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Abstract 

The unsteady investigation of ferrofluid flow forced convection over a downward step containing 

a rotating finned cylinder is conducted numerically. The dimensionless partial differential 

equations of conservation equations for mass, momentum and energy and the boundary 

conditions associated with them are solved by using the finite element method. Two control 

parameters are used, the angular velocity Ω (-5, -3, -1, 0, 1, 3, 5) and the Reynolds number Re 

(10, 20, 50, 100), and their effect as a function of time on flow characteristics and heat transfer is 

presented. To understand how the rotation of the finned cylinder and Reynolds number affects 

the heat transfer and fluid flow characteristics, an analysis is made and the results obtained are 

presented qualitatively by the streamlines and the isotherms and quantitatively by calculating the 

average and local Nusselt number. It has been observed that the rotation of the finned cylinder 

enhanced heat transfer significantly. A difference of 177.33% improvement is observed between 

a rotational speed of a finned cylinder (Ω = -5) in the present paper and that of a cylinder without 

fin (Ω = 25) in the reference paper.  

Keywords: Rotating finned cylinder, heat transfer, nanofluid, forced convection, downward step. 

1. Introduction 

Asymmetrical sudden expansion such as downward steps can be found in various engineering 

applications such as combustion chambers, heat exchangers and fluid machines etc. Downward 

steps or Backward-facing steps (BFS) are widely used as references in numerical simulations due 

to their simplicity. Several numerical and/or experimental investigations have been performed 

using BFS geometries to study the characteristics of the heat transfer and the ferrofluid flow. 

Moosavi et al. (2021) developed a numerical investigation using the step length of the BFS as a 

control parameter. The results showed that as the step length down of BFS increases, the average 
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Nusselt number also increases. Nath and Krishnan (2019) and Lv (2019) proceeded by adding 

nanoparticles to numerically study the nanofluid flow characteristics and heat transfer quality in 

a backward facing step. iIt was shown that the nanoparticles inserted into the base fluid increase 

the average Nusselt number value. Hillo et al. (2020) carried out experimental work to analyze 

the difference between two nanofluids, CuO-EG and MgO-EG. The results revealed that the heat 

transfer rate for the CuO-EG nanofluid is higher than that for the MgO-EG nanofluid. In the 

studies by Kherbeet (2012), Mobadersani and Rezavand Hesari (2020), Al-Aswadi et al. (2010), 

Turkyilmazoglu (2014) and Selimefendigil and Öztop (2013), the aim was to show if the use of 

nanofluid affects the heat transfer in a backward facing step. The results revealed that the value 

of the average Nusselt number rises with increasing nanoparticles volume fraction. When using 

SiO2 nanoparticle, the quality of heat transfer is elevated. It is also found that when the diameter 

of nanoparticles decreases, the Nusselt number increases. Between Cu and TiO2, the nanofluid 

containing Cu nanoparticles has the highest heat transfer rate but it is lowest when using TiO2 

nanoparticles. Numerical simulation of laminar nanofluid forced convection on a backward step 

was carried out by Selimefendigil and Öztop (2015) and (2018a). In their studies, it was 

mentioned that the increase in heat transfer for a fluid containing nanoparticles is highest 

compared to water as fluid base. The type of nanoparticles used, and the particle shape, have 

significant impact on the characteristics of nanofluid flow and on the heat transfer quality. In 

addition, it was observed that with increase in the Reynolds number value, the heat transfer rate 

increases. Hussain and Ahmed (2019) analyzed the effect of Fe3O4-H2O ferrofluid by forced 

convective flow on a BFS containing a rotating cylinder in the presence of magnetic field with 

inclination. This paper is the reference of our numerical investigation. The authors observed that 

when the cylinder rotates counterclockwise, the heat transfer rate improves. Toumi et al. (2022) 

used numerical simulations to study the forced convection of a laminar ferrofluid flow in a 

backward facing step containing a finned cylinder with different fin position. This study showed 

that adding a fin on the cylinder significantly affects the quality of the heat transfer.  

