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a b s t r a c t

Heat convection from the uniformly heated walls of a straight channel in presence of a rotationally
oscillating cylinder (ROC) is simulated at Re ¼ 100. Heat transfer enhancement due to vortex shedding
from the ROC is investigated. Systematic studies are performed to explore the rotation angle and
frequency influences on heat transfer by varying the latter in range of the lock-in regime and the former
from 0 to 2p/3. All simulation results are based on the numerical solutions of two-dimensional, unsteady,
incompressible NaviereStokes and energy equations using an h/p type finite element algorithm.
Considering time periodicity of the resulting flow and temperature fields, time averaged wall Nusselt
number is reported to quantify the heat transfer enhancement for Pr ¼ 0.1, 1.0, 5.0 and 10.0 fluids.
Performance analyses of the ROC device based on its total power consumption and heat transfer
enhancement are also presented.

� 2012 Elsevier Masson SAS. All rights reserved.
1. Introduction

Convective heat transfer can be enhanced by geometric
modifications of the boundaries or by oscillations of solid struc-
tures at critical locations within the flow system. Casting artificial
roughness or placing obstacles on the system boundaries are
examples of the former application [1]. Oscillating structures and
actuators can induce flow kinematics that enhances local heat
transfer by thinning the thermal boundary layers. This approach
is specifically effective for laminar flow heat transfer enhance-
ment in meso-scale channels, where the flow kinematics can be
actively controlled using micro-electro-mechanical-systems
(MEMS).

Motivated by the potential applications of MEMS actuators,
Celik et al. have conducted a numerical study to investigate the
kinematics of flow past a transversely oscillating circular cylinder
confined in a straight channel [2]. Their study was conducted at
Re ¼ 100, where the inertial effects were large enough to induce
time periodic two-dimensional flow with Karman vortex street
behind the cylinder. They performed a series of simulations at
a wide range of cylinder oscillation frequencies, and determined
the boundaries of the lock-in regime, where the vortex shedding
son SAS. All rights reserved.
and cylinder oscillations are synchronized. Flow kinematics
resulting from the interactions of vortices shed from the cylinder
with the wall shear layers was also described. Their investigations
on flow kinematics led to two distinct studies that focused on the
influences of vortex dynamics on mixing and heat transfer [3,4].
Although heat transfer from a transversely oscillating heated
structure has been studied before [5e7], investigations on channel
heat transfer enhancement due to an oscillating adiabatic structure
are rather limited [4,8,9]. Celik et al. utilized the vortex shedding
mechanism from a transversely oscillating adiabatic circular
cylinder to enhance heat convection from uniformly heated
channel walls [4]. Their study systematically assessed the effects of
the oscillation frequency on heat transfer at Re¼ 100 by varying the
excitation frequency from 75% to 125% of the natural vortex shed-
ding frequency. Cylinder oscillations at the lowest lock-in frequency
gave the best results due to high intensity vortex generation closer
to the channel walls [4].

Transverse oscillations of a body within a channel have several
limitations. First, the amplitude of oscillations must be small to
avoid contact between the oscillating body and channel walls.
Second, design, fabrication and control of such an actuator could be
rather challenging. Alternatively, one can induce rotational oscil-
lations on the body, which does not limit the amplitude of rotation.
In addition, the design, fabrication and operation of such an actu-
ator would be easier. A limited number of studies on flow past
a rotationally oscillating cylinder are available in the literature.
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Nomenclature

A maximum oscillation amplitude
D cylinder diameter
Dh hydraulic diameter
fo natural vortex shedding frequency
fe cylinder excitation frequency
F normalized excitation frequency ¼ fe/fo
L channel length
H channel height
HP heat performance
k thermal conductivity
M instantaneous torque on the cylinder
NOC non-oscillating cylinder
Nu Nusselt number
Nus average Nusselt number in a straight channel
Nu time averaged Nusselt number
Nuave spatial average of Nu
Pe Peclet number
Pr Prandtl number
Po normalized power ratio
q normalized heat flux
Re Reynolds number

