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Summary of the changes have been made: 

- We are thankful and deeply grateful for the efforts of the editor and the reviewers and for their 

valuable and greats comments which can help us to improve the present work.   

 Reviewer’s comments Responses to the comments 

Reviewer 1 1. The objective of the wavy channels is to 

enhance heat transfer in the blade cooling 

channels. The authors should also estimate the 

normalized Nusselt number Nu/Nu0 for 

different Reynolds numbers (to exclude their 

effects), as well as the aerothermal efficiency, 

which incorporates both the Nusselt number 

and the friction factor. In the light of the said 

above, I recommend the authors to have a look 

at the following papers and the references in 

them: Heat and Mass Transfer, 2013, 49 (5) 

679–694 and 2012, 48 (5) 735-748, as well as 

Transactions of the ASME. J. Heat Transfer, 

2011, Vol. 133, No 5, paper 051701. 

As requested by the reviewer, additional results have 

been presented as listed below: 

1- The normalized Nusselt numbers have been 

calculated and discussed. Please see figures 17, 

18, and 19.  
2- The aerothermal efficiencies have been 

calculated and discussed. Please see figures 20, 

21, 22, and 23.  
 

 

 

 

 

 

 

 

2. The choice of the turbulence model must be 

justified. How can the authors prove that 

the  k-omega SST model performs better than 

the other turbulence models? Several 

turbulence models must be compared with 

each other, and the final choice must be 

justified via a validation of the simulations 

with reliable relevant experimental data for the 

present geometry. I suggest the authors to take 

example from the paper in the Transactions of 

the ASME. J. Heat Transfer, 2014, 136 (5) 

Paper 051901, which deals in detail with these 

issues. 

As requested by the reviewer, several turbulence models 

have been compared with each other as shown in Table 

2.  

 

Table 2 illustrates the comparison of the surface-

averaged Nusselt numbers of the present study with 

several RANS turbulence models and the previous 

numerical and experimental results of Ahmed et al. [25]. 

 

3. The language is overall good; an additional 

proofreading editing is however 

recommended. 

The manuscript has been proofread as recommended by 

the reviewer to improve the language.  



 
 

4. Once the suggested papers are used for the 

revision, they must be added to the references 

list. 

The suggested papers were really useful to make the 

requested corrections and enhance the paper quality. 

Therefore, the suggested papers have been added to 

the references list. Please see Refs. [28, 29, 31, and 

33].  

   

Reviewer 2    

1. Why were the rotating-channel simulations 

performed for the entire channel length which 

includes 10 wave lengths (fig. 2) and not for a 

far smaller section with cyclic boundary 

conditions? I can understand the need to 

simulate the whole channel for the non-

rotating case since measurements were 

available for that case. But for the rotating 

flow, where measurements were not available, 

simulating the whole channel even when the 

flow was periodic seems to be a waste of time 

and resources. 

We would kindly answer the question as follows:  

1-As the reviewer mentioned in his comment, it was 

necessary to simulate the whole channel for the 

stationary case because the experimental results were 

available for the whole channel.   

2- For the rotating flow case, it was possible to apply 

segment periodic boundary conditions instead of 

simulating the whole channel in order to significantly 

reduce the CPU time and computer memory 

requirements. But to make a full comparison and shed 

the light upon the difference between the stationary and 

rotating flow behavior, the whole channel where 

simulated for the case of rotating flow.  

3- The location factor r in the centrifugal buoyancy 

force term  (𝜌Ω2(𝑟 + 𝑥)𝛽∆𝑇) is the distance from the 

axis of rotation to any point of flow particle in 

streamwise direction. The effect of the centrifugal force 

when simulating a smaller section would not be 

appropriate as the value of r cannot be set correctly.  

2. Are the rotation effects captured correctly in 

the k-omega model? I can see in Eq. 6 that 

rotational terms appear explicitly in the 

momentum equations, but in the turbulence 

model equations (Eqs. 4 and 5) no such terms 

are present. In the absence of such terms, how 

do scalar quantities like k and omega respond 

to the presence of rotation? Very poorly, I 

expect. The authors ought to have established 

the appropriateness of using this model in a 

rotating flow by comparing with experiments 

on isothermal flows in rotating, smooth-

walled channels. 

We would kindly answer the questions as follows:  

1- The rotational term appears only in the source 

term of the momentum equations. The methods 

of adding the Coriolis force term and the 

centrifugal force term to the k -equation, the ε –

equation, the ω –equation, etc are still 

inconspicuously. The couples of papers listed 

below show that the effect of Coriolis force and 

the centrifugal force were added only to the 

source terms of the momentum equations. No 

source terms include the rotation forces were 

added in the standard and commonly used 

turbulence models as shown in those papers.  

2- In the recent years, some studies proposed 

turbulence model correction methods and 

anisotropic turbulence models for predicting 

heat-transfer characteristics in a rotating state. 



 
 

The effect of Coriolis force and the centrifugal 

force were added to the source terms of those 

turbulence models. However, the use of such 

modified models is still limited for the 

following reasons : 

a- Turbulence models with rotating 

corrections have yielded many results, but 

most of them have been built with static 

experimental data or by adjusting the mean 

flow characteristics from previous 

experiences. The influences of the Coriolis 

and centrifugal forces on the turbulent flow 

and heat-transfer characteristics under 

rotation are not limited to the macroscopic 

mean flow and lead to a subtler fluctuation 

of the turbulence. Thus, further significant 

advancements need to be made to the 

existing turbulence models to predict the 

flow and heat transfer characteristics 

accurately in a rotating state. 

b- The standard commonly used turbulence 

models, which are available in several CFD 

codes such as Ansys Fluent, Starccm+, etc, 

have no rotational term in their equations. 

The modified turbulence models with 

rotating corrections terms are still under 

investigations and not exist yet in the most 

of CFD codes.   

c- Zhang et al. [1] proposes a turbulence 

model correction method and an 

anisotropic k-ω model (this model includes 

rotational term in its equation) for 

predicting heat-transfer characteristics in a 

rotating state. They compared the Nua/Nuo 

results for the leading edge obtained from 

the anisotropic k-ω (with rotational term) 

and standard k-ω (with no rotational term) 

models with those obtained experimentally. 

The results showed that the anisotropic k-ω 

and standard k-ω models produced similar 

results with small differences. This 

confirms that the SST model is reasonable 

for simulating complex turbulence. 

3- In order to examine the ability of the SST 

(Menter) k-Omega model for predicting 

rotational flow, the results obtained from the 

present code (Starccm+ code) was validated 

with the numerical results of Zhang et al. [1] for 

the case of a rotating smooth channel as shown 

in Fig.5. It is clearly seen that the SST (Menter) 

k-Omega and the anisotropic k-Omega model 



 
 

[1] predict the rotational flow and heat transfer 

behaviour with slight differences. This 

comparison confirms the ability of the SST 

(Menter) k-Omega model used in this study to 

predict the rotational turbulence.  
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3. It is mentioned that the results were 

averaged over a "long duration of time". This 

is puzzling since the computations were of the 

RANS type, not LES. Is this flow supposed to 

be unsteady? If so, what is the origin of the 

unsteadiness? And what were its effects on the 

mean flow and on Nu? Or is it that the flow is 

steady but its computations were advanced in 

time until a steady-state was achieved? In this 

case, time averaging the results would not be 

appropriate. 

We would kindly answer the question as follows:  

 

As the reviewer mentioned, the flow is steady but its 

computations were run for long time until a steady-state 

was achieved. The results have been updated and the 

‘’time-averaging’’ sentence has been removed 

throughout the manuscript.  

4. The detailed analysis of the results which 

takes up the bulk of the discussion is not 

justified since no comparisons are made with 

data (experimental or simulations), and also 

because I doubt that the turbulence model is 

good enough to justify such analysis. The 

results are, at best, interesting but speculative.  

