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INTRODUCTION

ABSTRACT

The flow past the rotating circular cylinder and the effect of buoyancy on heat transfer char-
acteristics are studied numerically for the Reynolds number of 20 and 40 and the Prandtl
number of 0.7. The lift and drag coefficients, Strouhal number, and local Nusselt number
on the cylinder are studied under the sway of combined buoyancy (at the Richardson num-
ber varies from 0 to 2) and different rotational directions. Although the interaction between
buoyancy and rotation is a puzzling heat transfer problem, the direction of rotation is found to
have significant effects on the flow patterns and heat transfer rate. The main innovation of the
present work is to determine the extreme points of Nusselt numbers when different conditions
are applied. For a positive rotation, the maximum local Nusselt number is at 0=225°, and the
minimum local Nusselt number is at 6=100°. In contrast, for a negative rotation, the maxi-
mum and minimum local Nusselt numbers are at 8=140° and 6=270°, respectively. Applying
Taguchi method, it is found that average Nusselt number is more dependent on Reynolds
number than other factors. Additionally, it can be concluded that the direction of rotation can
be used as a powerful tool to adjust the heat transfer rate and the required value of drag and
lift. Consequently, without applying different rotation speeds, it would be difficult to stabilize
the flow, and with the aid of Taguchi method, it is determined that rotation is deciding factor
in stabilizing flow patterns. The results are in good agreement with the experimental results.

Cite this article as: Barati E, Zarkak MR, Jalali S. Analysis of heat transfer and flow over
a rotating cylinder at subcritical Reynolds numbers based on Taguchi method. ] Ther Eng
2023;9(4):998-1014.

role in wake dynamics. The inclusion of the buoyancy
force causes the VS excitation and the increase in the VS

When a flow passes over a bluff body, a vortex called
Von Karman vortex shedding (VS) is generated. The fluid
patterns and heat transfer behavior around the cylinder are
affected by the VS behind this body. The buoyancy force
and rotation alter the properties of the VS and play a key
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frequency as a function of the flow direction [1, 2]. The
superimposed thermal buoyancy force induces oscillations
in the velocity field, which causes periodic Nu changes on
the surface of the bluff body and influences the lift and drag
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coefficients resulting from the separation of the boundary
layer delay [3].

Paramane and Sharma [4] studied the buoyancy-in-
duced generation of the VS around the rotating cylinder at
Re of 40 and 100. They employed air as the working fluid,
and the dimensionless rotational velocity was changed
from 0 to 8 with different Ri. Al-Sumaily et al. [5] per-
formed a numerical study to improve the understanding
of the effect of thermal buoyancy on flow properties. They
found that the larger Ri is, the larger the amplitude of the
shedding; consequently, strong vortices are shed, leading
to an increase in heat transfer rates. Chatterjee et al. [6]
studied the effect of buoyancy on VS behind the rotating
circular cylinder at subcritical Re. They chose a range of
Re from 5 to 45, different speeds, and Ri from 0 to 2. Their
results showed that the flow becomes transient when Ri is
increased at a constant speed. They found that more heat-
ing is required to destabilize the flow patterns when the
rotational speed increases.

In connection with the effect of mixed convection and
rotation in bluff bodies, Nguyen et al. [7] studied mixed
convection around a rotating circular cylinder. Re of 100
and 200, Gr of 20,000, and rotational velocity of -0.5 to +0.5
were considered. It was found that VS increases due to the
rotation of the cylinder, but disappears when the buoyancy
force is added. Elghnam [8] studied experimentally and
numerically the effect of rotation on heat transfer from a
heated horizontal cylinder rotating in still air around its
axes. In this study, the air was considered stationary, and it
was found that the dependence of Nu on Gr decreases as the
value of Re increases, and it vanishes at higher values of Re.
Luo etal. [9] performed a numerical simulation to study the
flow characteristics and heat transfer process when a fluid
flows past an oscillating cylinder. Their results show that
the heat transfer improves significantly with amplitude and
frequency increase. In their study, the field synergy prin-
ciple was used to analyze the influence mechanism of the
improved heat transfer. Wan et al. [10] conducted research
whose leading innovation was to understand the mecha-
nism of the interaction between buoyancy and rotation and
its effects on VS, aerodynamic properties, and heat transfer
rates of a heated cylinder with circular cross-section directly
subjected to a cross flow. In addition, an elastic cylinder was
used, and the alignment between the flow direction and
thermally induced buoyancy force was applied. Mahir and
Altag [11] studied the effects of Reynolds, Richardson and
Prandtl numbers on the flow field and temperature distri-
butions. They found that the flow and heat transfer charac-
teristics are influenced more for air than water.

