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ARTICLE INFO ABSTRACT
Keywords: This study optimizes heat transfer in a circular vessel containing cold and hot cylinders, a rotating
Optimization

frame, and flexible baffles designed to enhance thermal exchange. Optimized design of such

Enhanced heat transfer topics improves the performance of heat exchangers. The investigation analyzes the impact of
}é;lt;t;zgfr ame rotational speeds (w* = 10-400), distances of the cylinders from the frame axis (e* = 0.32-0.43),

Rotational mesh and Rayleigh number (Ra = 10°-10°) on the heat transfer. Time-dependent equations are dis-

Fluid-structure interaction (FSI) cretized and solved using the finite element method with rotating meshes. The Nelder-Mead
optimization method was utilized to identify the optimal conditions that enhance the system's
thermal stability and heat exchange efficiency. This approach establishes a foundation for
improved thermal designs for applications requiring high dynamic thermal responsiveness. The
results indicated that the maximum heat exchanges were obtained at e* = 0.32378 and o* =
366.48 for Ra = 10°, and at e* = 0.32 and ©* = 379.43 for Ra = 10°. The Nusselt numbers for
these conditions were 5.32 and 7.7, respectively. Therefore, to achieve optimal heat transfer, the
operating conditions, such as the frame's angular speed and the cylinder's distance, should be
optimized for each Rayleigh number.

Nomenclature
a Length, m T Temperature, K
A Oscillation amplitude, m u v Velocity of fluid, m st
b Width, m v Velocity vector (absolute), m st
Gy Specific heat, J kg’1 K! w Velocity vector (relative), m st
dp, Displacement, m WCO Component of velocity vector, m s+
D Vessel diameter (2R), m Wy The velocity vector of the moving coordinate, m s~*
Di Agitator diameter, m Greek
e Distance between the cylinder to the vessel center, m a Diffusivity of thermal, m?s7!
E Elastic modulus, N m~2 B Fluid's thermal expansion coefficient, K~*
f’b Vector of body force, N m™3 [4 Non-dimensional temperature
k Thermal conductivity, Wm™! K~! u Dynamic viscosity, kg m ™! s~!
ks Fluid thermal conductivity, Wm ™ K~} p Density, kg m >
kr The conductivity ratio between the solid (flexible baffle) and fluid v Fluid's kinematic viscosity, m?s!
ks the solid's conductivity, Wm ™! K~} 0, @ Frame's angular velocity, vector, rad s
n Unity normal vector € The angle of the cylinder position
Nu Nusselt number Subscripts
P pressure, N m~?2 c Cold
Pr Prandtl number f Fluid
r Cylinders radius, m fl Flexible baffle
R Vessel's radius, m h Hot
Ra Rayleigh number j Vector unit aligned with the y-axis
Re Reynolds number, Re = i Di2p/p s Solid
Ry Ratio of heat capacity 0 reference value
Ren. Ratio of thermal conductivity Supersubscripts
t Time, s * Dimensionless
ty Oscillation period, s

1. Introduction

Heat exchange is a vital aspect of various engineering applications, including mechanical, chemical, and aerospace engineering.
The design of thermal structures plays a crucial role in enhancing performance efficiency in complex systems [1]. Effective heat ex-
change mechanisms are essential for maintaining optimal operating temperatures, reducing energy consumption, and increasing
overall system reliability [2]. To ensure optimum heat transfer, optimization is a key strategy to attain the best heat transfer. Over the
past decade, researchers have pushed topology optimization toward new boundaries, especially within metamaterial design, as sur-
veyed by Deaton and Grandhi [3]. Traditionally, topology optimization in fluid flow has focused on determining optimal flow channels
through models governed solely by fluid equations, as initially discovered by Steven et al. [4] and later studies [5-8]. Previous studies
have explored the integration of heat transfer and natural convection with fluid flow equations under both steady-state and transient
conditions. [9-11]. In the FSI field, however, few researchers have developed methodologies for structural topology optimization.
Notably, Picelli et al. [12] significantly contributed by introducing an advanced bidirectional evolutionary structural optimization
(BESO) method tailored for optimizing structures under FSI conditions. The results demonstrate the effectiveness of evolutionary
methods in handling multiphysics challenges, achieving compliance minimization while adapting to fluid-induced loads throughout
the optimization process.

