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Abstract:  
Investigation on fluid flow and energy distribution in a rotating coiled rectangular duct (CRD) with 

differentially heated horizontal walls has been analyzed numerically by using a spectral-based 

numerical scheme. The system is rotated around the vertical axis in the clockwise direction over the 

Taylor number (Tr) ranging from 0 to 2000 keeping the other parameters constant as aspect ratio Ar 

=3, curvature ratio β = 0.5, the Dean number Dn = 1000 and the Prandtl number Pr = 7.0 (water). 

To reveal steady solution (SS) curves, we applied path continuation technique and obtained five 

asymmetric SS curves comprising with 2- to 8-pair cell. A bar diagram is also drawn to visualize, at a 

glance, longitudinal vortex generation on various curves of steady solutions. To explore unsteady 

behavior, time-progression analysis is performed and flow characteristics are precisely determined by 

obtaining phase space trajectory of the solutions. The transient flow demonstrates various stages of 

physically realizable solutions including chaotic, multi-periodic, periodic and steady-state; and it is 

found that the number of secondary vortices declines as Tr is increased. Convective heat transfer 

(CHT) is computed and the corresponding dependence on the flow stages is discussed accurately. 

Finally, a comparison has been made between the numerical computation and experimental 

investigations which shows a benchmark agreement. 
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1. Introduction  
 

Fluid involving various flow characteristics and HT through CDs at rotating stage have an unbounded usage in 

fluids engineering, namely in chemical, mechanical, biomechanical, and biological engineering e.g., rotating-

machinery, nuclear engineering, heat exchangers, gas turbines, electric generators, etc. Centrifugal forces due to 

channel curvature attribute twisted flow known as secondary flow (SF). Because of Coriolis and centrifugal 

forces, two types of secondary forces are produced and the influence of these two forces generates intricately 

shaped of the SF and the axial flow (AF) is observed. The SF is characterized by Dean vortices that were first 

originated by Dean (1927, 1928). After that several researchers have studied these flows using various 

experimental (Ligrani and Niver, 1988, Yamamoto et al., 2006 and Sugiyama et al., 1983) numerical and 

experimental (Bara et al., 1992, Wang and Yang, 2004, 2005 and Li et al., 2016), analytical and experimental 

(Baylis, 1971 and Humphrey et al., 1977) and numerical (Berger et al., 1983, Nandakumar and Masliyah, 1986, 

Ito, 1987, Yanase et al., 2002 and Mondal, 2007) techniques.  

 

In order to study the branching structure of SS, an extensive work of Mondal et al. (2007) presented the 

branching pattern of the flow in a CD of square cross-section more precisely. In this regard, Ludwieg (1951) 

analyzed the flow in a co-rotating square CD by integrating the monument equations. Daskopoulos and Lenhoff 

(1989), Mondal (2006) studied detailed the bifurcation diagram through CRD. Miyazaki (1971, 1973) has 

presented a numerical study of the characteristics fluid flow in rotating CD with positive rotation for 

investigating HT of the flow in both circular and rectangular cross-section. A remarkable number of articles 

have been published on CSD (Cheng et al., 1975 and Shantini and Nandakumar, 1986) and on CRD (Yanase et 

al., 2002). Related to rotation and curvature of the duct for two-dimensional flow in a confined geometry, e.g. a 

square and rectangular-shaped duct, several researchers have been conducted. Selmi et al. (1994, 1999) revealed 
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the latest studies on the flows in a rotating CRD. Yanase et al. (2002) conducted a magnificent study for 

combined solution structure of fluid flow through a CRD of large Ar. A detailed pore-scale study using spectral-

based method on combined flow branching shape with linear stability is available in literature by Mondal et al. 

(2006). They established a potential connection between the time-dependent solution and the combined solution 

structure consisting of steady solution branches. Hasan et al. (2021) addressed this issue by developing flow 

formations for non-isothermal flows. To obtain reliable and meaningful characteristics and to get a better 

fundamental understanding of swirling flow, an advanced numerical simulations model based on 3D vortex 

structures is used by Chandratilleke et al. (2012). Watanabe and Yanase (2013) described bifurcation 

phenomena for a square geometry for both two- and three-dimensional analysis.  