The study of thermal fluid flow around a rotating cyl-
inder is of great engineering importance for myriad appli-
cations, including rotary tubes, heat exchanger tubes, and
rotary shafts [12-14]. The unsteady incompressible fluid
over an accelerated moving vertical plate through a porous
medium in a rotating system was studied by Hussain et al.
[15], and they concluded that the rotation and chemical

reaction tend to enhance primary skin friction. In addi-
tion, the study of flow around a cylinder is critical for cool-
ing electronic devices and other engineering applications,
including drying various things, glass cooling, plastics, and
industrial equipment. In most published works, the influ-
ence of the direction of rotation associated with the buoy-
ancy force has not been fully understood.

Against this background, a deep understanding of the
mechanism of the fluid-structure interaction for a rotat-
ing cylinder is still lacking owing to the complexity of the
interaction between a cylinder and wake region, from the
literature survey for stationary cylinder, it is found that the
cross-stream buoyancy destabilizes the flow. However, the
impact of rotation direction on flow patterns is not fully
understood when the flow velocity is not high enough to
be dominant. Therefore, the aim of this work is to explore
the influence of the rotation direction on flow and heat
transfer. Moreover, with the help of Taguchi method, the
importance of each factor compared with others is defined.
This study sets out to numerically investigate the combined
effect of the thermal buoyancy force and direction of rota-
tion (clockwise and counterclockwise) at subcritical Re
on heat transfer and fluid mechanics, employing Taguchi
method to determine influential factors in heat transfer and
flow patterns.

Description of the Physical Problem

For the present simulation, a Newtonian incompressible
and laminar flow with fixed thermophysical properties is
used together with the Boussinesq approximation. The gov-
erning equations in the dimensionless form are introduced
as follows:

Continuity equation:

Ou 0Ov
——t——=0 (1)
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x- and y-momentum equations:
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where F, and F, are external forces in x and y directions,
respectively.

Thermal energy equation:
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These variables have been used to make the above equa-
tions dimensionless.

i
u=—,
U,
Boundary conditions for the flow and temperature field

are as follows:
The top and bottom boundaries of the domain:

5_u:v =0,0=0 (6)

oy

At the entrance of the domain, the flow condition is
considered:

u=1yv=0,0=0 (7)

At the exit of the domain, the boundary condition is
used by setting:

ou =0,v=0,0=0 (8)
ox

The boundary condition on the cylinder surface is
considered:

u=v =0,0=1 (9)
An average Nu for the cylinder is introduced as:

hD

1 2m
Nu="2h=—>/1h,do
u 27_[__('). loc (10)

k

The dimensionless rotational velocity of the cylinder
and eddy length are defined as:

0]

Q=30 (1)
D
LY

St is the Strouhal number, which is the ratio between the
velocity of the cylinder and the free stream, and Ri is the
Richardson number, which is a combination of the Grashof
number and the Reynolds number:
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©
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(14)

Numerical Method

A two-dimensional (2D) flow analysis is incorporated
by implementing the Computational Fluid Dynamic (CFD)
method and using the Fluent analysis system from ANSYS
FLUENT 2020 software [16]. The conservation equations,
subject to the above-mentioned boundary conditions,
are solved using a finite-volume method based on the
SIMPLEC algorithm. The discretization of the equations
is performed using the second-order upwind differencing
scheme. Finally, the convergence criteria for governing
equations are assumed to be satisfied when the sum of the
residuals is less than 107

Computational Domain

The computational domain is varied to achieve an
appropriate size. According to Figure 1, the domain is
finally chosen to take into account the accuracy of the
results and the convenience of modeling. The length of
the computational domains is 10 and 20 times the cylin-
der diameter in the longitudinal and transverse directions,
respectively. Figurel illustrates the computational domain
employed in the present simulation with the boundary con-
ditions. No-slip boundary conditions are imposed on the
surface of the cylinder, and it has been chosen velocity inlet
and pressure outlet for the inlet and outlet, respectively.