Moreover, Bangian-Tabrizi and Jaluria [13] proposed a novel strategy for estimating unknowns in thermal systems by reducing the
error between calculated and measured temperatures. This framework has demonstrated high accuracy and robustness across different
types of convection, proving advantageous for applications in thermal and industrial studies. Subramaniam et al. [14] introduced a
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Fig. 1. Schematic and coordinate system of the problem (a) the domain regions and (b) the geometrical details.

topology optimization method that maximizes heat transfer from multiple sources while minimizing pressure drop, allowing for the
design of integrated heat transfer systems with enhanced thermal management and low fluid resistance. Similarly, Kwon et al. [15]
utilized 3D-printed static mixers to improve heat transfer in laminar flows, identifying optimized arrays that offer superior mixing and
thermal performance while minimizing pressure drop in thermochemical heat storage. Chen et al. [16] and Dehghani et al. [17]
applied topology optimization focused on material layout to maximize thermal conductivity and energy storage density throughout the
system. These optimized layouts enable more efficient energy distribution, making them valuable for sustainable energy storage.
Likewise, Li et al. [18] employed fluid-structure interaction (FSI) analysis on serrated baffle shapes in plate-fin heat exchangers,
proposing configurations that improve thermal enhancement with minimal impact on pressure. Computational fluid dynamics (CFD) is
widely applied in optimizing operational parameters for real engineering problems [19-21]. Topologically optimized designs have
recently been explored for complex physical challenges, such as fluid dynamics [22] and electromagnetics [23]. The inherent
nonlinearity in equations like the Navier-Stokes equations in fluid dynamics and many state variables pose significant challenges, as
does solving Maxwell's equations in electromagnetics. Rees et al. [24] employed a proprietary topology optimization algorithm to
evaluate a crossflow two-fluid heat exchanger based on a periodic unit cell. Gangadhar et al. [25] investigated hybrid nanofluids,
examining alumina-copper/water hybrid nanofluids and analyzing the effects of thermal radiation and Lorentz forces on velocity and
temperature distributions. Their findings suggest hybrid nanoparticles offer superior thermal performance to mono-nanofluids,
highlighting their potential in engineering-related thermal management applications.

The study presented by Al-Hasan et al. [26] reveals the importance of a circular enclosure containing cold and hot cylinders and a
rotating mixer in heat transfer applications in industrial facilities, where the rotation of the internal cylinder [27-30], or plates [31,32]
helps in promoting the mixed heat transfer more efficiently. Moreover, the heat transfer process becomes more advanced with the
incorporation of flexible baffles [33-35]. Al-Hasan et al. [36] have found that using flexible fins within a circular enclosure containing
a rotating bar improves not only the heat transfer, but also reduces the skin friction by mitigating the effect of vortices generated by the
rotation. Ikram et al. [37-39] explored heat transfer and flow characteristics in hexagonal cavities with dynamic modulators,
emphasizing the influence of modulator movement and geometric design on thermal efficiency and performance. Jalili et al. [40-42],
Roshani et al. [43], Bahnami et al. [44], and Zhang et al. [45] investigated heat and mass transfer, natural and forced convection, and
MHD effects in various porous and non-porous cavities of different shapes, analyzing the influence of barriers, vanes, magnetic fields,
buoyancy, and cavity geometry on Nusselt number, flow behavior, and thermal performance.