ROC rotationally oscillating cylinder
St Strouhal number ¼ foD/U
t time
T temperature
Tb bulk temperature
Tw wall temperature
TOC transversely oscillating cylinder
U characteristic velocity
u,v velocity components
u velocity vector
x, y distances from the cylinder center
_W power needed to oscillate the cylinder

Greek
Qmax the maximum rotation angle
s vortex shedding period

Subscripts
0 dimensional quantities
s straight channel
ave spatial average
u angular velocity ¼ 2p/s
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Based on the numerical and experimental results, presence of
a lock-in state in such flows is reported by Okajima et al. [10], while
periodic vortex shedding from a rotationally oscillating cylinder is
experimentally visualized in [11]. Using numerical studies,Wu et al.
showed that the rotational oscillation could modify the wake
structure as observed in the case of transverse oscillations [12].
Mahfouz and Badr have shown through numerical simulations that
the primary lock-in regime is widened as the maximum oscillation
angle is increased [13]. This finding was confirmed experimentally
in [14].

The objective of the present study is to enhance heat transfer
from thewalls of a straight channel by utilizing the vortex shedding
mechanism from an adiabatic circular cylinder subjected to forced
rotational oscillations. Influences of vortex dynamics on heat
transfer from the channel walls subjected to constant heat flux are
investigated systematically at Re ¼ 100 using a wide range of
oscillation amplitudes and frequency values, and for various
Prandtl number fluids corresponding to typical gases like air and
liquids like water and refrigerants. Using a similar channel-cylinder
configuration, numerical predictions of the rotationally oscillating
cylinder are compared with the results of the transversely oscil-
lating cylinder, previously presented in [4].

This paper is organized as follows: the governing equations and
details of the utilized numerical algorithm are presented in Section
2 along with the problem definition, geometry and the boundary
conditions. Kinematics of the flow, time averaged Nusselt number
concept used for quantification of heat transfer, and system’s
behavior under various frequency oscillation amplitudes, and for
different Prandtl number fluids are given in the Results and
Discussions section. In Section 4, we present the conclusion of this
study.
2. Governing equations and the problem definition

The simulations presented here are based on the numerical
solutions of two-dimensional unsteady incompressible
NaviereStokes and energy equations given in the following non-
dimensional form:
vuþ u$Vu ¼ �Vpþ 1
V2u; (1)
vt Re

where the velocity vector u satisfies the continuity equation
written as

V$u ¼ 0: (2)

The energy equation in non-dimensional form is given as
follows

vT
vt

þ u$VT ¼ 1
pe
V2T: (3)

non-dimensionalization in equations (1)e(3) is based on the
cylinder diameter, D, and the channel averaged velocity, U. In
equation (3), the non-dimensional temperature, T, is defined as
T ¼ ðT 0 � T 0b inÞ=DT 0

b, where T0 is the temperature, T 0
b in is the inlet

bulk temperature and DT 0
b is the bulk temperature difference

between the outlet and inlet of the channel. Normalized heat flux is
defined by q ¼ q0D=kDT 0

b, where q0 is the heat flux and k is the
thermal conductivity.

The Reynolds number based on the cylinder diameter and
channel averaged velocity, is kept constant at Re ¼ 100 in all
simulations, while Prandtl number is varied between 0.1 and 10.0
In this study, an h/p type finite element algorithm is used in the
solutions of equations (1)e(3). The algorithm utilizes a third-order
accurate temporal discretization based on an operator splitting
scheme [15]. The spatial discretization is based on high-order
modal expansions on quadrilateral and triangular elements, and
exhibits exponential reduction in error with increased modes. This
feature of the algorithm, also called spectral convergence, allows us
to increase the spatial accuracy on a computational domain by
simply increasing the modal expansion order of the elements (p
type refinement) without changing the element sizes and numbers
[16]. More detail on the algorithm and the code validation can be
found in [17].