Free-Slip Wall

Outlet

I
|
|
i
— | 10D
1
|
]
|

10D 20D
> >

Figure 1. The computational domain around the circular
cylinder.

Mesh Convergence

The computations are performed to study the grid inde-
pendence for a non-buoyancy force (Ri=0) and stationary
cylinder (Q=0). The effect of the number of grids on the pre-
dicted average Nu and mean drag coefficient are shown in
Table 1. It can be observed that an increase in grid nodes is
accompanied by a decrease in the average Nu and mean drag
coefficient. All models are implemented with a grid size of
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Table 1. Influence of the grid size on the flow parameters for the circular cylinder at Re=40 and Ri=0

Mesh Nods Elements Nu Cp

12x17 2450 1980 3.320 1.647
24x34 9333 8880 3.295 1.619
48%x68 36419 35520 3.291 1.619

J 1
T T T

t TITTTTT]

Figure 2. A grid used to compute the flow over the circular
cylinder in this study (overview and close-up).

Figure 3. A Schematic and characteristics of the circular
cylinder.

Table 3. A comparison of the mean drag coefficients, recirculation region, and separation angle for the flow over the cir-

cular cylinder for Re=20 and Re=40 at Ri=0 and Q=0

24x34 to save CPU time and maintain reasonable accuracy in
the computations. Figure 2 shows the overview and a close-up
of the selected grid of present work. Figure 3 illustrates the
schematic and the characteristics of the circular cylinder.

Validation

The present simulations are compared with the avail-
able numerical and experimental data from the scientific
literature. For numerical validation, the present results are
compared with those of Biswas and Sarkar [3], Chatterjee
and Sinha [6], Dennis et al. [17], Ding et al. [18], and Tuann
and Olson [19]. Re 20 and 40 are chosen when there is no
thermal buoyancy. A comparison between the present sim-
ulation and other studies is presented in Tables 2, 3, and 4
to verify the numerical accuracy. The results show accept-
able agreement with experimental and numerical data for
all Re. A comparison of the local Nu with Badr [20] and
Biswas and Sarkar [3] is presented in Figure 4 to investigate
the accuracy of the present numerical simulation. As can be
seen, the results of the current work are reliable.

Table 2. A comparison of the average Nu for the flow over
the circular cylinder for Re=20 and Re=40 at Ri=0 and Q=0

Re Author Nu
20 Biswas and Sarkar [3] 2.45
Chatterjee and Sinha [6] 2.46
Present Study 2.48
40 Biswas and Sarkar [3] 3.25
Chatterjee and Sinha [6] 3.25
Present Study 3.30

Re Author Cp L, 0,.,

20 Dennis et al. [16] 2.05 0.94 136.3
Ding et al. [17] 2.18 0.93 135.9
Tuann and Olson|[18] 2.25 0.90 135.9
Present Study 2.18 0.91 136.6

40 Dennis et al. [16] 1.52 2.35 126.2
Ding et al. [17] 1.71 2.20 126.5
Tuann and Olson [18] 1.67 2.10 125.2
Present Study 1.62 2.14 126.3
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Figure 4. A comparison of the variation of the local Nu on the cylinder surface for (a) Re=20 and (b) Re=40 at Ri=0 and

0=0 with Badr [19] and Biswas and Sarkar [3].

Table 4. Comparison of average Nu and St for flow over a
circular cylinder at Re=100

Ri Author Nu St
1 Chang et al. [21] 4.37 0.081
Present Study 4.46 0.090

RESULTS AND DISCUSSION

The effect of the rotational direction and buoyancy force
convection on aerodynamic and heat transfer parameters,
including the lift coefficient, drag coefficient, and average
and local Nu is considered. Figure 5 illustrates the lift coef-
ficient as a function of Ri at different rotational speeds at Re

10
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4 —e— 0o
5 = —_—aA—- Q=2
''''''' - _
- T e— A
=
S 0‘\'\‘
5
.§‘~
-l
-10 - L 1|.||1||,|T
0 0.5 1 1.5 2
Ri
(a)

20 and 40. This Figure actually describes the net outcome
of the interaction among the free stream, rotation-induced
flow, and thermal buoyancy-induced flow. The results
show that at a positive rotational speed (counterclockwise),
an increase in Ri (in the direction of natural convection)
is associated with an increase in the lift coefficient. At a
negative rotational speed (clockwise), an increase in Ri is
responsible for the decrease in the lift coefficient. The rota-
tion of the cylinder leads to an increase in the absolute lift
coefficient compared to the stationary cylinder at constant
Ri. At positive rotation, the aerodynamic force is directed
from top to bottom, and, consequently, the lift coefficient is
negative. With the negative rotation, the aerodynamic force
is from the bottom to top, and the lift coefficient is conse-
quently positive.