Therefore, in this study, incorporating a series of flexible baffles distributed on the internal perimeter of the circular enclosure [26]
leads to a multitude of variables that require special control to obtain the best combination. The present study addresses complex
interdependencies between fluid flow, structural deformation, and heat exchange, offering unprecedented efficiencies and perfor-
mance enhancements in critical industrial sectors. The FSI problem itself is inherently complex, involving the coupled behavior of fluid
flow and heat exchange. When applied to a vessel involving rotating frame, this complexity is further amplified by the complicated
flow behaviors, which significantly influence both fluid dynamics and structural integrity. Therefore, the introduction of an optimi-
zation algorithm allows for the systematic exploration of design parameters, leading to configurations that maximize heat transfer
efficiency. The rotational speed of the mixer 10 < w* <400, the distribution the hot and cold inner cylinders 0.32 < e* <0.43, and the
Rayleigh number 10% < Ra < 10° are the targeted parameters to determine the optimal conditions for maximizing heat transfer within
the system. Results of this study are significant in the chemical industry, as they improve the efficiency of reactor designs, enhance heat
recovery systems, and optimize process control, ultimately reducing operational costs.

2. Mathematical formulation

As given in Fig. 1, this study examines a vessel with radius (R) and a central rotating conductive frame. The rotating rectangular
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frame has dimensions defined by a width (b = 0.12 R) and length (a = R). The frame's heat capacity and thermal conductivity ratio are
denoted as (Rp) and (Ry). The frame rotates counterclockwise around its center at an angular velocity (w). Additionally, bundles of
cylinders are arranged along the vessel's periphery, adjacent to the vessel's wall.

Eight isothermal cylinders have been distributed inside the vessel, with the upper four kept at a constant cold temperature (Tc),
while the lower four are maintained at a constant hot temperature (Th). The interval between these cylinders is 45°. The vessel is filled
with water, characterized by a Prandtl number (Pr = 6.90). Additionally, eight flexible baffles are uniformly distributed along the
vessel's periphery, each positioned between two adjacent cylinders. The baffles have lengths and widths defined by (ag = 0.12 R) and
(bg = 0.002 R), respectively. A dimensionless parameter (k, = 13) represents the thermal conductivity ratio, reflecting the ratio be-
tween the thermal conductivities of the flexible baffles' solid material and the surrounding fluid. A no-slip boundary condition is
applied to the solid boundaries. Given the assembly's extended dimension along the z-axis, including the rotating frame, the problem is
approximated as a two-dimensional (2D) geometry in the x-y plane. The density varies with temperature, governed by the Boussinesq
approximation, which introduces a body force into the system. The fluid is assumed to behave as Newtonian fluids and incompressible,
whereas the flow is limited to laminar regime. Except for the density, the other properties are considered constant with temperature,
and the flexible fins are not affected by temperature. The governing equations, incorporating the Boussinesq's approximation, are given
as [46-48].

VW=0 'eh)
v
p§+pv.<ww.® V) +p<w><V)—Fb—V.<,uV V): —vp @
oT .
PCoay PGV (w T) _V.(kVT)=0 3)
JT;
(/JCP)SE = V.(k;VT,)=0 (C))

where o is the solid frame's rotational velocity and ?b = po8f(T — T.)j. Here, V=0x represents the velocity

T T
of the rotating frame, W is the relative velocity, V is the absolute velocity, and while (Wco_ —W- Hﬂ_> s Wﬂ_ is the velocity of the

moving coordinates.
The governing equations for the flexible baffle can be expressed as [33,35,36]:

o*dfl. -
Pr @ ~ Vo — Fpp)=0 )

The energy equation of the baffle [33,35,36]:

oT
= VT=0 ©)
where dy is the displacement vector, ¢ is the stress tensor, oy is the thermal diffusivity of flexible baffles, and ?b(ﬂ-) is the body force
acting on the baffles fb(ﬂ_) =P g

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. [49].

=Jo ()]
c=J'FZF" ®

where F = (1 +Vdﬂ.) ,J = det(F),J is Jacobin determent, is extra stress tensor, the second Piola-Kirchhoff stress tensor, Z, is associated
with the fluid strain, denoted as eg. by Z = Ci : (¢)

Whereeg =1 (Vdﬂ_ + VdﬂAT + Vdﬂ_TVdﬂ_)

Where Ci = Ci(E, 90), 9o is the Poisson ratio, Ci is the elasticity tensor, ¢ is the strain rate, E is the elastic modulus, and,: is the
double-dot tensor product.

