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Modeling of Rotating Frame
Within a Cylindrical Vessel
Containing Isothermal Cylinders
Equipped With Flexible Radial
Baffles24

25 This study investigates the heat exchangewithin 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 (x*).
Flexible baffles are installed along the vessel walls to enhancemixing. The study employs the
FE Method of rotating meshes to discretize and solve time-dependent equations. Findings
reveal that using flexible baffles at a rotational speed ofx*¼ 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 Ra¼ 105 and 103, respectively, whenx* 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 Ra¼ 105 and 203.3% for Ra¼ 103, respectively. Moreover, the performance coefficient
for flexible baffles, compared to rigid baffles, peaked at 92.48% at a rotation speed of 100
and Ra¼ 105. [DOI: 10.1115/1.4068791]
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26 1 Introduction

27 Rotating frames, or cylinders of various shapes, possess vital
28 significance in numerous industrial applications such as electronic
29 cooling systems, nuclear and chemical reactors, and heat exchangers
30 [1–3]. Circulating heat transfer fluid between bundles of cylinders is
31 the significant demand for improving heat transfer in nuclear
32 reactors [1]. The influence of rotating cylinders on heat transfer has
33 been extensively explored in several studies. Ghaddar and Thiele [4]
34 analyzed two-dimensional convectional heat transfer froma rotating
35 cylinder in the center of an isothermal rectangular enclosure, noting
36 improved heat transfer with rotation. They observed that under low
37 Rayleigh number to rotational Reynolds number ratios, the
38 maximum cylinder surface temperature could drop by 25–35%
39 compared to stationary cylinders.
40 Experimental and numerical studies conducted byKimura et al. [5]
41 focused on the combined convection in a cavity using a centrally
42 rotating plate. Paramane and Sharma [6] suggested that rotating a
43 heated circular cylinder could effectively suppress heat transfer based
44 on their two-dimensional numerical analysis of forced convection.
45 Costa and Raimundo [7] found that rotating cylinders within
46 enclosures significantly affect thermal performance, with the
47 cylinder’s thermophysical properties dictating the heat transfer
48 dynamics.

49Other studies have shown that placing a rotating cylinder within a
50cavity could control heat transfer rates [8]. Liao and Lin [9] used
51numerical methods to demonstrate that cylinder rotation could
52diminish heat transfer. Chatterjee et al. [10] focused onmoving wall
53cavities involving an adiabatic cylinder rotates within a nanofluid,
54underscoring the pivotal role of rotational speed in heat transfer
55efficiency. Atanasova et al. [11] investigated the fluid dynamics
56issues related to the process of accelerating from a stationary state
57(spin-up) and decelerating to a stationary state (spin-down). The
58reported results can be used to devise a tailored rotation pattern for
59the bioreactor to enhance the mixing performance during the cell
60expansion phase. Mokhefi [12] conducted a numerical analysis of
61the hydrodynamic characteristics of a Bingham fluid, which was
62used as a food ingredient in a mechanically agitated tank with an
63angled anchor. The study investigated both isothermal and non-
64isothermal conditions. It was discovered that using an angled anchor
65arrangement improves the axial flow in the agitated tank compared
66to typical setups while retaining the dominance of tangential flow.
67Yin et al. [13] focused on investigating themixing process of hot and
68cold fluids in T-junctions, which is crucial for assuring the safe
69operation of T-junction pipe systems. An impeller is introduced into
70T-junction ducts, and experiments are performed utilizing particle
71image velocimetry without considering the temperature disparity
72between the twofluids. Blade tip vortex sheddingwas detected in the
73bottom section of the impeller. The jet flow pattern changed at high
74momentum ratios as the impeller rotated at various angles.
75Considering industrial applications, several studies have explored
76the effects of rotating frames and fixed baffles. Karcz andMajor [14]
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77 investigated how baffle length influences power consumption in
78 vessels with short baffles, noting a significant relationship between
79 baffle length and the turbulence of fluid flow, which in turn affects
80 the power number. Similarly, Promvonge et al. [15] investigated the
81 thermal-fluid fields in a channel with 45 deg tilted baffles on one
82 wall, observing better performance than 90 deg baffles at various
83 Reynolds numbers and baffle heights. Sriromreun et al. [16]
84 compared the thermal performance in a rectangular channel with
85 Z-baffles to one without baffles, both numerically and experimen-
86 tally, highlighting enhanced heat transfer and friction with baffles.
87 Xia et al. [17] investigated the flow interferences that arise in a twin-
88 impeller stirring tank. These interferences occur among the paddles,
89 the paddles-baffles, and the tank as the wall. These interferences
90 destruct the utilization of the energy of stirring. The main goal of
91 their studywas to improve the efficiency and uniformity ofmixing in
92 tanks that combine solid and fluid substances while also reducing
93 energy consumption and cost. The findings provide valuable
94 information that can be applied to constructing comparable mixing
95 tanks.
96 Due to its broad utility, the fluid–structure interaction (FSI)
97 approach has increasingly become a focal point across various
98 engineering fields, such as mechanical, aerospace, and biomedical
99 engineering [18]. This methodology is applied in numerous

100 scenarios, such as fluid flow through elastic pipes, operation of
101 diaphragm pumps, piston movements in elastic chambers, function-
102 ality of diaphragm sensors, and the dynamics of blood flow in
103 vessels [19]. Several studies have highlighted this method’s
104 versatility. Shi and Khodadadi [20] investigated the effects of a
105 reciprocating fin protruding from a vertical wall of an enclosure,
106 manifesting a moving wall. Meanwhile, Gomes and Lienhart [21]
107 analyzed the FSI in turbulent and laminar flows affected by
108 oscillating flexible assemblies. Ku [22] was awarded a patent for an
109 innovative, flexible heat sink design. Further research by Soti et al.
110 [23] demonstrated that the flow-induced deformation of a flexible
111 oscillator could enhance heat transfer. Chamkha et al. [24] explored
112 how an excited flexible fin affects heat transfer in an enclosed space
113 and found that a horizontal excited fin does not markedly improve
114 convection. Saleh et al. [25] investigated the impact of double-
115 excited flexible fins on the transient convective heat transfer within
116 partially porous layers confined by a square enclosure. Mahmood
117 et al. [26] studied the phenomenon of pulsing heat transfer in a
118 horizontal channel heated from its two horizontal walls and
119 equipped with a flexible modulator. They found that the modulator
120 tip’s frequency coincides with the flow’s pulsating frequency.
121 Furthermore, the flexible modulator enhances heat transmission by
122 enhancing flow mixing. Roy et al. [27] investigated the thermal
123 efficiency of a power-law fluid in a moving wall enclosure with
124 discrete heating. Their numerical result predicted the optimal heat
125 transfer medium for a specific design, minimizing extra costs
126 associated with conducting experiments. The study demonstrated a
127 positive correlation between the index of the power-law and Nu in
128 forced and mixed convection. Mahmood et al. [28] studied the
129 combined convection features caused by fluid–structure interaction
130 (FSI) in a square enclosure consisting of a power-law fluid. This
131 study demonstrates that incorporating a flexible fin improves heat
132 transmission exclusively at elevated Richardson numbers. There-
133 fore, their system, which included non-Newtonian fluids and fin
134 attachments, is primarily suited for situations where natural
135 convection is the dominant factor.
136 Moreover, entropy generation, a key measure of thermal system
137 performance, was also studied. Reasons for entropy production in
138 applied thermal engineering are extensively discussed in various
139 works [29–33] covering enclosures involving a still or rotating
140 objects.
141 The review of existing studies highlights plenty of researches on
142 natural convection heat transfer in several geometrical configu-
143 rations andwith different internal obstacles. However, the rotational
144 dynamics of noncircular shapes have not been extensively explored.
145 Such oversight is primarily due to the complexities in modeling the
146 rotation of asymmetric objects, which often require advanced