10
--3 - Q=%
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5
- e
-10 L1 ] L T
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Figure 5. Variation of the lift coefficients against Ri at Pr=0.7 and different rotational speed (a) Re=20 (b) Re=40.
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The drag coefficient as a function of Ri at different
speeds is plotted at Pr of 0.7 and Re of 20 and 40, as shown
in Figure 6. The drag coefficient decreases with an increase
in Ri, except at the rotational speed of -2. For heated cyl-
inders, the rotation of the cylinder in the positive direc-
tion also leads to a decrease in the mean drag coefficient.
Furthermore, if we look at the streamline patterns in differ-
ent Ri (not shown), we can see that heating causes the flow
field to be closer to the surface of the cylinder and, conse-
quently, the recirculation length of the vortices decreases,
which eventually leads to a decrease in the average drag
coefficient. Considering Figure 6, the drag coefficient is

3 B - -3 - Q=12
| e Q=9
i ———l— O ==

(a)

ordinarily positive for Ri <2, with increasing ) at a con-
stant Ri, it is established that the contribution of viscous
drag increases and even becomes comparable with pressure
drag at a larger rotational velocity. This phenomenon can
be confirmed from the pressure variation along the cylin-
der surface where pressure at the front part of the cylinder
decreases with increasing Ri whereas at rear part there is
small increase in pressure.

To show the distribution of the average Nu around the
heated cylinder, Figure 7 shows the rotation of the cylin-
der in both directions, which contributes to a decrease in
the average Nu at all Ri. In addition, the counterclockwise

Q=12

(b)

Figure 6. The variation of drag coefficients as a function of Ri at Pr=0.7 and different rotational speeds: (a) Re=20 (b)

Re=40.
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Figure 7. The variation of the average Nu as a function of Ri and different rotational speeds: (a) Re=20 (b) Re=40.
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rotation of the cylinder may result in a higher average Nu
at all Ri compared to the clockwise rotation. Competing
effects of the thermal buoyancy and the positive rotation
are found in Figure 7. The buoyancy attempts to make the
flow unstable, whereas the positive rotation acts as a stabi-
lizing agent. As a result of this competition, the flow which
is naturally stable at the low Re becomes unstable with
increasing buoyancy force. Conversely, the negative value
of rotation fortifies the influence of buoyancy. This Figure
shows that applying positive rotation can be considered
an effective procedure for a drag reduction. Skin friction
coefficient distribution over the surface of the cylinder is
displayed in Figure8. In the event of the flow separation
behind the cylinder, the skin friction decreases owing to
having less surface area in contact with the fluid. In con-
trast, when the separation bubble is suppressed, the contact
area with the fluid increases which gives rise to augmenta-
tion of the skin friction.

Employing Taguchi method helps us understand the
importance of each variable for maximizing the Nu. This
method treats variation as a factor of signal to noise ratio
(SNR). Taguchi quality engineering method is utilized so as
to study the influence of different parameters on heat trans-
fer [22], more details can be found in Ref.[23] . In the pres-
ent investigation important parameters, including the Re,

Ri, and (), are considered. The larger the SNR is aimed, the
more robust the outcome is against noise. Figure 9 shows
controllable factors, indicating that the Re is more import-
ant than others in order to maximize Nu. The Nu and St are
considered to be maximized (Large-Better) and minimized
(Smaller-Better) [19]. By using the analysis of variance
(ANOVA), the optimum combinations of the input param-
eters are more accurately determined, thereby providing the
percent contribution of the input parameters on the sensi-
tivity. The results of ANOVA analysis, R_Squared= 96.52 %
confidence level, are presented in Table 5. From Figure 10
and Figurell, it can be found that higher amount of Nu is
achievable as long as the rotation of cylinder is maintained
at the positive low values. For example, when 30<Re<40,
| Q| should be less than 1 to experience higher Nu. It is
interesting to see that the contours become asymmetric as
Ri increases. Figurel0 depicts that the effect of Re on Nu is
more than Q, substantiating Figure8. It is obvious that the
difference between maximum and minimum values of the
local Nu decreases with the increase in Re, regardless the
direction and value of rotation. For the higher values of Re,
this difference tends to vanish and local Nu number dis-
tribution on cylinder circumference inclines to be straight
line.