The following dimensionless parameters are introduced:



A.Q. Abd Al-Hassan et al. Case Studies in Thermal Engineering 78 (2026) 107668

v T—T, D> o+ VD -+ WD—= W,D . (ta) BD3(Ty — T,
Vi=r¢ poblg_ 7% @ V = WL W, el (P Ra:g/ aTh = Te)
D’ D Ty —T. ag ’ ay ’ af ’ e ag D2’ 9 ar ’
B . ED?
_ (p+pogy)2 =2 :%E: : ©
(o (/D)) Pro
The conservation equations have been reformulated as follows [50,51]:
V.W =0 (10)
A — . R .
pe +v*‘.<w*m. Qv ) + (5’ xV ) —F,-Prv?V = -V (11)
0 — N *
e W Vo-—V720=0 12)
C, .
(0Go), 00 _ (K Gz (13)
(/)Cp)f ot kf

where ?b = jRa Pr 6, and the solid frame's rotational speed is represented by w. The ratios Ry and Ry, are recognized as:

C
Rth, :& and Rh = (/) P)s (14)
ks (pc) i

and the equations for the flexible baffles are
1@dy .
— — —E Vo —EF p5)=0 (15)
P dr2 b(fL)
00 5
S Gr 9 = 1
T \Y% 0 (16)

where p, = 57’ is density ratio, and o, = ‘flif is thermal diffusivity ratio.

Temperature boundary conditions for the vessel, expressed in dimensionless form, are as follows:
0= 0, For the four cold cylinders in the vessel s top section, (17-a)
6 =1, For the four hot cylinders in the lower part of the vessel (17-b)
00 .
o 0, For the insulated outer surface of the vessel (17-¢)
6 = 0y, The boundary conditions at the outer edge of the rotating frame (17-d)
00 00
(), (&), are
3 = W ,E'6.n= —p +PrV W ,For non — slip boundary condition on the baffles 17-fH

065 06y, . . .
P kr S The interface between flexible baffles and fluid 17-g)

where k; = % is the ratio of thermal conductivity between flexible baffles to fluid

Impermeability and no-slip boundary conditions are imposed on all solid surfaces, ensuring velocity and shear stress continuity
across stationary and rotating frames. The dominant mode of heat transfer, whether convection or conduction, is identified by
evaluating the number of Nusselt along the wall of the heated cylinder [36].

1 27T 09
M- o | <$>ds as)
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Fig. 2. Summaries the finite element method (FEM) procedure.
3. Numerical solution

The region is partitioned into distinct elements, with the finite element method (FEM) used to discretize equations (10)-(16) into
discrete components. COMSOL Multiphysics (version 6) was used for the numerical solution. This software is based on the FEM, which
employs nonlinear residual equations obtained by applying weighted residuals, a process commonly known as the Galerkin method.
The governing equations are discretized throughout the domain, excluding regions occupied by cylinders, to ensure precise treatment
of straight and curved boundaries. Basis functions compute unknown variables at each element's nodes, enabling the interpolation of
temperature, pressure, and velocity fields.

the u",v" ~Z u',v') kt(b’“(x ), 0~ Zﬁkttﬁf‘x Y Zp kt(b’“x ) 19)

where j shows the number of nodes, i indicate the node number, kt which means the time iteration, and & represents a basis function.

For the used software, the integral forms of the core equations were computed across the mesh elements, resulting in residual
equations. These residuals were then tackled using a bi-level algorithm. The large, sparse linear systems were efficiently managed
using the Parallel Direct Solver (PARDISO) [52-55], harnessing parallel computing to reduce computational time significantly. The
equations were addressed using the method of Newton, incorporating a damping coefficient of 8 x 10~! and adhering to a relative
error threshold below (10~%) for precision. To enhance stability, bi-directional upwind and transverse stabilization techniques were
implemented to mitigate numerical instabilities caused by convective and diffusive effects. A time step of 0.001 was implemented.
Fig. 2 illustrates the FEM methodology, detailing the numerical procedure. The computations demonstrated an error margin confined
to a maximum of 5 x 10~ across two adequate trials.