147techniques likemoving or deformedmeshmethods or a combination
148of fixed-rotating frame strategies.
149Our latest research [34] introduced an innovative technique to
150address the simulation of a rotating frame inside a circular enclosure
151encompassing a bundle of hot and cold cylinders. This study
152investigates the use of flexible baffles acting as a guide to the
153circulated fluidwithin a cylindrical enclosure involving hot and cold
154cylinders. This study, therefore, stands out by using the same fixed-
155rotating frame strategy and the FSI technique to simulate the
156conjugate heat transfer andmixed convection processes. Alongwith
157the Nusselt number, the skin friction is implemented to evaluate the
158role of the flexible baffles in enhancing heat transfer. The modeling
159and specific geometry used in this study are highly applicable to
160optimizing systems in various industrial sectors, including chemical
161plants, biological reactors, and nuclear reactor heat exchangers.

1622 Mathematical Formulation

163Figure 1 illustrates the setup of this study, which includes a vessel
164with a radius (R) and a conductive frame. The frame’s dimensions
165are defined as a� bwhere a¼R and b¼ 0.12R, andR is the radius of
166the circular enclosure. The heat capacity and thermal conductivity
167ratios between the frame and the fluid are Rh and Rth, respectively.
168Positioned centrally, the rectangular frame rotates counterclockwise
169at a speed (x). Along the vessel’s periphery, cylinder bundles are
170placed, through which hot fluid flows, maintaining a constant
171surface temperature (Th) on the cylinders. The vessel’s outer surface
172is insulated to prevent heat loss. In this configuration, the cylinder
173angles are static, with four hot cylinders located in the lower half at
174angles of 202.5 deg, 247.5 deg, 292.5 deg, and 337.5 deg.
175Conversely, in the upper half, four cold cylinders were located at
176angles of 22.5 deg, 67.5 deg, 112.5 deg, and 157.5 deg, with an
177interval of 45 deg between consecutive cylinders. Cold fluid flows
178through these cylinders, keeping their surface temperature constant
179at (Tc). Water fills the vessel with a Prandtl number of Pr¼ 6.90.
180Eight flexible baffleswere uniformly distributed along the surface of
181the cylinder. Each flexible baffle was positioned between two
182adjacent cylinders, with an angular separation of 22.5 deg from the
183center of each cylinder and 45 deg between consecutive baffles. The
184length and width of each baffle were denoted by (afl.¼ 0.12R) and
185(bfl. ¼0.002R), respectively. The ratio of thermal conductivities
186between the solid material (flexible baffles) and the fluid is
187represented by the dimensionless parameter kr, which was
188calculated to be 13. The no-slip boundary condition is applied to
189all walls, including the flexible baffles’ walls. Considering
190horizontal assembly, the variations along the z-axis are ignored;
191hence, the problem can be solved in a two-dimensional x–y plane.
192The Boussinesq approximation is utilized, relating density to
193temperature and incorporating the body force accordingly.

Fig. 1 Diagram and coordinate system of the analyzed scenario

J_ID: HT DOI: 10.1115/1.4068791 Date: 3-June-25 Stage: Page: 2 Total Pages: 16

ID: sambasivamt Time: 05:34 I Path: //chenasprod/home$/sambasivamt$/AS-HT##250055

000000-2 / Vol. 00, MONTH 2025 Transactions of the ASME



PROOF COPY [HT-25-1074]

194 By limiting the rotation speed of the frame to low values, laminar
195 flow can be safely assumed. Moreover, the assumptions of
196 incompressible fluid (water); constant fluid properties (except
197 density); no heat dissipation, and a long horizontal cylindrical
198 vessel led to no variation in the z-direction; making it a 2D problem.
199 These assumptions simplify the numerical solution while maintain-
200 ing the required accuracy. Hence, fundamental conservation
201 equations can describe velocity and temperature fields in a rotating
202 frame for an unsteady-state [35–38].AQ6

r:W ¼ 0 (1)

q
@V

@t
þ qr: Wco � Vð Þ þ q x� Vð Þ þ rp ¼ r: lrVð Þ þ Fb

(2)

qCp
@T

@t
þ qCpr: Wco Tð Þ ¼ r: krTð Þ (3)

qCpð Þs
@Ts
@t

¼ r: ksrTsð Þ (4)

203204 where Fb ¼ q0gb T − Tcð Þj and x represent the angular velocity of
205 the frame. Additionally, the absolute velocity V is defined as V ¼

Wþ x� r in which W indicates the relative velocity, and x� r
206 denotes the velocity due to the rotating frame. Moreover,

Wco ¼ W−Wflð Þ,Wfl is the velocity of the moving coordinates.
207 For flexible baffle
208 The equation for momentum, which governs the nonlinear
209 displacement of the flexible baffle, is expressed as follows:

qfl
@2dfl
@t2

− rr ¼ Fb flð Þ (5)

210211 The energy equation of the baffle

@T

@t
¼ afl r2T (6)

212213 whereFb flð Þ represents the body force exerted on the baffles given by
Fb flð Þ ¼ qfl gy. Here, dfl indicates the displacement vector, r the