Fig. 1 shows the computational domain, where the circular
cylinder with diameter D is located at 1.5D and 4D away from



Fig. 1. The computational domain and its spectral element discretization. Close-up views of the triangular and quadrilateral elements show the quadrature points used for 7th order
discretization.
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channel walls and the domain inlet, respectively. A fully developed
flow at constant temperature T ¼ 0.0 enters the channel from left.
The velocity profile is parabolic at the inlet, resulting in maximum
channel velocity of 1.5U. The channel is 31D in length and 3D in
height. The channel walls are subjected to constant heat flux of
q ¼ 1.0, while the cylinder is adiabatic. We imposed no-slip
boundary conditions on the channel and cylinder walls, and set
zero-Neumann boundary conditions for both velocity and
temperature at the outlet. Fig. 1 also illustrates the spectral element
discretization of the computational domain, which consists of 314
triangular and 232 quadrilateral elements. The figure shows the
quadrature points used for 7th order discretizations on triangular
and quadrilateral elements. Our simulations utilized 7th order
expansions for Pr¼ 1, and Pr¼ 5 cases, and 9th order expansion for
Pr ¼ 10 cases to achieve grid independent results, as previously
shown in [4].

The adiabatic circular cylinder is subjected to forced rotational
oscillations that result in time periodic tangential velocity on the
cylinder according to following formula:

Vq ¼ Qmax*pfe*D*sinð2pfetÞ; (4)

where fe and Qmax are the excitation frequency and the maximum
rotation angle, respectively. In order to determine the natural vortex
shedding frequency, fo, of the system depicted in Fig. 1, we tracked
the history of the force exerted on the stationary cylinder, and
obtained St¼ 0.36 [2,4]. Thenwe performed a series of simulations
at various rotational oscillation frequencies. The results are pre-
sented as a function of the normalized excitation frequency F¼ fe/fo,
which was varied systematically within 0.5 � F � 1.5 range. We
have also varied the maximum rotation angle within the range of 0
� Qmax � 2=3p, where Q is defined using polar coordinates at the
center of the cylinder.

In order to verify that the flow remains two-dimensional within
the parametric ranges used in this study, three-dimensional
simulations at Re ¼ 100 for F ¼ 1 and Qmax ¼ 2=3p are per-
formed in a similar domain that is 20D wide. Symmetry boundary
conditions were imposed on the side surfaces. Long time integra-
tion of this three-dimensional case verified that the flow remains
two-dimensional. For the parametric ranges studied here, flows
with 0.75 � F � 1.25 are in the lock-in regime, where the vortex
shedding mechanism synchronizes with the cylinder rotation and
yields time periodic temperature and velocity fields. We observed
sub-harmonic synchronization for F ¼ 0.5, and coalescence of the
vortices in the formation region (the distance from the cylinder to
the start of the Karman vortex shedding) for F > 1.25, which are
similar behaviors to our observations for transversely oscillating
cylinder [2].
3. Results and discussions

Compared with an external flow past a circular cylinder, the
flow around a circular cylinder confined in a channel is quite
complicated because of interaction of the vortices shed from the
cylinder with the shear layers formed on the channel walls [2,18]. In
Fig. 2, we show the vorticity and temperature contours in the
channel for the stationary (NOC), transversely oscillating (TOC), and
rotationally oscillating (ROC) cylinders at Re¼ 100 and Pr¼ 1.00. All
contours are shown at an instant when the cylinder is at its level
position (i.e., y ¼ 0 and Q ¼ 0 for the TOC and ROC cases, respec-
tively). At the instant shown in the figure, the TOC is moving
upwards and ROC is rotating in counter-clockwise direction. The
normalized cylinder excitation frequency, F, is equal to 1.00 for both
ROC and TOC cases, while the transverse oscillation amplitude is
A ¼ 0.4D, and the maximum rotation angle is Qmax ¼ p/4. These
cases correspond to approximately equal magnitudes of transverse
and tangential velocities for the TOC and ROC cases, respectively.
Despite the differences between the motions of the two cases, the
resulting vorticity fields show striking similarities in the vortex
shedding region. Braided downstream temperature contours and
corrugated thermal boundary layer structures are observed in both
types of oscillations. However there are subtle differences in the
formation region (4 � x/D � 9). The ROC tends to wrap the positive
and negative shear layers around the cylinder as the maximum
rotation angle is increased.
3.1. Quantification of heat transfer