<5x107° (20)

‘[‘Jﬁl [‘Je
I"Je+1

I can represent the velocity, temperature, or pressure, and je denotes the iteration number.

After substituting equations, two key procedures are carried out during the numerical analysis phase. First, an appropriate mesh is
generated by partitioning the domain using an automatic mesh generation algorithm. Second, the results are compared with other
researchers' findings to assess the analysis's accuracy, as further elaborated in the subsequent sections.

3.1. Optimization algorithm
The Nelder-Mead method is a popular method in numerical optimization, used to solve unconstrained optimization problems

involving mathematical functions that are difficult to differentiate or have properties that make calculating derivatives impractical.
This method is characterized by its ability to find optimal points (maxima or minima) without needing to know or calculate derivatives,
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Fig. 3. Outline of optimization procedure.

making it worthwhile in cases where the function is not smooth or contains impurities or noise. The method is based on improving the
search using a set of points that form a geometric structure, where these points interact according to the values of the function in an

attempt to reach the optimal point [56].

The flowchart in Fig. 3 illustrates the steps of the optimization procedure, which include defining the configuration, applying the
boundary conditions, identifying the representative variables e* and w*, calculating the objective function Nu(e*, *), and determining
the optimal value. The Nelder-Mead method was integrated with the numerical simulation, so that Nelder-Mead controlled the values
of the parameters e* and w*, and the numerical simulation returned the Nusselt number at t* = 0.15. An initial guess of e* = 0.35 and
®* = 100 was adopted to construct the initial simplex. The optimization was performed within the bounds e* in (0.1, 0.4) and w* in

(100, 400), with a stopping tolerance of 0.001 and a maximum of 40 iterations.

3.2. Verification of grid refinement

To evaluate convergence in a vessel containing cylinders, each with a radius of (r* = 0.05), the Nusselt number, streamlines, and
isotherms are examined. These cylinders are positioned at a distance of (e* = 0.35) from the vessel's center and are subjected to angular
velocities ranging from @w* = 10 to 400, with a Rayleigh number of (10°) and a Prandtl number of (Pr = 6.9). The ratio of thermal
conductivity (Ry,) between the frame and the fluid and the ratio of heat capacity (Rp) is maintained constant at 397.63 and 0.582,
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Fig. 4 (b). Visualization of the finalized mesh size, comprising 519,730 elements at rotating frame with different values of time by movement mesh
at w* = 400, e* = 0.35 and Ra = 10°.

respectively. The inner surface of the vessel is equipped with eight flexible baffles, characterized by Young's modulus of E*¥ = 2x 100
and a thermal conductivity ratio between flexible baffles and fluid (k, = 13). Various mesh sizes were evaluated, as depicted in Fig. 4
(a), with an optimal mesh size of 519,730 elements (illustrated in Fig. 4 (b)) selected to balance accuracy and computational efficiency.
The figure illustrates the movement of the mesh within the rotating domain, where the mesh adapts to moving as the rotating frame
moves while the other domain undergoes deformation. Three-time values were considered for this analysis.
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Fig. 6. Comparison with Saleh et al. [33], at the length of the fin (a* = 0.2), elastic modulus (E* = 107), oscillation amplitude (A* = 0.1), radius of
cylinder (R* = 0.2), Ra = 10° and oscillation period (t,* = 0.5) with t* = 1.125 (4 t,*/8).

3.3. Verifications of results

The use of rotating meshes is a common technique in computational fluid dynamics to handle problems involving rotating com-
ponents. For the sake of validation, a comparison was made with previously published numerical outcomes obtained by Costa and
Raimundo [27] regarding the problem of mixed convection heat transfer in a cavity heated horizontally in the presence of a rotating
cylinder. The isotherms were analyzed to focus on the utilization of fixed and rotating meshes, and to evaluate whether the rotating



A.Q. Abd Al-Hassan et al. Case Studies in Thermal Engineering 78 (2026) 107668

Fig. 7. Streamline contour progression for various intervals at Ra = 10°, r* = 0.05, @* = 400, and e* = 0.35.

mesh provides accurate details. Fig. 5 demonstrates what we hope namely, very good accurate details of the temperature distribution
can be obtained using the rotating mesh.