214 stress tensor, and afl the flexible baffles’ thermal diffusivity.
215 The elastic displacement of the baffle, caused by the forces
216 exerted by the fluid and pressure, can be described using the
217 Kirchhoff stress tensor, as outlined in Ref. [39]

sfl ¼ J r (7)

r ¼ J−1FZFT (8)

218219 where F ¼ 1þrdflð Þ, J ¼ det Fð Þ, J is Jacobin determent, s is
220 extra stress tensor, Z signifies the second Piola–Kirchhoff stress
221 tensor, which correlates with the strain efl by Z ¼ C : eð Þ where

efl ¼ 1
2
ðrdfl þrdfl

T þrdfl
TrdflÞwhere C ¼ C E,#ð Þ, C repre-

222 sents the elasticity tensor, e denotes the strain rate, E shows the
223 elastic modulus, # indicates the Poisson ratio, and “:” signifying the
224 double–dot tensor product.
225 The following dimensionless parameters are introduced:

r� ¼ r
D
, e�, r�ð Þ ¼ e, rð Þ

D
, h ¼ T − Tc

Th − Tc
, x� ¼ xD2

af
,

V� ¼ VD

af
, W� ¼ WD

af
, W�

co ¼ Wco D

af
, t� ¼ t afð Þ

D2
,

Ra ¼ gbD3
h Th − Tcð Þ
# af

, p� ¼ pþ q0gyð Þ
qf af =D

� �2� � , Pr ¼ #

af
,

r� ¼ r
E
, E� ¼ ED2

qf af 2

(9)

The collection of conservation equations has been reformulated as
226indicated in [40]

r�:W� ¼ 0 (10)

@V�

@t�
þ r�: W�

co � V�ð Þ þ x� � V�ð Þ þ r�p� ¼ Prr�2V� þ F�
b

(11)

@h
@t�

þW�
co r�h ¼ r�2h (12)

qCpð Þs
qCpð Þf

@hs
@t�

¼ ks
kf

� �
r�2h (13)

227228where x represents the solid frame’s angular velocity and
F�
b ¼ jRa� Pr h.

229The ratios Rth and Rh account for the ratios of thermal
230conductivity of the rotating frame to that of the fluid, and the heat
231capacity of the frame to that of the fluid, respectively, and they are
232expressed as
233

Rth: ¼ ks
kf

and Rh ¼
qcpð Þs
qcpð Þf

(14)

234235For flexible baffles

1

qr

d2dfl
�

dt�2
− E� rr� ¼ E�F�

b flð Þ (15)

@h
@t�

¼ arr2h (16)

236
237where qr ¼ qf

qfl
and ar ¼ afl

af
are the ratios of the density and thermal

238diffusivity of the fluid to that of the flexible baffles, respectively.
239Temperature boundary conditions for the vessel, expressed in
240dimensionless form, can be expressed as
241

h ¼ 1, For the four heated cylinders in the lower part of the vessel

(17a)

242

h ¼ 0, For the four cold cylinders in the topper part of the vessel

(17b)

@h
@n

¼ 0, For the insulated outer surface of the vessel (17c)

hs ¼ hf , The boundary conditions at the outer edge of the

rotating frame
(17d)

@h
@n

� �
f

¼ Rth
@h
@n

� �
s

(17e)

@dfl
�

@t�
W�, E�r: n ¼ −p� þ PrrW�,

For nonslip boundary conditions on the baffles

(17f )

@hf
@n

¼ kr
@hfl
@n

, The The interface between flexible baffles and fluid

(17g)

243244where kr ¼ kfl
kf

is the thermal conductivity ratio between flexible
245baffles and fluid.
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246 To identify whether convection or conduction is the predominant,
247 the Nusselt number at the hot cylinders is employed. Moreover, the
248 skin friction Cfr along the vessel wall is used to evaluate the overall
249 performance

Nu ¼ −
1

2pr

ð2pr
0

@h
@n

� �
dS (18a)

Cfr ¼ 1

2pr

ð2pr
0

W�

@n

� �
dS (18b)

250251 In assessing the feasibility of the heat transfer process for this
252 specific problem, it’s crucial to compute a performance criterion.
253 This criterion is determined by taking the ratio of theNusselt number
254 with flexible baffles to that without baffles and then dividing this
255 result by the ratio of the skin friction coefficient with flexible baffles
256 to that without baffles. This measure offers a dependable gauge of
257 system efficiency and facilitates accurate comparisons

Pf ¼ Nubaf=Nuo
Cfrbaf=Cfro

(18c)

258259 where the subscript “o” denotes without baffles and baf denote fixed
260 or flexible baffles.
261 Another dimensionless number, represented by the power
262 consumption (Ne) is presented in the following equation:

Ne ¼ Po

xi3 Di5 q
(19a)

263264 where
Po ¼ 2pxiMt (19b)

265

266 3 Numerical Solution

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

the u�, v� �
XM
i

u�, v�ð ÞkiUk
i x�, y�ð Þ, h �

XM
i

hkiU
k
i x�, y�ð Þ,

p� �
XM
i

p�kiU
k
i x�, y�ð Þ

(20)

277278 In this formulation, i is the node index,M is the number of nodes, and
279 k denotes the time-step iteration. PARDISO (parallel direct solver)
280 is invoked to handle large sparse linear systems [41–45]. PARDISO
281 is a fast, thread-safe library for solving large sparse linear systems on
282 multicore machines Schenk and Gartner [46]. Using C language, it
283 utilizes an efficient supernodal Gaussian elimination method, ideal
284 for finite element and optimization problems. The solver was called
285 as a C library to simulate the model. The mesh displacement, solid
286 structure, heat transfer, and momentum equations were solved in a
287 fully coupled format using the Newton method with a damping
288 factor of 0.8 for better solution stability. Themaximum iterations for
289 each time-step were 200. Crosswind stabilization and second-order
290 upwind approaches are utilized to overcome numerical convergence
291 issues raised by diffusive and convective terms. The time-step is
292 maintained at maximum of 10−3 s. The backward differentiation
293 formula (BDF) of second order was used to adjust the time steps

294within the required relative error of 5� 10−3. Figure 2 demonstrates
295the FEM methodology, detailing the numerical procedures. Two
296precise computational analyses show that the error range remains
297within 5� 10−3

Fig. 2 Outlines of the FEM procedure

Fig. 3 (a) Grid independence test at r*50.03, e*50.35, and
Ra5103 for different values of x* and (b) the finalized mesh,
consisting of 519,824 elements zoomed to illustrate the mesh
movement flexible baffle’s motion
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C jþ1 − C j

C jþ1

����
���� � 5� 10−3 (21)

298299 C can be pressure, temperature, or velocity, and iteration number is
300 denoted by j. Following the substitution of equations, two primary
301 procedures are executed during the numerical analysis phase.
302 Initially, a proper mesh configuration is established, and the domain
303 is segmented through an automated algorithm for mesh generation.
304 Thereafter, comparisons with existing researches are conducted to
305 ascertain the accuracy of the results, as further described in the
306 subsequent sectionsAQ7 .