We calculate the instantaneous Nusselt number variation along
the channel walls using:

Nuðx; tÞ ¼ q0Dh

k
�
T 0wall � T 0b

� (5)

where Tb is the bulk temperature defined as:

Tbðx; tÞ ¼
ZH
0

uTdy=
ZH
0

udy: (6)

Due to the time periodic nature of the flow and temperature
field, instantaneous wall Nusselt number calculated from equation
(5) is also periodic. However, there is a phase lag between the upper
and lower walls’ Nu values induced by oscillatory motion of the
cylinder, as previously shown in [4]. Integrating the local Nusselt
number, Nu(x,t), over the vortex shedding period gives time aver-
aged Nusselt number:



Fig. 3. Time averaged wall Nusselt number variation as a function of the oscillation
frequency F. Simulations are performed for Qmax ¼ p/4, Pr ¼ 1.0 and Re ¼ 100. Results
for the straight channel and stationary cylinder (NOC) are also shown.

Fig. 2. Vorticity and temperature contours at Re ¼ 100 and Pr ¼ 1.0 for the stationary cylinder (a) and (b); for transversely oscillating cylinder with F ¼ 1.00 and A ¼ 0.4D (c) and (d);
for rotationally oscillating cylinder with F ¼ 1.00 and Qmax ¼ p/4 (e) and (f).
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NuðxÞ ¼ 1
s

Zs
0

Nuðx; tÞdt: (7)

In the following we investigate the influence of the cylinder
excitation frequency and the rotary oscillation amplitude on heat
transfer, and then examine the validity of these at various Prandtl
numbers.

3.2. Effects of the excitation frequency

In Fig. 3 we show the variation of time averaged Nusselt number
along the channel walls obtained at fixed rotary oscillation ampli-
tude of Qmax ¼ p/4 and F values ranging from 0.5 to 1.0 at Pr ¼ 1. In
addition, we also show the results for the straight channel (SC)
without a cylinder, and non-oscillating cylinder (NOC) cases in the
figure. For the straight channel case, the flow is steady and the time
averaged and instantaneous Nusselt numbers are the same. After
a monotonic decrease in the stream wise direction, the time aver-
aged wall Nu for the straight channel case reaches the fully
developed value of 8.23 [19].

Due to the presence of a non-oscillating cylinder in the channel
(NOC), relatively higher stream wise velocities occur between the
cylinder and the channel walls induced by the high blockage ratio
(¼1/3). The accelerated flow thins thermal boundary layers on the
channel walls (see Fig. 2b,d and f) and thereby enhances heat
transfer. This enhancement is evident from the time averaged wall
Nusselt number shown in Fig. 3, where Nu gradually increases and
reaches a peak at x/D z 4.0. However, this local enhancement
disappears rapidly because of the thickening thermal boundary
layers within the region extending from the cylinder to the end of
formation region. As can be seen from the instantaneous vorticity
contours in Fig. 2, shear layers from the cylinder curl up and extend
toward the wall in the formation region (x/D � 10). If the influence
of the cylinder shear layer on the channel wall is strong enough,
the wall shear layer next to it also detaches from the wall and curls
up. The detached shear layer convects a stream that transports the
hot fluid in the upstream shear layer away from thewall. Due to the
periodic vortex shedding mechanism, an identical hot fluid stream
occurs on the other wall half time period later. This roll up mech-
anism thickens the thermal boundary layer in the formation region
and reduces heat transfer from thewall. After the formation region,
the vortices shed from the cylinder roll up the wall shear layers and
wrap around themselves. This mechanism convects hot fluid
stream away from the wall and enables its interaction with the



Fig. 4. Time averaged wall Nusselt number variation as a function of the rotational
oscillation amplitude Qmax. Simulations are performed for F ¼ 0.80, Pr ¼ 1.0 and
Re ¼ 100. Results for the straight channel, non-oscillating cylinder (NOC) and trans-
versely oscillating channel (TOC) case at F ¼ 0.75 are also shown.
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colder fluid in the channel, resulting in the braided temperature
contours shown in Fig. 2.