  

 

Comparisons have been made with a numerical date for 

the case of a rotating smooth channel as shown in figure 

5.  

   

 Minor points:  

 1. At 5 pages, the Introduction is far too long. The introduction section has been reduced  

 2. Rotational speed should be non-

dimensionalized. 

As the rotation number is Ro=ΩD/Uin and U value is 

varying with Reynolds number, the range of rotation 

number (Ro) will be different with each value of Re. It 

will be very complicated and confusing to present the 

results with multiple ranges of Ro. Thus, we would 

kindly recommend keeping the use of dimensional 

rotating speed as mentioned above.  

 3. The captions in Figs. 6, 10 and 11 are wrong 

- the x-axis is not Reynolds number. 

The captions in Figs. 6, 10 and 11 have been corrected.  



 
 

 

Highlights 

 

 The present work numerically investigates the flow field and heat transfer performance in 

stationary and rotating wavy channels with different shapes. 

 Three different geometries were generated through a desired phase-shift of ∅= 0, 90 and 

180 degrees between the two opposite sine-wave walls 

 A cell-centered finite volume method was employed to solve the time dependent governing 

equations based on the unsteady SIMPLE algorithm technique 

 Results showed that the wavy channel with a shift phase of ∅ = 0 𝑑𝑒𝑔 produces the highest 

surface-averaged Nusselt number and heat transfer enhancement in comparison to other 

geometries 

 Rotation has a strong impact on the flow field and heat transfer performance 
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Abstract 

In this paper, flow field and heat transfer performance in stationary and rotating wavy 

channels with different shapes were numerically investigated. Three different geometries were 

generated through three different values of phase-shift angles of ∅= 0, 90 and 180 degrees between 

the two opposite wavy walls. A cell-centred finite-volume technique was employed to solve the 

three-dimensional governing equations based on the SIMPLE algorithm technique. Besides, the 

Menter k–𝜔 SST turbulence model was used to simulate the turbulent flow in the current study. 

The wavelength and wave amplitude of the channel examined were Lw=20 mm and a=2 mm, 

respectively. Numerical simulations were carried out over a range of design and operating 

conditions including the phase-shift angle of ∅= 0-180 degrees, Reynolds number of Re=1,000-

10,000, and rotating speed of Ω =0-1000 rpm. The results showed that the surface-averaged 

Nusselt number increases as Re increases for all shapes of the wavy channel, however, at the 

expense of the raised pressure losses. Also, the wavy channel with a phase-shift of ∅= 0 deg 

showed the highest enhancement in the performance of heat transfer followed by that of ∅ =90 

and 180 deg, respectively. The rotation had a strong impact on the flow field and heat transfer 

performance. With the increase of rotating speed, lower wall heat transfer coefficient significantly 

increased, while the upper wall heat transfer coefficient exhibited a slight increase, indicating that 

those three different geometries of the wavy channels had a good versatility at various values of 

rotating speeds. The numerical results were compared with those available in the literature, and 

the results were in a good agreement.  

 

KEYWORDS:  Wavy channel; Nusselt number; finite-volume method; heat transfer enhancement; 

Rotation; turbulent flow 

 

Nomenclature 

Dh hydraulic diameter, mm 

f friction factor  

k thermal conductivity, W/m.K 

L length of the channel from the inlet to the outlet, mm 

Nu Nusselt number 

mailto:nabeelm.alzurfi@uokufa.edu.iq


 
 

Nua surface-averaged Nusselt number 

P pressure, N/m2 

Pr Prandtl Number 

Prt turbulent Prandtl number 

Re Reynolds number  

RANS  Reynolds averaged Navier–Stokes 

t time, s 

T fluid temperature, K 

u, v, w velocity components in the x, y, z directions, respectively, m/s 

𝑦+ dimensionless distance of the first point on the wall 

Greek letters 

∆ difference 

𝜂 aerothermal efficiency, %  

𝜌 fluid density, kg/m3 

𝜇 dynamic viscosity, N.s/m2 

𝜇𝑡 turbulent viscosity, N.s/m2  

Ω angular velocity, rpm 

𝜙 phase-shift angle, degree 

𝛽 thermal expansion coefficient, 1/K 

Subscripts 

∞ free stream  

 

1-Introduction:  

In the last few decades, researches on the techniques for further enhancement in heat 

transfer performance for various engineering applications with stringent space restrictions have 

drawn great attention in research and practice. A wavy surface is one of the classically passive 

techniques employed in many engineering applications to achieve the industry requirements and 

demands for greater enhancement in the performance of heat transfer. It is well known that the 

using of wavy surfaces can substantially enhance the mixing process between the hot fluid close 

to the wall and the mainstream fluid due to growing separation zones near the wavy walls, which 

can lead to a better heat transfer performance. Thus, the wavy surfaces work as turbulence 

promoter intending to enhance heat transfer. One of the great advantages of a wavy surface 

geometry is that it can be easily structured and produces enhanced performance of fluid flow and 

heat transfer. The wavy channel structure produces a degree of complexity to the flow compared 

to a straight channel flow by generating a streamline curvature, recirculation regions, and flow 

reattachment, producing flow situations that usually exist in relevant geophysical and technical 

applications. The channels with a wavy wall are types of corrugated surfaces heat transfer 

exchangers that are utilized for various types of heat transfer applications present in process 

industries. The investigation of the flow and heat transfer characteristics over wavy surfaces (Fig. 

https://en.wikipedia.org/wiki/Reynolds-averaged_Navier%E2%80%93Stokes_equations


 
 

1(a)) as presented in the work of Dong et al. [1], is a great area of interest for applications in the 

cooling of electronics devices where a coolant fluid is forced over the boards on which the 

electronic parts are fixed.  Another possible and important application of channel with wavy 

surfaces is in the internal cooling of a rotating blade in a gas turbine engine as presented in Fig. 

1(b). Additionally, wavy surfaces are widely used in other applications such as, manufacturing of 

polymeric composite, transport processes of biological systems, and in some medical applications 

that use channels with wavy surfaces. 

Many researchers have numerically and experimentally investigated fluid flow and heat 

transfer process through a corrugated channel. One of the early studies concerning the wavy 

channel is the work of Goldstein and Sparrow [2] who studied experimentally a turbulent flow and 

heat transfer in a wavy channel. Their results showed that the wavy channel produces a higher heat 

transfer coefficient than that of a straight channel for the same values of Re. In the low-Reynolds 

number turbulent regime, it was found that the rate of heat transfer from the wavy channel is three 

times larger than for that of a straight channel. Wang and Chen [3] studied numerically the heat 

transfer for a flow through a wavy channel to investigate the influence of  the Reynolds number, 

Prandtl number, and wavy geometry on Nusselt number and skin-friction coefficient. At higher 

values of Re, the rate of heat transfer was observed to be significant at a larger value of amplitude 

wavelength ratio. Nishimura et al. [4] performed an experimental investigation of the heat transfer 

for a laminar flow inside a symmetric 2D wavy channel. Two different geometries of the channel 

wall namely, sinusoidal wall and arc-shaped wall were investigated to study the flow and heat 

transfer behaviours for Re = 20 to 300. The heat transfer rate of the wavy channel was found to be 

higher than of that from a straight-walled channel.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1: (a) Photograph of fins with a wavy surface (Dong et al. [1] ); (b) Internal cooling technique for a gas 

turbine blade. 