307 3.1 Verification of Grid Refinement. The convergence
308 assessment in a vessel containing cylinders, each with a radius of
309 r*¼ 0.03, involves evaluating the temperature contours, stream-
310 lines, and Nusselt number. These cylinders were positioned away
311 from the center of the enclosure center at e*¼ 0.35 undergoing a
312 frame rotation ranging from x*¼ 0–400 at a Rayleigh number of
313 103 and Prandtl number of Pr¼ 6.9. The arrangement consists of

314four cold cylinders positioned at angles of e1¼ 22.5 deg, 67.5 deg,
315112.5 deg, and 157.5 deg. The hot cylinders are positioned at angles
316of e1¼ 202.5 deg, 247.5 deg, 292.5 deg, and 337.5 deg, with an
317interval of e2¼ 45 deg. The heat capacity ratio (Rh) and the
318conductivity ratio (Rth) between the frame and the fluid stay
319constant at 0.582 and 397.63, respectively. The inside surface of the
320vessel is equippedwith eight flexible baffles, with Young’smodulus
321(dimensionless) at E*¼ 2� 1010 and thermal conductivity ratio kr
322¼13. Thematerial of the flexible bafflewas chosen to be a composite
323polymer (expanded graphite/polyetherimide (EG/PEI) composite)
324[47] with a thermal conductivity of 7.8W/m.K, which is divided by
325the thermal conductivity of fluid water (0.6W/mK), resulting in a kr
326value of 13. The nondimensionalYoung’smodulus ofE*¼ 2� 1010

327is also in the range of expanded graphite/polyetherimide with
328specific mechanical processing. Various mesh sizes were analyzed,
329as shown in Fig. 3(a), with an optimalmesh size of 519,824 elements
330(depicted in Fig. 3(b)) chosen to meet accuracy and the time of
331solution. The specifications of this mesh are as follows; the
332minimum element quality is 0.1627, with an average quality of
3330.8607, the element area ratio is 0.001524. Close to the interface

Fig. 4 Comparison with Saleh et al. [25], at the length of the fin (a*50.2), elastic modulus
(E*5109), oscillationamplitude (A*50.1), the radiusof cylinder (R*50.2),Ra5 106 andoscillation
period (t�p 50.5) with t*5 1.125 (4 t�p /8)
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334 boundaries, the mesh is denser, while within the regular domains,
335 less dense mesh is set. Skewness around the deflected baffles was
336 also monitored and remained within acceptable limits throughout
337 the simulation. The moving mesh is applied in the FSI part of the
338 domain, i.e., close to the flexible baffles. Since the deflection of the
339 flexible baffleswas not significant, the distortion of themeshwas not
340 so steep, where the mesh inversion was not encountered within the
341 whole calculations. The figure illustrates themeshmovementwithin
342 the rotating domain, where the mesh adjusts dynamically as the
343 rotating frame moves while the other domain undergoes deforma-
344 tion. Furthermore, Fig. 3(c) displays the motion of the flexible
345 baffles at three-time samples within the deformation domain, driven
346 by the transfer of movement from the rotating frame.

347 3.2 Verifications of Results. To ensure the precision of the
348 numerical method and achieve optimal outcomes, a validation test
349 was conducted based on the research undertaken by Saleh et al. [25].
350 This investigation explored unsteady combined convection in an
351 enclosure encompassing a hot circular cylinder, enhanced by two
352 solid, thin, elastic baffles mounted on the upper cold wall, each with
353 a length of L. The parameters evaluated in this study covered the
354 oscillation’s direction, amplitude, and length of the fins alongside
355 various elasticity ratings and cylinder dimensions for fixed values of
356 Ra¼ 106 and Pr¼ 0.7 (for air). A radius of R characterized the
357 cylinder. The comparison yielded exceptional results, as indicated
358 by the visualization of isotherms and streamlined contours, as shown
359 in Fig. 4.

360Furthermore, the comparison was conducted with the results of
361Ghaddar and Thiele [4], who utilized two-dimensional laminar flow
362within an enclosure measuring five in length and three in width. A
363circular rotating cylinder was employed, at a height of 1.5 from the
364base. The rotating cylinder was subjected to a uniform heat flux;
365meanwhile, the remainder of the enclosure was assumed to be
366isothermal. In both scenarios, the Ra number was 104, and the Pr
367number was set to unity. However, the rotational Reynolds number
368varied from zero for the stationary cylinder and 15.811 for the
369rotating cylinder. In the first scenario, with the cylinder stationary,
370and in the second scenario, with the cylinder rotating, the
371comparison of streamlines and isothermal produced excellent
372results, as shown in Figs. 5(a) and 5(b).
373Further corroboration of the present methodology was achieved
374by juxtaposing it with experimental data. Karcz and Major’s [14]
375experiment used a stirred water tankwith an internal radius of 0.3m.
376The tankwas equippedwith a 0.198-m (in diameter)Rushton turbine
377andwas positioned 0.198meters from the bottom of the vessel. They
378focused on turbulent flows within the vessel, particularly exploring
379Reynolds numbers ðRe ¼ xiDi2q

l Þ between 30,000 and 200,000. The
380study incorporated dimensionless equations along the (j–�) model
381to assess power consumption related to various Reynolds numbers.
382Figure 6 displays hopeful outcomes, bolstering confidence in
383numerical methods.
384Extra validation regarding the FSI is conducted with the problem
385of K€uttler and Wall [48], which composed a ported cavity having a
386basemade of flexiblematerial (E¼ 250N/m2)while the lidmoves in

Fig. 5 Comparison with Ghaddar and Thiele [4], (a) at fixed cylinder Ra5104 and rotational Reynold number
(Rew50) and (b) Rew5 15.811 with Ra5104
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387 sinusoidal manner 1− 2pt
5

� �
. The comparison was made with the

388 profile of the flexible base and its deflection is portrayed in Fig. 7,
389 which shows good consistency between the two solvers. The
390 properties of the problem are given in the caption of the figure.