To ensure the accuracy of the numerical method and achieve optimal results, a validation test was performed based on the work of
Saleh et al. [33]. This test involved analyzing unsteady mixed convection in a square enclosure with a heated circular cylinder,
complemented by two solid elastic thin fins attached to the top cold wall, each length (L). The governing parameters considered
included the direction, amplitude, and length of fin oscillation, varying elasticity values, and cylinder sizes. The Prandtl number was
kept constant at 0.7 (for air), while the Rayleigh number was fixed at 10°. The cylinder was characterized by a radius (R). The
comparison yielded excellent results, as demonstrated by the visualization of isotherms and streamlined contours shown in Fig. 6.

4. Results and discussion

The current study establishes the following dimensionless quantities to define the parameters: Water is the working fluid, with
several Prandtl at (Pr = 6.9). The Rayleigh number is varied within the range of 10°<Ra< 105, whereas the rotational frame as 10 <
®* <400, and the position of the cylinders varies as 0.32 < e* <0.43. The thermal conductivity ratio between the frame and the fluid is
denoted as (R;), and the heat capacity ratio, (Rp), are held constant at 397.63 and 0.582, respectively.

In this investigation, four cold and four hot cylinders are distributed as shown in Fig. 1. Flexible baffles, with a Young's modulus of
E* =2 x 10'°, are attached to the inner surface of the vessel. The length of each baffle is denoted as ag , and its width as by, with baffles
evenly distributed between every two adjacent cylinders. We considered flexible baffles because Al-Hasan et al. [36] previously proved
that they offer better performance than rigid baffles. At w* = 100, flexible baffles show an 18 % advantage in Nusselt number and a 92
% advantage in overall performance. Therefore, this study focuses on developing optimum conditions using flexible baffles.

It is particularly interesting to examine the cyclic patterns of streamlines and isotherms and the time required to reach a steady
state. The following subsection is dedicated to exploring this behavior.

10
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Fig. 8. Isotherms progression for various intervals at Ra = 10°, r* = 0.05, w* = 400 and e* = 0.35.

4.1. Transient results

The diagrams in Figs. 7 and 8 illustrate the streamlines and isotherms, highlighting the transient behaviors. Each cylinder has a
fixed radius of (r* = 0.05), and its centers are located at a distance of (e* = 0.35) from the vessel's middle. The Rayleigh number is set at
10, and the rotating frame is 400. A time step of 0.001 is employed to achieve higher resolution, ensuring a more accurate repre-
sentation of the frame's motion and the evolution of the streamlines.

At the start of the time simulation (t* = 0.001), the heat flows are weak or almost non-existent, as the dynamic effect of the rotating
frame and the flexible baffles have not yet started to move the thermal layers. The streamlined plots show straight or scattered lines
around the hot and cold cylinders, with no significant overlap between the heat flows and no apparent movement in specific directions.
At the intermediate time (t* = 0.05) (before reaching stability), vortices form around the rotating frame, and the streamlined lines start
to overlap. This implies to active interaction between the cold and hot cylinders. A clear differentiation between the heat flows appears
as the streamlines move from the lower hot cylinders upwards towards the cold cylinders due to the free convection. The flexible
baffles improve the heat distribution and redirect the flows towards the center. Here, the streamlines appear as circles or spirals around
the rotating frame, increasing the complexity of the system's flows and enhancing the thermal motion. When the stability time is
reached (t* = 0.13), the system begins to reach thermal stability, where the flows become almost constant without significant changes,
which expresses the state of thermal equilibrium. The streamlined drawings show regular and equal-length streamlines around the
different regions, especially around the rotating frame. The streamlines become less overlapping, which reflects the balanced thermal
distribution. This state indicates that both the cold and hot cylinders have distributed their heat homogeneously, and the flexible
baffles no longer add significant oscillatory motions, which indicates to the fully equilibrium state.

