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Baffles

Within a Cylindrical Vessel
Containing Isothermal Cylinders
Equipped With Flexible Radial

This study investigates the heat exchange within hot and cold cylinders in a cylindrical vessel
featuring a rotating frame equipped with flexible baffles. The research examines the impact
of cylinder size, proximity to the center, Rayleigh number, and rotational speed (w*).
Flexible baffles are installed along the vessel walls to enhance mixing. The study employs the

FE Method of rotating meshes to discretize and solve time-dependent equations. Findings
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reveal that using flexible baffles at a rotational speed of w* = 50 leads to a 5.64% increase in
the Nusselt number and a 56.9% decrease in the skin friction. Additionally, the research
indicates thatleadncrease in both the rotational speed and the Rayleigh number leads to a
corresponding increase in the Nusselt number. Specifically, the Nusselt number surges by
82.9% and 10.2% for Ra = 10° and 10°, respectively, when w* is raised from the rest to 200.
Moreover, with a reduction in cylinder size to 0.01 radius, the Nu number boosts by 375.5%
for Ra=10° and 203.3% for Ra= 10°, respectively. Moreover, the performance coefficient
for flexible baffles, compared to rigid baffles, peaked at 92.48% at a rotation speed of 100
and Ra=10°. [DOI: 10.1115/1.4068791]

Keywords: mixing mechanism, rotating frame, cylinders, rotational mesh, FSI

1 Introduction

Rotating frames, or cylinders of various shapes, possess vital
significance in numerous industrial applications such as electronic
cooling systems, nuclear and chemical reactors, and heat exchangers
[1-3]. Circulating heat transfer fluid between bundles of cylinders is
the significant demand for improving heat transfer in nuclear
reactors [1]. The influence of rotating cylinders on heat transfer has
been extensively explored in several studies. Ghaddar and Thiele [4]
analyzed two-dimensional convectional heat transfer from a rotating
cylinder in the center of an isothermal rectangular enclosure, noting
improved heat transfer with rotation. They observed that under low
Rayleigh number to rotational Reynolds number ratios, the
maximum cylinder surface temperature could drop by 25-35%
compared to stationary cylinders.

Experimental and numerical studies conducted by Kimura et al. [5]
focused on the combined convection in a cavity using a centrally
rotating plate. Paramane and Sharma [6] suggested that rotating a
heated circular cylinder could effectively suppress heat transfer based
on their two-dimensional numerical analysis of forced convection.
Costa and Raimundo [7] found that rotating cylinders within
enclosures significantly affect thermal performance, with the
cylinder’s thermophysical properties dictating the heat transfer
dynamics.
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Other studies have shown that placing a rotating cylinder within a
cavity could control heat transfer rates [8]. Liao and Lin [9] used
numerical methods to demonstrate that cylinder rotation could
diminish heat transfer. Chatterjee et al. [10] focused on moving wall
cavities involving an adiabatic cylinder rotates within a nanofluid,
underscoring the pivotal role of rotational speed in heat transfer
efficiency. Atanasova et al. [11] investigated the fluid dynamics
issues related to the process of accelerating from a stationary state
(spin-up) and decelerating to a stationary state (spin-down). The
reported results can be used to devise a tailored rotation pattern for
the bioreactor to enhance the mixing performance during the cell
expansion phase. Mokhefi [12] conducted a numerical analysis of
the hydrodynamic characteristics of a Bingham fluid, which was
used as a food ingredient in a mechanically agitated tank with an
angled anchor. The study investigated both isothermal and non-
isothermal conditions. It was discovered that using an angled anchor
arrangement improves the axial flow in the agitated tank compared
to typical setups while retaining the dominance of tangential flow.
Yinetal. [13] focused on investigating the mixing process of hot and
cold fluids in T-junctions, which is crucial for assuring the safe
operation of T-junction pipe systems. An impeller is introduced into
T-junction ducts, and experiments are performed utilizing particle
image velocimetry without considering the temperature disparity
between the two fluids. Blade tip vortex shedding was detected in the
bottom section of the impeller. The jet flow pattern changed at high
momentum ratios as the impeller rotated at various angles.

Considering industrial applications, several studies have explored
the effects of rotating frames and fixed baffles. Karcz and Major [14]
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investigated how baffle length influences power consumption in
vessels with short baffles, noting a significant relationship between
baffle length and the turbulence of fluid flow, which in turn affects
the power number. Similarly, Promvonge et al. [15] investigated the
thermal-fluid fields in a channel with 45 deg tilted baffles on one
wall, observing better performance than 90 deg baffles at various
Reynolds numbers and baffle heights. Sriromreun et al. [16]
compared the thermal performance in a rectangular channel with
Z-baffles to one without baffles, both numerically and experimen-
tally, highlighting enhanced heat transfer and friction with baffies.
Xiaetal. [17] investigated the flow interferences that arise in a twin-
impeller stirring tank. These interferences occur among the paddles,
the paddles-baffles, and the tank as the wall. These interferences
destruct the utilization of the energy of stirring. The main goal of
their study was to improve the efficiency and uniformity of mixing in
tanks that combine solid and fluid substances while also reducing
energy consumption and cost. The findings provide valuable
information that can be applied to constructing comparable mixing
tanks.