391 4 Results and Discussions

392 This study defined essential dimensionless parameters: Water
393 was chosen as the working fluid with a Prandtl number (Pr) of 6.9.
394 The Rayleigh numbers ranged from 103 to 105, and the angular
395 rotational speed varied between 0 and 400. It is wise to mention that
396 the Rayleigh number accounts for the ratio of the natural convection
397 (which is driven by the buoyancy forces) to the flow resistance
398 (which results from the viscous forces). While the Prandtl number
399 accounts for the ratio of the momentum diffusivity to the thermal
400 diffusivity. The main limitations of this study are the laminar flow,
401 which restricts the rotational speed of the frame and the fluid type
402 that is restricted to Newtonian fluids.
403 In this investigation, the cold cylinders were positioned at angles
404 e1¼ 22.5 deg, 67.5 deg, 112.5 deg, and 157.5 deg, while the hot
405 cylinders were placed at angles e1¼ 202.5 deg, 247.5 deg,
406 292.5 deg, and 337.5 deg, with intervals of e2¼ 45 deg. The length
407 of each flexible baffle was denoted as (afl.) and its width as (bfl.),
408 evenly distributed between every two cylinders. The angle between

409the center of each cylinder and the flexible baffle was set at 22.5 deg,
410while the angle between each pair of flexible baffles was 45 deg.
411The outcomes obtained are categorized into four sets of
412parameters: the first set emphasizes the distance of cylinders from
413the vessel center (e*), the second set explores the effect of the
414rotating frame speed (x*), the third concerns the size of the cylinder
415(r*). Finally, the fourth set compares the results in the current case
416with the presence of flexible baffles, the case of no baffles [34], and
417solid baffles. Each set of results undergoes meticulous analysis,
418including visualization of flow contours and isotherms and scrutiny
419of the heat transfer mode by computing the Nusselt number. The
420ranges of the parameters under investigation are outlined in Table 1.
421It is ensured that the maximum value of the rotational speed results

422in a Reynolds number Re ¼ xR�D�qf
lf

� �
of about 29, which is within

423the laminar flow range.
424Particular attention is given to studying the recurring patterns of
425streamlines and isotherms and determining the time needed to
426establish a cyclical steady-state. The following subsection will
427detail this phenomenon:

4284.1 Time-Dependent Results. The outlines in Figs. 8 and 9
429delineate the streamlines and isotherms, respectively, revealing
430transient behaviors. Each cylinder is fixed at a radius of r*¼ 0.03,
431with centers situated at a distance e*¼ 0.35 from the vessel’s center.
432The Rayleigh number is 105, with an angular speed of 400. A time-
433step of 0.001 is implemented to achieve higher resolution and
434provide a more accurate depiction of the frame’s movement and the
435evolution of the streamlines.
436Figure 8 illustrates the streamlines at the initial time of 0.001 in
437detail. The fluidmovement and the formation of vortices commence
438randomly with the onset of the rotating frame’s motion. This
439initiation involves the development of dynamic forces resulting
440from the predominant buoyant force, causing deviations in the
441baffles. Progressing in time, particularly at 0.008, an interaction is
442observed between the buoyant force and fluid movement, resulting
443in smooth streamlines, predominantly observed in the center of the
444frame, with stagnation areas persisting around the baffles. When the
445time reaches to 0.016, a prominent primary vortex forms in the
446direction of the rotating frame’s movement, spanning the upper left
447and lower right quadrants, each encompassing two cold and two hot
448cylinders. Additionally, two smaller vortices emerge, each envel-
449oping two identical cylinders. Stable regions of fluid movement
450become discernible, particularly beyond the time of 0.128,where the
451movement stabilizes and fluid flow becomes symmetric. Looking at
452the deformation states of the flexible baffles, one can deduce that a
453baffle guides the circulated flow into the next cylinder, and due to its
454flexibility, it bends with the flow direction. In a particular instant,
455two counter-rotating vortices are met close to the free tip of the
456baffles, and then the baffles reserve their straight configuration, as
457seen at t*¼ 0.001 in Fig. 8.
458Figure 9 illustrates that at the initial stages of the timeline, thermal
459plumes begin to form, albeit with insufficient speed over time, to
460induce natural convection effects attributed to the dominance of the
461buoyant force. As time progresses, a positive heat exchange is
462evident, represented by the large vortex surrounding the two hot and
463two cold cylinders, aligned with the frame’s movement. Here, the
464interplay and equilibrium between free and forced convection
465become apparent, especially in the upper right and lower left
466quadrants, indicated by the density of thermal boundaries. The
467formation of two vortices around identical cylinders leads to a
468reduction in heat exchange. The stability of heat exchange is

Fig. 6 Evaluationof thecurrent researchsimulationand thoseof
Karcz and Major [14], which was conducted by calculating the
power consumption (Ne)

Fig. 7 FSI validation with Kuttler and Wall [48], the flexible base
has: E5250 N/m2, density of 500kg/m3, the fluid properties are:
density5 1.0 kg/m3, dynamic viscosity50.01Pa�s, while the inlet
and outlet ports were 0.1 and the lid moves according to 12 2pt

5

� �

Table 1 Varying parameters utilized in this study

x* Ra r* e*

0–400 103–105 0.01–0.05 0.3–0.45
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469 highlighted by the average Nusselt number, which starts stabilizing
470 beyond the time of 0.12, as depicted in Fig. 10.

471 4.2 Effect of Cylinder Size. This study primarily explores how
472 cylinder size and flexible baffles influence temperature contours and
473 streamlines at t* ¼ 0.15, e* ¼ 0.35, x*¼ 400, and Ra¼ 105.
474 Notably, the velocity and buoyant force play significant roles in
475 shaping the movement of flexible baffles. Fluid motion applies
476 pressure on the baffles, inducing stress that affects the displacement
477 of baffles. Consequently, the baffles deflect in the direction of fluid
478 movement, causing the frame to rotate counterclockwise. Figure 11
479 displays streamlines and isotherms for the effect of cylinder
480 diameters. When the cylinder size is small at 0.01, the deflection
481 of baffles becomesmore noticeable due to the absence of obstruction
482 in the free surface created by the rotating frame near the baffles. This
483 deflection adds extra momentum to the fluid particles, an FSI

484problem. Streamline patterns become more symmetrical and
485streamlined, with visible baffle movement causing compression
486toward the center as they pass around the cylinders. This positively
487impacts heat transfer, with uniform isotherms observed, indicating
488an enhanced heat between the mixed fluid and the baffles, thus
489providing an additional surface for heat exchange. Consequently,
490there is an increase in the contact area between the fluid and the
491surrounding cylinder wall. As the cylinder size increases slightly to
4920.02, greater separation occurs from the previous streamlines near
493the cylinders. This separation is attributed to obstruction, which
494increaseswith the larger cylinder sizewhile observing the expansion
495of flow in the opposite direction to the movement of the baffles.
496Conversely, insufficient exchange occurs between the contact
497surface of the cylinders and the fluid, resulting from the increased
498surface area of the cylinders compared to the volume of the
499surrounding fluid, negatively influencing the isotherms.