0.5/
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0 60 120 180
6

Ly MY o MV AT T RV
240 300 36 0 60 120 180 240 300 360 0 60
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120 180 240 300

0 6

vy
Ry

N IR B
120 180
]
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120 180 240 300 360

0 6

(b)

Figure 8. Skin friction coefficient distribution over the surface of the cylinder for different rotational speeds: (a) Re=20

(b) Re=40.
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Main Effects Plot for SN ratios
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Figure 9. Signal-to-noise ratios for Nu.
Table 5. Analysis of Variance for the Nu number
Source DF Sum of square Mean of square F-Value P-Value
Re 1 2.8322 2.8322 300.62 0
Ri 2 0.03548 0.01774 1.88 0.194
Rot. 2 0.27218 0.13609 14.44 0.001
Error 12 0.11306 0.00942
Total 17 3.25291
2
nu 1 nu
< 24 | e
W24 - 28 | W25 - 26
M6 - 28 | M 26 - 27
0 H:zs - 30/ i Wz7 - 28
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Figure 10. The contour of the Nu as a function of Re and Q.
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Figure 11. The contour of the Nu as a function of Ri and Q.
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The distribution of the local Nu around the heated cyl-
inder is also computed for Re of 20 and 40 in Figs. 12 and
13, respectively. The results suggest that in the stationary
cylinder (Q=0), the maximum local Nu is located at the
stagnation point (6=180°). With an increase in Ri, the max-
imum local Nu is slightly pulled up, and the angle becomes
smaller. It bears noting that the local Nu in the stationary
cylinder increases significantly in the upper half of the cyl-
inder (0<0< 180) compared to its lower half (180<6< 360).
This is because the interaction of the thermal buoyancy
flow and fluid flow can increase the thickness of the ther-
mal layer in the lower half and thus a decrease in the local
Nu. Looking at the backside of a cylinder, we find that as Ri
increases, so does the local Nu. This is mainly down to the
fact that the superimposed thermal buoyancy force leads
to an increase in the adhesion boundary layer on the cyl-
inder surface, which increases the local Nu. It is also worth
noting that the rotation of the cylinder causes a change in
the distribution of the local Nu. The extreme points of the
local Nu depend on the rotational direction of the cylinder.
When the rotational direction is positive, the maximum

local Nu shifts down to 6=225°, and the minimum local Nu
shifts up to 6=100°. When the rotational direction is neg-
ative, the maximum local Nu shifts up to 6=140°, and the
minimum local Nu shifts down to 6=270°. This is because
in a rotating cylinder, the fluid particles always move in
opposite directions in the upper and lower parts due to the
shear stress on the cylinder surface when the flow is free.
In rotational directions, the particle motions on the top of
the cylinder are opposite to the fluid flow, while the particle
motions on the bottom coincide with the fluid flow. This
increases the boundary layer thickness on the top side and,
consequently, a decrease in the local Nu (vortices formed
on top of the cylinder). Also, in the lower half of the cylin-
der, the thickness of the boundary layer on the bottom side
decreases, and consequently, the local Nu increases.

St for Re of 20 and 40 and different Ri and rotational
speeds are presented in Table 6. As can be seen, St increases
with an increase in Ri. In fact, the superimposed thermal
buoyancy force causes an unstable fluid flow regime and
induces VS over the cylinder. The rotational direction can
also have a significant effect on VS and St. Using Taguchi

90'

Q=+2 U
180" 0
—

270"

Nu

Figure 13. Distribution of the local Nu along the cylinder in different Ri and rotational speeds at Re=40 and Pr=0.7.