Due to its broad utility, the fluid—structure interaction (FSI)
approach has increasingly become a focal point across various
engineering fields, such as mechanical, aerospace, and biomedical
engineering [18]. This methodology is applied in numerous
scenarios, such as fluid flow through elastic pipes, operation of
diaphragm pumps, piston movements in elastic chambers, function-
ality of diaphragm sensors, and the dynamics of blood flow in
vessels [19]. Several studies have highlighted this method’s
versatility. Shi and Khodadadi [20] investigated the effects of a
reciprocating fin protruding from a vertical wall of an enclosure,
manifesting a moving wall. Meanwhile, Gomes and Lienhart [21]
analyzed the FSI in turbulent and laminar flows affected by
oscillating flexible assemblies. Ku [22] was awarded a patent for an
innovative, flexible heat sink design. Further research by Soti et al.
[23] demonstrated that the flow-induced deformation of a flexible
oscillator could enhance heat transfer. Chamkha et al. [24] explored
how an excited flexible fin affects heat transfer in an enclosed space
and found that a horizontal excited fin does not markedly improve
convection. Saleh et al. [25] investigated the impact of double-
excited flexible fins on the transient convective heat transfer within
partially porous layers confined by a square enclosure. Mahmood
et al. [26] studied the phenomenon of pulsing heat transfer in a
horizontal channel heated from its two horizontal walls and
equipped with a flexible modulator. They found that the modulator
tip’s frequency coincides with the flow’s pulsating frequency.
Furthermore, the flexible modulator enhances heat transmission by
enhancing flow mixing. Roy et al. [27] investigated the thermal
efficiency of a power-law fluid in a moving wall enclosure with
discrete heating. Their numerical result predicted the optimal heat
transfer medium for a specific design, minimizing extra costs
associated with conducting experiments. The study demonstrated a
positive correlation between the index of the power-law and Nu in
forced and mixed convection. Mahmood et al. [28] studied the
combined convection features caused by fluid—structure interaction
(FSI) in a square enclosure consisting of a power-law fluid. This
study demonstrates that incorporating a flexible fin improves heat
transmission exclusively at elevated Richardson numbers. There-
fore, their system, which included non-Newtonian fluids and fin
attachments, is primarily suited for situations where natural
convection is the dominant factor.

Moreover, entropy generation, a key measure of thermal system
performance, was also studied. Reasons for entropy production in
applied thermal engineering are extensively discussed in various
works [29-33] covering enclosures involving a still or rotating
objects.

The review of existing studies highlights plenty of researches on
natural convection heat transfer in several geometrical configu-
rations and with different internal obstacles. However, the rotational
dynamics of noncircular shapes have not been extensively explored.
Such oversight is primarily due to the complexities in modeling the
rotation of asymmetric objects, which often require advanced
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techniques like moving or deformed mesh methods or a combination
of fixed-rotating frame strategies.

Our latest research [34] introduced an innovative technique to
address the simulation of a rotating frame inside a circular enclosure
encompassing a bundle of hot and cold cylinders. This study
investigates the use of flexible baffles acting as a guide to the
circulated fluid within a cylindrical enclosure involving hot and cold
cylinders. This study, therefore, stands out by using the same fixed-
rotating frame strategy and the FSI technique to simulate the
conjugate heat transfer and mixed convection processes. Along with
the Nusselt number, the skin friction is implemented to evaluate the
role of the flexible baffles in enhancing heat transfer. The modeling
and specific geometry used in this study are highly applicable to
optimizing systems in various industrial sectors, including chemical
plants, biological reactors, and nuclear reactor heat exchangers.

2 Mathematical Formulation

Figure 1 illustrates the setup of this study, which includes a vessel
with a radius (R) and a conductive frame. The frame’s dimensions
are defined asa x b where a =R and b =0.12R, and R is the radius of
the circular enclosure. The heat capacity and thermal conductivity
ratios between the frame and the fluid are R, and R1,,, respectively.
Positioned centrally, the rectangular frame rotates counterclockwise
at a speed (w). Along the vessel’s periphery, cylinder bundles are
placed, through which hot fluid flows, maintaining a constant
surface temperature (7},) on the cylinders. The vessel’s outer surface
is insulated to prevent heat loss. In this configuration, the cylinder
angles are static, with four hot cylinders located in the lower half at
angles of 202.5 deg, 247.5 deg, 292.5 deg, and 337.5 deg.

Conversely, in the upper half, four cold cylinders were located at
angles of 22.5deg, 67.5deg, 112.5deg, and 157.5deg, with an
interval of 45 deg between consecutive cylinders. Cold fluid flows
through these cylinders, keeping their surface temperature constant
at (T.). Water fills the vessel with a Prandtl number of Pr=6.90.
Eight flexible baffles were uniformly distributed along the surface of
the cylinder. Each flexible baffle was positioned between two
adjacent cylinders, with an angular separation of 22.5 deg from the
center of each cylinder and 45 deg between consecutive baffles. The
length and width of each baffle were denoted by (ag. =0.12R) and
(bg. =0.002 R), respectively. The ratio of thermal conductivities
between the solid material (flexible baffles) and the fluid is
represented by the dimensionless parameter k,, which was
calculated to be 13. The no-slip boundary condition is applied to
all walls, including the flexible baffles’ walls. Considering
horizontal assembly, the variations along the z-axis are ignored;
hence, the problem can be solved in a two-dimensional x—y plane.
The Boussinesq approximation is utilized, relating density to
temperature and incorporating the body force accordingly.

Flexible Baffle

5 a
. ! Rotating
Fixed i Frame /
Frame:

Fixed-Rotating
Interface

Fig.1 Diagram and coordinate system of the analyzed scenario
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By limiting the rotation speed of the frame to low values, laminar
flow can be safely assumed. Moreover, the assumptions of
incompressible fluid (water); constant fluid properties (except
density); no heat dissipation, and a long horizontal cylindrical
vessel led to no variation in the z-direction; making it a 2D problem.
These assumptions simplify the numerical solution while maintain-
ing the required accuracy. Hence, fundamental conservation
equations can describe velocity and temperature fields in a rotating
frame for an unsteady-state [35-38].

V.W =0 M
paa—‘; +pV.(Weo @ V) + pl@ x V) + Vp = V.(uV V) + F,
2)
%T + pC,V.(W,, T) = V.(kV T) 3)
(0Cp), B = V(LY T) @

where F;, = pogf(T — T.)j and w represent the angular velocity of
the frame. Additionally, the absolute velocity V is defined as V =
W + @ x r in which W indicates the relative velocity, and @ X r
denotes the velocity due to the rotating frame. Moreover,
(Weo = W — Wy), Wy is the velocity of the moving coordinates.

For flexible baffle

The equation for momentum, which governs the nonlinear
displacement of the flexible baffle, is expressed as follows:

0%dy
Pngp — Vo= Fup ®)
The energy equation of the baffle
oT
— =z VT 6
ot & ©)

where F, ) represents the body force exerted on the baffles given by
Fp(m = pp gy- Here, dp indicates the displacement vector, o the
stress tensor, and oy the flexible baffles’ thermal diffusivity.