 

In order to understand the behavior of transient flow, some remarkable analysis has been carried out for various 

physical domains. Yanase and Nishiyama (1988) performed oscillating behavior of CD flows for rectangular 

cross-section. Related to oscillating behavior in a confined geometry, e.g., rectangular duct or channel, several 

works have been conducted. Yanase et al. (2005, 2008) and recently Mondal et al. (2017) investigated 

oscillation properties numerically. Wang and Yang (2004, 2005) reported an extensive study with numerical 

analysis for determining oscillation behaviors of the flow through a CSD using a flow visualization technique. 

Mondal et al. (2015, 2021) conducted a numerical prognosis of the oscillation behavior by time advancement for 

considering square and rectangular configurations and discussed detailed transitions between periodic and 

aperiodic oscillating and instability of the oscillating behavior. Recently, Nowruzi et al. (2019) applied the 

Homotopy perturbation method to investigate hydrodynamic instability in CRD of small Ar for several 

curvatures. Their study was unable to focus on the influence of the parameters in flow transition and velocity. 

However, the effects of rotation in fluid flow as well as branching structure and oscillating behavior of flow are 

still absent in literature for a rotating CRD flow of moderate Ar; which attracted the authors to fill in the gap.   

 

The mentionable applications of flows in various CDs are to promote HT in the fluid causing Dean vortices. 

Chandratilleke and Nursubyakto (2003) conducted a numerical analysis to explain properties of swirling flow in 

a CD of Ars (1 - 8) where heated outer wall. Considering the effects of SF, Ray et al. (2020) performed flow 

oscillating behavior through CRD and recognized that SFs enhance HT. Mondal et al. (2007) studied the 

oscillating behavior of the thermal flow in a CSD numerically. The authors investigated the SF structure and the 

effects of HT performance. A numerical procedure, known as FDM, is used by Zhang et al. (2018) to investigate 

the time-dependent CHT and mixing between two different geometries. The present study covers SS structure as 

well as transient solutions with CHT in CRD at the rotating stage with the effects of centrifugal and Coriolis 

instability on flow transition.     

In the ongoing exploration, the progression of the complex flow behaviors in the critical points of the SS curves 

as well as the thermal flow transition in a CRD with strong curvature while identifying the influence from the 

various flow and geometrical parameters is investigated for different Taylor numbers. The main purpose of this 

study is to pursuit solution formation of SS and explores transient behavior with heat-flux properties of 

secondary vortices (SV) on CHT. The study articulates and verifies an advanced approach for a computational 

scheme to identify hydrodynamic variability in a CRD reflected by the generation of Dean vortices. 

 

2. Governing Equations and Flow Model 
 

The system under consideration is presented schematically. Figure 1 illustrates the cross-sectional view and the 

coordinate system; here h and d denote the half height and width respectively with necessary notations T ; the 

angular velocity. The fluid passes through uniformly in the steam-wise direction. The set of governing equations 

for the flow and HT are  

Continuity equation:  

0
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Energy equation: 
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Fig. 1: (a) Coordinate system, (b) Cross-sectional view 

 

where, r L lx = +  and the prime ( )  denotes the dimensional variables. The dimensional variables are then 

non-dimensionalized by using the representative length d , the representative velocity 0U
d


= , where   is the 

kinematic viscosity of the fluid. We introduce the non-dimensional variables defined as 
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where ,u v  and   are the non-dimensional velocity components in the yx, and z  directions, respectively; 

The stream function which satisfies equation (1) is: 
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Then, the derived equations for axial velocity ( ), stream function ( ) and temperature ( ) as:  
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where,  
9
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In equations (7) to (9), the dimensionless parameters, Dn, Tr, Gr and Pr are defined as 
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,  ,  ,  Pr

2

dGd d g d TDn Gr Tr
L

  

  


= = = =

   

                                                   (11) 

The dimensionless boundary conditions for  ,  and   are   
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1 = −    at , 1x x y= = −                                                            (12d) 

y = −
   

at 1,x y y=  =                                                                                            (12e) 

 

3. Numerical Analysis 
 

3.1 Method of numerical design 
 

To derive numerical solution from the equations (7) - (9), spectral approach is applied [29]. According to the 

fundamental concept of spectral and collocation approach, the series functions containing the Chebyshev 

polynomials are used in the x and y directions where x and y are variables. That is, the expansion functions 

( )xn  and ( )xn  are stated as 
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where, ( )1( ) cos cos ( )nF x n x−=  is the nth order Chebyshev polynomial, ( , , ),  ( , , )x y t x y t  and ( , , )x y t  

are expanded as 
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To achieve steady solution ( , ), ( , )x y x y   and ( , )x y  the expansion series (14) with coefficients mn , 

mn and mn  are transformed into the basic equations (7) - (9) abide by applying the collocation method. 