A recent research study is of great interest for further study of the influence of rotational 

speed on the heat transfer and on nanofluid flows characteristics around cylindrical obstacle set 

in rotation with different convection mode. These areas are of operational use such as rotating 

tube heat exchangers. Selimefendigil and Öztop (2014) and (2020) and Kumar and Dhiman 

(2012) showed that when the cylinder rotates clockwise, more flow is entrained in the wake of 

the cylinder. On the other hand, when a circular cylinder is used, the maximum Nusselt value is 

improved up to 155% compared to the case without a cylinder. This is particularly the case for 

clockwise rotation where the increase in the local Nusselt value is 244% compared to the non-

rotating cylinder case. The maximum Nusselt values increase with the Reynolds number.  

Several other studies investigated the effect of rotating cylinder on the thermal and 

hydrodynamic characteristics in cavities, according to references in Rahman et al. (2014), Yang 

et al. (2019), Costa and Raimundo (2010), Roslan et al. (2012) and Selimefendigil and Öztop 

(2018b). It was found that the presence of nanoparticles causes a stability of heat transfer which 

is disturbed for higher values of the Rayleigh number due to the mixing of the flows inside the 

cavity. The overall heat transfer rate is strongly dependent on the rotation speed of the cylinder; 

it is small if the rotation speed is low. The strength of the flow circulation significantly increases 

with higher nanoparticle concentration and faster negative rotation. The average Nusselt number 

is higher when the rotation is counterclockwise, and it is lower in the stationary cylinder 

configuration. Sufyan et al. (2015) studied numerically the 2D laminar nanofluid flow and heat 

transfer by forced convection through a rotating cylinder. For the value of the dimensionless 

rotation rate used and for the range of Prandtl numbers between 0.7 and 67, it was concluded that 

under the effect of rotation, the heat transfer rate is high for all Prandtl numbers. In the numerical 

study by Shirani et al. (2021), four rotating cylinders were introduced in a square cavity filled 

with the nanofluid of water-Cu, the Richardson number values were between 0.1 and 10, the 
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nanoparticle concentration ϕ was between 0 and 0.03 and Reynolds number values were between 

86.2 and 862. They declared that with increasing nanoparticle concentration and Reynolds 

number, the Nusselt number increased. They also observed that under the impact of buoyancy 

forces on the flow, the effect of nanoparticles is less pronounced as the Richardson number 

increases. Some researchers, namely Ikhtiar et al. (2019), Yoon et al. (2018), Sarkar et al. (2016) 

and Xie and Xi (2022), have studied the fluid flow characteristics and the quality of heat transfer 

using a rotating cylinder. They mentioned that forced convection heat transfer affects the cylinder 

surface, while the average Nusselt number increase when the value of the Reynolds number is 

high and the flow instability has a positive effect on the heat transfer. Selimefendigil and Öztop 

(2015) conducted a numerical study using mixed convection in a backward facing step in which 

a rotating cylinder was inserted to a nanofluid. A commercial solver based on finite element 

method was used to solve partial differentials equations. The improved heat transfer is obtained 

for certain parameter combinations, and it was shown that linear increase in the heat transfer 

enhancement exists with increasing volume fraction of the nanoparticles and Reynolds number. 

Moreover improvement was obtained for certain angular velocities of the cylinder. Xie et al. 

(2017) investigated the effect of the vortex structure on heat transfer enhancement in a backward 

facing step geometry. They studied the characteristics of nanofluid laminar flow, heat transfer 

quality and impact of the vortex structure. It was found that the instability of flow appeared 

downstream of the primary recirculation zone, which generated many vortices that had a positive 

effect.   

As mentioned above, previous studies have provided sufficient guidance for new 

investigations of heat transfer and nanofluid flow characteristics of various types of convection 

around rotating bodies. Many current studies deal with these problems using circular obstacle. 

The present study, which has not been done before, adds new knowledge by addressing the 

nanofluid flow and heat transfer properties of a rotating finned cylinder. The streamlines contours, 

the isotherm profiles and the average and local Nusselt number are used to present the results. 

2. Physical configuration of geometry 

2.1. Description of physical model  

An unsteady 2D numerical analysis of nanofluid flow by forced convection on a backward facing 

step containing a rotating finned cylinder is studied and physical configuration with boundary 

conditions is shown in Fig. 1. The step length of the backward facing step is H and the height of 

horizontal duct is 2H. Ω is adimensional angular rotational velocity of finned cylinder. The radius 

of cylinder is (D = H), the center cylinder position is (4H, H) and the fin length is 0.2H. At the 

duct inlet the velocity is u = u0 and v = 0 and at the duct outlet, the gradient of all variables in x-

direction are equal to zero, Tc is the low temperature of the ferrofluid and Th represent the high 

temperature of the bottom wall. The value of Prandtl number base fluid is equal to 6.2 and 

constant values of the thermophysical properties of H2O and Fe3O4 are presented in Table 1. The 

energy equation is modelled without considering the viscous dissipation and Joule heating and 

one phase ferrofluid model is used. 
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Fig. 1. Backward facing step geometry containing a rotating finned cylinder. 