The elastic displacement of the baffle, caused by the forces
exerted by the fluid and pressure, can be described using the
Kirchhoff stress tensor, as outlined in Ref. [39]

m=Jo @)

o= J'FZFT 8)
where F = (1+ Vdy),J = det(F), Jis Jacobin determent,t is
extra stress tensor, Z signifies the second Piola—Kirchhoff stress
tensor which correlates with the strain ¢y by Z = C : (¢) where
&1 =3 (Vdy + Vdy" + Vdy"Vdg)where C = C(E,¥), C repre-
sents the elasticity tensor, ¢ denotes the strain rate, £ shows the
elastic modulus, ¥ indicates the Poisson ratio, and “:” signifying the
double—dot tensor product.
The following dimensionless parameters are introduced:

\Y . (e,r) T-T. wD?
Vi=—, (e"r") = , 0= , 0" = ,
o &) ="5 T
VD WD W, D toy
V*——,W**—,W*m: co ’*_( 2]‘)’
OCf Otf O(f D
gBDL(T =T) . (P+ Pogy) v ©)
Ra Tor = ,Pr=—,
& (o (2/D)*) i
., o . ED?
o =—, =
E Py
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The collection of conservation equations has been reformulated as

indicated in [40]

V W*=0 (10)
av* * * * * * %k % 2x7% %
WJFV (Wi @ V) + (0" x V*) + V*p* = PrV*°V* +F;

(11)
a0
S+ W VO = V"0 (12)
or*
C
(pCp), 00 _ (]i) V20 (13)
(pCp); Or* Ky

where @ represents the solid frame’s angular velocity and
F, = jRa x Pr0.

The ratios Ry and R;, account for the ratios of thermal
conductivity of the rotating frame to that of the fluid, and the heat
capacity of the frame to that of the fluid, respectively, and they are

expressed as
C
R = and g, = L)s (14)
(pCl’)f
For flexible baffles
1 dzdﬂ* e * A NC
; e —E"Vo =EF,q (15)
00
5 = %, V20 (16)

where p, = % and o, = i—;‘ are the ratios of the density and thermal

diffusivity of the fluid to that of the flexible baffles, respectively.
Temperature boundary conditions for the vessel, expressed in
dimensionless form, can be expressed as

0 = 1, For the four heated cylinders in the lower part of the vessel
(17a)

0 = 0, For the four cold cylinders in the topper part of the vessel

(17b)
00 .
o 0, For the insulated outer surface of the vessel (17¢)
n
0s = 0r, The boundary conditions at the outer edge of the (17d)
rotating frame
00 00
—) = — 17
<an),» (&), o
8dﬂ

W*, E*c.n = —p* +PrV W*,

or P a7f)
For nonslip boundary conditions on the baffles

00 00,

c‘)_nf =k, 5)f ! The The interface between flexible baffles and fluid

(17g)

where &, = ]; is the thermal conductivity ratio between flexible

baffles and fluid.
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To identify whether convection or conduction is the predominant,
the Nusselt number at the hot cylinders is employed. Moreover, the
skin friction Cy, along the vessel wall is used to evaluate the overall

performance
1 2nr a0
1 27 W
.= — — 1
Cr 27r L ( on )dS (185)

In assessing the feasibility of the heat transfer process for this
specific problem, it’s crucial to compute a performance criterion.
This criterion is determined by taking the ratio of the Nusselt number
with flexible baffles to that without baffles and then dividing this
result by the ratio of the skin friction coefficient with flexible baffles
to that without baffles. This measure offers a dependable gauge of
system efficiency and facilitates accurate comparisons

_ Nubaf / Nug

Pf =
Cfrbaf / Cfro

(18¢)

where the subscript “0” denotes without baffles and baf denote fixed
or flexible baffles.

Another dimensionless number, represented by the power
consumption (Ne) is presented in the following equation:

Po
Ne =———— 19
¢ WP p (19a)
where
Po = 21 wi Mt (19b)

3 Numerical Solution

The central circular enclosure and the flexible baffles are
segmented into infinitesimal areas, and the finite element method
(FEM) is employed to break down Eqs. (10)—(16). This method uses
nonlinear residual equations formulated by weighting the residuals,
commonly called Galerkin equations. These equations are applied
across the domain, except in regions with cylindrical obstructions,
facilitating accurate modeling of straight and curved boundaries.
Basis functions are utilized to calculate unknown variables at each
node of the elements, enabling the interpolation of temperature,
pressure, and velocity

M M
P x _x\k % * %
the u*,v*" ~ Z(u VO, yY), 0~ Zﬁfd)f(x ),
i i
| (20)
DY AL AN Y
i

In this formulation, i is the node index, M is the number of nodes, and
k denotes the time-step iteration. PARDISO (parallel direct solver)
is invoked to handle large sparse linear systems [41-45]. PARDISO
is a fast, thread-safe library for solving large sparse linear systems on
multicore machines Schenk and Gartner [46]. Using C language, it
utilizes an efficient supernodal Gaussian elimination method, ideal
for finite element and optimization problems. The solver was called
as a C library to simulate the model. The mesh displacement, solid
structure, heat transfer, and momentum equations were solved in a
fully coupled format using the Newton method with a damping
factor of 0.8 for better solution stability. The maximum iterations for
each time-step were 200. Crosswind stabilization and second-order
upwind approaches are utilized to overcome numerical convergence
issues raised by diffusive and convective terms. The time-step is
maintained at maximum of 107> s. The backward differentiation
formula (BDF) of second order was used to adjust the time steps
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Fig.2 Outlines of the FEM procedure

within the required relative error of 5 x 107%. Figure 2 demonstrates
the FEM methodology, detailing the numerical procedures. Two
precise computational analyses show that the error range remains
within 5 x 107>
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Fig. 3 (a) Grid independence test at r*=0.03, e* =0.35, and
Ra = 10° for different values of " and (b) the finalized mesh,
consisting of 519,824 elements zoomed to illustrate the mesh
movement flexible baffle’s motion
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I" can be pressure, temperature, or velocity, and iteration number is
denoted by j. Following the substitution of equations, two primary
procedures are executed during the numerical analysis phase.
Initially, a proper mesh configuration is established, and the domain
is segmented through an automated algorithm for mesh generation.
Thereafter, comparisons with existing researches are conducted to
ascertain the accuracy of the results, as further described in the
subsequent sections.