(a) 

(b) 



 
 

Sawyers et al. [5] carried out a numerical study to explore the hydrodynamics effect on the 

heat transfer coefficient in a corrugated channel. It was found that due to the presence of 

recirculation zones, heat transfer is higher than that for flat plates. It was also found that a small 

mean flow in the transverse direction causes enhancement in the heat transfer rate, while a stronger 

transverse flow leads to a decrease in heat transfer. The experimental study performed by Rush et 

al. [6] investigated the heat transfer and flow behaviour for a laminar and transition flow in 

different geometries of wavy walled channels. At low Reynolds numbers, instabilities are manifest 

near the exit of the wavy channel and move toward the entrance of the channel with an increase in 

Reynolds number values. Besides, it was observed that increasing flow instability leads to 

enhancement in the heat transfer rate. Fabbri [7] conducted a numerical study to predict the heat 

transfer for a laminar flow inside a channel composed of smooth and corrugated walls. The finite-

element method was employed to determine the velocity and temperature distributions. It was 

found that the heat transfer enhancements of the optimum corrugated profile increase as Re and Pr 

numbers increase. Fabbri and Rossi [8] analyzed the heat transfer for a laminar flow in the entrance 

region of corrugated and flat walls channels. It was observed that the heat transfer was significantly 

enhanced with an increase in the Reynolds number and corrugated profile amplitude. Naphon [9]–

[11] performed numerical and experimental studies to investigate the heat transfer characteristics 

and pressure drop of airflow in the corrugated channels. It was found that the corrugated surface 

has a significant effect on the pressure drop and heat transfer enhancement. Metwally and Manglik 

[12] performed a numerical study for forced convection heat transfer in wavy channels. It was 

found that the mixing process generated by transverse vortex cells considerably increases the heat 

transfer coefficient depending upon the Prandtl number, Reynolds number, and the aspect ratios 

of the channel. It was also reported that a small friction loss penalty comes with the heat transfer 

enhancement. Xie et al. [13] studied numerically a fully developed laminar flow in a two-

dimensional wavy channel. The results showed that both friction factor and overall Nusselt number 

increase with the increase of Reynolds number. Hossain and Islam  [14] carried out a numerical 

study of a fully developed flow and heat transfer inside a two-dimensional wavy walled channel. 

It was found that increasing the amplitude or decreasing the channel height leads to a rise in the 

flow instability and thereby enhance the heat transfer and friction factor. Niceno and Nobile [15] 

and Haitham et al. [16] compared the performance of a sinusoidal wavy channel with an arc-shaped 

channel using a numerical simulation. A similar numerical investigation has also been carried out 

by Ramgadia and Saha [17] where they have made a comparison for the performance of the heat 

transfer enhancement for three types of channel profiles such as sine-shaped, triangle-shaped, and 

arc-shaped. Their results showed that the channel with the sinusoidal-wall geometry produces the 

highest heat transfer coefficient as compared to the arc-shaped and the triangle-shaped geometries. 

In a recent study of the same authors (Ramgadia and Saha) [18], a numerical study of a fully 

developed flow and heat transfer performance was carried out through asymmetric wavy-walled 

geometry. Three different wavy channels geometries were created through three different values 

of phase shift angles between the upper and lower wavy walls of the channel. The results revealed 

that the wavy channel geometry with a phase-shift of 0 deg encourages the highest heat transfer 

compared to the other geometries. Three different types of sinusoidal channel geometries were 

investigated experimentally by Tolentino et al. [19]. Their results showed that the amount of 

geometric asymmetry in the configuration leads to an increase in the rate of the mixing process 

and hence the heat transfer rate. The hydrodynamics and thermal characteristics achieved by 

simulating laminar flow inside a wavy wall channel were also reported by Haitham [20], 

Nishimura and Matsune [21], and Mahmud et al. [22]. The dependency of recirculation zone size 



 
 

and strength on Reynolds number for a periodic wavy passage was investigated by Haitham et al. 

[16]. It has also been added that for a periodic staggered wavy channel, Haitham [20], in addition 

to the effect of the change in Reynolds number, the strength and size of separation region also 

depends on the distance between the two staggered surfaces. Furthermore, Zhang and Che [23]  

carried out a numerical investigation to study the effect of a corrugation profile for cross-

corrugated plates on the thermal-hydraulic performance. Different types of corrugated plates were 

examined. The results showed that the flow and heat transfer characteristics of corrugated plates 

are significantly affected by the corrugation profile. Nusselt number and friction factor for the 

trapezoidal channel was found to be nearly 400 % higher than for the elliptic channel.  Mohammed 

et al. [24] carried out a numerical study to investigate laminar water flow and heat transfer 

characteristics in a wavy microchannel. The results showed that the wavy microchannel produces 

a higher coefficient of heat transfer compared with that of the straight microchannel for the same 

geometrical parameters. The penalty of pressure loss in the wavy microchannel, however, is much 

smaller than the enhancement in the performance of heat transfer. 

It appears from the aforementioned investigations that the effects of wavy surfaces on the 

heat transfer performance in corrugated channels have not been studied extensively. No studies 

are available in the open literature examining the effects of rotation on the flow field and heat 

transfer characteristics in wavy channels. To the best of the authors' knowledge, the results of the 

present study are presented for the first time in the open literature for the case of a flow and heat 

transfer in a rotating wavy channel. The main aims of the present study are to further understand 

the mechanism for the enhanced heat transfer rate with the use of different geometries of a wavy 

channel design, optimize a configuration of the corrugated channel, and to explore the effects of 

rotation on the performance of the heat transfer in corrugated channels for Reynolds numbers 

ranging from 1,000 to 10,000 using the Reynolds averaged Navier–Stokes (RANS) method. 

Therefore, the present study aims to numerically investigate the turbulent forced convection flow 

in rotating wavy channels and to examine the performances of sinusoidal wavy-walled channels 

with three different values of phase-shift angles of ∅= 0, 90 and 180 degrees, Fig. 2 (a–c). The 

level of enhancement in the Nusselt number due to the use of wavy surfaces is presented and 

discussed. The results of the flow and heat transfer from wavy walls will be useful to a further 

understanding of the mechanism of the flow and heat transfer inside corrugated channels and 

helpful in designing more efficiently cooled rotor blades of gas turbine engines. 
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Figure 2: Geometry of the three different types of wavy channels with different phase-shifts angles (a) ∅ = 0 

deg; (b) ∅ = 90 deg; and (c) ∅ =180 deg. 

 

2-Mathematical formulation: 

2-1 Problem description: 

The geometry profiles used in the current study are symmetric and asymmetric sinusoidal 

wavy-walled channel configurations, as shown in Fig. 2. This figure presents a schematic of the 

three different types of a wavy-walled channel with a detailed description of their geometrical 

dimensions. The symmetric geometry (Fig. 2(c)) used in this study was derived from the 

experimental work of Ahmed et al.[25], using exactly the same geometrical parameters as in the 

experimental setup. The geometry profile, shown in Fig. 2(c), was created using a phase-shift angle 

a) ∅ = 0 𝑑𝑒𝑔 

b) ∅ = 90 𝑑𝑒𝑔 

c) ∅ = 180 𝑑𝑒𝑔 



 
 

of ∅ =180 deg between the upper and lower wavy walls of the channel. The profiles of the other 

two asymmetric wavy channels (∅ = 0 and 90 degrees) were shaped by displacing the location of 

the upper wall of the wavy channel with a phase-shift angle of ∅ = 0 and 90 degrees, keeping the 

lower wall fixed as presented in Fig. 2 (a-c). The shape of the wavy walls used in the geometry of 

the wavy channel within the region of 𝐿𝑠 ≤ 𝑥 ≤ 𝐿𝑒 was defined by the function 𝑦(𝑥) = 𝐻 ∓
𝑎 sin(2𝜋(𝑥 − 𝐿𝑠)/𝐿𝑤, where a is the amplitude of the wavy surface, x is the distance along the x-

direction, Ls and Le are the start and end points of the wavy-channel wall. Lw is the wavelength, 

and L is the length of the channel from inlet to outlet. Two adiabatic straight ducts with a length 

of 40 mm and height of 10 mm were used as an inlet and outlet sections of the wavy channel to 

generate appropriate upstream and downstream boundary conditions. As depicted in Fig. 2, the 

average height (2H) between the upper and lower walls was 10 mm, the width of the channel (W) 

was 50 mm, the total length (L) of the entire channel including the two adiabatic sections and wavy 

duct was 280 mm, the amplitude (a) was 2.0 mm, and the wavelength (Lw) was 20 mm. These 

values are the same as those in the experiment [25]. 