Finally, to attain unsteady solutions, the Crank-Nicolson and Adams-Bashforth methods composed with the 

function expansion (14) and the collocation methods are applied to Eqs. (7) to (9).   

 

3.2 Hydraulic resistance coefficient 
 

The resistant coefficient or hydraulic resistance coefficient defined as  
* *
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where, 
 

positions for the mean over the cross-section of the duct and *d
h

 is the hydraulic diameter, 

and * is the stream-wise main velocity deliberated by   

1 1
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1 1
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  is linked to the average of the dimensionless stream-wise velocity *2 /d   =  as  

16 2

2
3
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


 =                                                                                                                                                    (17) 

 

3.3 Grid sensitivity test 
 

Summary of 5 (five) test cases using truncation numbers M and N, the comparative study is conducted at 5 

truncation numbers. The computational domain size in this study is 14 42 , 16 48 , 18 54 , 20 60 and 

22 66 i.e., N is chosen equal to 3M. The grid resolution, quantified by 20 60 , was sufficiently fine to ensure 

accuracy of the solutions as represented Table 1.  

Table 1:   and (0,0) for various M and N at 1000, 100Dn Gr= = , Tr = 200 and 0.5 =    

M N   (0,0)  

14 42 0.3431509495 1069.544566 

16 48 0.3432371976 1070.025634 

18 54 0.3433102861 1070.551156 

20 60 0.3433202265 1070.720377 

22 66 0.3433191600 1070.749269 

 

4. Results and Discussion 
 

4.1 Combined structure of steady solutions 
 

The combined flow structure of the solution curves is investigated comprehensively for β = 0.5. By carefully 

examining the data, we have found asymmetric five branches of solution curves for Dn = 1000, Gr = 100 and 0 

≤ Tr ≤ 2000. The whole process of various values of Tr ranging from 0 to 2000 results in a complex bifurcation 

diagram as presented in Figure 2(a). The five solution curves are named the 1st solution curve, the 2nd solution 

curve, the 3rd solution curve, the 4th solution curve and the 5th solution curve, respectively. To visualize the 

perplexing curve structure as well as to categorize the solution curves from each other, Figure 2(b) represents 

the amplification of Fig. 2(a). Figure 3 displays velocity contours and energy distribution (temperature profile) 

for various values of Tr. In this section, we discuss the five solution curves and their flow patterns in brief. 

 
Fig. 2:  Schematic of the combined flow structure and amplification for β = 0.5, Dn = 1000, Gr = 100 and 0 ≤ Tr 

≤ 2000. (a) Solution structure of SSs, (b) Amplification of Fig. 2a around Tr = 200. 
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Fig. 3: Contour plots of Streamlines:  top, secondary flow; middile, axial flow; bottom, energy distribution on 

the five solution curves for different values of . 

 

4.1.1 The first solution curve 
 

 
Fig. 4: (a) The 1st solution curve for β = 0.5 and 0 ≤ Tr ≤ 2000 (b) SF (top), AF (middle) and energy distribution 

(bottom) for different Tr at β = 0.5. 

 
The 1st solution curve is illustrated by a solid blue-colored line in Figure 4(a) for β = 0.5 and 0 ≤ Tr ≤ 2000. The 

only branch of this study that occupies the entire range of Tr and there is no turning to its route as presented in 

Fig. 4(a). After that, in order to observe the configurations and dissimilarities on the 1st solution curve, typical 
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contours of velocity profiles and energy distribution are presented at different values of Tr in Fig. 4(b).  It can be 

seen that the solution curve contains asymmetric and symmetric single-pair cell vortex solution. The velocity 

contour is strongly asymmetric single-pair cell vortex for smaller values of Tr  but asymmetry disappears with 

the increase of Tr as a result the flow pattern becomes symmetric. Strong centrifugal force causes asymmetric of 

SF. On the other hand, the Coriolis force intensifies with the inrease of Tr .  The interaction to each other of the 

two forces stabilizes them which causing symmetry in the SF. It should be remarked that, the streamlines (solid 

and dotted lines) of the SF gradually reduces with the increasing of Tr which appeares upper and lower section 

of the duct.   

