=a
are the Reynolds and Prandtl numbers, where the ﬂuid
properties are described by the density q, kinematic viscosity m and thermal diffusivity a.
Equations 1–3 are subject to the following boundary conditions: (i) a uniform ﬂow with constant temperature u ¼ 1; v ¼
0; H ¼ 0 at the inlet, (ii) a fully developed ﬂow i.e., outﬂow
ou=ox ¼ ov=ox ¼ oH=ox ¼ 0 at the outlet, (iii) symmetry
ou=oy ¼ v ¼ 0 and zero heat ﬂux oh=oy ¼ 0 at the upper and
lower ﬁctitious boundaries, and (iv) no-slip with a uniform
temperature (H ¼ 1) on the cylinder’s surfaces with a dimensionless clockwise rotation which can be obtained from the
Cartesian velocity components as u ¼ X sin h; v ¼ X cos h
with h being the polar angle and h ¼ 0 coinciding the positive xaxis. The no-slip condition here indicates that the ﬂuid sticks to
the wall and moves with the same velocity as the wall.
The instantaneous lift and pressure coefﬁcients are stored
locally at each time step during simulation. The heat
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Figure 1. Schematic of the computational domain (AC: Inlet, BD: Outlet, AB and CD: Fictitious boundaries, C1, C2: Cylinders).

transfer between the cylinder and the surrounding ﬂuid is
calculated by the Nusselt number on the cylinder surface.
The local Nusselt number based on the cylinder dimension
is given by:
Nuh ¼ 

oH
on

ð4Þ
along cylinder surface

ANSYS Fluent [45] CFD software is used to conduct the
numerical solution. The QUICK scheme [46] is used for the
spatial discretization of the convective terms whereas the
central difference scheme is used for the diffusive terms.
The pressure velocity coupling is done through the PISO
scheme [47]. The time discretization is done by the second
order fully implicit scheme. The time step size is taken as
0.001 which also satisﬁes the CFL (Courant–Friedrichs–
Lewy) and grid fourier criteria.
A non-uniform grid of ﬁner spacing is considered near
and around the cylinder along with the wake region to
accurately capture the shear and thermal layer separation
around the cylinders. A comprehensive grid independence
study is performed for obtaining the optimum grid size for
maximum computational economy. The details in regard to
the grid independence and validation are available in [48]
by the same author group.

3. Results and discussions
The effect of rotation on the hydrodynamic and thermal
characteristics is represented through the vorticity and
temperature contours at various gap spacings of the cylinders. Additionally, other engineering parameters are also

estimated and compared in order to understand the coupled
effect of rotation and interference on the characteristic
behaviour of the hydrodynamic and thermal ﬁelds.

3.1 Flow and thermal ﬁelds around stationary
cylinders
Figure 2 shows the vorticity contours for different normalized gap spacings g* = 0.2, 0.7, 1.5, 3.0 at no rotation
(i.e., for stationary cylinders, X ¼ 0) with an exaggerated
view around the cylinders. The vorticity contours show the
reattachment of the upper shear layer from the upstream
cylinder with the downstream one at some point. Subsequently, it divides into two parts and detaches from the
upper and lower parts of the downstream cylinder and goes
further downstream. It is also clear from the vorticity
contours that the ﬂow behind the cylinder purely depends
on the gap spacing for the stationary case. For smaller gap
spacing, the ﬂow resembles like the single cylinder case.
The mechanism of attachment and detachment of ﬂow
occurs when the gap between the cylinders increases. In
some cases, the shear layer from the upstream cylinder
remains in the proximity of the downstream cylinder in
between the gap (as in g* = 0.7 case). There is another case
called divided gap ﬂow, where the shear layer from the
upstream cylinder divides into two parts after it impinges
on the downstream cylinder. In the larger gap spacing,
g* = 3.0, the shear layer from the upstream cylinder top
surface reattaches on the surface of the downstream
cylinder and is divided into two parts, where one will be
moving through the gap between the cylinders and the other
over the downstream cylinder. Overall, the ﬂow is

107

Page 4 of 14

Sådhanå (2020)45:107

Figure 2. Instantaneous vorticity contours at X = 0 (stationary case) for different gap spacings (a) g* = 0.2, (b) g* = 0.7, (c) g* = 1.5,
(d) g* = 3.0 (close up views around the cylinders in the left column).