AQ7

307
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3.1 Verification of Grid Refinement. The convergence
assessment in a vessel containing cylinders, each with a radius of
r*=0.03, involves evaluating the temperature contours, stream-
lines, and Nusselt number. These cylinders were positioned away
from the center of the enclosure center at ¢* =0.35 undergoing a
frame rotation ranging from w* =0-400 at a Rayleigh number of
3 10* and Prandtl number of Pr=6.9. The arrangement consists of

Saleh et al. [25]

Stage: Page: 5 Total Pages: 16

four cold cylinders positioned at angles of ¢/ =22.5 deg, 67.5 deg,
112.5deg, and 157.5 deg. The hot cylinders are positioned at angles
of ¢;,=202.5deg, 247.5deg, 292.5deg, and 337.5deg, with an
interval of & =45deg. The heat capacity ratio (R,) and the
conductivity ratio (Ry) between the frame and the fluid stay
constant at 0.582 and 397.63, respectively. The inside surface of the
vessel is equipped with eight flexible baffles, with Young’s modulus
(dimensionless) at E*= 2 x 10'* and thermal conductivity ratio &,
=13. The material of the flexible baffle was chosen to be a composite
polymer (expanded graphite/polyetherimide (EG/PEI) composite)
[47] with a thermal conductivity of 7.8 W/m.K, which is divided by
the thermal conductivity of fluid water (0.6 W/mK), resulting in a kr
value of 13. The nondimensional Young’s modulus of E* =2 x 10'°
is also in the range of expanded graphite/polyetherimide with
specific mechanical processing. Various mesh sizes were analyzed,
as shown in Fig. 3(@), with an optimal mesh size of 519,824 elements
(depicted in Fig. 3(b)) chosen to meet accuracy and the time of
solution. The specifications of this mesh are as follows; the
minimum element quality is 0.1627, with an average quality of
0.8607, the element area ratio is 0.001524. Close to the interface

Present work

0 ()

11 =2 N\

8.8 ' NN
13, / \ M\

5.0

3.0 / \& P -'2.7 \ N/ /

6.9 -0.80

0.66

0,81~

0.07

Isotherms

Fig. 4 Comparison with Saleh et al. [25], at the length of the fin (a* =0.2), elastic modulus
(E* = 10°), oscillation amplitude (A* = 0.1), the radius of cylinder (R* = 0.2), Ra = 10® and oscillation

period (t; = 0.5) with * = 1.125 (4 1,/8)
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boundaries, the mesh is denser, while within the regular domains,
less dense mesh is set. Skewness around the deflected baffles was
also monitored and remained within acceptable limits throughout
the simulation. The moving mesh is applied in the FSI part of the
domain, i.e., close to the flexible baffles. Since the deflection of the
flexible baffles was not significant, the distortion of the mesh was not
so steep, where the mesh inversion was not encountered within the
whole calculations. The figure illustrates the mesh movement within
the rotating domain, where the mesh adjusts dynamically as the
rotating frame moves while the other domain undergoes deforma-
tion. Furthermore, Fig. 3(c) displays the motion of the flexible
baffles at three-time samples within the deformation domain, driven
by the transfer of movement from the rotating frame.

3.2 Verifications of Results. To ensure the precision of the
numerical method and achieve optimal outcomes, a validation test
was conducted based on the research undertaken by Saleh et al. [25].
This investigation explored unsteady combined convection in an
enclosure encompassing a hot circular cylinder, enhanced by two
solid, thin, elastic baffles mounted on the upper cold wall, each with
a length of L. The parameters evaluated in this study covered the
oscillation’s direction, amplitude, and length of the fins alongside
various elasticity ratings and cylinder dimensions for fixed values of
Ra=10° and Pr=0.7 (for air). A radius of R characterized the
cylinder. The comparison yielded exceptional results, as indicated
by the visualization of isotherms and streamlined contours, as shown
in Fig. 4.
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Furthermore, the comparison was conducted with the results of
Ghaddar and Thiele [4], who utilized two-dimensional laminar flow
within an enclosure measuring five in length and three in width. A
circular rotating cylinder was employed, at a height of 1.5 from the
base. The rotating cylinder was subjected to a uniform heat flux;
meanwhile, the remainder of the enclosure was assumed to be
isothermal. In both scenarios, the Ra number was 10, and the Pr
number was set to unity. However, the rotational Reynolds number
varied from zero for the stationary cylinder and 15.811 for the
rotating cylinder. In the first scenario, with the cylinder stationary,
and in the second scenario, with the cylinder rotating, the
comparison of streamlines and isothermal produced excellent
results, as shown in Figs. 5(a) and 5(b).

Further corroboration of the present methodology was achieved
by juxtaposing it with experimental data. Karcz and Major’s [14]
experiment used a stirred water tank with an internal radius of 0.3 m.
The tank was equipped with a0.198-m (in diameter) Rushton turbine
and was positioned 0.198 meters from the bottom of the vessel. They
focused on turbulent flows within the vessel, particularly exploring
Reynolds numbers (Re = %) between 30,000 and 200,000. The
study incorporated dimensionless equations along the (x—e) model
to assess power consumption related to various Reynolds numbers.
Figure 6 displays hopeful outcomes, bolstering confidence in
numerical methods.

Extra validation regarding the FSI is conducted with the problem
of Kiittler and Wall [48], which composed a ported cavity having a
base made of flexible material (E = 250 N/m?) while the lid moves in

Isotherms
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Fig.5 Comparison with Ghaddar and Thiele [4], (a) at fixed cylinder Ra = 10* and rotational Reynold number

(Re,, = 0) and (b) Re,, = 15.811 with Ra = 10°
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Fig.6 Evaluation of the currentresearch simulation and those of
Karcz and Major [14], which was conducted by calculating the
power consumption (Ne)

sinusoidal manner (1 - %) The comparison was made with the
profile of the flexible base and its deflection is portrayed in Fig. 7,
which shows good consistency between the two solvers. The
properties of the problem are given in the caption of the figure.

4 Results and Discussions

This study defined essential dimensionless parameters: Water
was chosen as the working fluid with a Prandtl number (Pr) of 6.9.
The Rayleigh numbers ranged from 10* to 10°, and the angular
rotational speed varied between 0 and 400. It is wise to mention that
the Rayleigh number accounts for the ratio of the natural convection
(which is driven by the buoyancy forces) to the flow resistance
(which results from the viscous forces). While the Prandtl number
accounts for the ratio of the momentum diffusivity to the thermal
diffusivity. The main limitations of this study are the laminar flow,
which restricts the rotational speed of the frame and the fluid type
that is restricted to Newtonian fluids.