 

4.1.2 The second solution curve 
 

The 2nd SS curve for 0 ≤ Tr ≤ 2000 is presented by a red-colored solid line in Figure 5(a). Note that, this solution 

curve exists for a small range of Tr which starts from Tr = 0 and finally return to a point c with a single smooth 

turning point at point b (Tr ≈ 313.920270); (see Fig. 5(a)). Figure 5(b) shows velocity profiles and energy 

distribution on the 2nd solution curve at different Tr. It is observed that, this curve consists of asymmetric and 

nearly symmetric 1- and 2-pair cell solution and  the solution curve of the upper part (from point a to b) is 

different from the lower part (from point b to c) at the same value of Tr. The shape of AF looks like dumbbell.  

 
Fig. 5: (a) The 2nd solution curve for β = 0.5 and 0 ≤ Tr ≤ 2000 (b) SF (top), AF (middle) and energy distribution 

(bottom) for different Tr at β = 0.5. 

 

4.1.3 The third solution curve 
 

The 3rd SS curve is depicted by a golden-colored solid line whose position is for small Tr; (see Fig. 6(a)). 

Clearly, the all turning points turn very gently. As visualized in Fig. 6(b), the third solution curve consists of 

asymmetric single-pair cell vortex and symmetric 2- to 4-pair cell solution.The SF is asymmetric single-pair cell 

vortex for smaller values of Tr, on the other hand, symmetric flow pattern appears for larger value of Tr because 

of weak Coriolis force and creates extra small  vortices, visible right side of the duct, due to Dean instability 

(Centrifugal instability). It is observed that the upper part of the solution curve i.e from  point b to point g is 

composed of symmetric 2-to 4-pair cell solution though the rotation parameter decreases. Note: The reasons for 

symmetry of SF are the same as previousely explained in sub-section 4.1.1. The extra vortices, called Dean 

vortices, intensify heat transfer. It is found that the maximum zone of the contours of AF is divided into a small 

number of high velocity zones in the upper part of the solution curve and  the AF is slightly moved to right side 

of the duct for increasing Tr. 
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Fig. 6:  (a) The 3rd solution curve for β = 0.5 and 0 ≤ Tr ≤ 2000 (b) SF (top), AF (middle) and energy 

distribution (bottom) for different Tr at β = 0.5.  

 

4.1.4 The fourth solution curve 
 

 
Fig. 7: (a) The 4th solution curve for β = 0.5 and 0 ≤ Tr ≤ 2000 (b) SF (top), AF (middle) and energy distribution 

(bottom) for different Tr at β = 0.5. 

 

Figure 7(a) represents the fourth SS curve which is shown by a green-colored solid line. It is a small-ranged 

branch and has only two smooth turnings. Figure7(b) shows velocity and energy profiles on the fourth solution 

curve consists of asymmetric single-pair cell and symmetric 2-pair cell solutions.  
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4.1.5 The fifth solution curve 
 

The 5th steady solution curve is pictured by a pink colored solid line (refer Fig. 8(a)). It is the smallest-ranged 

branch obtained in this study. It has a single turning at point c (Tr ≈ 118.900858); (see Fig. 8(a)).  Figure 8(b) 

shows the fifth solution curve consists of asymmetric/symmetric 1- to 3-pair cell. It is observed that  the Dean 

vortices increases near the outside wall on the upper part of the branch as Tr decreases. It is clear from the over 

all discussion of this section, the energy circulation are homogeneously distributed to the whole section 

transmitting heat from lower edge to the fluid.  

 
Fig. 8: (a) The 5th solution curve for β = 0.5 and 0 ≤ Tr ≤ 2000 (b) SF (top), AF (middle) and energy distribution 

(bottom) for different Tr at β = 0.5. 

 

4.1.6 Vortex generation of the steady solution curves 
 

A schematic representation of the longitudinal vortex-generation of the above-mentioned SFs is observed for 

various values of Tr for curvature 0.5 = as presented in Fig.9. We draw a bar diagram to describe the vortex 

generation of secondary flows (SF) on various solution curves for β = 0.5 in the Taylor number vs. number of 

vortices (Tr – θ) plane. Figure 9 shows vortex generation of SFs on various curves of SS, where it can be seen 

that 1- to 4-pair cell are produced at the same value of Tr on the above five curves of SSs. Clearly, maximum 4-

pair cell is observed at Tr = 0; however, as Tr is increased that means the duct rotation is high, the number of 

secondary vortices decreases and we get only 1-pair vortex solution. It is observed that there are different 

number of vortices on the same curve for the same value of Tr.   
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Fig. 9: Vortex generation of secondary flows in the Taylor number versus number of vortices (Tr – θ) plane for 

β = 0.5. 