 ρ [Kg/m3 ] Cp [J.Kg-1. K-1] k [W/m.K] 

H2O 997.1 4179 0.613 

Fe3O4 5200 670 6 

 

Table 1. Properties of ferrofluid (Fe3O4) and base fluid (Distilled Water), [Hussain and Ahmed 

2019]. 

3. Mathematical equations 

3.1. Dimensional form of instantaneous equations 

The forced convective flow and heat transfer was modeled by instantaneous partial differential 

equations of the mass conservation, momentum, energy and streamlines function as follows: 

  (1) 

  (2) 

  (3) 

  (4) 

3.2. Dimensional boundary conditions 

The duct inlet, x-direction velocity  and cold temperature T = Tc. 

The bottom wall, no-slip velocity condition and hot temperature 
hT T . 
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The duct outlet, 0
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n is the surface normal direction coinciding with the x axis at the outlet. 

Finned cylinder velocity components:  0u y y   and  0v x x  . 

3.3. Dimensionless form of instantaneous equations  

To obtain the dimensionless equations (6)-(10) the following scales are used: 
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Dimensionless instantaneous system obtained is: 
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3.4. Dimensionless Boundary conditions 

The duct inlet, x-direction velocity is (U = U0, V = 0) and cold temperature is θ = 0. 

The bottom wall, no-slip velocity condition (U = 0, V = 0) and hot temperature is θ = 1. 

The duct outlet, 0
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n is the surface normal direction coinciding with the x axis at the outlet. 
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Finned cylinder velocity components:  0U Y Y   and  0V X X   . 

3.5. Thermophysical properties of nanofluid 

The subscript ‘p’ represents the property of solid ferromagnetic particles.  
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3.6. Average and local Nusselt number Computation 

The Nusselt number describes the ratio of the thermal energy of convected fluid to the thermal 

energy conducted within the fluid. The Nusselt number is the temperature gradient at the surface. 

The efficiency of heat transfer is determined by the value of the average or local Nusselt number.  

The local Nusselt number is determined over the heated bottom wall and the total length of 

the heated wall is L. 

 
nf

f

h L
Nu




  (15) 

The coefficient of heat transfer of nanofluid is ℎ𝑛𝑓. 

 w

nf

h c

q
h

T T



 (16) 

The heat flux on the heated wall is 𝑞𝑤. 
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3.7. The numerical method and mesh independence test 

The computational domain of the backward has been discretized with unstructured elements. The 

weighted residual (Galerkin) of finite element method analysis is used to obtain the numerical 

solution of the dimensionless partial differential equations of the mass conservation (6), X-

momentum (7), Y-momentum (8), energy (9) and Stream function (10), as well as the associated 

boundary conditions. 

The sliding mesh technique realized for the unsteady case is based on the MRF method 

(multiple references frame method). In this technique, the information passes from the fixed 

domain to the mobile domain via an interpolation. We create separate regions in the mesh and 

when we solve the equations, we start by physically moving the section of the mesh at the 

beginning of each time step so that much of the mesh is stationary and there is a small coin-

shaped region around the finned cylinder. The start of the temporal evolution of the thermal state 

in the duct was considered after the laminar flow regime becomes stationary. The grid containing 

the finned cylinder rotates at each time step and the interface between the two regions is 

recalculated. The problem with this approach is that a very small time step is used and the 

computation is very expensive and time consuming. 

In order to optimize a mesh, it is necessary to start with one that is more or less coarse and 

then refine it until the parameter values are stabilized. Five grids were used to perform the mesh 

test in order to choose the optimal one, and we noticed that the values of Nu_avg and θ_avg had 

a negligible difference between the fourth and the fifth grid (see Table 2). We observe from Table 

2 that from a grid of 92491 the results become independent of the mesh size. Therefore, this mesh 

size will be retained for use in future simulations. 

The mesh independence test was performed at dimensionless time τ = 200 for Pr = 6.2, ϕ = 

0.04, Re = 100 and Ω =1. 