 

2-2 Governing equations: 

In the present study, RANS method has been utilized in the modelling of the turbulent flow. 

The working fluid was assumed to be Newtonian fluid with constant fluid properties except for 

density and dynamics viscosity, where they were assumed as a function of temperature only 

(incompressible ideal gas). It was also assumed that the flow and heat transfer are steady, turbulent, 

fully developed, incompressible and three-dimensional. Consequently, the three-dimensional 

governing equations for a steady, incompressible, and  turbulent flow in terms of tensor notation 

are [26]: 

 

- Continuity equation:  

 

 
𝜕

𝜕𝑥𝑖

(𝜌𝑢𝑖) = 0 (1) 

 

- Momentum equations: 

   

𝜕
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- Energy equation:  
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Where 𝑢𝑖 is the corresponding flow velocity in the i-direction (i corresponds to the system’s 

coordinate directions), 𝑝 is the fluid pressure, T is the fluid temperature. 
 

To find the turbulent eddy viscosity (𝜇𝑡), the Menter k–𝜔 SST turbulence model was 

employed in the present study as follows [26]: 

 

- Turbulent kinetic energy equation: 

 
𝜕

𝜕𝑥𝑖

(𝜌𝑘𝑢𝑖) =
𝜕

𝜕𝑥𝑖
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑖
] + 𝑃𝑘 − 𝛽1𝜌𝑘𝜔                                           (𝟒) 

- The transport equation of 𝜔 for a turbulent flow is as follows:  

  
𝜕

𝜕𝑥𝑖

(𝜌𝜔𝑢𝑖) =
𝜕

𝜕𝑥𝑖
[(𝜇 +

𝜇𝑡

𝜎𝜔1
)

𝜕𝜔

𝜕𝑥𝑖
] + 𝛾 (2𝜌𝛿𝑖𝑗 . 𝛿𝑖𝑗 −

2
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𝜌𝜔

𝜕𝑢𝑖

𝜕𝑥𝑗
𝛿𝑖𝑗) 
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𝜕𝑘

𝜕𝑥𝑘

𝜕𝜔

𝜕𝑥𝑘
                                                                                        (𝟓) 

Where 𝑆𝜙𝑖 is the source term of the momentum equation, 𝑃𝑘 = 2𝜇𝑡𝛿𝑖𝑗. 𝛿𝑖𝑗 −
2

3
𝜌𝑘

𝜕𝑢𝑖

𝜕𝑥𝑗
𝛿𝑖𝑗   is the 

rate of production of turbulent kinetic energy,  and 𝛿𝑖𝑗 =
1

2
(

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) 

Consequently, the turbulent eddy viscosity is defined as [26]: 

 𝜇𝑡 = 𝜌𝑘 𝜔⁄  

          The values of the empirical constants and turbulent Prandtl number in equations 1-5 are 

defined as [26] : 

𝜎𝑘 = 1.0, 𝜎𝜔1 = 2.0, 𝜎𝜔2 = 1.17, 𝛾 = 0.44, 𝛽1 = 0.09, 𝛽2 = 0.083, 𝑃𝑟𝑡 = 0.9 

To model the rotation effect in a rotating flow field, the multiple reference frame (MRF) 

model of Luo et al. [27] was adopted by employing the centrifugal and Coriolis forces in the source 

terms of the momentum equations as follows: 

    𝑆∅𝑖 = −𝜌휀𝑖𝑘𝑗휀𝑗𝑙𝑚𝛺𝑘𝛺𝑙𝑋𝑚 − 2𝜌휀𝑖𝑘𝑗𝛺𝑘𝑢𝑗                                                                    (6) 

Where 휀𝑖𝑗𝑘 is the Levi-Civita alternating tensor and Ω is the angular velocity. 

The first and second terms on the right-hand side of Eq. 6 are the contributions of the 

centrifugal and Coriolis forces, respectively.  

 

 

 

 

 



 
 

2-3 Boundary conditions:  

For the current simulations, the boundary conditions were set as the experimental work of 

Ahmed et al. [25]. The inlet air velocity value was calculated according to the value of Reynolds 

number of the cooling air with an angle of flow direction equals to zero. The inlet temperature of 

the working fluid enters the channels was 25 °C. Turbulence intensity of 5%. At the outlet, the exit 

static pressure was set equal to zero reference pressure. A convective flux/outflow thermal 

boundary condition was also assumed at the outlet. The upper and lower wavy walls were subjected 

to uniform heat flux conditions, while other walls were assumed to be adiabatic. A no-slip smooth 

wall condition was prescribed on all wall surfaces. The Reynolds number is usually 1,000–10,000 

and the rotating speed is generally 0-1000 rpm. 

 

3-Flow and heat transfer characteristics:  

The flow Reynolds number (Re) is defined based on the hydraulic diameter and inlet flow 

velocity:  

 𝑅𝑒 =
𝜌∞𝑢∞𝐷ℎ

𝜇∞
   

Where 𝜌∞ and 𝜇∞ are the inlet flow density and dynamic viscosity based on the inlet 

temperature of the flow.  

The equation of the convective heat transfer rate was applied to calculate the heat transfer 

coefficient, 

�̇�𝑐𝑜𝑛𝑣. = �̇�𝐶𝑝(𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛) 

 

Where �̇�, 𝐶𝑝, 𝑇𝑓,𝑖𝑛 and 𝑇𝑓,𝑜𝑢𝑡 represent the mass flow rate, specific heat, inlet and outlet 

bulk temperatures of the working fluid, respectively. Consequently, the local heat transfer 

coefficient can be defined as follows:  

 ℎ =
�̇�𝑐𝑜𝑛𝑣.

𝐴𝑐ℎ,𝑓(𝑇𝑤 − 𝑇𝑓)𝐿𝑀𝑇𝐷
                                                             (𝟕)  

(𝑇𝑤 − 𝑇𝑓)𝐿𝑀𝑇𝐷 =
(𝑇𝑤 − 𝑇𝑓,𝑖𝑛) − (𝑇𝑤 − 𝑇𝑓,𝑜𝑢𝑡)

𝑙𝑜𝑔[(𝑇𝑤 − 𝑇𝑓,𝑖𝑛) (𝑇𝑤 − 𝑇𝑓,𝑜𝑢𝑡)⁄ ]
 

Where 𝑇𝑤 is the local wall temperature, 𝐴𝑐ℎ,𝑓 is the total heat transfer surface area in 

contact with the working fluid, and 𝐿𝑀𝑇𝐷 is the logarithmic mean temperature difference between 

the wall and the working fluid. Thus, the local Nusselt number (Nu) is calculated from:  

 𝑁𝑢 =
ℎ𝐷ℎ

𝑘
                                                     (𝟖) 

 

 

 

The friction coefficient 𝑓 is employed to evaluate the hydrodynamic performance of the 

fluid flow inside the wavy channel and is defined as [28], [29] : 
 



 
 

                     𝑓 =
2∆𝑝𝐷ℎ

𝜌𝑈𝑖𝑛
2 𝐿

                                                    (𝟗) 

 

Where ∆𝑝 is the total pressure difference in the wavy channel. 

 
 

4-Numerical procedure: 

The present numerical simulations were performed using the commercial CFD code 

STAR-CCM+ (releases 12.02 and 14.02). The discretization of the governing equations in the 

computational domain was performed using a cell-centred finite volume method in conjunction 

with the SIMPLE algorithm approach proposed by Patankar and Spalding [30] for the velocity-

pressure coupling. The second-order upwind difference (SUD) scheme was applied to discretize 

the convection terms of governing equations, while the second-order central difference (CD) 

scheme was applied for the diffusion terms. The generated set of the linear algebraic equations 

was then solved iteratively using the Gauss–Seidel method to find the values of velocity, pressure, 

temperature and turbulence quantities. The solution technique was coupled with an algebraic 

multigrid (AMG) solver to advance the convergence. Simulations were run for thousands of 

iterations to achieve stable statistics of the flow and turbulence. The solution iteration was 

continued until the convergence criterion reached the residual value of 10−5 for every component 

calculated in the entire computational domain. Typical computational time using 64 cores for each 

case was 48 hours of central process unit time on the multi-processor mode supercomputer in the 

CSF system of the University of Manchester.  