J Ther Eng, Vol. 9, No. 4, pp. 998-1014, July, 2023

1007

Table 6. A comparison of St for Re=20 and Re=40 at differ-
ent rotational speeds, Ri, and Pr=0.7

as a powerful tool for performance optimization, and con-
sidering the lowest St can result in Signal-to-noise ratios
for St (Figurel4). This Figure shows SNR criterion for
controllable factors, indicating that the rotation of cylin-
der is of paramount to stabilize the flow patterns, thereby
making the effect of other parameters to be less visible. It
is worth mentioning that Chatterjee and Sinha [24] found
that St is influenced by two competing physical phenom-
enon, one is the heating that gives rise to the boundary
layer along the cylinder surface to be accelerated resulting
in a subsequent enhancement of the shedding frequency,
and the other is the rotation that acts as a stabilizing agent
resulting in the decrease of shedding frequency. This
study substantiates their findings, and shows that rotation
is deciding factor.

At Re=20, a negative rotational direction decreases St
compared with the stationary cylinder; and a positive rota-
tional speed increases it. But at Re=40, the rotation of the
cylinder in either direction results in a decrease in St. The
time history of the average Nu and lift coefficients is shown
in Figure 15 for a full period. As shown, the variations of
the lift coefficient and the average Nu are negligible, so the
use of the average value is appropriate.

Contour plots of x-velocity are shown in Figures 16 and
17 for Re of 20 and 40, respectively. For cases with the VS

Main Effects Plot for SN ratios
Data Means

Q Ri

Re Q Ri Regime St
20 -2 0 Steady 0
1 Steady 0
2 Transient 0.051
0 0 Steady 0
1 Steady 0
2 Transient 0.055
2 0 Steady 0
1 Steady 0
2 Transient 0.63
40 -2 0 Steady 0
1 Steady 0
2 Steady 0
0 0 Steady 0
1 Transient 0.121
2 Transient 0.131
2 0 Steady 0
1 Steady 0
2 Transient 0.093
Re
8
®
)
=
L1
L=
=
i
=

1

Signai-to-noise: Smaller [s better

Figure 14. Signal-to-noise ratios for St.



1008

J Ther Eng, Vol. 9, No. 4, pp. 998-1014, July, 2023

anE = 2415
.
241
=20 Mu
= L ADE
2951
’ 124
-
J I Iz
", =1 2295
S b 4
e "\ ; {230
Rl o 2088
LIS L. L i T B e _'[_.:...“t
teh 07 e ] 1) Tl 72
Thoe iw)
<H.5 . 1
Gl e
M | 243
Al s
] - 14
y \ ’ - .98
o L i % X |
i 9.5 % / -..-' 20 I'D‘E.
Az
<231
=il = .
< LIN
-jaak -1 3.26
Il L L
] T 5o 3 e L]
Thme (8)
150 N (L]
G
[0 8 Ma (20
1.5 =| 3.0FES
-
L |=
L5} . o 2.0 -
14T - 3.0E5
LA = 0%
__r L L ! -
(7] (T I‘I;'E ull'i 1 S

Time (5)

1,68 11622
G
1682 Nu
BERES
164 -
g -
e ; 2818
f
-1.6HE -
= LIKIG
lj ﬂ i i i i B i i
N T T R T T T TR T
Timae iy
23 1
2k (f=0 mi=2 Cy
LT
2l
2ask i
o ¢ , i -
~ a8k 7 \ 43 e
28| k
/ \ N 4 431
26F X
=284 = =1
T | L ! g
&H.6 GH.E 6 &I ohd oG 6o
Tlme (s)
3,084
i i
b Mu
=13
asml L83
o A =
“Lgmnn |- \ / -
5 | ’ o 308z
T
Il Il
-HANY T _“ -I-*J T R
Time (s}

Figure 15. The variation of the lift coefficients and average Nu for one period at (a) Re=20 and (b) Re=40 in transient cases

and Pr=0.7.

phenomenon, VS is shown on the corresponding contour.
The rotation of the cylinder at constant Ri also leads to a
disruption of the symmetry of the air velocity contours. At
positive rotational speeds, the shear stress caused by the
rotation of the cylinder drives the motion of the air below
the cylinder faster, and the friction slows down the fluid
motion on the top of the cylinder.