characterized by the formation of the Kármán vortex street
behind the downstream cylinder for the tandem arrangement at Re = 100 at no rotation. This vortex street formation can also be seen in the gap between the cylinders for
larger gap spacing (g* = 3.0); however, for other gap
spacing (g* = 0.2, 0.7, 1.5), no such vortex street can be
observed in between the cylinders. For smaller gap spacings between the cylinders (g* = 0.2, 0.7, 1.5), there is a
single-stranded vortex street formed behind the downstream cylinder, whereas, for the larger gap spacing
(g* = 3.0), a double-stranded vortex street is observed.
Figure 3 shows the temperature contours amalgamated
with the streamlines for the stationary cylinders for different normalized gap spacings. The streamline plots show
that two small recirculation zones are started to originate
symmetrically in the gap between the cylinders at g* = 0.2.
As the gap increases to 0.7 and 1.5, the size of this recirculation zones also increases while maintaining the symmetric nature. However, at a relatively larger gap g* = 3.0,
the symmetric nature of the wake bubble in the gap
between the cylinders breaks and the vortex shedding
appears in the gap. The vorticity transport characteristics

are indicative of the thermal transport. Accordingly, it is
seen from ﬁgure 3 that the characteristic feature of the
isotherms are similar to the vorticities evolving out at no
rotation. Most of the isotherms are clustered around both
the cylinder surfaces resulting in maximum heat transfer on
the front stagnation point for upstream cylinder and for
downstream cylinder maximum heat transfer location are at
two points where thermal and hydrodynamic boundary
layer thickness becomes thin for smaller gap ratios and for
larger gap ratios (after reattachment), maximum heat
transfer (cluster of isotherms) for downstream cylinder also
shifts to its front stagnation point. There is a uniform
temperature ﬁeld between the cylinders for lower gap
spacing. However, when the spacing increases, an unsteady
temperature pattern is observed between the cylinders.

3.2 Effect of cylinder rotation on ﬂow and thermal
ﬁelds
Figures 4 and 5 represent the vorticity and temperature
contours of rotating cylinders at different normalized gap
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Figure 3. Temperature contours with streamlines at X = 0 (stationary case) for different gap spacings (a) g* = 0.2, (b) g* = 0.7,
(c) g* = 1.5, (d) g* = 3.0.

spacings (g*) for various rotation rates ðXÞ. Many
researchers have observed that when the cylinder is rotating, there is a ﬂow stabilization occurring which leads to a
steady ﬂow pattern by suppressing the vortex shedding.
Accordingly, a critical rotational speed may be deﬁned at
which the unsteady periodic vortex shedding is stopped and
a steady ﬂow pattern is obtained. The critical rotation rate
will differ in multiple cylinders when compared to the
single cylinder. For g* = 0.2 and rotational speed X = 1.0
(X\Xcr ), the ﬂow is unsteady periodic with vortex shedding. When there is an increase in the rotational speed of
the cylinder, a gradual change in the ﬂow feature can be
seen behind the cylinder and at the critical speed of rotation

(Xcr = 1.25) the ﬂow becomes steady with no further sign
of vortex shedding and this continues for X [ Xcr as shown
in ﬁgure 4. Similarly, the isotherms also change from an
unsteady to a steady state with the temperature decreasing
gradually near the cylinder. The thermal boundary layer
thickness also decreases on the top of the upstream and
downstream cylinders. With increase in the rotational
speed, the outer isotherms elongate more when compared to
the inner isotherms.
Similarly, for the case of gap spacing g* = 0.7, the
critical rotational speed is Xcr = 1. It is observed that there
is vortex shedding for X = 0.75 (X\Xcr ); however, when
the critical rotational speed is achieved, there is no vortex
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Figure 4. Instantaneous vorticity contours at X\Xcr , X ¼ Xcr , X [ Xcr for (a) g* = 0.2, (b) g* = 0.7, (c) g* = 1.5, (d) g* = 3.0.