Fig. 8 Streamline contour progression was analyzed at various intervals for e*5 0.35, r*50.03, Ra5105, and
x*5400
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500 However, with a further increase in cylinder size to 0.05,
501 weaknesses and distortions emerge in the flow, forming areas of
502 slow flow surrounding the cylinders and the free surface and
503 intermediate regions within the frame. This phenomenon is
504 attributed to the obstruction formed due to the large size of the
505 cylinders, acting as a buffer for the fluid movement induced by the
506 frame. This substantial obstruction reduces exchange between the
507 contact surface of the cylinders and the surrounding fluid, affecting
508 baffle movement and causing them to appear stationary due to
509 insufficient pressure for displacement. This phenomenon affects the
510 isotherms, thickening the boundary layers and causing an uneven
511 distribution of thermal gradients.
512 Figure 12 depicts the variation of the Nusselt number concerning
513 the cylinder size alongside the rotational speedwithin this parameter

514set. The figure illustrates a consistent increase in the Nusselt number
515as the cylinder size decreases, with theNusselt number experiencing
516a percentage increase of approximately 203.3% and 375.5% at
517x*¼ 200 and Ra¼ 103 and Ra¼ 105, respectively, when the
518cylinder size decreases from 0.05 to 0.01. This phenomenon
519primarily arises from the development of consistent flow patterns
520around cylinders of smaller radii.

5214.3 Impact of the Distance of Cylinders From the Vessel
522Center. These investigations examined the effects of varying the
523positions of the cold and hot cylinders relative to the vessel’s center
524on streamlines and isotherms, with parameters fixed at Ra¼ 105,
525x*¼ 400, and t*¼ 0.15. Figure 13 illustrates that when e*¼ 0.3, the

Fig. 9 Isotherms progression was analyzed at various intervals for e*50.35, r*50.03, Ra5 105, and
x*5400
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526 steep deflection of the baffle is apparent. The display highlights the
527 smoothness of the deflection and its consistency toward the opposite
528 direction of the rotating frame’smovement. This happens because as
529 the flexible baffles sway within the fluid, variations in pressure and
530 velocity arise around the baffles, creating a dynamic force that
531 opposes the direction of the baffle’smovement. This shift introduces
532 extra momentum to the streamlines and heightens the pressure
533 within the flow, especially in the upper regions of the flexible baffles
534 near the vessel’s center. This action reduces stagnation zones around

535the cylinders. Conversely, in the vessel’s middle, the streamlines
536move toward the frame’s movement. When fluid collides in two
537areas, specifically at the cylinders located at the two corners, the
538fluid changes direction due to the pressure exerted by the collision,
539affecting the movement of the baffles. On the opposite side of the
540isotherms, thin thermal layers form in the middle of the rotating
541frame, and the reverse movement of the fluid in the area confined
542between the cylinders and the adiabatic surface, represented by the
543movement of the flexible baffles, brings the thermal plumes andmix
544them well with the other part.
545It was also noted that the significant buoyant force and velocity
546propelled the hot fluid away, facilitating the mixing with the colder
547fluid and enhancing the thermal exchange. When the cylinders were
548repositioned away from the central axis of rotation to a distance of
5490.4, the streamlines became denser in the upper left and lower right
550quadrants, creating large vortices that followed the direction of the
551frame’smovement in those regions. This demonstrated the impact of
552the baffles in those areas and their movement in alignment with the
553frame’s trajectory, influenced by the pressure exerted in those zones
554to generate a dynamic force for their motion. Consequently, this
555affected the isotherms, fostering a beneficial exchange zone where
556the heat plumes from the hot cylinders dispersed and mixed with
557those from the cold cylinders. However, in the upper right quadrant
558and the lower left quadrant, weak areas surrounding each of them
559with two identical cylinders caused stagnation areas, noting slight
560fluctuation in the movement of the baffles due to the lack of pressure
561exerted on the unit area of the baffles, leading to negative results for
562the isotherms. When e*¼ 0.45, the weak areas that surrounded two
563identical cylinders in the previous position disappeared and became
564completely stagnant, with an expansion of the large vortex
565surrounding the outer part of the cylinders and near the source of
566the frame’s movement. Stagnation areas were observed to the right
567and left, as well as nearby areas on the adiabatic surface. Here, the
568role of the baffles created a buffer for the movement of the fluid,
569compressing it toward the center and keeping it away from the
570cylinders, which negatively affects the isotherms. There was
571minimal mixing and disintegration of the thermal plume, especially

Fig. 10 Nusselt number over time, considering parameters
e*50.35, r*50.03, Ra5105, and x*5400

Fig. 11 Temperature contours and flow patterns at e*5 0.35,
x*5400, Ra5105, and t*50.15, for (a) r*5 0.01, (b) r*50.02, and
(c) r*5 0.05

Fig. 12 The distributions of Nusselt number for (a) Ra5103 and
(b) Ra5105 concerning rotational velocity and various cylinder
radii r*, considering e*5 0.35
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572 in the outer region corresponding to the movement of the rotating
573 frame in the upper right and lower left quadrants.
574 The Nusselt number is presented in Figs. 14(a) and 14(b) for
575 designated Ra and varying x*. Lower e* values result in elevated
576 Nusselt numbers due to two key factors. First, the reduced distance
577 between hot and cold cylinders lowers the thermal resistance in the
578 transfer of heat. Secondly, the nearness of the frame edges to the
579 heated surface promotes vigorousmixing. Specifically, atx*¼ 200,
580 reducing e* from 0.45 to 0.3 increases the Nusselt number by 72.3%
581 and 70.26% forRa¼ 103 and 105, respectively.Moreover, it is noted
582 that as rotational speed increases, the Nusselt number also rises,
583 owing to enhanced fluid mixing that bolsters forced convection
584 effects.

