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Abstract 
The enhancement of the heat transfer in the stirred tank is a much-desired objective 

for accelerating certain physical and chemical parameters in the industrial field. From this 

basis, an attempt is made in this paper to investigate the effect of the wavy wall of a stirred 

tank on the hydrodynamic, thermal, and energetic behavior of an Al2O3-Water nanofluid. 

The stirred tank has a flat bottom, and it is equipped with an anchor stirrer. A hot 

temperature has been imposed on the tank wall, and the agitator has been assumed 

adiabatic, where the nanofluid has a cold temperature at the initial instant. The laminar 

flow was governed by the equations that describe the forced convection, and it was solved 

by the finite element method. The numerical simulation results showed a considerable 

acceleration in the heat transfer inside the stirred tank by increasing the amplitude of the 

wavy wall and increasing the nanoparticle concentration. However, there has been a 

remarkable increase in the stirring power number. This contribution aims to increase 

thermal efficiency, especially in the chemical and petrochemical fields, to obtain a better 

yield of certain chemical reactions and mass transfer depending on the heat. 

 

Keywords: stirred tank; wavy wall; heat transfer; power number; anchor stirrer; 

nanofluid. 
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Introduction 

Many chemical and biochemical industries are carried out in stirred tanks or 

reactors. The operation of mechanical agitation amplifies the phenomenon of mass and 

heat transfer in order to provide a certain homogeneity degree of the physical or chemical 

properties of the product used. Often the performance of these processes is accompanied 

by the addition or removal of heat. 

Most of the work carried out by researchers in the field of mechanical agitation in 

recent years has focused on one direction, which is the hydrodynamic study of the flow 

and energy consumption inside agitated tanks in trying to improve them by making 

geometric modifications to the rotating mobiles on the one hand and to the tanks on the 

other hand. Many researchers have considered different rheologies of complex fluids and 

tried to adapt them to specific and suitable equipment geometries.  

Rodaina Metaweaet al. [1] have reported a novel design of a batch agitated vessel 

used for the production of biodiesel from palm oil. They observed a reduction in carbon 

monoxide and a marginal increase in nitrogen oxide emissions. Ameur [2] presented an 

attempt to reduce the power requirements of Scaba 6SRGT impellers for stirring 

viscoplastic fluids in a cylindrical unbaffled tank. The perforation diameter, perforation 

shape, and the number of perforations on the hydrodynamics induced and power 

consumption have been investigated. He showed that the circular shape had allowed the 

optimal reduction. Foukrach et al. [3] studied the effect of agitator types on the turbulent 

flows in stirred tanks without and with baffles. They found that the agitator DTBT gives 

a good reduction of the vortex size of the impeller angles. Kamla et al. [4] investigate the 

effects of the anchor geometry, the number of blades, and their inclination inside a stirred 

tank for low Reynolds numbers varying from 0.1 to 60. They demonstrate that the lowest 

power consumption is achieved with the circular shape of blades. Major‑Godlewska1et 

al. [5] have presented the power characteristics for an agitated vessel equipped with short 

planar baffles and a pitched blade turbine. They showed that the power number function 

increases with the increase in the angle of the inclination of the impeller blade. 

Woziwodzki et al. [6] studied the efficiency of mixing pseudoplastic fluids using aqueous 

solutions of the sodium salt of carboxymethylcellulose of varying mass concentrations. 

Many other recent numerical works with respect to the stirring process were 

studied. Among these works, we find Ameur [7-9], Keras et al. [10], Amir Heidari [11]. 

There is no doubt that the phenomenon of heat transfer inside stirred vessels is one 

of the important processes which necessarily contributes to improving the quality of the 

mixture and accelerating the chemical reactions that take place there. Thus, the 

enhancement of this process is included in the list of works, which have experienced great 

popularity in recent years, in particular with the occupation of nanofluids [12-17] an 

important space in various fields of scientific research. As soon as we review previous 

work in the field of mechanical agitation, a sort of lack emerges from numerical works 

devoted to the study of heat transfer. Bertrand [18] carried out a set of works by numerical 

voice on hydrodynamics and heat transfer in agitated tanks provided with different types 

of agitators for Newtonian and non-Newtonian fluids. He studied the thermal behavior in 

these stirred tanks. Baccar et al. [19] gave a numerical hydrodynamic and thermal 

investigation of the turbulent flows induced in a cylindrical tank, provided with a six-

blade radial turbine. They noted a strong contribution of the turbulent flows to the parietal 

heat transfer, giving place at the uniformity of the temperature field. Hami et al. [20] 