 

Number of e

lements 
7651 13479 42430 92491 157737 

Computing 

time 

15017 s. (4 h, 

10 min, 17 

sec) 

20187 s. (5 h, 

36 min, 27 

sec) 

35627 s. (9 h, 

53 min, 47 

sec) 

47243 s. (13 

h, 7 min, 23 

sec) 

60694 s. (16 

h, 51 min, 34 

sec) 

𝑵𝒖𝒂𝒗𝒈 4.231692 4.401572 4.427415 4.428125 4.428085 

𝜽𝒂𝒗𝒈 0.191634 0.138074 0.141773 0.141875 0.141652 

Table 2. Mesh independence test. 

A triangular unstructured mesh was used to discretize the computational domain. Many grids 

with different number of elements were tested (see Table 2) to choose the optimal mesh (92491 

elements) to obtain accurate results and minimal computation time to perform the computations. 

3.8. Validation 

To validate the reliability of our numerical calculation, the average Nusselt number (Nu avg) was 

calculated as function as the angular velocity and compared to those found previously from 

Hussain and Ahmed 2019, thus the contours of the isotherms are presented for some values of 

the angular velocity. The validation is done using control parameters values: Reynolds number 

(Re = 100), nanoparticle concentration (ϕ = 5%) and Prandtl number (Pr = 6.2), as presented in 

Fig. 2. We can say that there is good agreement in the present work of validation compared with 



Meriem Toumi et al.: UNSTEADY NUMERICAL INVESTIGATION OF FERROFLUID…  
 

 

74 

the reference results. Therefore, our current research objective to study the effect of rotation of a 

finned cylinder can be achieved. 

 

Ω = -75 
  

Ω = -50 
  

Ω = 50 
  

Ω = 75 
  

 Present work Hussain and Ahmed (2019) 

 

Fig. 2. Validation of results. 

4. Results and discussion 

The aim of this study was to investigate the impact of rotating finned cylinder on heat transfer 

quality improvement. An unsteady numerical investigation was performed to discover the effect 

of angular velocity as a control parameter. Various values for the angular velocity (-5, -3, -1, 0, 

1, 3, 5) as well as Reynolds number (Re = 10, 20, 50 and 100) were used. Prandtl water number 

Pr = 6.2, and Grashof and Richardson numbers were very low. In the following, the results 

obtained through unsteady numerical calculations of ferrofluid heat transfer by forced convection 

in a backward facing step with a fin mounted on the cylinder are qualitatively presented by 

streamlines and isotherms in figures (3 – 6) and quantitatively by the average Nusselt number in 

figures (7 – 10) and the local Nusselt number in Figs. 11 and 12. 

Qualitative results: 


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Fig. 3. Reynolds number impact on the streamlines at different times for Pr = 6.2, Ω = 1 and ϕ = 

4%. 

Fig. 3 shows the streamlines at eight instants with the variation of the Reynolds number (Re 

= 10, 50, 100) for the fixed values Pr = 6.2, Ω = 1 and ϕ = 4%. At low Reynolds numbers the 

viscosity is high, while the inertia is negligible, the flow motion is slow and no vortices exist, 

resulting in poor heat transfer. When the Reynolds number increases, the motion of the nanofluid 

becomes fast and vortices appear along the duct and near the bottom wall, as the inertial forces 

related to velocities are high. The number of vortices increases with increasing Reynolds number 

causing an enhancement of the forced convection which is most effective at Re = 100.  The heat 

transfer becomes stable from the dimensionless time unit τ = 50. 

The impact of the Reynolds number on the isotherms at different times from the interval τ [2 

– 200] for Pr = 6.2, Ω = 1 and ϕ = 4% is presented in Fig. 4. It is clearly noticed that at Re = 10, 

the thickness of the thermal boundary layer along the bottom wall is large, which explains the 

poor forced convection. At this value of Reynolds number, the motion of the nanofluid is weak 

due to the viscous forces which are high, and the inertia forces related to velocities which are low. 