Closer to the initial conditions, for the isotherms at t* = 0.001, the heat is distributed unevenly inside the vessel, with high
temperatures appearing in the hot lower cylinders while low temperatures occur in the cold upper cylinders. The isotherms appear far
apart and do not overlap significantly, which expresses a clear temperature difference between the hot and cold regions. There is no
significant effect of convection yet. In the intermediate time (t* = 0.05), as the rotating frame begins to move and the thermal effect

11
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Fig. 9. Variation of the Nusselt number over time for r* = 0.05 and e* = 0.35: (a) at different Ra values with fixed w* = 400, and (b) at different w*
values with fixed Ra = 10°.

resulting from the high Rayleigh number emerges, the isotherms bend and approach each other around the rotating frame. This
improvement in heat distribution within the system is due to the frame's movement and the thermal interaction between the cylinders.
A heat transfer zone is formed around the rotating frame, where the isotherms overlap and intensifies, indicating to increased heat
exchange. The effect of the flexible baffles is evident in improving the heat distribution towards the periphery of the vessel, where the
isotherm appears in a harmonious and flowing pattern that reflects the beginning of the formation of balanced heat flows. When the
time of stability is reached (t* = 0.13), the system reaches a thermal stability state, and the isotherm lines appear in a more uniform
state as they are distributed evenly and symmetrically around the vessel. The equilibrium isotherm lines show that thermal equilibrium
has been achieved, as there are no sharp temperature differences. The heat distribution is uniform due to vigorous convection effects
and a high Rayleigh number, reflecting the final thermal equilibrium in the system, as shown in Fig. 8.

The Nusselt number shows a gradual increase with rising thermal activity, driven by variations in the Rayleigh number and a fixed
high rotational frame of w* = 400, as illustrated in Fig. 9(a). After t* = 0.13, it reaches cyclic stability, signifying that the system has
attained thermal equilibrium and consistent heat transfer performance. In Fig. 9(b), with the Rayleigh number fixed at 10° and varying
rotational frame, the average Nusselt number also stabilizes beyond t* = 0.13, confirming the steady-state nature of the heat exchange
process.

4.2. Optimal design

This section presents and analyzes the results of calculations for determining the maximum design point of a system consisting of a
vessel with hot cylinders at the bottom and cold cylinders at the top, with flexible baffles and a rotating frame in the middle. The main
objective of this analysis is to study the effect of changing the Rayleigh number on the system (Ra = 10° and 10°). Two main variables,
rotational speed (w*) and distance cylinders to the frame axis (e*), were adopted to determine the best design that achieves high
thermal efficiency and system stability.

In Fig. 10, the streamlines are shown for different speeds and distances of the cylinders from the frame axis, where many values
were taken to find the best values and find the best consistency for the flow lines at Rayleigh number = 10, the constant size of the
cylinders at r* = 0.05 and the time fixed at t* = 0.15.

Regarding the streamlines, it was found that there is a clear pattern of consistency, especially near the rotating frame. This result
confirms the effect of speed and distance between cylinders on improving flow distribution and reducing static areas. At certain speeds
and with increasing Rayleigh numbers, the convection force in the system is enhanced, which leads to an improvement in the flow
distribution around the cylinders. The flexible baffles significantly organize the flow lines when actuated by the moving frame. They
direct the flow away from the heated cylinders while suppressing it near the cold cylinders, intensifying both the hot rising and cold
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Fig. 10. Streamlines contours at r* = 0.05, and t* = 0.15 for variables e* and w* at Ra = 10°.