studied the flow and the heat transfer of water in a stirred tank equipped with an anchor 
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having inclined blades. They noted an increase in the power number according to the 

inclination angle with a decrease in the number Nusselt. Benmoussa et al. [21] presented 

an investigation of the inertia effect and the plasticity influence on the thermal and 

hydrodynamic profile for a stirred system; they found that thermal performance is 

intimately linked to the hydrodynamic state of the whole of the agitated tank. Srinivas et 

al. [22] studied the performance of a stirred helical coil heat exchanger using an alumina-

water nanofluid in terms of energy consumed to heat another fluid. They observed that 

increasing the agitator rotation speed and the fluid temperature resulted in more energy 

savings. Thangavelu et al. [23] conducted a comparative study on enhancing heat transfer 

using a nanofluid in a spirally agitated container. They found that the heat transfer 

coefficient of nanofluid became higher than that of water and increased with the volume 

fraction. Marcela Věříšová et al. [24] In their work, heat transfer via the cylindrical part 

of the jacket in an agitated vessel has been analyzed. They are summarized in the form of 

Nusselt number correlations describing their dependency on the Reynolds number. Korib 

et al. [25], in their work, carried out a numerical simulation to study the fluid flow and 

the heat transfer around a circular cylinder rotating on low Reynolds numbers. Among 

their findings, the mean Nusselt number decreases with increasing rotational rate, and the 

suppression of heat transfer due to rotation increases with increasing the rotation speed. 

The present study contributes by way of numerical simulation to the hydrodynamic 

and thermal study of internal laminar flows induced by a mechanically stirred tank 

anchor. It appears that no work was reported on the effect of the wavy wall on the stirring 

flow phenomena. Hence, our objective through this study is to highlight the effect of the 

shape of a laterally wavy tank wall on the hydrodynamic and thermal structures and on 

the energy consumption of a nanofluid. The study will be carried out by taking the effect 

of the wavenumber, the wave amplitude, and the concentration of nanoparticles. This 

makes it possible in particular to explore the degree of efficiency of the corrugated shape 

of the vessel and of the addition of nanoparticles during mechanical agitation. 

Geometric description 
The anchor is recognized to be an agitator used to sweep high viscous fluids, create 

predominant tangential motion as well as improve heat transfer. In the same context, the 

introduction of the wavy tank walls presents one of the factors, which make it possible to 

increase the contact surface between the fluid and the hot wall. On the other hand, the 

addition of nanoparticles helps to increase the thermal conductivity of the liquid. The 

present stirred tank to have a cylindrical wavy shape of medium diameter (D) and height 

(H) with a flat bottom. It is filled with Al2O3-water nanofluid and equipped with a 

standard anchor of diameter (d), length (L), thickness (w), and height (h). The shaft of this 

anchor is of diameter (da). The anchor rotates with a frequency (N). The undulation of 

the side tank wall follows at each level z the following mathematical formula: 

( )

( )

cos cos  

cos sin  

X R a n

Y R a n

 

 

= +


= +   1 

With a is the wave amplitude and n is the wave number. 

Due to the symmetry of the anchor shape and its symmetrically sweeping fluid at 

all horizontal levels of the tank, the study was viewed in two dimensions. The geometry 
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of the configuration with the coordinate system is shown schematically in Figure 2. On 

this configuration, a constant hot temperature (Th) has been imposed as a function of time 

on the wavy tank wall. The nanofluid comprises at an initial instant a cold temperature 

(Tc) that increases as a function of time towards (Th). The walls of the stirrer are assumed 

adiabatic and rotating with a uniform frequency of rotation (N). Radiation, work under 

pressure, and viscous dissipation is assumed negligible in the heat equation. 

 

Fig. 1. Stirred wavy tank equipped with an anchor. 

 

Fig. 2. Cross-section of the stirred wavy tank fitted with the anchor. 

The geometric ratios used are: d/D=0.779, da/D=0.025, L/D=0.02 and w/D=0.074. 

The fluid properties are also assumed to be constant (tab 1.), the gravitational acceleration 

has been neglected, and the tank wall is assumed non-slip and rigid. 

Table 1. Physical properties of base fluid and alumina nanoparticles [26]. 

 

Properties 

Density 

[kg/m3] 

Thermal 

capacity 

[J/(kg.K)] 

Thermal 

conductivity  

W.m-1.K-1] 

Dynamic 

viscosity 

[kg/(m.s)] 

Water 998.2 4182 0.597 9.93.10-4 

Al2O3 3880 773 36 / 

H
h

D

da

d

a

L

w

Cylindrical tank 

Wavy tank

t = 0 s: T = Tc

Nanofluide

Adiabatic

X

Y
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Mathematical Model 

In nanofluid mechanics, the movement of fluids is governed by the laws of 

conservation of mass, momentum, and energy. The dimensionless continuity equation 

remains unchanged, but the moment and dimensionless heat equations are modified by 

introducing the physical properties of the nanofluid according to the laws of suspension. 