Figure 5. Temperature contours with streamlines at X\Xcr , X ¼ Xcr , X [ Xcr for (a) g* = 0.2, (b) g* = 0.7, (c) g* = 1.5,
(d) g* = 3.0.
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shedding occurring thereafter. When the gap spacing
between the cylinders increases further g* = 3.0, the critical rotational speed also increases (Xcr = 2.5). The shedding is noticeable from the respective vorticity and
temperature contours at a rotational speed below the critical
one; however, shedding stops after the critical rotational
speed.
Figure 6 shows the plots of the lift coefﬁcient signal in
the time domain as generated from both the cylinders for
different gap spacings. From the plots, it is noticed that the
lift coefﬁcient varies typically sinusoidally with time when
the rotational speed is less than the critical one. This
characterizes the unsteady periodic nature of the ﬂow with
vortex shedding below the critical rotation. However, when
the rotational speed is equal or higher than the critical
value, the lift signal does not change with time. Hence, the
ﬂow becomes steady and the vortex shedding stops at this
range of rotational speed. The positive values of the lift
coefﬁcient are indicative of the clockwise rotation of the
cylinders.
The longitudinal and transverse velocities are tracked at
a location 2.5d from the rear stagnation point of the
downstream cylinder on the central horizontal axis (x-axis)
and plotted in the form of phase diagram (ﬁgure 7) for
different rotational speeds and gap spacings. The closed
loop in the phase diagrams represents that there is an
unsteady periodic ﬂow with vortex shedding. When the
vortex shedding is stopped, the closed loop becomes a
point. Accordingly, for gap spacing g* = 0.2, for rotational
speed X = 0.25, 0.5 and 0.75 there are closed loops
observed due to the unsteady vortex shedding and after
critical point X = 1, the closed loop becomes point as there
is no vortex shedding thereafter. Similar phenomena can
also be observed for other gap spacings and rotational
speeds.
The time average surface pressure distribution for both
the cylinders is plotted in ﬁgure 8 for some representative
rotational speeds, X\Xcr , X ¼ Xcr , X [ Xcr and X ¼ 0 at
various normalized gap spacings. For the case with zero
rotation (X ¼ 0), the average surface pressure coefﬁcient
shows symmetric nature about the rear stagnation point
h ¼ 180 . As the rotational speed increases, the ﬂow
becomes asymmetric and the pressure on the accelerated
ﬂow side (i.e., the upper half of the cylinder) decreases that
results in a negative pressure coefﬁcient on the upper half
of both the cylinders. However, on the lower half of the
cylinders, the ﬂow is decelerated and the pressure increases
resulting in a positive pressure coefﬁcient.
The time periodic nature of the surface averaged Nusselt
number from the upstream cylinder is plotted for different
gap spacings in ﬁgure 9. For all cases it is observed that the
Nusselt number shows sinusoidal periodic variation with
time when the rotational speed is greater than the respective
critical rotational speed. This periodic nature of the Nusselt
number suggests that the thermal ﬁelds are also unsteady
like the ﬂow ﬁeld. However, at the critical speed of rotation
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and above, the ﬂow and thermal ﬁelds degenerated into a
steady pattern and accordingly, the Nusselt number shows
no variation with time.
The time-averaged local Nusselt number on the upstream
cylinder surface is plotted as a function of circumferential
direction ðhÞ with gap spacing g* = 0.2 (ﬁgure 10a) and
g* = 3.0 (ﬁgure 10b) for different rotational speeds. The
Nusselt number on the upstream cylinder is decreasing
when there is an increase in the dimensionless rotational
speed (X). Furthermore, the separation angle increases with
increasing rotational speed. This increase in the separation
angle offers more stability to the ﬂow and accordingly, the
heat transfer reduces due to the resulting thermal stability.
The variation of the time and surface averaged Nusselt
number with rotational speed is plotted in ﬁgure 11 for
different gap spacings (g*). Once again, it is observed that
the average heat transfer from the cylinder decreases with
increasing rotational speed. However, it increases with
increasing gap spacing for a speciﬁc rotational speed.
Figure 11 also suggests that the heat transfer rate decreases
with a faster rate beyond the critical rotation. This is due to
the fact that beyond the critical rotation the ﬂow and
thermal ﬁelds become stable with no vortex shedding.
Hence, the rate of steady convective transport falls drastically beyond the critical speed in comparison to its
unsteady counterpart.
A comparison of Strouhal number for different gap
spacings is shown in ﬁgure 12 at different rotational speeds.
The Strouhal number (St ¼ fd=U1 with f as the vortex
shedding frequency) represents the dimensionless vortex
shedding frequency and can be obtained from the Fast
Fourier Transform of the lift coefﬁcient signal. When there
is an increase in the gap spacing between the cylinders, the
frequency is observed to increase. This suggests that the
vortex shedding strength increases with increasing gap.
However, the frequency drops with increasing rotation,
since the rotation imparts stability to the ﬂow. At the critical rotational speed for a particular gap spacing, the frequency drops to zero signifying that the vortex shedding
has completely stopped and the resulting ﬂow becomes
steady. The variation of the critical rotational speed with
gap spacing can be seen in the inset of ﬁgure 12. For lower
gap spacings g* = 0.2, 0.7, 1.5 the critical speed does not
change appreciably because of relatively less interference
effect. Hence, the ﬂow becomes stable in a narrow range of
critical rotational speed. However, when the gap spacing is
relatively large, say g* = 3.0, the critical rotational speed
shoots up. It can be argued from the vorticity transport
characteristics at g* = 3.0 that there is Kármán vortex street
formation behind the downstream cylinder and in the gap
between the cylinders as well. Hence, the ﬂow interference
effect is more profound and intensiﬁed in this gap resulting
in a relatively enhanced instability. Accordingly, larger
stability effect needs to be introduced in order to bring
down the intensiﬁed instability. A larger rotational speed
provides such stability to the ﬂow. Hence, the critical
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b Figure 6. Time response of the lift coefﬁcient signal from the

upstream (UC) and downstream (DC) cylinders for different gap
spacings and rotational speeds.

rotational speed shoots up in order to degenerate the vortex
shedding and to achieve a ﬁnal steady ﬂow.