Heat transfer enhancement due to the solid body rotation of
vortices results in a second peak in Nu after the formation region.
As can be seen from Fig. 3, the vortex shedding from the cylinder
enhances heat transfer considerably (NOC), and this enhancement
is further increased by the forced rotational oscillations of the
cylinder (ROC). For all excitation frequencies studied here, the ROC
cases exhibit better heat transfer than the NOC case. Two distinct
peaks in time averaged Nusselt number are observed for the ROC
cases up to the excitation frequency of 0.90. For higher frequencies,
the second peak emerging after the formation region disappears
due to the diminishing influence of vortex dynamics on heat
transfer, as previously shown for the TOC cases [4].

In order to summarize our observations for higher Pr fluids, we
present in Table 1 the locations and magnitudes of the two distinct
Nu peaks of the simulated cases for Pr ¼ 5 fluid. We also give the
spatial averages of Nu along the channel wall; Nuave. According to
this table, the frequency values of F ¼ 0.80 results in the highest
Nuave. While the magnitude of the first peak and its distance from
the cylinder center continuously decreases with increasing
frequency, the magnitude of the second peak increases up to
F ¼ 0.80, and it disappears after F ¼ 0.90. It is noted that the second
peak has a significant contribution to Nuave, which enhances heat
transfer up to 24% percent relative to the TOC casewith F¼ 0.75 and
A ¼ 0.4D studied in [4].
3.3. Effects of the oscillation amplitude

In order to investigate the influence of the rotary oscillation
amplitude on heat transfer, we present the time averaged wall Nu
variations for Qmax ¼ p/6, p/3, p/2 and 2p/3 in Fig. 4 obtained for
Pr ¼ 1.0 and F ¼ 0.80. The corresponding vorticity and temperature
contours are shown in Fig. 5. As can be seen from Fig. 4, the Nu
variations of the considered cases are almost identical up to x/
D ¼ 5.0. Although a rapid reduction in Nu is observed for the NOC
case, this adverse behavior diminishes with increased oscillation
amplitude, resulting in better heat transfer performance. Obser-
vations from Fig. 5 show that the length of the vortex formation
region is reduced with increased oscillation amplitude. In addition,
vortex intensity of the free shear layers around the cylinder and
their interactions with the wall share layers also increases;
sustaining reasonably high Nu values in the formation region (x/
D� 9) with increased oscillation amplitude. As can be seen in Fig. 4,
Nu for theQmax¼ 2p/3 case has a secondmaxima around x/D¼ 7 in
the formation region, while Qmax ¼ p/2 and p/3 cases exhibit
a similar second peak at x/D ¼ 8 and 9, respectively. The third
maxima in Nu occur in the vortex shedding region, and its location
Table 1
The locations and magnitudes of the two Nu peaks, and its spatial average values for
various excitation frequencies with a constant Qmax ¼ p/4 at Re ¼ 100 and Pr ¼ 5.0.
*Data is from [4].

F The first peak The second peak Nuave

x/D Nu x/D Nu

0.50 4.29 46.31 17.81 27.52 28.83
0.75 4.23 45.73 13.52 34.63 31.58
0.80 4.23 45.27 12.16 36.01 32.17
0.85 4.22 44.87 11.34 34.69 31.91
0.90 4.22 44.66 NA NA 31.31
0.95 4.22 44.27 NA NA 30.50
1.00 4.16 44.16 NA NA 29.60
1.25 4.16 44.01 NA NA 26.22
0.75* 4.10 38.46 12.59 24.79 24.43
and magnitude depends on the vortex spacing and strength. After
this, the Nu is reduced along the channel.