* *

* *
0

U V

X Y

 
+ =

   2 

2* * * * 2 * 2 *
* * f nf

* * * *2 *2

nf f

2 1

Re

U U U P d U U
U V

DX Y X X Y

 

   

       
+ + = − + +   

         3 

2* * * * 2 * 2 *
* * f nf

* * * *2 *2
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2 1
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V V V P d V V
U V

DX Y Y X Y

 

   
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+ + = − + +   

         4 

2* * * 2 * 2 *
* * nf

* * *2 *2

f
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RePr
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U V

DX Y X Y



  
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+ + = +   

        5 

For writing dimensionless equations, the variables used are: 

2 Nt = , 

* 2X
X

D
=

, 

* 2Y
Y

D
=

, 

* U
U

ND
=

, 

* V
V

ND
=

,  

*

2
( )

P
P
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=

* c
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T T
T

T T

−
=

−
  6 

The dimensionless numbers appearing in the equations (3-6) are the Reynolds and 

Prandtl number: 

2

f

f

Re
Nd


=

, 

f f

f

Pr
Cp

k


=

 7 

The physical properties of the nanofluid: density, dynamic viscosity [27], thermal 

conductivity [28], and specific heat are respectively calculated by: 

nf p f(1 )   = + −
 8 
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2.5

nf f (1 )  
−

= −
 9 

p f f pnf

f p f f p

2 2 ( )

2 ( )

k k k kk

k k k k k





+ − −
=

+ + −
 10 

nf f p( ) ( ) (1 )( )Cp Cp Cp    = + −
 11 

Thermal diffusivity is calculated by: 

k

Cp



=

 12 

With φ is the volume fraction of the nanoparticles. 

The dimensionless tangential and radial velocities are calculated by [18]: 

* * * *
*

*2 *2

U Y V X
V

X Y


− +
=

+ ,

* * * *
*

*2 *2
r

U X V X
V

X Y

+
=

+  13 

The Initial and the boundary conditions can be written by: 

At the instant τ = 0 

The wall of the tank: U* = V* = 0, T* = 1 14 

The whole tank: T* = 0 15 

The stirrer: Vθ* = r/D, Vr* = 0; ∂NT * = 0 16 

At the instant τ ≥ 0 

The wall of the tank: U* = V* = 0, T* = 1 17 

The stirrer: Vθ* = r/D, Vr* = 0; ∂NT* = 0 18 

The power number [29] for the nanofluid is calculated by the formula: 

3 2
* * *nf

f Tnak volume

Np d d
Re

V

D
Q X Y

d

 



 
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 


 19 

  



A. Mokhefi et al. - Effect of the Wavy Tank Wall on the Characteristics of Mechanical … 307 

 
The average Nusselt number at the hot wall and at each instant τ is given by: 

( ) ( )
*

nf

*

f Tank wall

Nu Nu d
s

k T
r

k
  


= = 




 20 

The dimensionless stream function is defined by: 

*
*

*
V

X


= −

 , 

*
*

*
U

Y


=

  21 

Numerical method 
The system of equations accompanied by the boundary conditions has been solved 

by the Galerkin finite element formulation. The interpolation functions in terms of local 

normalized element coordinates have been used to approximate the dependent variables 

within each element. Details of the method are available in Taylor and Hood [30] and 

Dechaumphai [31]. The mesh adopted has a triangular shape and is refined close to the 

walls of the anchor and the tank because of the geometry complexity of these zones 

generated by the change in the wavenumber.  

To ensure the consistency of our results and to obtain results very close to those 

existing in the literature, we have tested several meshes. Table 2 shows the number of 

elements used during the simulation and the change in the values of the power number 

(Np), tangential velocity, and radial velocity in a point (X* = 0, Y* = 0.5) of the study 

domain. The mesh test was carried out for the case of a wavy wall tank with n = 6 and A 

= 0.1; the nanofluid introduced at a concentration φ = 0.04 and at Re = 10. We opted for 

the mesh corresponding to a number of elements equal to 88390 with regard to the last 

two values of the power number, the tangential and radial velocities, which are almost 

identical. Moreover, the computation time is not too prohibitive. The selected 

convergence criterion relates to the relative error of each dependent variable, which must 

be less than 10-6. 

