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ABSTRACT: This study numerically investigates the effects of different arrangements of three rotating
cylinders inside a tall rectangular enclosure on the flow pattern and enhancement of natural convection
heat transfer. The two-dimensional, steady, single-phase flow and energy equations were solved using
the finite volume method. The impact of parameters such as cylinder configurations (1 to 5), angular
velocities (from -5 to +5), and relative rotation directions on the flow pattern, power required to rotate
the cylinders, and heat transfer rate enhancement inside the enclosure was evaluated. Results were
compared with a cylinder-free enclosure under various conditions. The presence of three cylinders,
whether stationary or rotating, altered the natural convection flow pattern by splitting the primary
vortex into multiple vortices of varying sizes. Counterclockwise rotation of the cylinders resulted in
a greater increase in the Nusselt number compared to clockwise rotation. The greatest Nusselt number
enhancement, about 47.6%, occurred in Case 1 at an angular velocity of -5 when all cylinders rotated
synchronously. Additionally, independent rotation of cylinders with angular velocities o=+5, ®=+5, and
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o=-5 in Case 1, increased the average Nusselt number by approximately 66%.

Angular Velocity

1- Introduction

Natural convection within enclosures plays a critical
role in numerous engineering systems, ranging from heat
exchangers and power generation facilities to solar thermal
collectors and building ventilation. Tall enclosures are
particularly noteworthy for their ability to sustain strong
convective flows [1]. To improve the thermal performance
of such systems, a variety of active and passive enhancement
strategies have been developed. The placement of a cylinder
inside the enclosure represents one such effective passive
technique. Alsabery et al. [2] conducted a numerical study on
the effects of a rotating cylinder on entropy generation and
heat transfer within an enclosure featuring corrugated walls.
Their results demonstrate that, at low Rayleigh numbers,
the Nusselt number is enhanced by increasing the cylinder
rotation velocity and the nanofluid volume fraction. Farahani
et al. [3] numerically investigated the effects of the radius,
horizontal position, and vertical position of a rotating and
oscillating cylinder on heat transfer enhancement within
a tall enclosure. Their results indicate that these geometric
parameters influence the thermal performance ofthe enclosure.
Furthermore, they reported that the average Nusselt number
increases by approximately 12.5% with increasing rotational
velocity. While previous studies have focused on the effect
of one or two rotating cylinders on natural convection,
the combined influence of three rotating cylinders in tall
rectangular enclosures has not been thoroughly investigated.
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This study addresses this gap by numerically examining the
effects of three rotating cylinders on flow patterns and heat
transfer enhancement. The effects of cylinder arrangement,
angular velocity, and rotational direction are systematically
analyzed.

2- Geometry

The computational domain and the associated two-
dimensional geometry are shown in Fig. 1, covering both the
baseline configuration (an enclosure without any cylinders)
and the configurations featuring three cylinders of uniform
diameter (D) positioned in various arrangements. The
corresponding geometric dimensions and the properties of air
are given in Table 1. The fluid is assumed to have constant
thermophysical properties, with the exception of density,
which is computed using the Boussinesq approximation to
account for buoyancy effects. The cylinders are assigned
a constant angular velocity (w) and rotate in either the
clockwise or counterclockwise direction.

3- Governing Equations

The governing equations for the flow and heat transfer
are stated below for steady, two-dimensional flow, with
local turbulence due to cylinder rotation modeled using
k-¢ turbulence model [4]. Notably, this study employs the
SIMPLE algorithm in Fluent software. Divergence, gradient,
and laplacian terms in Egs. (1)- (3) are discretized separately
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Fig. 1. Schematic representation of the computational
geometry.

Table 1. Geometric dimensions and thermophysical
properties [3].

Parameter Value (unit)
Length (H) 0.4 (m)

Width (L) 0.05 (m)
Diameter (D) 0.015 (m)
Thermal conductivity (K) 0.0242 (W/m.K)

Specific heat capacity (C,)
Dynamic viscosity (u)

1006.43 (j/kg.K)
1.789¢-5 (kg/m.s)

by using proper discretization schemes.
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Fig. 2. Ratio of average Nusselt number for various cas-
es for different rotational velocity (Ra=5x10%).
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Fig. 3. Power required to rotate the cylinders for vari-
ous cases for different rotational velocity (Ra=5x10%).
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4- Results and Discussion

This study evaluates heat transfer enhancement in an
enclosure containing three rotating cylinders. The ratio of
average Nusselt number (Nu, /Nu, ) is presented in Fig. 2 for
various configurations and rotational speeds at Ra=5x10°. The
presence of stationary cylinders increases the Nusselt number
by 5.6% (Case 2) and 10.2% (Case 3). Rotation further
enhances heat transfer, with Case 5 showing improvements of
8.3% and 33.4% at angular speeds of +5 and —5, respectively.
Counterclockwise rotation generally yields higher Nu /Nu
ratios in most configurations. The maximum enhancement
(47.6%) occurs for Case 1 at —5 rad/s.

Fig. 3 shows the power required to rotate the cylinders as a
function of rotational velocity for various cases at Ra=5x10°.
The cylinder arrangement affects power consumption by
modifying the flow pattern. Changing from Case 5 to 2 reduces
power by 95.2% at +5 rad/s. The lowest power consumption
occurs for Cases 2 and 1 at +2.5 rad/s. Clockwise rotation
requires less power than counterclockwise rotation.