 

5-Grid independence study: 

 

To examine the grid independence of the present numerical solution, a preliminary 

computation for the case of Re=10,000 was performed by using five different grids arrangements 

with total numbers of 800,000, 1,700,000, 2,700,000, 3,850,000, and 4,926,000 cells. The 

comparisons were made using the surface-averaged values of lower wall Nusselt number and Y+. 

Table 1 summarizes grid properties for a typical wavy module. It can be seen from Table 1 that 

there is no significant change in the value of Nusselt number and y+ when the size of the chosen 

mesh was increased above 3,850,000 cells. Therefore, the grid with 3,850,000 cells was chosen 

for the current computations. 

 
Table 1 Comparison of the surface-averaged Nusselt numbers and Y+ values using different grid sizes.  

 

Grids 800,000 1,700,000 2,700,000 3,850,000 4,926,000 

Nua 255.7 268.1 283.4 285.7 285.6 

Y+ 2.12 1.54 1.01 0.82 0.79 

 

6-Grid generation: 
 

A three-dimensions structured, non-orthogonal, and body fitted hexahedral meshes were 

generated using the Pointwise software (releases V18.0R1) to form the entire computational 

domain of the channel. This type of meshes is more accurate with less numerical diffusion. The 

grid was body-fitted to avoid highly skewed grids near the wavy surfaces. The mesh spacing was 

uniform in the x- and z- directions but non-uniform in the y-direction. The spacing of the first grid 



 
 

point adjacent to the lower and upper walls was specified with a value of 0.05 mm and a growth 

rate (a stretching ratio) of 1.13 to obtain y+ less than unity at all locations. This was necessary to 

satisfy the requirement of the Menter k–𝜔 RANS model in order to accurately simulate the heat 

transfer near the walls and viscous sublayer. The computational grids of the present simulation are 

shown in Fig. 3. The present numerical simulations were carried out using total grid cells of 

3,850,000 nodes, depending on the Nusselt number results obtained from the grid independence 

study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Figure 3: The computational grids for different types of channel geometry. 

 

 
 



 
 

7-Validation of the present numerical method: 

To validate the present numerical results, the surface-averaged Nusselt number and 

pressure drop for air flowing inside a wavy channel for the case of a stationary condition were 

simulated using various RANS turbulence models and they then compared with the previous 

numerical and experimental results of Ahmed et al. [25] as illustrated in Table 2 and Fig. 4. Note 

that the same boundary conditions were employed in the present simulation to validate the present 

data with those of Ahmed et al. [25]. Ten commonly used turbulence models were chosen for the 

present validation as shown in Table 2 in order to select the proper turbulence model for the present 

numerical simulations [31]. Table 2 shows that the results obtained from the High-Reynolds 

number Spalart-Allmaras model is the worst as compared with that of the other models. The results 

from the Standard (Wilcox) k-Omega and SST (Menter) k-Omega models are in a good agreement 

with the experimental data with maximum relative errors of 4.02 % and 7.66 %, respectively. 

However, SST (Menter) k-Omega model performs slightly better than Standard (Wilcox) k-Omega 

model. Therefore, the SST (Menter) k-Omega model was employed in the current study to simulate 

the flow and heat transfer inside wavy chabnnels.  

 
Table 2 Comparison of the surface-averaged Nusselt numbers with several RANS turbulence models and the 

previous numerical and experimental results of Ahmed et al. [25].  

 

 

 
Re=1000 Re=2000 Re=4000 

 Nua Difference % Nua Difference % Nua Difference % 

Experimental results of Ahmed et al. [25] 19.73 - 31.84 - 85.78 - 

Numerical results of Ahmed et al. [25] 21.11 - 33.71 - 88.42 - 

SST (Menter) k-Omega 20.48 3.80 % 33.12 4.02 % 87.01 1.43 % 

Standard (Wilcox) k-Omega 20.61 4.46 % 34.28 7.66 % 87.44 1.93 % 

Realizable k-Epsilon  21.26 7.75 % 35.84 12.56 % 89.98 4.89 % 

Realizable k-Epsilon two layer  20.92 6.03 % 34.46 8.22 % 87.67 2.20 % 

Standard k-Epsilon two layer 21.40 8.46 % 36.35 14.16 % 89.29 4.09 % 

V2F k-Epsilon  21.73 10.13 % 36.46 14.51 % 89.43 4.25 % 

Reynolds Stress Turbulence: 

Linear pressure strain two layer 
21.24 7.65 % 36.13 13.47 % 89.67 4.53 % 

Reynolds Stress Turbulence: 

Quadratic pressure strain  
21.69 9.93 % 36.19 13.66 % 90.65 5.67 % 

Spalart-Allmaras turbulence: 

Standard Spalart-Allmaras  
21.93 11.15 % 36.96 16.08 % 91.06 6.15 % 

Spalart-Allmaras turbulence: 

High-Reynolds number Spalart-Allmaras  
22.05 11.75 % 37.92 19.09 % 94.96 10.70 % 

 

 

 

Furthermore, Fig. 4 shows the comparisons of the surface-averaged Nusselt number 

profiles and pressure drop of a stationary wavy channel having a phase-shift angle of ∅=180 with 

the numerical and experimental results of Ahmed et al. [25] for different values of Reynolds 

number. These comparisons were carried out to examine the ability of the chosen RANS 

turbulence model to investigate the characteristics of the flow and heat transfer. From Fig. 4, it is 

found that the present results are in good agreements with the previous numerical and experimental 

results. 



 
 

(a) (b) 

  
 

 

  

 

 

 

 

 

 

 

        

 

Figure 4: Comparisons of the present results for (a) surface-averaged Nusselt number, and (b) pressure drop 
 

In order to examine the ability of the SST (Menter) k-Omega model for simulating the 

rotational flow, the results obtained from the present code (Starccm+ code) were validated with 

the numerical results of Zhang et al. [32] for the case of a rotating smooth channel under different 

values of Reynolds number (Re) and Rotation number (Ro). Fig. 5 presents the comparisons of the 

calculated normalized Nu predicted by the SST (Menter) k-Omega model with those of Zhang et 

al. [32] predicted by the anisotropic k-Omega model (turbulence model with rotating corrections). 

It is clearly seen that the SST (Menter) k-Omega model and the anisotropic k-Omega model [32] 

predict the rotational flow and heat transfer behaviour with slight differences. This comparison 

confirms the ability of the SST (Menter) k-Omega model used in this study to predict the rotational 

turbulence.  

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

Figure 5: Comparisons of the calculated normalized Nusselt numbers of a rotating smooth channel with those 

of Zhang et al. [32] 

 

8-Results and discussions:   

Fig. 6 presents the variation of the surface-averaged Nusselt number with Reynolds number 

for the three different geometries of the wavy channels and the straight channel at both lower and 

upper walls with different values of rotating speed. In general, the surface-averaged Nusselt 

number increases with an increase in the value of Reynolds number for all shapes of the channels 

because of increasing the Reynolds number can increase the temperature gradient on the walls of 

the channel. It is also obvious from the figure that the wavy channel with a phase angle of ∅ =
0 deg  provides the highest value of Nusselt number among the four configurations at all rotating 

speeds, while the straight channel provides the lowest value of Nusselt number at the same Re and 

Ω. This behaviour is expected because the separation zones generated in all geometries of wavy 

channels can significantly enhance the fluid-mixing process within these channels. It reveals that 

re-circulation zones generated by the wavy unit play an important role in the flow behaviour and 

heat transfer. Furthermore, the wavy unit acts as a bulkhead, restricting the fluid spanwise 

spreading at the near wall. It is obvious that the substantial impact of the wavy wall on working 

fluid is diversion rather than separation. The re-circulation zone generated by the tip of the wavy 

unit is mainly active in the gap behind the way unit tip. This gap further limits its lateral movement. 