descending currents. This effect promotes effective interaction between the cooled and heated cylinders. The dynamic baffles adjust
according to the rotating frame's motion, uniformly guiding the flow and reducing thermal hotspots by dispersing heat accumulation
across the system. The uniformity of flow lines near the rotating frame promotes a balance of velocity and pressure distribution around
the cylinders. This balance enhances the stability of heat flow and reduces the formation of high- or low-pressure areas. These results
illustrate the importance of choosing the appropriate speeds of the rotor and the optimum distance between the cylinders to achieve a
consistent distribution of flow lines, especially in systems that require efficient heat transfer. On the other hand, Fig. 11 shows the
isotherms with variable w*and e* where the effect of different speeds and cylinder distances on the temperature distribution inside the
vessel is visible. The symmetric isotherms are particularly noticeable at high Rayleigh number, where increased convection currents
lead to a more efficient heat distribution within the medium.
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Fig. 11. Isotherms at r* = 0.05, and t* = 0.15 for variables e* and w* at Ra = 10°.

As the Rayleigh number increases, the isotherms become denser around the cylinders, indicating more rapid heat exchange. These
lines are uniformly distributed within the hot and cold regions, maximizing heat exchange efficiency. This symmetry mitigates un-
desirable temperature drops and accelerates the system's thermal equilibrium. In this design, the flexible baffles bend with the rotating
frame, promoting active bulk motion and a more uniform isotherms distribution throughout the system. They help in reducing the
thermal differences between the different layers of fluids and reduce the formation of regions with constant temperatures (static areas),
which allows direct heat toward the cylinders more efficiently. Thus, the baffles enhance heat transfer through the system.

Categorically, the Nusselt number (Nu) is presented with two main variables: the distance of the cylinders from the frame axis (e*)
and the speed of the rotating frame (w*). The first plot in Fig. 12 (a) shows the distribution of Nusselt number concerning these
variables for Ra = 10°. The analysis showed that the supreme point of Nusselt number under these conditions was achieved when the
e* = 0.32378 and w* = 366.48, indicating that this dimension enhances heat exchange efficiency at that specific speed of the rotating
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Fig. 12. Disrbuations of Nusselt number at t* = 0.15 concerning rotational speed w* and e*, considering r* = 0.05 for (a) Ra = 10° and (b) Ra
=10°.

frame. In the second plot in Fig. 12(b), the Nusselt number is calculated at a high value of Rayleigh number at Ra = 10°, which
represents the case of an intense thermal load. The results indicate that the maximum point of the Nusselt number can be reached at e*
= 0.32 and w* = 379.43, which reflects the effect of thermodynamic factors more clearly under high thermal load conditions.

5. Conclusions

This study analyzes the design of a thermal vessel composed of cold upper cylinders and hot lower cylinders, enhanced by a rotating
frame and flexible baffles to improve heat transfer efficiency. The performance was evaluated based on two primary variables: the
speed of the rotating frame (w*) and the distance between the cylinders and the frame's axis (e¢*) under Rayleigh conditions (Ra = 103-
10%). The main conclusions can be categorized as;

(i) At a low Rayleigh number (Ra = 103), optimal performance was achieved at a close distance from the center of rotation (e* =
0.32378), with a rotating frame speed of (0* = 366.48). This provided the best balance between thermal current movement and
heat transfer. Notably, although the maximum speed tested was 400, the speed of 366.48 demonstrated the highest system
efficiency in terms of thermal balance, avoiding the need to reach maximum rotation speed.

(ii) Atahigh Rayleigh number (Ra = 10°), the highest efficiency was obtained at a slightly closer proximity to the frame's axis (e* =
0.32), where the distance is somewhat reduced compared to the case of low Rayleigh number. The optimal speed in this scenario
was (w* = 379.43), close to the maximum tested speed of 400. This speed enhances thermal current movement under high
thermal load conditions, maximizing the system's heat transfer efficiency.

(iii) Quantitatively, the optimum Nusselt numbers are 5.32 for Ra = 10° and 7.7 for Ra = 10°.
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6. Limitations and future research direction

This study is limited to Newtonian fluids and laminar flow. Optimization efforts were conducted for limited parameters (angular
speed and cylinder positions) and two Rayleigh numbers. Future work can delve into the turbulent flow regime, and non-Newtonian
fluids can be assessed. The optimization can be achieved with the aid of the Response Surface Methodology (RSM) technique.
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