When the Reynolds number is equal to 100, the thickness of the thermal boundary layer along 

the bottom wall reduces and becomes thinner at Re = 100. This is due to the fact that the motion 

of the nanofluid is faster due to the increased inertial forces which cause the generation of vortices 

downstream of the obstacle causing an improvement in heat transfer. The location of the vortices 

causes a reduction in the thickness of the thermal boundary layer in the next to the bottom wall; 

these cold fluid vortices have an effect to improve the forced convection. For Reynolds number 

Re = 100, several vortices move one after the other behind the obstacle causing a good heat 

transfer. It is observed that in the areas where the vortices are generated next to the bottom wall, 
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the temperature fluctuates, the fluctuations are more intense when the Reynolds number value 

increases from 50 to 100 and the mixing of cold and hot fluid is improved. A stabilization of the 

heat transfer is noticed from the dimensionless time unit τ = 50.    

 

Fig. 4. Reynolds number impact on the isotherms at different times for Pr = 6.2, Ω = 1 and ϕ = 

4%. 

The contours of the streamlines at several instants of the unsteady numerical calculation to 

present the effect of the rotational speed of the finned cylinder are posed in Fig. 5. The chosen 

values of the rotational speed are (Ω = -3, 0, 5) and the fixed values are Pr = 6.2, Re = 100 with 

a nanoparticle concentration ϕ = 4%. A large flow rate of the nanofluid is observed when the 

obstacle is rotated for Ω = -3 and Ω = 5 which the heat transfer process improves. When the 

finned cylinder is rotating, a recirculation zone occurs, the location or region of this zone depends 

on the direction of rotation, which is just after the obstacle when the rotation is clockwise (Ω = -

3). On the other hand it is far from the obstacle towards the end of the duct, when the finned 

cylinder rotates counterclockwise (positive rotation Ω = 5). For Ω = 0 (stationary obstacle), the 

flow rate is reduced and no vortex occurs, so the forced convection is reduced compared to the 

other values of the finned cylinder rotation speed. 
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Fig. 5. Effect of the finned cylinder rotation (Ω) on the streamlines at different times for ϕ = 

4%, Re = 100 and Pr = 6.2. 

Fig. 6 shows the impact of varying the angular velocity of the finned cylinder on the isotherm 

contours for Re = 100, Pr = 6.2 and ϕ = 4%. Several time step units were chosen for this 

presentation to see how the heat transfer process takes place during the dimensionless time 

interval τ [0 - 200].   

For Ω = -3, the rotation of the finned cylinder is clockwise, it is observed that just after the 

obstacle the thermal boundary layer near the bottom wall is thin while it is thick further in the 

channel downstream. For Ω = 5, counterclockwise rotation direction, the physical phenomenon 

is reversed and the thermal layer at the bottom wall is thick just after the obstacle and is much 

reduced towards the end of the channel. It is concluded that the enhancement is just after the 

obstacle when the direction of rotation is clockwise, while the enhanced part is towards the end 

of the channel when the rotation of the finned cylinder is counterclockwise. The region of heat 

transfer enhancement depends on the direction of the rotation of the finned cylinder. 

For Ω = 0, when the heat transfer becomes stable from τ = 50, it is showed that the thermal 

boundary layer at the bottom wall is thickened due to the impact of the fin position on the cylinder 

following the reference of Toumi et al. (2022). 
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Fig. 6. Effect of the finned cylinder rotation (Ω) on the isotherms at different times for ϕ = 4%, 

Re = 100 and Pr = 6.2. 

Quantitative results: 

Many methods of heat transfer exist, including forced convection in heat transfer that occurs 

between a hot surface and cold fluid. The fluid is moved by an external force field (pump, fan, 

etc.). To measure the quality of heat transfer in the duct, the average Nusselt number and local 

Nusselt number are calculated. 

The temporal evolution of the variation of the average Nusselt number over the duct surface 

and the local Nusselt number along the hot bottom wall for the two control parameters (rotation 

speed of the finned cylinder and Reynolds number) are presented in the figures below. 
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Fig. 7. Effect of the finned cylinder rotation (Ω) as a function of time on average Nusselt 

number for ϕ = 4%, Pr = 6.2 and Re = 100. 

In the present paper, the main objective is to study the effect of the rotating finned cylinder. 

The dimensionless values of the angular velocity used to perform the unsteady numerical 

calculation are Ω = (-5, -3, -1, 0, 1, 3, 5) and the fixed values are Pr = 6.2, Re = 100 and ϕ = 4%. 