In this investigation, the cold cylinders were positioned at angles
el =22.5deg, 67.5deg, 112.5deg, and 157.5deg, while the hot
cylinders were placed at angles ¢/ =202.5deg, 247.5deg,
292.5 deg, and 337.5 deg, with intervals of 2 =45 deg. The length
of each flexible baffle was denoted as (aq ) and its width as (byg),
evenly distributed between every two cylinders. The angle between

2nt

N Moving Lid (1 _T)

N Fluid in

0.9 =T

Fluid out
0.8
0.7
0.6

~,0.5

0.4
03 l— Kuttler and Wall [48]

L Flexible Wall 7

Profile of the

= = = Present flexible base

0.2

0.1  e=====S===2s ==~

0
0 01 02 03 04 05 06 07 08 09 1

X
Fig. 7 FSl validation with Kuttler and Wall [48], the flexible base
has: E =250 N/m?, density of 500 kg/m?, the fluid properties are:

density = 1.0 kg/m®, dynamic viscosity = 0.01 Pa-s, while the inlet
and outlet ports were 0.1 and the lid moves accordingto (1— 2%:5)
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Table 1 Varying parameters utilized in this study
o Ra ¥ e*

0-400 10°-10° 0.01-0.05 0.3-0.45

the center of each cylinder and the flexible baffle was set at 22.5 deg,
while the angle between each pair of flexible baffles was 45 deg.
The outcomes obtained are categorized into four sets of
parameters: the first set emphasizes the distance of cylinders from
the vessel center (e*), the second set explores the effect of the
rotating frame speed (w*), the third concerns the size of the cylinder
(r*). Finally, the fourth set compares the results in the current case
with the presence of flexible baffles, the case of no baffles [34], and
solid baffles. Each set of results undergoes meticulous analysis,
including visualization of flow contours and isotherms and scrutiny
of the heat transfer mode by computing the Nusselt number. The
ranges of the parameters under investigation are outlined in Table 1.
It is ensured that the maximum value of the rotational speed results

in a Reynolds number (Re = M*TDf*W) of about 29, which is within

the laminar flow range.

Particular attention is given to studying the recurring patterns of
streamlines and isotherms and determining the time needed to
establish a cyclical steady-state. The following subsection will
detail this phenomenon:

4.1 Time-Dependent Results. The outlines in Figs. 8 and 9
delineate the streamlines and isotherms, respectively, revealing
transient behaviors. Each cylinder is fixed at a radius of r* =0.03,
with centers situated at a distance e* = 0.35 from the vessel’s center.
The Rayleigh number is 10°, with an angular speed of 400. A time-
step of 0.001 is implemented to achieve higher resolution and
provide a more accurate depiction of the frame’s movement and the
evolution of the streamlines.

Figure 8 illustrates the streamlines at the initial time of 0.001 in
detail. The fluid movement and the formation of vortices commence
randomly with the onset of the rotating frame’s motion. This
initiation involves the development of dynamic forces resulting
from the predominant buoyant force, causing deviations in the
baffles. Progressing in time, particularly at 0.008, an interaction is
observed between the buoyant force and fluid movement, resulting
in smooth streamlines, predominantly observed in the center of the
frame, with stagnation areas persisting around the baffles. When the
time reaches to 0.016, a prominent primary vortex forms in the
direction of the rotating frame’s movement, spanning the upper left
and lower right quadrants, each encompassing two cold and two hot
cylinders. Additionally, two smaller vortices emerge, each envel-
oping two identical cylinders. Stable regions of fluid movement
become discernible, particularly beyond the time of 0.128, where the
movement stabilizes and fluid flow becomes symmetric. Looking at
the deformation states of the flexible baffles, one can deduce that a
baffle guides the circulated flow into the next cylinder, and due to its
flexibility, it bends with the flow direction. In a particular instant,
two counter-rotating vortices are met close to the free tip of the
baffles, and then the baffles reserve their straight configuration, as
seen at ¥ =0.001 in Fig. 8.

Figure 9 illustrates that at the initial stages of the timeline, thermal
plumes begin to form, albeit with insufficient speed over time, to
induce natural convection effects attributed to the dominance of the
buoyant force. As time progresses, a positive heat exchange is
evident, represented by the large vortex surrounding the two hot and
two cold cylinders, aligned with the frame’s movement. Here, the
interplay and equilibrium between free and forced convection
become apparent, especially in the upper right and lower left
quadrants, indicated by the density of thermal boundaries. The
formation of two vortices around identical cylinders leads to a
reduction in heat exchange. The stability of heat exchange is
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highlighted by the average Nusselt number, which starts stabilizing
beyond the time of 0.12, as depicted in Fig. 10.

4.2 Effect of Cylinder Size. This study primarily explores how
cylinder size and flexible baffles influence temperature contours and
streamlines at r* = 0.15, e¢* = 0.35, w* =400, and Ra= 10°.
Notably, the velocity and buoyant force play significant roles in
shaping the movement of flexible baffles. Fluid motion applies
pressure on the baffles, inducing stress that affects the displacement
of baffles. Consequently, the baffles deflect in the direction of fluid
movement, causing the frame to rotate counterclockwise. Figure 11
displays streamlines and isotherms for the effect of cylinder
diameters. When the cylinder size is small at 0.01, the deflection
of baffles becomes more noticeable due to the absence of obstruction
in the free surface created by the rotating frame near the baffles. This
deflection adds extra momentum to the fluid particles, an FSI

Stage: Page: 8 Total Pages: 16

problem. Streamline patterns become more symmetrical and
streamlined, with visible baffle movement causing compression
toward the center as they pass around the cylinders. This positively
impacts heat transfer, with uniform isotherms observed, indicating
an enhanced heat between the mixed fluid and the baffles, thus
providing an additional surface for heat exchange. Consequently,
there is an increase in the contact area between the fluid and the
surrounding cylinder wall. As the cylinder size increases slightly to
0.02, greater separation occurs from the previous streamlines near
the cylinders. This separation is attributed to obstruction, which
increases with the larger cylinder size while observing the expansion
of flow in the opposite direction to the movement of the baffles.
Conversely, insufficient exchange occurs between the contact
surface of the cylinders and the fluid, resulting from the increased
surface area of the cylinders compared to the volume of the
surrounding fluid, negatively influencing the isotherms.