 

4.2 Oscillating behavior and phase spaces 
 

In this subsection, a detailed examination of the flow oscillating behavior and transition into various regimes 

ranging from 0 to 2000 for β = 0.5, Gr = 100 and Dn = 1000 is presented. Here, we tried to figure out the 

oscillating behavior of λ for Tr = 0, Tr = 100, Tr = 262, Tr = 268, Tr = 290, Tr = 295, Tr = 2000 at β = 0.5. It is 

found that the oscillating flow is chaotic for Tr = 0, Tr = 100 and Tr = 262 as shown in Figures 10(a), 11(a) and 

12(a), respectively. In Figures 10(b), 11(b) and 12(b) we show chaotic flow to be more pronounced, drawing 

phase space diagram, in the less can be observed in Figures 10(a), 11(a) and 12(a) respectively in the λ - γ plane, 

where dxdy =   . Figures 10(b), 11(b) and 12(b) conform the chaotic stage for Tr = 0, Tr = 100 and Tr = 

262, the flow is a transitional chaos (Mondal et al., 2007) that turns into another transient flow as Tr increases.  

The flow oscillates irregularly between axisymmetric 1-pair to 3-pair cell, 2-pair to 3-pair cell and 1-pair to 2-

pair cell for ,  and Tr = 262 respectively (see Figs. 10(c), 11(c) and 12(c)). The energy 

circulation are homogeneously distributed to the whole section on the other hand, the streamlines velocity 

profiles and energy distribution are distributed symmetrically for Tr = 262.  

When the value of Tr is gradually increased at Tr = 268, the transitional chaotic flow transforms into multi-

periodic flow with axisymmetric 1-pair to 2-pair cell vortices (Figs. 13(a) and 13(c)).  Figure 13(b) shows time-

advancement result of the flow which clearly multi-periodic. The alternation of flow state takes place between 

Tr = 262 and Tr = 268. With further increase of Tr, the flow transformation occurs at Tr = 290 where the multi-

periodic flow transforms into periodic with axisymmetric 1-pair vortex solution (Fig. 14(a)). In fact, the noticed 

transient flow is a traveling-wave solution referred to Yanase et al. (2008) for details of travelling-wave. To see 

the flow state further explicitly, phase-space are exposed for Tr = 290 (see Fig. 14(b)), clearly, the flow 

oscillation is periodic. Streamlines and energy distributions are symmetrically distributed (Fig. 14(c)). As Tr 

values are further increased, a steady-state solution with single-pair vortex takes place at Tr = 295 and it is clear 

that as Tr increases from 295 to 2000, the flow remains unchanged as seen in Figures 15(a), 16(a), 15(b) and 

16(b). It is seen that the conversion from periodic to steady-state elucidation attains between Tr = 290 and Tr = 

295. 
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Fig. 10: Time-progress, phase-space and streamlines for Tr = 0 (a) Time advancement. (b) Phase-portrait in the 

λ – γ
 
plane (c) SF (top), AF (middle) and energy distribution (bottom) for 5.00 ≤ t ≤ 8.00. 
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Fig. 11: Time-progress, phase-space and streamlines for Tr = 100 (a) Time advancement. (b) Phase-portrait in 

the λ – γ
 
plane (c) SF (top), AF (middle) and energy distribution (bottom) for 10.00 ≤ t ≤ 14.00. 
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Fig. 12: Time-progress, phase-space and streamlines for Tr = 262 (a) Time advancement. (b) Phase-portrait in 

the λ – γ
 
plane (c) SF (top), AF (middle) and energy distribution (bottom) for 4.00 ≤ t ≤ 11.00. 
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Fig. 13: Time-progress, phase-space and streamlines for Tr = 268 (a) Time advancement. (b) Phase-portrait in 

the λ – γ
 
plane (c) SF (top), AF (middle) and energy distribution (bottom) for 12.05 ≤ t ≤ 13.00. 
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Fig. 14: Time-progress, phase-space and streamlines for Tr = 290 (a) Time advancement. (b) Phase-portrait in 

the λ – γ
 
plane (c) SF (top), AF (middle) and energy distribution (bottom) for 10.35 ≤ t ≤ 10.95. 
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Fig. 15: Time-progress, phase-space and streamlines for Tr = 295 (a) Time advancement (b) SF (left), AF 

(middle) and energy distribution (right) at t = 6.30. 