In Fig. 7 a zoom of the temporal evolution of the average Nusselt number during the 

dimensionless time interval τ [0-200] is displayed. It is noticed that for the case of rotation in the 

same clockwise direction Ω = (-5, -3, -1), the amplitudes are more intense than in the case where 

the rotation is counterclockwise Ω = (1, 3, 5). The thermal amplitude temperature difference 

between the maximum and minimum is large when the values of Ω are negative causing 

instability of the flow. For the same values of rotational speed in both directions Ω = (-5, +5) and 

Ω = (-3, +3), the values of the average Nusselt number are close. In addition to the effect of 

rotation, it is worth mentioning the effect of the fin position on the excellent heat transfer quality 

(Toumi et al. 2022) who found an improvement of 27% for the case of Ω = 0 with finned cylinder 

compared to the finless cylinder of the work of (Shafqat Hussain and Sameh E. Ahmed 2019). 

The rotation of the obstacle affects the heat transfer significantly. It takes the lowest values 

for the stationary obstacle case (fixed fin cylinder) and high values in the rotating cases. A 96% 

improvement difference is observed between a rotation speed of (Ω = -5, Nuavg = 6.24) and that 

of (Ω = 0, Nuavg = 3.18).   
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Fig. 8. Effect of Reynolds number as a function of time on average Nusselt number for ϕ = 4%, 

Pr = 6.2 and Ω = 1. 

A zoom of the temporal evolution of the mean Nusselt number under the effect of the 

Reynolds number (Re = 10, 20, 50, 100) in the interval τ [0-200] is shown in Fig. 8 with ϕ = 0.04, 

Pr = 6.2 and Ω = 1.  

For low Reynolds number value (Re = 10) the quality of heat transfer is reduced and the 

average Nusselt number take the lowest value which reaches 1.70. On the other hand when Re = 

100, the value of the average Nusselt is the highest and reaches 4.40. It is concluded that when 

the value of the Reynolds number increases, the mean Nusselt number increases as the increased 

inertial forces related to the velocities accelerate the motion of the nanofluid flow.  

The thermal amplitude of the temperature difference between the highest and lowest value is 

also a result of the fin position when the cylinder rotates. The fin attached to the cylinder has its 

effect on the characteristics of nanofluid flow and on heat transfer according to (Toumi et al. 

2022). 

Fig. 9 represents the impact of the angular rotation speed (Ω = -5, -3, -1, 0, 1, 3, 5) of the 

finned cylinder on the averaged heat transfer rate, with ɸ = 4%, Re = 100 and Pr = 6.2, for different 

times (τ = 20, 50, 150, 200). It is observed that from dimensionless time τ = 50, the quality of 

heat transfer rate is stable. When the rotation velocity obstacle Ω = 0 (stationary case), the average 

Nusselt values are minimal and with increasing angular velocity, the average Nusselt number also 

increases and takes maximum values for Ω = -5. 
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Fig. 9. Effect of the finned cylinder rotation (Ω) on average Nusselt number for ɸ = 4%, Re = 

100 and Pr = 6.2 at various instants. 

 

Fig. 10. Impact of the Reynolds number (Re) on average Nusselt number for Pr = 6.2, Ω = 1 

and ɸ = 4% at various instants. 

The influence of Reynolds number (Re = 10, 20, 50, 100) on the average Nusselt number for 

different times (τ = 20, 50, 150, 200) is presented in Fig. 10, with the fixed values Pr = 6.2, Ω = 
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1 and ϕ = 0.04. It is clearly observed that when Reynolds number increases, the Nusselt number 

also increases under the impact of flow velocities. From the dimensionless time τ = 50, the values 

of the average Nusselt number are almost identical because heat transfer is stable. 

 

Fig. 11. Local Nusselt number distribution along the heated bottom wall at various times for Re 

= 100, ϕ = 4%, Pr = 6.2 and Ω = -5 (a) & Ω = 5 (b). 

The local Nusselt number distribution on the bottom hot wall at different times (τ = 20, 50, 

150, 200) is presented in Fig. 11 for Ω = -5 (a) and Ω = 5 (b), with the fixed values ϕ = 0.04, Re 

= 100 and Pr = 6.2. When the rotation is negative (Ω = -5), the flow motion is unstable at the back 

of the obstacle and the value of the local Nusselt number are high at this location and then start 

to decrease towards the end of the duct. When the rotation is positive (Ω = 5), the local Nusselt 

number values after and in the vicinity of the obstacle are low (from X = 4.8 to X = 8) and then 

they start to increase which improves the forced convection transfer at this region towards the 

end of the duct away from the finned cylinder. The cooling region for removing unwanted heat 

from the bottom wall depends on the direction of rotation. 