3.4. Heat transfer enhancement for various fluids

Efficiency of a heat exchanger depends on the thermal proper-
ties of the working fluid, characterized by the Prandtl number. In
order to understand heat transfer characteristics of the simulated
systems, we performed simulations for Pr ¼ 0.1, 1.0, 5.0 and 10.0 at
the fixed kinematic condition of Re¼ 100, F¼ 0.80 and qmax ¼ 3m/2.
In Fig. 6, we present the time averaged wall Nu variations of the
ROC cases, and include results from the TOC cases with F ¼ 0.75
with A ¼ 0.4D, which was promoted as the most efficient config-
uration in [4]. As can be seen from the figure, the rotational oscil-
lation of the cylinder enhances heat transfer better than the
transverse oscillations regardless of the Prandtl number. This can
be attributed to the relatively highermagnitudes of the streamwise
velocity generated by the rotational oscillation of the cylinder. In
addition, differences in Nu variations between the ROC and TOC
cases increase with increased Pr, with Pr ¼ 10 cases resulting in the
highest Nu values.

3.5. Performance analyses

This section examines the spatially averaged wall heat transfer,
pressure drop and required mechanical power for creating fluid
flow and cylinder oscillation to investigate how efficiently ROC can
be used for channel cooling proposes. In Fig. 7, we show the
spatially averaged Nusselt number ðNuaveÞ at Reynolds number of
100 for different fluids, various oscillation frequencies and ampli-
tudes. The Nusselt number is normalized using the average Nusselt
number of a straight channel (Nus). Since we are analyzing ther-
mally developing flow at various Pr values, we obtain Nus ¼ 8.94,
12.15, 19.04, and 23.76 for Pr ¼ 0.1, 1, 5, and 10 cases, respectively.
Consistent with the local Nu number distributions shown in Figs. 3,
4 and 6, considerable heat transfer enhancement is obtained due to
the insertion of ROC in the channel. It is noted that the optimum
heat transfer enhancement is around 60 percent and occurs for
Pr ¼ 1, F ¼ 0.8, and Q ¼ 2p/3. This could be related to the thermal



Fig. 5. The vorticity and temperature contours for F ¼ 0.80, Pr ¼ 1.0 and Re¼ 100 flows with Qmax ¼ p/6 (a and b); Qmax ¼ p/3 (c and d);Qmax ¼ p/2 (e and f);Qmax ¼ 2p/3 (g and h).
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boundary layer thickness. For liquids with Pr > 1, the thermal
boundary layer may be too thin to be effectively disturbed by
mixing induced by the vortices shed from the cylinder. While for
gases with Pr < 1, the thermal boundary layers cover most of the
channel cross-section, and thus, vortices cannot effectively mix the
hot and cold fluids in the channel.
Fig. 6. Time averaged wall Nusselt number variation for different Prandtl number
fluids obtained for ROC Re ¼ 100 flows with F ¼ 0.80 and Qmax ¼ 2p/3, and their
comparison with the TOC results with F ¼ 0.75 and A/D ¼ 0.4 presented in [4].
To calculate the mechanical power for oscillation of the rotating
cylinder, we first calculated the instantaneous torque on the
cylinder using:

MðtÞ ¼ 1
4

Z2p
0

m
vUðtÞ
vn

D2dQ; (8)

where n is the unit vector normal to the surface. Then the required
mechanical power for one cycle of oscillation is obtained via:

_W ¼ 1
s

Zs
0

MðtÞ _QðtÞdt: (9)

Subsequently, we calculated the power ratio, Po, which is the
ratio of the required power in ROC in a channel (i.e., sum of the
oscillation and pumping powers) to the required pumping power of
a plane channel flow (obtained by multiplying the pressure drop in
the channel with the sustained volumetric flow rate). Fig. 8 shows
the variation of this ratio (Po) at Re ¼ 100, 0.5 � F � 1.25 and
0 � Q � 2p/3. This figure clearly shows increase in required power
with increase in either the excitation frequency or oscillation
amplitude. We note the four folds increase in mechanical power for
F ¼ 0.8 and Q ¼ 2p /3 case, for which maximum heat transfer
enhancement occurs. It is noted that for Qmax > p/3, the smallest
value of Po parameter is obtained for excitation frequency of
F ¼ 0.5. Variation of power for cylinder oscillations and pumping
power at F ¼ 0.8 are provided in Table 2 for various oscillation
amplitudes. While the power required for oscillating the cylinder
increases with the increased oscillation amplitude, pumping power