Due to the diversion caused by the wavy unit, the fluid has a substantial impact on wall heat 

transfer, particularly in the first wavy units of the channel wall. This is the reason why the heat 

transfer rate is at the highest level at the entrance of the channel as shown in Fig. 7. When the fluid 

reaches the tip of the wavy unit, the cross-sectional area of the flow becomes smaller and thus the 

fluid velocity increases. As a result of this, no flow separation can be seen in the area of the wavy 

unit. In the wavy unit vicinity, the secondary flow induced in the tip of the wavy unit becomes the 

main flow pattern. Consequently, the wavy unit may enhance the heat transfer rate from the wavy 

channel as shown in Fig. 6. A similar trend is observed for Nusselt numbers at all rotating speeds.  
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Figure 6: Surface-averaged Nusselt number as a function of Reynolds number for different shapes of the 

channels at 𝛀 = 𝟎. 

 

 

The variation of the local Nusselt numbers at Z=0, Ω = 0, and Re= 2000 along the 

streamwise direction for the four different types of studied channels is presented in Fig. 7. The 

figure illustrates that the wavy channel with a phase shift angle of 𝜙 = 0 has the highest 

enhancement in the performance of heat transfer among the fourth configurations. In addition, the 

value of Nusselt number for 𝜙 = 0 has also the highest fluctuation amplitude. Comparison of the 

variation of local Nusselt number clearly shows that the wavy channel with a phase shift angle of 

𝜙 = 0 has a higher frequency of oscillations. It can be concluded that the flow with higher 

frequencies provides a higher heat transfer rate due to the enhanced mixing process between the 

hot fluid near the walls and the mainstream fluid. Fig. 7 reveals that the Nusselt number profiles 

of the wavy channels with 𝜙 = 0 𝑎𝑛𝑑 90 𝑑𝑒𝑔𝑠 follow the Nusselt number profile of the wavy 

channel with 𝜙 = 180. At all locations, it appears that the highest values of the Nusselt number 

are for the wavy channel with 𝜙 = 0 whereas the lowest values are produced by the wavy channel 

with 𝜙 = 180. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 

 

 

 
 

 
 

 

 
 

 

Figure 7: Local Nusselt number distributions on the upper/lower wall along the streamwise direction 

for different shapes of channel at 𝛀 = 𝟎. 

Both lower and upper walls of the wavy channels exhibit a similar trend in the variation of 

local Nusselt number but with a phase shift. It is obvious from the figures that the position at which 

Nu changes its sign corresponds to the position at which the flow separates or reattaches at the 

wavy wall of the channel. The low value of the local Nusselt number shows that the heat transfer 

process happening exactly after the tip of the wavy unit is very low. This is to be expected because 

the mixing process between the trapped fluids in the secondary flow regions with the core of the 

cooling fluid is minimal. At X < 0.08 m, the heat transfer rate is the highest as the thickness of the 

boundary layer in this location is thinner. Under the stationary condition, the wavy unit causes a 

diversion impact on the working fluid and discourages its vertical movement. Thus, the mixing 

process between the hot fluid close to the wall and mainstream cold fluid is extremely weak, 

particularly within the first wavy units. This can help to promote the characteristics of the flow, 

however, it is not conducive to the enhancement in heat transfer.  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Local Nusselt number distributions on the upper wall along the streamwise direction for different 

shapes of channels at 𝛀 = 𝟏𝟎𝟎𝟎. 

In the stationary case, the values of Nusselt number on both lower and upper walls are 

similar. But in the rotation case, Nusselt numbers on both walls are different. Figs. 8 and 9 present 

the variations of the local Nusselt numbers at Z=0, Ω = 1000, and Re=2000 along the streamwise 

direction for different geometries of the studied channels. The difference in Nusselt number values 

on the lower and upper walls is due to the contributions of the centrifugal buoyancy force and 

Coriolis force. These two forces have a substantial effect on the flow and heat transfer 

characteristics. When the channel rotates in the anti-clockwise direction, the induced centrifugal 

buoyancy force (𝜌Ω2(𝑟 + 𝑥)𝛽∆𝑇) and Coriolis force (2𝜌Ωv) would act in the flow direction while 

the Coriolis force (−2𝜌Ωu) would act in the negative y direction as shown in Fig. 10. On the other 

hand, the centrifugal buoyancy force is weaker than the Coriolis force as the variation in the 



 
 

temperature of the working fluid inside the channel is very low. Consequently, the centrifugal 

buoyancy force has no obvious effect on the flow and heat transfer process.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Local Nusselt number distributions on the lower wall along the streamwise direction for different 

shapes of channels at 𝛀 = 𝟏𝟎𝟎𝟎. 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Force analysis of the flow inside a rotating channel. 

 

Under the rotating condition, the Coriolis force (−2𝜌Ωu) pushes the mainstream fluid 

toward the lower wall of the channel and then intensifies the fluid mixing and enhances the mass 

exchange. Moreover, this is in favour of significantly increasing the Nusselt number of the lower 

wall but it decreasing (at low Re) or slightly increasing (at high Re) the Nusselt number on the 

upper wall depends on the value of Re as the flow detached from the upper wall due to the effect 

of the Coriolis force (−2𝜌Ωu). Downstream of the wavy unit (after the groove), the Coriolis force 

(2𝜌Ωv) further increases the fluid turbulent kinetic energy. In addition, the Coriolis force has a 

significant impact on the lower wall, pushing the impingement’s stagnation point within the first 

wavy units to move toward the wavy wall. The effects of rotation are laid out in Figs. 11 and 12. 

Some differences can be clearly seen in the lower and upper walls Nusselt number values. 
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Figure 11: Surface-averaged Nusselt number as a function of Reynolds number for various shapes of 

channels at 𝛀 = 𝟓𝟎𝟎 𝒓𝒑𝒎. 

 

 

 
 

 
 

 

 

 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

Figure 12: Surface-averaged Nusselt number as a function of Reynolds number for various shapes of 

channels at 𝛀 = 𝟏𝟎𝟎𝟎 𝒓𝒑𝒎. 

 

 
 

 

 
 

 
 

 

 
 



 
 

The velocity field in the display mode of line integral convolution for the wavy channel 

geometries with phase-shifts angle values of ∅ = 0, 90, 𝑎𝑛𝑑 180 degrees are illustrated in Fig. 

13. The flow evolution zones in both grooves (wavy unit section) of the wavy channel for both 

∅ = 0 and ∅ = 90  degrees are the same as that of the wavy channel with ∅ = 180 degree, 

showing the generation of secondary flow regions in both grooves of the channel. It is clearly seen 

from the figure that there is no obvious mixing between the secondary flow zones formed in the 

grooves on the upper and lower walls at any location inside the channel. However, the figure also 

shows that the flow field distribution is asymmetrical about the centerline of the channel due to 

geometric asymmetry. This is because of the fact that the space between the upper and lower 

groves is quite large and the fluid stream between the upper and lower secondary zones is stable. 