 
Fig. 16: Time-progress, phase-space and streamlines for Tr = 2000 (a) Time advancement (b) SF (left), AF 

(middle) and energy distribution (right) at t = 2.40. 

 

4.3 Vortex generation of the time-dependent solutions 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 17: Vortex generation of secondary flows on time-advancement solutions for β = 0.5. 

 

A schematic representation of the longitudinal vortex-generation of secondary flows corresponding to the time-

advancement solutions in the (Tr - θ) plane for positive rotation at β = 0.5 is presented in Fig.17. It is found that 

2-pair to 3-pair vortices are produced at the same value of Tr. Clearly, maximum 3-pairs cell is observed at Tr = 

0; however, as Tr is increased (Tr ≥ 290) the flow becomes steady-state and the number of secondary vortices 

decreases and we get only axisymmetric single-pair (2-vortex) cell solution. The reason is that strong centrifugal 

force and Coriolis force act in an opposite manner where buoyancy force is predominated and consequently 

number of secondary vortices decreases.  

 

4.4 Convective heat transfer 
 

In this subsection, we discuss the effect of rotation on CHT between the fluid and the heated wall which is 

quantitatively evaluated by temperature gradients (TG) at differentially heated walls. In Figures 18(a) and 18(b), 

the variation of TG; 
T

x




 is plotted. Figure 18(a) represents the magnitude of TG on the lower side increases in 

the middle zone around y = 0 through the small amplitude oscillation for the heating wall. In Figure 18(b), at the 

bottom wall, the magnitude of TG tends to decline not only in the central zone y = 0 but at other zones as well. 
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The curve very fastly approaches to an approximately flat-shape for Tr = 175 and Tr = 200. It is also found that 

the peak TG appears at the central region for Tr = 50.  

 
Fig. 18:  (a) TG at the cooling wall, (b) TG at the heated wall 

 

4.5 Validation of the numerical result 
 

Here, we present the comparative study of the our numerical and experimental investigations provided for both 

curved square duct (CSD) and CRD flow. Figure 19 presents a relative comparison of our numerical findings 

with the laboratory-based experiment by Chandratilleke (2001) for a CRD flow where Ar = 2. Figure 19 shows, 

a well justification between our present computations and the experimental measurements is exist, which 

justifies the accuracy of the present numerical study.  

 
Fig. 19: Experimental vs. computational results. Left: Experimental result by Chandratilleke (2001) for curved 

rectangular duct flow of aspect ratio 2 and Right: computational result by the authors. 

 

5. Concluding Remarks  
 

The continuing study determines a spectral-based numerical approach on fluid flow, energy distribution and heat 

transfer through a CRD in at rotating system with the bottom edge heating and the top edge cooling. A wide-

range of Taylor numbers (Tr) from 0 to 2000 is considered for constant curvature ratio β = 0.5 and aspect ratio 

3. The numerical findings are validated with the available experimental data. The following conclusions have 

been drawn from the present study; 

• An asymmetric five steady solution curves have been found consisting of 2- to 8-cell solution on various 

branches. 

•  Time-history as well as phase-plot analysis demonstrates that transient flow develops in the consequence 

“chaotic → multi-periodic → periodic → steady-state” as Tr is increased. 

• Velocity contours show that there exist 2-cell flow for the steady case, 2- to 4-cell for the periodic or 

multi-periodic oscillation while 3- to 6-cell for the chaotic oscillation. Maximum 6-cell solution is 

observed for the chaotic oscillation at small Tr and the number of secondary vortices gradually decreases 

as Tr is increased. 

• Heat transfer is increased with the increase of rotation and it is enhanced substantially by the chaotic 

solutions than other flow states.    

• A strong interaction between the heating-induced buoyancy force and centrifugal-Coriolis instability is 

noticed that stimulates fluid mixing and subsequently enhances heat transfer in the fluid. 
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