Fig. 7. Variation of the channel averaged Nusselt number of the ROC cases, normalized with the average Nusselt number of a straight channel (Nus) at various oscillation frequencies
and amplitudes. Results are obtained for Re ¼ 100 flow and various Pr values.
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required to sustain the desired flow rate also increases with the
increased oscillation amplitude. Results indicate that the main
portion of the mechanical power is consumed to overcome the
pressure losses (e.g. 96% at F ¼ 0.8 and Q ¼ 2p/3).
Fig. 8. Normalized power requirement of Re ¼ 100 flow as a function of the oscillation
frequency and amplitudes.
In order to study the usefulness of the insertion of the ROC for
channel cooling proposes, heat transfer enhancements in Figs. 7and
8 must be compared with the corresponding values for the plane
channel at identical pumping power requirements. For this propose
the required power for ROC at each case is computed, and assumed
to be used for generating flow through a plane channel. Using basic
relations of laminar flow through plane channel the mean velocity
for a given pumping power is obtained via [20]:

V* ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
_WT � H

12mL

s
: (10)

Using parabolic velocity profile with mean velocity of V*, we
calculated the average Nusselt number for plane channels ðNu*s Þ
requiring pumping power identical to the ROC cases. Fig. 9
Table 2
Power requirement for F¼ 0.8 ROC flowat Re¼ 100. Power per unit channel width is
normalized using rU3D.

Qmax Normalized mechanical
power for cylinder oscillation

Normalized pumping
power

0 0 3.37
p/6 1:16� 10�1 3.28
p/3 1:25� 10�1 3.62
p/2 1:56� 10�1 4.34
2p/3 1:81� 10�1 4.82



Fig. 9. Thermal effectiveness of the ROC design at different frequencies and amplitudes.
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demonstrates variation of HP ¼ Nuave=Nu*s versus amplitude for
different fluids and excitation frequencies. HP values greater than 1
represent cases, where insertion of ROC is beneficial for channel
cooling. From this figure a number of important conclusions can be
drawn. First, for all cases examined, oscillation of the cylinder with
frequency ratio of F ¼ 0.8 provides the best cooling performance,
and thus it is beneficial. Second, for all excitation frequencies,
except F ¼ 0.5, heat transfer performance improves with oscillation
amplitude. Finally, heat transfer performance of oscillating cylinder
is better for gases (Pr<1) than liquids (Pr>1).

4. Conclusions

Rotational oscillations of a cylinder confined in a channel are not
affected by the limited gap between the cylinder and channel walls.
Therefore, the ROC offers a wider oscillation amplitude range than
the TOC cases, resulting in further heat transfer enhancement.
Vortex dynamics, thermal boundary layer thickness and Prandtl
number play important roles in heat transfer enhancement. A
vortex shedding mechanism that can generate high intensity
vortices and align them close to the channel walls is desirable. As
a result, fluid rotation induced by the vortices interchanges hot and
cold fluids near the wall and channel center after the formation
region. Although increasing the excitation frequency generates
higher vorticity magnitudes, the vortices start to form further
away from the walls for F � 0.85, which reduces their effect on
heat transfer. On the other hand, increasing the oscillation angle
Qmax enhances heat transfer continuously. Performance analysis
compared to heat convection from a straight channel shows that all
F ¼ 0.8 cases provide better cooling performance than the other
excitation frequencies; and Qmax ¼ 2p/3, which is the highest
oscillation angle used here, gives the best results. Power based
performance analysis for F ¼ 0.8 and Qmax ¼ 2p/3 case results in
30% higher channel averaged Nusselt number than the corre-
sponding straight channel case for Pr ¼ 1 fluid. Results show the
feasibility of using rotationally oscillating cylindrical actuators with
air flow for electronic chip cooling applications.
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