0.064

0.128

0.15

Fig.8 Streamline contour progression was analyzed at various intervals for e* = 0.35, * = 0.03, Ra = 10%, and

o* =400
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However, with a further increase in cylinder size to 0.05,
weaknesses and distortions emerge in the flow, forming areas of
slow flow surrounding the cylinders and the free surface and
intermediate regions within the frame. This phenomenon is
attributed to the obstruction formed due to the large size of the
cylinders, acting as a buffer for the fluid movement induced by the
frame. This substantial obstruction reduces exchange between the
contact surface of the cylinders and the surrounding fluid, affecting
baffle movement and causing them to appear stationary due to
insufficient pressure for displacement. This phenomenon affects the
isotherms, thickening the boundary layers and causing an uneven
distribution of thermal gradients.

Figure 12 depicts the variation of the Nusselt number concerning
the cylinder size alongside the rotational speed within this parameter

0.97
0.88
0.78
0.68
0.57
0.47
0.38
0.28
0.17
0.07

0.008 0.016
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set. The figure illustrates a consistent increase in the Nusselt number
as the cylinder size decreases, with the Nusselt number experiencing
a percentage increase of approximateliy 203.3% and 375.5% at
®*=200 and Ra=10° and Ra=10°, respectively, when the
cylinder size decreases from 0.05 to 0.01. This phenomenon
primarily arises from the development of consistent flow patterns
around cylinders of smaller radii.

4.3 Impact of the Distance of Cylinders From the Vessel
Center. These investigations examined the effects of varying the
positions of the cold and hot cylinders relative to the vessel’s center
on streamlines and isotherms, with parameters fixed at Ra= 10° s
w* =400, and r*=0.15. Figure 13 illustrates that when e¢* = 0.3, the

0.032

0.064

0.128

0.15

Fig. 9 Isotherms progression was analyzed at various intervals for e*=0.35, *=0.03, Ra= 10°%, and

o* =400
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Fig. 10 Nusselt number over time, considering parameters
e*=0.35, * =0.03, Ra= 10, and o* = 400

steep deflection of the baffle is apparent. The display highlights the
smoothness of the deflection and its consistency toward the opposite
direction of the rotating frame’s movement. This happens because as
the flexible baffles sway within the fluid, variations in pressure and
velocity arise around the baffles, creating a dynamic force that
opposes the direction of the baffle’s movement. This shift introduces
extra momentum to the streamlines and heightens the pressure
within the flow, especially in the upper regions of the flexible baffles
near the vessel’s center. This action reduces stagnation zones around

Isotherms
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(¢) ¥'=0.05

Fig. 11 Temperature contours and flow patterns at e* = 0.35,
o* =400, Ra=10%, and t=0.15, for (a) r* = 0.01, (b) * = 0.02, and
(¢) =0.05
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the cylinders. Conversely, in the vessel’s middle, the streamlines
move toward the frame’s movement. When fluid collides in two
areas, specifically at the cylinders located at the two corners, the
fluid changes direction due to the pressure exerted by the collision,
affecting the movement of the baffles. On the opposite side of the
isotherms, thin thermal layers form in the middle of the rotating
frame, and the reverse movement of the fluid in the area confined
between the cylinders and the adiabatic surface, represented by the
movement of the flexible baffles, brings the thermal plumes and mix
them well with the other part.

It was also noted that the significant buoyant force and velocity
propelled the hot fluid away, facilitating the mixing with the colder
fluid and enhancing the thermal exchange. When the cylinders were
repositioned away from the central axis of rotation to a distance of
0.4, the streamlines became denser in the upper left and lower right
quadrants, creating large vortices that followed the direction of the
frame’s movement in those regions. This demonstrated the impact of
the baffles in those areas and their movement in alignment with the
frame’s trajectory, influenced by the pressure exerted in those zones
to generate a dynamic force for their motion. Consequently, this
affected the isotherms, fostering a beneficial exchange zone where
the heat plumes from the hot cylinders dispersed and mixed with
those from the cold cylinders. However, in the upper right quadrant
and the lower left quadrant, weak areas surrounding each of them
with two identical cylinders caused stagnation areas, noting slight
fluctuation in the movement of the baffles due to the lack of pressure
exerted on the unit area of the baffles, leading to negative results for
the isotherms. When e* = 0.45, the weak areas that surrounded two
identical cylinders in the previous position disappeared and became
completely stagnant, with an expansion of the large vortex
surrounding the outer part of the cylinders and near the source of
the frame’s movement. Stagnation areas were observed to the right
and left, as well as nearby areas on the adiabatic surface. Here, the
role of the baffles created a buffer for the movement of the fluid,
compressing it toward the center and keeping it away from the
cylinders, which negatively affects the isotherms. There was
minimal mixing and disintegration of the thermal plume, especially

400

-
+-

I I 1 I 1 1 I
150 200 250 300 350
w’

(b)

Fig. 12 The distributions of Nusselt number for (a) Ra = 10% and
(b) Ra = 10° concerning rotational velocity and various cylinder
radii r*, considering e* = 0.35
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in the outer region corresponding to the movement of the rotating
frame in the upper right and lower left quadrants.

The Nusselt number is presented in Figs. 14(a) and 14(b) for
designated Ra and varying w*. Lower e* values result in elevated
Nusselt numbers due to two key factors. First, the reduced distance
between hot and cold cylinders lowers the thermal resistance in the
transfer of heat. Secondly, the nearness of the frame edges to the
heated surface promotes vigorous mixing. Specifically, at w* =200,
reducing e* from 0.45 to 0.3 increases the Nusselt number by 72.3%
and 70.26% for Ra = 10° and 10°, respectively. Moreover, it is noted
that as rotational speed increases, the Nusselt number also rises,
owing to enhanced fluid mixing that bolsters forced convection
effects.