585 4.4 Impact of Rotating Frame Speed. This section empha-
586 sizes the influence of speed on streamlines and isotherms in the
587 presence of flexible baffles. Parameters are set at t*¼ 0.15,
588 e*¼ 0.35 and r*¼ 0.03. Figure 15 represents the streamlines and
589 isotherms relative to the effect of the rotating frame for Ra¼ 105. At
590 zero speed (Fig. 15(a)), the streamlines are symmetric along the y-
591 axis, and the fluid circulates in opposite direction. Following the
592 symmetrical streamlines, the deflection state of the flexible baffles is
593 also symmetric. The counterclockwise rotation of the right half
594 deviates the flexible baffles in the direction of rotation due to the
595 applied pressure. In contrast, on the left half, the streamlines rotates

596clockwise, with stagnation areas in the middle. This is primarily due
597to the dominance of the high buoyancy force, which amplifies the
598effect of dynamic force on the baffles, rendering them more
599susceptible to undulation and bending. Conversely, the buoyant
600force facilitates molecule movement in isotherms, enhancing
601thermal efficiency through pure natural convection. The disintegra-
602tion of thermal layers in the hot cylinders and the resulting
603isothermal regions are also observed.
604At x*¼ 100, fluid movement intensifies, becoming multi-
605recirculating. In addition, the flexible baffles add a punch-like to
606the vortices leading to intensified mixing. This is evidenced by
607streamlines forming a large, symmetrical vortex along the frame’s
608axis and direction of movement, surrounded by cold and hot
609cylinders. Adjacent to the large vortex, two equal differential
610vortices rotate opposite its direction, one enveloping a cold cylinder
611and two hot cylinders and the other encircling two hot cylinders and
612one cold cylinder. In contrast, isotherms exhibit bifurcation
613distribution, enhancing heat exchange between cold and hot surfaces
614and creating active regions in the hot zone, particularly in the lower
615right part where heightenedmovement of hotter fluid from the hot to
616the cold surface is observed. At x*¼ 400 (Fig. 15(c)), identical
617streamlines are evident in the upper left and lower right sectors. The
618circulation is weakening close to the hot and cold cylinders, while
619intensifying in a uniform circling within the domain of the rotating
620frame. King et al. [49] indicated similar behavior in a rotating
621annular cavity. Moreover, the weak outer circulation enclose cold
622and hot cylinders separately. The corresponding isotherms exhibit
623notable plumes within the domain of the rotating frame. Hence, it is
624certain that at higher speed (x*¼ 400), the intensifying the
625circulation in a region rather than the hot and cold cylinders will
626negatively affect the convection as can be observed in Fig. 16, where
627the Nusslet number of Ra¼ 105 dwindles notable as the speed rises
628to 400. In general, Fig. 16 reveals that the highest value of the Nu
629number is recorded at Rayleigh number 105 at a speed of 100. At this
630low speed, both free convection and forced convection (due to

Fig. 13 Temperature contours and flow patterns at x*5400,
Ra5105, r*50.03, and t*50.15, for (a) e*50.3, (b) e*50.4, and (c)
e*50.45

Fig. 14 Nusselt number variation with rotational velocity for
various distances of the cylinders from the rotating frame at (a)
Ra5103 and (b) Ra5 105, for r*50.03
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631 rotation) are comparable. However, at lower Rayleigh numbers
632 where rotation plays a more significant role, we observe that
633 increasing the rotation consistently raises the Nusselt number, albeit
634 by a small percentage. Commonly, with an increase in rotational
635 speed from zero to 200, there is an observed rise in the Nu of 10.2%
636 and 82.9% for Ra¼ 103 and 105, respectively. Hence, the higher
637 rotational speed is not recommended at high Ra number, as the fluid
638 circulation of higher rotational speed is limited in a region far from

639the cylinders, which are kept at different temperatures, the fact that
640declared previously by King et al. [49].

6414.5 Comparative Study. In this section, comparing the current
642investigation involving flexible baffles with a previous study [34],
643which has no baffles, is conducted. Furthermore, a comparison with
644fixed baffles is incorporated by analyzing Nusselt number
645distribution and skin friction number.
646Figure 17 comparesNusselt number distribution at various speeds
647with other parameters fixed at r*¼ 0.03, Ra¼ 105, and e*¼ 0.35.

Table 2 The increase of the Nusselt number when using flexible
baffles at e*50.35, Ra5105, and r*50.03

Speed (x*)

The increase in
Nu for flexible baffles

compared with no baffles

The increase in Nu
for flexible baffles compared

with rigid baffles

50 5.64% 8.8%
100 2.27% 18.5%
200 0.2% 14.84%

Fig. 15 Temperature contours and flow patterns for e*5 0.35,
t*50.15, Ra5 105, and r*50.03 at rotational velocities (a) x*50,
(b) x*5 100, and (c) x*5 400

Fig. 18 Comparison between the elastic baffles, fixed baffles,
andwithout baffles [34] for Skin friction number distribution with
the rotational speed for r*50.03, Ra5105, and e*50.35

Fig. 16 The distribution of the Nusselt number with rotational
speed for various Ra, considering r*50.03 and e*50.35

Fig. 17 Comparison between the elastic baffles, fixed baffles,
and without baffles [45] for Nusselt number variation with the x*
for r*50.03, Ra5105, and e*50.35
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648 The study elucidates the impact of speed on the three configurations.
649 At lower speeds, particularly at 50, the influence of flexible baffles
650 on the Nusselt number is evident, exhibiting a 5.64% increase
651 compared to the absence of baffles. This disparity can be attributed
652 to the domination of buoyant force relative to speed, affecting baffle
653 deflection. With its relatively minor deformation, flexible baffles
654 provemore effective in heat exchange by enhancing heat circulation
655 between cold and hot cylinders. However, as speed increases,
656 adverse outcomes are observed for the flexible baffle configuration
657 compared to the other cases. This is due to heightened fluid
658 movement inducing significant distortions in the fluid stream due to
659 baffle shape alteration, leading to increased dynamic and frictional
660 pressure and resulting in a reduced heat transfer compared to the
661 baffle less configuration. Compared to the fixed baffles, the Nusselt
662 number shows a noticeable increase of 8.8%, 18.5%, and 14.84% at
663 50, 100, and 200 speeds, respectively. Table 2 illustrates the increase
664 in Nu number when using flexible baffles and compress the results
665 with no baffles case and solid baffles.
666 In the second case, depicted in Fig. 18, the skin friction coefficient
667 is calculated using the parameters aforementioned for the three
668 configurations. This coefficient is crucial for optimizing design and
669 enhancing efficiency and performance, particularly in mixing
670 operations. Flexible baffles have a significant impact across various
671 speeds, with a peak decrease of 56.9% at (x*¼ 50) compared to no
672 baffle case and a decrease of 38.39% at (x*¼ 100) compared to
673 fixed baffles. Their presence reduces friction between fluid
674 molecules and the surface, decreasing the shear stress. Conse-
675 quently, this reduction in shear stress diminishes the total system
676 load, enhancing its efficiency and performance. Table 3 illustrates
677 the declination in skin friction for flexible baffles compared to the
678 other configurations at different speeds.
679 Conversely, Fig. 19 illustrates the performance coefficient for
680 different speeds with fixed values of r*¼ 0.03, Ra¼ 105, and