 

Fig. 12. Local Nusselt number distribution along the heated bottom wall at various times for ϕ = 

4%, Ω = 1, Pr = 6.2 and Re = 10 (a) & Re = 100 (b). 
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In Fig. 12, it is displayed the distribution of the local Nusselt number for several instants (τ 

= 20, 50, 150, 200), for two different Reynolds numbers, a low Reynolds in Fig. 12.a (Re = 10) 

and a Reynolds value of 100 in Fig. 12.b, with Pr = 6.2, Ω = 1 and ϕ = 0.04.  

The peaks between X = 3 and X = 5, correspond to the lower part of the finned cylinder. A 

large gap is observed between the local Nusselt number peaks which corresponds to the two 

Reynolds values. The local Nusselt number peak for Reynolds number Re = 100 is three times 

larger than that for Reynolds number Re = 10. 

For Re = 10, the local Nusselt number values are low and from X = 5.5 until the end of the 

duct they are in the vicinity of 1. This low forced convection is due to the low force of inertia 

which made the nanofluid motion slow. In Fig. 12.b and for Re = 100, the values of the local 

Nusselt number are high because the force of inertia is increased, which leads to an improved 

heat transfer. 

5. Conclusions 

In this paper, the effect of the rotating finned cylinder on the improvement of the heat transfer 

quality and on the characteristics of the nanofluid flow is studied. An unsteady numerical 

investigation was realized to analyze the effect of the angular rotation speed of the finned cylinder 

as a key control parameter. Different values for the angular velocity (Ω = -5, -3, -1, 0, 1, 3, 5) as 

well as the Reynolds number (Re = 10, 20, 50 and 100) were used. Conclusions are as follows: 

 In all values of the control parameters of the simulation results, the flow of the nanofluid 

is at its complete thermal development from the dimensionless time unit τ = 50, except for 

the two values of rotational speed Ω = - 3 and Ω = -5.    

 The convective heat transfer is significantly affected by the rotation of the obstacle and is 

strongly increased. It takes the lowest values for the stationary obstacle case (fixed fin 

cylinder) and high values in the rotating case.  

 The cooling zone for removing unwanted heat from the bottom wall depends on the 

direction of rotation of the finned cylinder. 

 A 96% improvement difference is observed between a rotation speed of (Ω = -5, Nuavg = 

6.24) and that of fixed fin cylinder (Ω = 0, Nuavg = 3.18). 

 A difference of 177.33% improvement is observed between a rotational speed of finned 

cylinder (present work) (Ω = -5, Nuavg = 6.24) and that of cylinder without fin (reference 

work of Hussain and Ahmed [12]) (Ω = 25, Nuavg = 2.25), while the rotational speed of 

the present work is five times less than that of Hussain and Ahmed [12].  

 The temperature fluctuations are more intense when the value of Reynolds number 

increases from 50 to 100 and the mixing of cold nanofluid and hot fluid is improved. 

Nomenclature 

t Time (s)  Greek symbols 

T temperature ϕ nanoparticle concentration 

H inlet step height, τ dimensionless time 𝜏 = 𝑡 𝑈0/𝐻 

𝑁𝑢 local Nusselt number α thermal diffusivity 
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𝑁𝑢𝑎𝑣𝑔 averaged Nusselt number ω angular rotational velocity (rad/s) 

Pr Prandtl number Ω adimensional angular rotational 

velocity of finned cylinder 

Re Reynolds number θ adimensional temperature        𝑇 −

𝑇𝑐/𝑇ℎ − 𝑇𝑐 

K thermal conductivity ρ fluid density (kg/m3) 

h Local heat transfer 

coefficient 

μ dynamic viscosity, N s/m2 

n unit normal vector ν kinematic viscosity (m2/s) 

p pressure β expansion coefficient 

P adimensional pressure ψ stream function 

Cp Thermal specific heat  Subscripts 

u, v x–y velocity components 

(m/s) 

avg average 

x, y Cartesian coordinates (m) f Basic fluid 

U, V adimensional velocity 

components 

nf nanofluid 

X, Y adimensional Cartesian 

coordinates 

h Hot temperature 

  c Cold temperature 
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