4.4 Impact of Rotating Frame Speed. This section empha-
sizes the influence of speed on streamlines and isotherms in the
presence of flexible baffles. Parameters are set at +*=0.15,
e*=0.35 and r* = 0.03. Figure 15 represents the streamlines and
isotherms relative to the effect of the rotating frame for Ra = 10°. At
zero speed (Fig. 15(a)), the streamlines are symmetric along the y-
axis, and the fluid circulates in opposite direction. Following the
symmetrical streamlines, the deflection state of the flexible baffles is
also symmetric. The counterclockwise rotation of the right half
deviates the flexible baffies in the direction of rotation due to the
applied pressure. In contrast, on the left half, the streamlines rotates

Isotherms

Streamlines

(b) ¢"=0.4

(c) e'=0.45

Fig. 13 Temperature contours and flow patterns at »* =400,
Ra =105, * = 0.03,and *=0.15, for (a) e* = 0.3, (b) e* = 0.4, and (¢)
e*=0.45

Journal of Heat and Mass Transfer

ID: sambasivamt Time: 05:34 |

Stage: Page: 11 Total Pages: 16

clockwise, with stagnation areas in the middle. This is primarily due
to the dominance of the high buoyancy force, which amplifies the
effect of dynamic force on the baffles, rendering them more
susceptible to undulation and bending. Conversely, the buoyant
force facilitates molecule movement in isotherms, enhancing
thermal efficiency through pure natural convection. The disintegra-
tion of thermal layers in the hot cylinders and the resulting
isothermal regions are also observed.

At w*=100, fluid movement intensifies, becoming multi-
recirculating. In addition, the flexible baffles add a punch-like to
the vortices leading to intensified mixing. This is evidenced by
streamlines forming a large, symmetrical vortex along the frame’s
axis and direction of movement, surrounded by cold and hot
cylinders. Adjacent to the large vortex, two equal differential
vortices rotate opposite its direction, one enveloping a cold cylinder
and two hot cylinders and the other encircling two hot cylinders and
one cold cylinder. In contrast, isotherms exhibit bifurcation
distribution, enhancing heat exchange between cold and hot surfaces
and creating active regions in the hot zone, particularly in the lower
right part where heightened movement of hotter fluid from the hot to
the cold surface is observed. At w* =400 (Fig. 15(c)), identical
streamlines are evident in the upper left and lower right sectors. The
circulation is weakening close to the hot and cold cylinders, while
intensifying in a uniform circling within the domain of the rotating
frame. King et al. [49] indicated similar behavior in a rotating
annular cavity. Moreover, the weak outer circulation enclose cold
and hot cylinders separately. The corresponding isotherms exhibit
notable plumes within the domain of the rotating frame. Hence, it is
certain that at higher speed (w*=400), the intensifying the
circulation in a region rather than the hot and cold cylinders will
negatively affect the convection as can be observed in Fig. 16, where
the Nusslet number of Ra = 10° dwindles notable as the speed rises
to 400. In general, Fig. 16 reveals that the highest value of the Nu
number is recorded at Rayleigh number 10° at a speed of 100. At this
low speed, both free convection and forced convection (due to

400

(b

Fig. 14 Nusselt number variation with rotational velocity for
various distances of the cylinders from the rotating frame at (a)
Ra =10° and (b) Ra = 10°, for *=0.03
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Fig. 15 Temperature contours and flow patterns for e* = 0.35,
*=0.15, Ra = 10°, and r* = 0.03 at rotational velocities (a) o* =0,
(b) »* =100, and (c) o* = 400

rotation) are comparable. However, at lower Rayleigh numbers
where rotation plays a more significant role, we observe that
increasing the rotation consistently raises the Nusselt number, albeit
by a small percentage. Commonly, with an increase in rotational
speed from zero to 200, there is an observed rise in the Nu of 10.2%
and 82.9% for Ra=10* and 10°, respectively. Hence, the higher
rotational speed is not recommended at high Ra number, as the fluid
circulation of higher rotational speed is limited in a region far from

1 T T T T T T T

100

400

Fig. 16 The distribution of the Nusselt number with rotational
speed for various Ra, considering r* = 0.03 and e* = 0.35
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Fig. 17 Comparison between the elastic baffles, fixed baffles,
and without baffles 545] for Nusselt number variation with the o*
for #=0.03, Ra= 10>, and €*=0.35

Table2 The increase of the Nusselt number when using flexible
baffles at e* = 0.35, Ra = 10°, and r* = 0.03

The increase in Nu
for flexible baffles compared

The increase in
Nu for flexible baffles

Speed (w*) compared with no baffles with rigid baffles
50 5.64% 8.8%

100 2.27% 18.5%

200 0.2% 14.84%

the cylinders, which are kept at different temperatures, the fact that
declared previously by King et al. [49].

4.5 Comparative Study. In this section, comparing the current
investigation involving flexible baffles with a previous study [34],
which has no baffles, is conducted. Furthermore, a comparison with
fixed baffles is incorporated by analyzing Nusselt number
distribution and skin friction number.

Figure 17 compares Nusselt number distribution at various speeds
with other parameters fixed at 7* =0.03, Ra= 10° , and e*=0.35.

36

32 - -
L

®—® Without baffles
B— Fixed baffles
&—a& With flexible baffles at £'= 2 x 10%°

28

24

20

16

0P

(Cfr. x 107)

200

Fig. 18 Comparison between the elastic baffles, fixed baffles,
and without baffles [34] for Skin friction number distribution with
the rotational speed for r* =0.03, Ra= 10°%, and e* = 0.35
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Table 3 The declination of skin friction when using flexible
baffles at e* = 0.35, Ra = 10°%, and r* = 0.03

The reduction in Cy, for The reduction in Cg,
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Table4 Theincrease of the Performance coefficient when usin59
flexible baffles and compared to fixed baffle at e* = 0.35, Ra = 10°,
and r*=0.03

Speed flexible baffles for flexible baffles The increase in Pf for flexible baffles
(w*) compared with no baffles compared with rigid baffles  Speed (w*) compared with rigid baffles

50 56.9% 36.84% 50 72.41%

100 42.2% 38.39% 100 92.48%

200 27.9% 1.97% 200 17.15%

The study elucidates the impact of speed on the three configurations.
At lower speeds, particularly at 50, the influence of flexible baffles
on the Nusselt number is evident, exhibiting a 5.64% increase
compared to the absence of baffles. This disparity can be attributed
to the domination of buoyant force relative to speed, affecting baffle
deflection. With its relatively minor deformation, flexible baffles
prove more effective in heat exchange by enhancing heat circulation
between cold and hot cylinders. However, as speed increases,
adverse outcomes are observed for the flexible baffle configuration
compared to the other cases. This is due to heightened fluid
movement inducing significant distortions in the fluid stream due to
baffle shape alteration, leading to increased dynamic and frictional
pressure and resulting in a reduced heat transfer compared to the
baffle less configuration. Compared to the fixed baffles, the Nusselt
number shows a noticeable increase of 8.8%, 18.5%, and 14.84% at
50, 100, and 200 speeds, respectively. Table 2 illustrates the increase
in Nu number when using flexible baffles and compress the results
with no baffles case and solid baffles.