Physically, as the rotational speed increases, a greater
volume of fluid rotates with the cylinder regardless of the

direction of rotation. Therefore, the pressure distribution
will create a force. Also, the heating increases the velocity
in the wake region, causing the shear layer and the roll-up
process. When Ri increases, the consequence of thermal
buoyancy becomes more prominent, and the fluid cer-
tainly flows upward in the wake region of the cylinder.
Accordingly, the incoming air below the cylinder accelerates
as the principle of mass conservation is satisfied. As a result,
the mass flow below the cylinder becomes larger than that
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Figure 16. Velocity contour for different rotational speeds and Ri at Pr=0.7 and Re=20.

above the cylinder, and the resulting flow structure tends to
become asymmetric. This translates into experiencing the
negative lift coefficient. Also at negative rotational speeds,
the velocity at the top of the cylinder is greater than that at
the bottom. Consequently, the pressure and lift coefficients
are positive from the bottom to the top of the cylinder (the
lift coefficient is positive).

The isotherm contour plots are shown in Figs. 18 and
19 for Re of 20 and 40, respectively. The thermal bound-
ary layer is symmetrical in the stationary cylinder for
Re of 20 and 40. The thickness of the thermal boundary
layer increases with an increase in Ri, and consequently,
the average Nu decreases. When the cylinder rotates, the

distribution of thermal boundary layer thickness becomes
asymmetric, and the local Nu floats around the cylinder.
The boundary layer is thinner at positive rotational speed
than at negative rotational speed due to the interaction
between gravity and rotational direction, so the heat trans-
fer in the positive rotational direction is higher than in the
negative one. It is clear that buoyancy is partly responsible
for the asymmetry of the isothermal contours, and a com-
bination of rotation and buoyancy leads to the formation of
the region where there is a high temperature adjacent to the
cylinder. The inclusion of the buoyancy force in the station-
ary cylinder leads to a partial enlargement of the boundary
layer and vortex shedding.
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Figure 17. Velocity contour for different rotational speeds and Ri at Pr=0.7 and Re=40.
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CONCLUSIONS

For the numerical simulation, a laminar incompressible
flow of a Newtonian fluid with constant thermophysical
properties is assumed together with the Boussinesq approx-
imation. The flow field and heat transfer near the rotating
cylinder are numerically simulated under the influence of
VS. The main starting point of this study is to understand
the interaction between buoyancy and rotation. The main
results of this study can be outlined as follows:

1) At positive rotational speed, an increase in Ri leads to
an increase in the lift coefficient, and at negative rotational
speed, an increase in Ri is responsible for the decrease in
the lift coefficient.

2) The drag coefficient decreases with an increase in Ri
except at a rotational speed of 0. Also, for heated cylinders,
rotation of the cylinder in the positive direction decreases
the average drag coefficient.

3) Rotation of the cylinder in the positive direction has
a higher average Nu in each Ri in relation to the negative
direction.

4) VS and the Strouhal number can be significantly
affected by the direction of rotation.

The results attained by the Taguchi method realized
that the efficiency of Reynolds number parameter on the
Nusselt number and the rotation of cylinder on Strouhal
number are too much in comparison with other metrics,
and so other parameters are of little consequence.

NOMENCLATURE

@)
>}

Drag Coefficient

Lift Coefficient

Cylinder diameter, m

Acceleration, m/s?

Local heat transfer coefficient, W/m*K
thermal conductivity of fluid, W/m.K
Eddy length, m

~ X 0] Up

“

L., Non-dimensional eddy length

Nu  Average Nusselt number over the cylinder surface
p Pressure, N/m?

Pr Prandtl number

Re  Reynolds number

Ri Richardson number

St Strouhal number

t Time, t

T Temperature, K

u,v  dimensionaless velocity components in x and y
directions, m/s

U,  Freestream Velocity, m/s

x,y  dimensionless coordinates, m

Greek symbols

o Thermal diffusivity of a fluid, m?/s

B Thermal expansion coefficient, 1/K

U Viscosity of a fluid, N.s/m?

p Density of a fluid,kg/m?

C) Non-dimensional temperature

% Kinematic viscosity of the fluid, m?/s

0 Angular location on the cylinder surface from the
leading point,°

6.,  Separation angle,’

w Rotation Speed,rev/s

0 Non-dimensional rotation Speed

Subscript

o0 Free stream condition

w Wall
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