3.3 Overall observations
The numerical study performed in this work aims to capture
the ﬂuid dynamic and thermal transport characteristics for
unconﬁned ﬂow of an incompressible ﬂuid over two tandem circular cylinders placed in multiple separation distances. The free stream Reynolds number is chosen in such
a way (Re = 100) that the overall transport process remains
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unsteady with Kármán vortex shedding. With increasing
cylinder gap, the shedding strength increases signiﬁcantly
with establishment of vortex shedding in the gap between
the cylinders. The heat transfer is also enhanced with
increasing the gap spacing.
When the cylinders are subjected to clockwise rotation,
stability is imparted to the ﬂow and thermal transport and at
some critical value of the rotational speed, the unsteady
transport completely degenerates to a steady pattern. This
has been established through the vorticity, streamline and
temperature contours around the cylinders for different
gaps. The lift coefﬁcient signals and the phase portrait plots
also conﬁrm the phenomena. With increasing the gap
between the cylinders, the requirement for stabilizing force
becomes more due to the intensiﬁed instability and hence
the critical rotational speed shoots up for larger gap spacing. Overall, a regime of the steady and unsteady operations

Figure 7. Phase diagrams for different rotational speeds and gap spacings obtained from the longitudinal and transverse velocities
tracked at a location 2.5d from the rear stagnation point of the downstream cylinder on the x-axis (the points are highlighted with dotted
circle and arrow showing the steady ﬂow ﬁeld when vortex shedding has stopped).
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b Figure 8. Pressure coefﬁcient along the surface of the upstream

(left) and downstream (right)cylinders
(b) g* = 0.7, (c) g* = 1.5, (d) g* = 3.0.

for

(a)

g* = 0.2,

107

for the ﬂow and thermal ﬁelds around rotating tandem
cylinders is identiﬁed. The heat transfer from the cylinder
decreases with increase in the rotational speed and it
decreases with a faster rate in the zone of steady operation.

g* = 0.7
g* = 0.2

(a)

(b)

g* = 3.0

g* = 1.5

(c)

(d)

Figure 9. Time response of the surface averaged Nusselt number of the upstream cylinder for different gap spacings, (a) g* = 0.2,
(b) g* = 0.7, (c) g* = 1.5, (d) g* = 3.0.
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(a)

Figure 11. Time and surface average Nusselt number of the
upstream cylinder with rotational speed for different cylinder
gaps.

(b)
Figure 10. Time average local Nusselt number of the upstream
cylinder with rotational speed for (a) g* = 0.2, (b) g* = 3.0.

4. Conclusions
A two-dimensional numerical study is reported addressing
the laminar ﬂuid ﬂow and thermal transport past two circular cylinders kept in a tandem conﬁguration. The cylinders are rotating in a clockwise sense with uniform rate of
rotation. The normalized cylinder spacing is varied as
g* = 0.2, 0.7, 1.5 and 3.0 keeping Re = 100 and Pr = 0.71
ﬁxed. One of the objectives is to understand the critical
rotation rate at which the unsteady ﬂow and thermal ﬁelds
are transformed into a steady pattern. The results show that

Figure 12. Strouhal number as a function of X for different gap
spacings. Inset: variation of critical rotational speed with gap
spacing.

beyond the critical rotation rate ðXcr Þ, there is a stabilization in the ﬂow and thermal ﬁelds. The cylinder spacing has
a role to play in determining the critical rate of rotation.
When there is no rotation, the vortices and isotherms are in
unsteady behaviour irrespective of the gap spacing. The
frequency is dropping with an increase in the rotational
speed; however, it increases with the gap spacing. The heat
transfer also drops when the rotational speed of the cylinder
increases. However, the heat transfer increases with
increase in the cylinder spacing.
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List
CL
Cp
d
f
g
g*
N
Nu
p
Pr
Re
St
t
T
T1
U1
Tw
x, y

of symbols
Lift coefﬁcient
Pressure coefﬁcient
Cylinder diameter (m)
Vortex shedding frequency (Hz)
Cylinder spacing (m)
Normalized gap spacing
Normal direction
Nusselt number
Dimensionless Pressure
Prandtl number
Reynolds number
Strouhal number
Time (s)
Temperature (K)
Free stream temperature (K)
Free stream velocity (m/s)
Cylinder wall temperature (K)
Coordinates (m)

Greek Letters
a Thermal diffusivity (m2/s)
m
Kinematic viscosity of ﬂuid (m2/s)
h Polar angle (rad)
H Dimensionless temperature
q Density of ﬂuid (kg/m3)
x Rotational speed (rad/s)
X Dimensionless rotational speed
Subscripts
av Average
cr Critical
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