However, momentum transfer between fluids in the upper and lower grooves is possible due to the 

differential pressure. Channels with smaller space between the two walls may lead to a significant 

mixing between the secondary flows zones created on the two walls. The asymmetry in the flow 

rises with the geometric asymmetry and the highest asymmetry in the flow appears in channels 

with a shift phase angle of ∅ = 0. The flow structures through the channels with phase shift angles 

of ∅ = 0 𝑎𝑛𝑑 90  degrees are quite similar to that of the channel with ∅ = 180 degree, showing 

generation of a single secondary flow zone in the both grooves of the channel. For the channel 

with ∅ = 0, the existence of a pair of secondary flow zones in each groove causes a substantial 

mixing process of the fluids and thence increasing the rate of heat transfer. The flow structures 

behaviours through the wavy channels indicate that the phase-shift angle has a substantial impact 

on the flow characteristics and consequently the heat transfer coefficient. When the channel at 

stationary conditions, there is a separation accumulation phenomenon on the upper and lower wavy 

walls of the channel. When the channel rotates, the Coriolis force and centrifugal force have 

multiple impacts on the flow field and heat transfer. These forces reduce the adverse pressure 

gradient upstream of the groove tips and significantly reduces the recirculation bubble in the flow 

region of a minimum cross-section. These forces also weaken the low-energy fluid in regions close 

to the side walls of the channel, especially downstream of the channel, which promotes the 

performance of heat transfer. In addition, these forces significantly increase the turbulent kinetic 

energy of the working fluid, which may explain why the heat transfer rate rapidly increases at a 

high Re. Consequently, rotation is beneficial to enhance the mass exchange between the 

mainstream cooling air and hot fluid and thus leads to a significant heat transfer enhancement, 

especially on the lower wall compared with that of the stationary case. 
 

 
 

 
 

 

 

 

 
 

 

 
 

 
 

 

 
 

 
 

 

 



 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 

 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 

 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

a) ∅ = 0 𝑑𝑒𝑔 
 

 

 

Coriolis force effect 

Re = 4000 and 0 rpm  

Re = 4000 and 1000 rpm  



 
 

  

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 

 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 

 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

b) ∅ = 90 𝑑𝑒𝑔 
 

 

Coriolis force effect 

Re = 4000 and 0 rpm  

Re = 4000 and 1000 rpm  



 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 

 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 

 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

𝑐) ∅ = 180 𝑑𝑒𝑔 
Figure 13: Velocity field at Z=0 for various shapes of the wavy channel at 𝑹𝒆 = 𝟒𝟎𝟎𝟎, 𝛀 = 𝟎 𝐚𝐧𝐝 𝟏𝟎𝟎𝟎 rpm. 

 

Coriolis force effect 

Re = 4000 and 0 rpm  

Re = 4000 and 1000 rpm  



 
 

 

 

The isotherms distributions for the four different types of the channels at two different 

values of Reynolds number of Re = 2000 and 10000 and two different values of rotating speed of 

Ω=0 and 1000 rpm at Z=0 have also been presented in Figs. 14 and 15. The figures reveal that the 

comparisons of the isotherms distributions clearly show that the wavy channel with 𝜙 =
0 generates greater temperature gradients in the regions along the upper and lower walls whereas 

the gradients are minimal for the channel with 𝜙= 180. As a result, the heat transfer rate from the 

wavy channel with a phase-shift angle of 𝜙 = 0 is the highest compared to other geometries. A 

higher temperature gradient is clearly seen in the zones where greater shear wall stress exists or 

flow accelerates. The temperature field asymmetry is obvious from the distributions of the 

isotherms of the three different shapes of the wavy channel (Figs. 14 and 15a, c, e); the geometric 

asymmetry is the highest for the channel with a phase shift angle of 𝜙 = 0. The isotherms 

distribution for the channel with 𝜙 = 0  is found to be the most complex among the three channel 

configurations as shown in Figs. 14a and 15a. 

When the channel is rotating, the flow accelerating downstream of the channel leads to 

increased streamwise velocity (u) which in turn strengthens the magnitude of the negative y 

direction Coriolis force (−2𝜌Ω𝑢). This causes the Coriolis force pointing to the lower wall and 

therefore the core of the mainstream fluid pushes toward the surface. As shown in Figs. 14 and 

15b, d, f , the effect of the Coriolis force (−2𝜌Ω𝑢) is clearly visible (marked by red arrows) in the 

flow where the isotherms lines are pushed toward the lower wall. Consequently, more fluid from 

the core of the channel is forced to move against the wavy wall and it gets mixed with the hot flow 

close to the wall to enhance the heat transfer. Thus, the Nusselt number can be significantly 

enhanced on the lower wall as Ω increases. This is the reason why the lower wall Nusselt number 

raises rapidly as Ω increases. By comparing Fig. 14 with Fig. 15, the Coriolis force (−2𝜌Ω𝑢) 

magnitude increases as Re raises due to an increase in the flow velocity component in the x- 

direction. In this case, the Coriolis force (−2𝜌Ω𝑢) may increase the flow patterns deflection 

towards the wall in the negative y-direction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 

 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 

 

 

 
 

 
 

 

 
 

 

 

Figure 14: Temperature contours distributions at Z=0 for different channel geometries. 

 

a) Re=2000, 0 rpm, ∅ = 𝟎 𝒅𝒆𝒈 

b) Re=2000, 1000 rpm, ∅ = 𝟎 𝒅𝒆𝒈 

c) Re=2000, 0 rpm, ∅ = 𝟗𝟎 𝒅𝒆𝒈 

d) Re=2000, 1000 rpm, ∅ = 𝟗𝟎 𝒅𝒆𝒈 

e) Re=2000, 0 rpm, ∅ = 𝟏𝟖𝟎 𝒅𝒆𝒈 

f) Re=2000, 1000 rpm, ∅ = 𝟏𝟖𝟎 𝒅𝒆𝒈 

g) Re=2000, 0 rpm, straight channel  

h) Re=2000, 1000 rpm, straight channel  

Coriolis force effect 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Temperature contours distributions at Z=0 for different channel geometries. 

a) Re=10,000, 0 rpm, ∅ = 𝟎 𝒅𝒆𝒈 

        b) Re=10,000, 1000 rpm, ∅ = 𝟎 𝒅𝒆𝒈 

       c) Re=10,000, 0 rpm, ∅ = 𝟗𝟎 𝒅𝒆𝒈 

d) Re=10,000, 1000 rpm, ∅ = 𝟗𝟎 𝒅𝒆𝒈 

        e) e=10,000, 0 rpm, ∅ = 𝟏𝟖𝟎 𝒅𝒆𝒈 

f) Re=10,000, 1000 rpm, ∅ = 𝟏𝟖𝟎 𝒅𝒆𝒈 

g) Re=10,000, 0 rpm, straight channel  

h) Re=10,000, 1000 rpm, straight channel  

Coriolis force effect 



 
 

           Fig. 16 illustrates the temperature distribution on the lower wall of the wavy channels with 

phase-shift angles of ∅ = 0, 90, 𝑎𝑛𝑑 180 degrees at different values of Re and Ω. The trace of the 

cooling fluid for the three cases of the stationary wavy channel is shorter and the temperature 

distribution on the lower wavy wall is nearly uniform because of the re-circulation zones which 

limiting the flow spreading in the spanwise direction. As Re increases, it is clearly seen that the 

cooling fluid shoots off into the core of the channel and therefore the spreading of the fluid takes 

place deep in the core instead of on the wavy walls. This, in turn, strengthens the cooling fluid 

attachment and the Nusselt number is enhanced accordingly.  

          The effect of rotation is also presented in Fig. 16. Under the rotational frame, the Coriolis 

force has a strong impact on the temperature distribution on the walls. As can be seen from this 

figure that increasing the rotating speed increases the Coriolis force (−2𝜌Ω𝑢) effect which pushes 

the cooling fluid to the wall and thus it increases the flow spanwise spreading on the lower wall. 