681e*¼ 0.35. The performance coefficient for the flexible baffle
682reached its maximum at a speed of 50. This is due to the increase
683in the Nusselt number when flexible baffles are used, compared
684to their absence, and a significant reduction in the skin friction coefficient.
685However, as speed increases further, theperformancecoefficientbegins to
686decrease. Additionally, it is noted that the coefficient rises at a speed
687of 100, peaking at 92.48% when comparing the performance with
688flexible baffles to that with fixed baffles. Table 4 shows the increase
689in performance coefficient at different speeds for flexible baffles
690compared to fixed baffles under the same conditions.

6915 Conclusions

692Heat exchange between the cylinders within a vessel is enhanced
693by employing a rotating frame and flexible baffles. This paper
694undertakes a numerical investigation of this problem. The study
695parameterizes the distance, size, and rotational speed and compares
696them with nonbaffle and solid baffle configurations, utilizing
697varyingRayleigh numbers for comprehensive analysis. The findings
698reveal that the distance, size, and rotational speed notably affect heat
699transfer within the system, underscoring their significance in
700designing container and tube heat exchangers. The key findings
701are summarized succinctly as follows:

� As the frame’s rotational speed increases, Nusselt number
702increases also; however, its effectiveness diminishes after
703surpassing a critical rotational speed of x*¼ 200 due to
704increased drag and flow disruption around the cylinders.
705Notably, the Nusselt number grows by 82.9% and 10.2% for
706Ra¼ 105 and 103, respectively, whenx* increases from zero to
707200.

� The Nusselt number rises, as the cylinders are closer to the
708rotating frame. Specifically, decreasing the distance of the
709cylinders from the rotational frame from e*¼ 0.45 to 0.3
710results in a Nu number enhancement of 72.3% at Ra¼ 103 and
71170.26% at Ra¼ 105 at x*¼200.

� Reducing the cylinder size increases the Nusselt number,
712influenced by the temperature differentials and drag effects.
713Specifically, the Nu increases by 375.5% and 203.3% for
714Ra¼ 105 and Ra¼ 103, respectively, at x*¼ 200 when the
715cylinder size is reduced from r*¼ 0.05 to r*¼ 0.01.

� When compared to fixed baffles, flexible baffles yield increases
716in the Nusselt number of 8.8%, 18.5%, and 14.84% at speeds of
71750, 100, and 200, respectively.

718This study has a limitation due to the relatively low rotational
719speed. Increasing the rotational speed into the turbulent range could
720reveal new functions of the flexible baffles. Therefore, the issue of
721turbulence warrants further investigation in future research.
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Nomenclature 724

725a ¼ length, m
726A ¼ oscillation amplitude, m
727b ¼ width, m
728Cfr. ¼ skin friction, dimensionless
729Cp ¼ specific heat, J kg–1 K–1

Table 3 The declination of skin friction when using flexible
baffles at e*50.35, Ra5105, and r*50.03

Speed
(x*)

The reduction in Cfr for
flexible baffles

compared with no baffles

The reduction in Cfr

for flexible baffles
compared with rigid baffles

50 56.9% 36.84%
100 42.2% 38.39%
200 27.9% 1.97%

Fig. 19 Performance coefficient with different speeds when the
parameters are constant at e*5 0.35, Ra5 105, and r*5 0.03

Table 4 The increase of the Performance coefficient whenusing
flexible baffles and compared to fixedbaffle at e*5 0.35, Ra5105,
and r*50.03

Speed (x*)
The increase in Pf for flexible baffles

compared with rigid baffles

50 72.41%
100 92.48%
200 17.15%
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730 D ¼ vessel diameter (2R), m
731 dfl. ¼ displacement, m
732 Di ¼ agitator diameter, m
733 e ¼ distance between the cylinder to the vessel center, m
734 E ¼ elastic modulus, N m–2

Fb ¼ vector of body force, N m–3

735 k ¼ thermal conductivity, Wm–1 K–1

736 kr ¼ the conductivity ratio between the solid (flexible baffle) and
737 fluid
738 Mt ¼ torque, N�m
739 n ¼ unity normal vector
740 N ¼ number of cylinders
741 Nct ¼ count of cold cylinders
742 Nht ¼ count of hot cylinders
743 Ne ¼ power consumption, dimensionless
744 Nu ¼ Nusselt number, dimensionless
745 p ¼ field of pressure, N m–2

746 Pf ¼ coefficient of performance, dimensionless
747 Pr ¼ Prandtl number
748 Po ¼ power consumption, W
749 r ¼ Cylinders radius, m
750 R ¼ Vessel’s radius, m
751 Ra ¼ number of Rayleigh, dimensionless
752 Re ¼ Reynold number, dimensionless
753 Rh ¼ ratio of heat capacity
754 Rth. ¼ ratio of thermal conductivity
755 t ¼ time, s
756 T ¼ temperature, K
757 tp ¼ oscillation period, s
758 u, v ¼ velocity of fluid, m s–1

V ¼ velocity vector (absolute), m s–1

W ¼ velocity vector (relative), m s–1

Wco ¼ component velocity vector, Wco: ¼ W−Wfl:, m s–1

Wfl ¼ the velocity vector of the moving coordinate, m s−1

759 Greek Symbols

760 a ¼ diffusivity of thermal, m2 s–1

761 b ¼ fluid’s thermal expansion coefficient, K–1

762 e ¼ the angle of the cylinder position
763 h ¼ nondimensional temperature, h ¼ T−Thð Þ

Tc−Thð Þ
764 l ¼ dynamic viscosity, kg m–1 s–1

765 q ¼ density, kg m–3

766 t ¼ fluid’s kinematic viscosity, m2 s–1

767 x, x ¼ frame’s angular velocity, vector, rad s–1

768 xi ¼ agitator speed, s–1

769 Subscripts

770 baf ¼ baffles
771 c ¼ cold
772 f ¼ fluid
773 fl ¼ flexible baffle
774 h ¼ hot
775 j ¼ vector unit aligned with the y-axis
776 s ¼ solid
777 o ¼ reference value

778 Supersubscripts

779 * ¼ dimensionless
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