In the second case, depicted in Fig. 18, the skin friction coefficient
is calculated using the parameters aforementioned for the three
configurations. This coefficient is crucial for optimizing design and
enhancing efficiency and performance, particularly in mixing
operations. Flexible baffles have a significant impact across various
speeds, with a peak decrease of 56.9% at (w* = 50) compared to no
baffle case and a decrease of 38.39% at (w* =100) compared to
fixed baffles. Their presence reduces friction between fluid
molecules and the surface, decreasing the shear stress. Conse-
quently, this reduction in shear stress diminishes the total system
load, enhancing its efficiency and performance. Table 3 illustrates
the declination in skin friction for flexible baffles compared to the
other configurations at different speeds.

Conversely, Fig. 19 illustrates the performance coefficient for
different speeds with fixed values of r*=0.03, Ra= 10°, and

2.8 T T
p ®—@ At ( £'=2 x 10°with non baffles)
2.4 _
B—8 At (fixed baffles with non baffles)
2 -
&
16
C
12 | h
0.8 - .
| |
50 100 150 200

*

w

Fig. 19 Performance coefficient with different speeds when the
parameters are constant at e* = 0.35, Ra= 10%, and ~* = 0.03
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e*=0.35. The performance coefficient for the flexible baffle
reached its maximum at a speed of 50. This is due to the increase
in the Nusselt number when flexible baffles are used, compared
to their absence, and a significant reduction in the skin friction coefficient.
However, as speed increases further, the performance coefficient begins to
decrease. Additionally, it is noted that the coefficient rises at a speed
of 100, peaking at 92.48% when comparing the performance with
flexible baffles to that with fixed baffles. Table 4 shows the increase
in performance coefficient at different speeds for flexible baffles
compared to fixed baffles under the same conditions.

5 Conclusions

Heat exchange between the cylinders within a vessel is enhanced
by employing a rotating frame and flexible baffles. This paper
undertakes a numerical investigation of this problem. The study
parameterizes the distance, size, and rotational speed and compares
them with nonbaffle and solid baffle configurations, utilizing
varying Rayleigh numbers for comprehensive analysis. The findings
reveal that the distance, size, and rotational speed notably affect heat
transfer within the system, underscoring their significance in
designing container and tube heat exchangers. The key findings
are summarized succinctly as follows:

e As the frame’s rotational speed increases, Nusselt number
increases also; however, its effectiveness diminishes after
surpassing a critical rotational speed of w* =200 due to
increased drag and flow disruption around the cylinders.
Notably, the Nusselt number grows by 82.9% and 10.2% for
Ra= 10" and 10%, respectively, when w* increases from zero to
200.

e The Nusselt number rises, as the cylinders are closer to the
rotating frame. Specifically, decreasing the distance of the
cylinders from the rotational frame from e*=0.45 to 0.3
results in a Nu number enhancement of 72.3% at Ra = 10° and
70.26% at Ra = 10’ at &*=200.

e Reducing the cylinder size increases the Nusselt number,
influenced by the temperature differentials and drag effects.
Specifically, the Nu increases by 375.5% and 203.3% for
Ra=10" and Ra= 10, respectively, at w* =200 when the
cylinder size is reduced from r* = 0.05 to r* =0.01.

e When compared to fixed baffles, flexible baffles yield increases
in the Nusselt number of 8.8%, 18.5%, and 14.84% at speeds of
50, 100, and 200, respectively.

This study has a limitation due to the relatively low rotational
speed. Increasing the rotational speed into the turbulent range could
reveal new functions of the flexible baffles. Therefore, the issue of
turbulence warrants further investigation in future research.
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Nomenclature

a = length, m

A = oscillation amplitude, m

b = width, m
Cy,. = skin friction, dimensionless
C,, = specific heat, J kg ' K
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D = vessel diameter (2R), m

dp. = displacement, m

Di = agitator diameter, m
e = distance between the czylinder to the vessel center, m
E = elastic modulus, N m™

F,, = vector of body force, N m™

b
k = thermal conductivity, Wm ™ K™
k, = the conductivity ratio between the solid (flexible baffle) and
fluid
Mt = torque, N-m
7 = unity normal vector
N = number of cylinders
Nct = count of cold cylinders
Nht = count of hot cylinders
Ne = power consumption, dimensionless
Nu = Nusselt number, dimensionless
p = field of pressure, N m™
Pf = coefficient of performance, dimensionless
Pr = Prandtl number
Po = power consumption, W
r = Cylinders radius, m
R = Vessel’s radius, m
Ra = number of Rayleigh, dimensionless
Re = Reynold number, dimensionless
R/, = ratio of heat capacity
Ry,. = ratio of thermal conductivity
t = time, s
T = temperature, K
t, = oscillation period, s
u, v = velocity of fluid, m s~
= velocity vector (absolute), m s~
W = velocity vector (relative), m s
W,., = component velocity vector, We,, = W — Wy, ms™
Wi = the velocity vector of the moving coordinate, m s™"

1
1

1

Greek Symbols

o = diffusivity of thermal, m* s~

B = fluid’s thermal expansion coefficient, K’

¢ = the angle of the cylinder position

0 = nondimensional temperature, 0 = g __?‘h))

1 = dynamic viscosity, kg mls” ‘

p = density, kg m™

v = fluid’s kinematic viscosity, m> s™!
w, ® = frame’s angular velocity, vector, rad s~

w; = agitator speed, s~

1

1

Subscripts
baf = baffles

¢ = cold
f=fluid
fl = flexible baffle
h = hot
J = vector unit aligned with the y-axis
s = solid

o = reference value

Supersubscripts

* = dimensionless
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