On the other hand, increasing the rotating speed also increases the Coriolis force (2𝜌Ω𝑣) effect 

which increases the flow streamwise spreading inside the channel. It is obvious that rotation has a 

substantial impact on the heat transfer enhancement because it can cause flow spreading in the 

spanwise direction and hence enhancing the spanwise heat transfer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 16: Temperature contours distributions on the lower wall for different shapes of channel geometries 

and different values of 𝛀. 

a) ∅ = 0 𝑎𝑡 Re=2000, 0 rpm and 1000 rpm  

b) ∅ = 90 𝑎𝑡 Re=2000, 0 rpm and 1000 rpm  

c) ∅ = 180 𝑎𝑡 Re=2000, 0 rpm and 1000 rpm  

d) ∅ = 0 𝑎𝑡 Re=10000, 0 rpm and 1000 rpm  

e) ∅ = 90 𝑎𝑡 Re=10000, 0 rpm and 1000 rpm  

f) ∅ = 180 𝑎𝑡 Re=10000, 0 rpm and 1000 rpm  



 
 

          The normalized Nusselt number (𝑁𝑢𝑎 𝑁𝑢𝑜⁄ ) is used to evaluate the performance of heat 

transfer from a surface [28], [29], [33].  

          Different correlations are employed to normalize the average Nusselt number in channel 

flows. In the current study, the correlation equation presented by Petukhov et al. [34] has been 

used to normalize the computed data and is defined as [28]: 

𝑁𝑢𝑜 =
(𝑓𝑜 8)𝑅𝑒𝑃𝑟⁄

1.07 + 12.7(𝑓𝑜 8)0.5(𝑃𝑟2 3⁄ − 1)⁄
        (𝟏𝟎) 

Where: 

- 𝑁𝑢𝑎 is the surface-averaged Nusselt number of the wavy wall calculated from equation 

8.  

- 𝑁𝑢𝑜 is the Nusselt number computed from the correlation equation.  

            The computed friction factor 𝑓𝑜 is given by the Filonenko equation [28]: 

 𝑓𝑜 = (1.82𝑙𝑜𝑔10𝑅𝑒 − 1.64)−2 

            It should be mentioned here that the above correlation equation (Eq.10) is applicable for 

Re ≥10,000. For values of Reynolds number in the range of 2.3 × 103 ≤ 𝑅𝑒 ≤ 106 and Prandtl 

number in the range of 0.5≤ 𝑃𝑟 ≤200 as in the present study, the modified form of Petukhov 

correlation (Eq. 10) has been used to normalize the average Nusselt number as follows [35] :  

𝑁𝑢𝑜 =
𝑓𝑜 8 (𝑅𝑒 − 1000) 𝑃𝑟⁄

1 + 12.7(𝑓𝑜 8)0.5(𝑃𝑟2 3⁄ − 1)⁄
        (𝟏𝟏) 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 

Figure 17: Normalized Nusselt number as a function of Reynolds number for various shapes of channels 

at 𝛀 = 𝟎 𝒓𝒑𝒎. 

 

 

 
 



 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 

 

 

Figure 18: Normalized Nusselt number as a function of Reynolds number for various shapes of channels 

at 𝛀 = 𝟓𝟎𝟎 𝒓𝒑𝒎. 

 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 

Figure 19: Normalized Nusselt number as a function of Reynolds number for various shapes of channels 

at 𝛀 = 𝟏𝟎𝟎𝟎 𝒓𝒑𝒎. 

 

              Figures 17-19 present the effect of Reynolds number on the normalized Nusselt number 

under different rotating speeds. Overall, the values of the 𝑁𝑢𝑎 𝑁𝑢𝑜⁄  ratio of the three geometries 

of the wavy channel increase with the increase of Reynolds number. Besides, they are higher than 

that in the case of a straight channel which has an inverse trend compared with that for the wavy 

channels. At Ω = 0 𝑎𝑛𝑑 500 𝑟𝑝𝑚, the ratios of 𝑁𝑢𝑎 𝑁𝑢𝑜⁄  are slightly affected by the change in 

Reynolds number. While they decrease with the increase in the value of Reynolds number for the 

case of a straight channel.  It can be drawn from Figs. 17-19 that the phase-shift angle has a 

significant effect on the performance of the heat transfer enhancement of wavy surfaces. 

             In order to evaluate the performance of the heat transfer enhancement of the wavy surface, 

it is helpful to introduce the aerothermal efficiency (𝜂). It is a compromise between the heat 

transfer enhancement performance and friction loss when the heat transfer and associated pressure 

loss are both high [28], [29]. It can be defined as:  



 
 

 

𝜂 =

 𝑁𝑢𝑎

𝑁𝑢𝑜

(𝑓 𝑓𝑜)1 3⁄⁄
                                (𝟏𝟐) 

             It is obvious from figures 17-19 that the ratio of 𝑁𝑢𝑎 𝑁𝑢𝑜⁄  is proportional to Reynolds 

number while the friction factor is inversely proportional to Reynolds number. Thus, the 

aerothermal efficiency increases with the increase of Reynolds number, particularly when Ω >
0 as shown in Figs. 20-22. These figures show the aerothermal efficiency of the four geometries 

of the simulated channel at different Reynolds numbers and rotating speeds. 

            Furthermore, the results of the aerothermal efficiency with different rotating speeds at 

Re=4000 and 10000 are presented in Fig. 23. The effects of the Coriolis force increase with the 

increase of rotating speed, influencing the performance of heat transfer enhancement by affecting 

the air flow characteristics inside the channel. It was observed from Fig. 23 that at Re=4000, the 

aerothermal efficiency decreases with the increase of rotating speed, while it is parabolic with the 

increase of rotating speed at Re=10000. It was also shown that the aerothermal efficiency of the 

straight channel rapidly drops as the rotating speed increases compared with that of the wavy 

channel. This indicates that the wavy channels provide a higher heat transfer performance for 

different values of Reynolds number and rotating speed than that of a straight channel.  

 

 

 

 

 

 

 

 

 

 

Figure 20: Aerothermal efficiency as a function of Reynolds number for various shapes of channels at 𝛀 =

𝟎 𝒓𝒑𝒎. 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

Figure 21: Aerothermal efficiency as a function of Reynolds number for various shapes of channels at 𝛀 =

𝟓𝟎𝟎 𝒓𝒑𝒎. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: Aerothermal efficiency as a function of Reynolds number for various shapes of channels at 𝛀 =

𝟏𝟎𝟎𝟎 𝒓𝒑𝒎. 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 23: The effect of rotating speed on the aerothermal efficiency at different values of Reynolds number 

for the lower wall. 

 

 

9-Conclusions:  

          In this paper, flow and heat transfer performance in different types of channels geometries 

at stationary and rotating conditions were investigated numerically for a wide range of Reynolds 

number of 1000–10000 and a rotating speed varying from 0 to 1000 rpm. The wavy surface profile 

was created using a phase difference between the upper and lower walls. The significant impact of 

the rotation on the performance of wavy channels, including the flow improvement and heat 

transfer enhancement was analyzed and discussed. The highlights of the present study are given 

below: 

- For a given value of Re, the Nusselt number increases as the rotating speed increases for 

all shapes of the channel. For the same value of rotating speed, it was found that the 

enhancement in heat transfer depends on Re value. 

- The fluctuations in the values of the local Nusselt number along the streamwise direction 

is due to the curvature effect. The maximum value of Nu occurs right at the minimal cross-

section. On the other hand, the minimum value of Nu occurs nearly upstream of the 

maximized cross-section region. 

- Rotation has a strong impact on the flow field and heat transfer performance. As the 

rotating speed increases, the Coriolis force further promotes the heat transfer on the lower 

wall. The heat transfer rate from the upper wall is directly proportional to the rotating speed 

owing to the mainstream fluid impingement. Furthermore, as Re increases, the isotherm 

lines move toward the lower wavy wall and Nu and heat exchange increase. 

- Flow structures were observed to be complicated for the three different channel geometries 

along with a greater wall temperature gradient was clearly seen for the channel with ∅ =
0 deg. 

a) Re=4000 b) Re=10000 



 
 

- In addition, it was observed that the wavy channel with a phase shift angle of ∅ = 0 deg 

produces the highest surface-averaged Nusselt number and heat transfer enhancement in 

comparison to other geometries but it is accompanied by a relatively high pressure drop 

penalty. 
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