0
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5- Conclusions

This study numerically examines the effects of three
rotating cylinders on natural convection heat transfer in a
rectangular enclosure. The influence of cylinder arrangement,
rotational velocity, and direction is analyzed. Results show
that the presence of cylinders enhances heat transfer, with
configurations near the hot wall yielding higher velocities.
Case 5 requires the most power at +5 rad/s, while Cases 2 and
1 require the least at +2.5 rad/s. Counterclockwise rotation
yields higher ratio of average Nusselt number. The maximum
heat transfer enhancement (47.6%) occurs for Case 1 at
—5 rad/s. Varying individual cylinder rotations in Case 1
significantly alters flow pattern, power required, and Nusselt
number.
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Table 1. Geometric dimensions and thermophysical
properties [18-19].
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Fig. 1. Schematic representation of the computational geometry.
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Fig. 6. Contours of velocity magnitude and streamlines for various cases (Ra=5x105, ®=-5).
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Fig. 7. Temperature distribution for various cases (Ra=5x10°, ®=-5).
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Fig. 9. Power required to rotate the cylinders for various cases for different rotational velocity (Ra=5x10%).
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Fig. 11. Contours of velocity magnitude and streamlines for Case 1 for different rotations of each cylinder
(Ra=5x105, |o|=5).
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Fig. 12. Contours of temperature for Case 1 for different rotations of each cylinder (Ra=5x105, |®|=5).
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Fig. 13. Ratio of average Nusselt number for Case 1 for different rotations of each cylinder (Ra=5x10%, |®|=5).
*) Gl ol Sl dilgiol a8” ola guis, S

O, 9O= 0,= O, =+ lugly oo largly ce po b3 Sielo 4 S pre b4 (0,=

Capud HlMe (35168 5 il SHI b izmen 5 0,F 0,70
@, =+ @ =0 slasly coy b bailginl sy 4 Nu /Nu,
& cal S5 @ pY B e o O, TH @, FH0 @ =0 5 0,70
Sl Cope mig b @l By sl jpas w)p johie &
ol [asuin gl ool p Cusl odd duslie dilginl ol (g0 S
QP el oS & e dhie (9)3 (B2 ladlgial jgae oS
G @295 D9 o0 0nlio & oS lan 23S o dlaiee (493 Cu puo
il en ' ol Co s p 2595 & A celains (glao)lg> S35
YU dilgiwl id s glil a0 ) (00,8 0 &S ol () sl gols
L duglio )3 ) 0)lpd S sy e @, F-0 (glagly cpo b
S )Se 53 4 &S Sl ily izmen b e il 3] Wlgial (g b
Wi e @ T4 laygly Copo b Vb ailgial i3 il )

A S0P sy Co Coolus Lol ddl jialS o)lg o5 > Cas pu

1. Wall jet

youv

sy plo 4 Cons bailgil (id 2 clp p5Y oly lgiel S
ailgrwl 48" s (5 V 000, jl ealatwl iges laie a4yl o yieS
2 S0 0,70 9 O+ @ T+ (lagly Coyu b iy @
0, @ =0 glgly coyw b cudy 4 baaslginl a5 b b anolio
LS e FAY L 390 1 (g5 ialS 4 el o 0 0,740
aaiss y9)0 Cyls &S] dgups 45T 35S pl Bus b dagi b Jls oyl
Lcwy @ balgwl & db o) a0, bl e sy et
Oloe 4 Wl o S 2 0 0,70 9 0,0 @ TH0 laygly Cao
23)5 el Ol JEsl dgue s 5l dige s S
Slgial Gid a5 sl op Lly Sl o solaie 4
Sl Y= YO M ghaie )3 e Jedgy diolys (So35 55 oy 4
S yp s iy o 9 85 ) (st Sy 3 Giishe s s
ol o3l Hlis VO S5 55 dxV+® LTy dde > wad e §) dlginl dw

3,Se bl dilgiwl jid o 4 basye Slad Glsal a57 b e .l



VOVY b 100 domio AP+ ¥ Jlo VY yleds DY 093 pusS pual SilSlo pwtizen

7.95 8.13

P (uW)

w=-5 o=-5 =5 col=+5 o)l=-5 0)1=+5 (ol=+5 w1=+5 o)1=+5 ® =-5

0=5 o=5 o=t5 =5 o=t5 o=5 o=t5 o=t5 0=0 o0=0

®.=-5 w3=+5 co3=-5 m3=-5 oa3=+5 c03=+5 0)3=-5 033=+5 033=-5 0)3=+5

Case 1
{(Ra=5x105, [0]=5) wlgiw! p Cglilio Wi s o3l &Y g,y 6l B o Ldilgiw] Wid o gl o5Y olei N JSS

Fig. 14. Power required to rotate the cylinders for Case 1 for different rotations of each cylinder (Ra=5x105, |®o[=5).
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Fig. 15. Velocity profiles for Case 1 at y=0.25 m for different rotations of each cylinder (Ra=5x105, |®o|=5).
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