Table 2. Variation of certain parameters depending on the elements number. 

elements Np Vt* Vr* 

75264 17.019 0.3255 0.0541 

88390 17.018 0.3255 0.0541 

101514 17.018 0.3254 0.0541 

 

In order to attest to the reliability of the numerical simulation and the conformity 

of the results, we deemed it necessary to validate our simulations. Indeed, we referred to 

the work of Hami et al. [20] and Bertrand [18] using the same simulation conditions to 

ensure the similarity of the numerical results. We have put forward a global parameter, 

which is the power number (Figure 3 (b)) for different Reynolds number. On the other 

hand, we compared the tangential velocity (Figure 3 (a)) for the same references except 

that for the reference [18], where we compared with experimental results. The comparison 

of our results with those obtained by [20] and [18] shows a very satisfactory agreement. 
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(a) 
(b) 

Fig. 3. Comparison of the present data with the references [18] and [20] (a) Tangential 

velocity(b) Power number.  

Results and discussion 
It is widely recognized in various fields of scientific research, especially those that 

study the improvement of heat transfer, that the use of wavy walls has become a common 

and widely used technique due to their efficiency in increasing the contact surface 

between fluids and walls subjected to certain temperatures. On the other hand, current 

scientific research work is challenging without the introduction of nanofluids as 

alternative supports for conventional fluids, particularly in the field of heat transfer. There 

is also no doubt that the process of mixing and mechanical stirring hardly leaves a single 

industrial field because of its remarkable importance and, in particular, in the acceleration 

of chemical reactions. Based on the importance mentioned, the present study adds a new 

contribution to this field which aspires to extract the effect of tanks whose wall is wavy 

with a different number (n = 0 to 30) and different amplitude (A = 0 to 0.1) as well as the 

inclusion of alumina nanoparticles in water for different concentrations (φ = 0 to 0.1) on 

the hydrodynamic and thermal behavior inside a tank equipped with an anchor stirrer. 

Due to the multiplicity of studies wishing to investigate the effect of inertia on the 

hydrodynamic behavior using anchor agitators, it has been decided in this study to fix the 

Reynolds and Prandtl number at the values Re = 10 and Pr = 7, which are suitable for the 

laminar flow regime. The results that will be highlighted here include the effect of the 

parameters already mentioned on some local characteristics such as velocity field, 

temperature profile by highlighting: nanofluid streamlines, isotherms, tangential velocity 

curves, and radial and temperature curves. On the other hand, we will show the changes 

in the global characteristics, which are represented here by the power number and the 

Nusselt number. 

The wavenumber effects  

Concerning the hydrodynamics of nanofluids, in the case of stirred tanks, the 

addition of waves to the wall can cause local stagnation of the fluid inside the waves, in 

particular those which are not in the position of the rotating mobile, it can cause a 
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contraction in the convective transfer and on the other hand the promotion of the heat 

transfer by conductive mode. 

n = 0 

  

n = 6 

  

n = 12 

  

n = 24 

  

Fig. 4. Streamlines (left column) and isotherms (right column) for different 

wavenumbers with A = 0.1 and φ = 0.04 at τ = 44. 

Figure 4 illustrates the streamlines and isotherms for different wavenumber n = 0 

(standard case), 6, 12, and 24. The concentration of nanoparticles and the amplitude of 

the wave were respectively set at 0.04 and 0.1. By comparing the shape of the streamlines 

and the isotherms for the case of a non-wavy tank and a wavy tank, we see that the 

presence of the waves causes a notable decrease in the maximum stream function from 
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0.2 to 0.17 for n = 24. On the other hand, a remarkable temperature rise was observed at 

the instant τ = 44, due to the contraction of the isothermal lines towards the shaft with the 

rise in the wavenumber. 

The examination of the streamlines shape with an increase in the number of waves 

allows us to observe the formation of a recirculation region of the nanofluid within the 

two waves adjacent to the anchor, while we notice the formation of nanofluid stagnation 

regions within all waves in the case of n = 12 and 24. 

  

(a) 
(b) 

 
(c) 

Fig. 5. (a) Tangential velocity (b) radial velocity (c) temperature. At the level of the 

agitator plane and its extension for different n and for A = 0.1 and φ = 0.04 at τ = 44. 

Figure 5 presents the distribution of the tangential velocity, the radial velocity, and 

the temperature on the line passing through the plane of the anchor and its extension to 

the wall of the wavy and the standard tank, according to different values of n. The shapes 

of the velocity curves obtained in this figure are similar to those of the reference [20], 

except that the presence of undulation on the tank wall means that the tangential 

component of the velocity decreases significantly between the shaft and the anchor blade 

0.05 <X * <0.6, and on the other hand favors an increase in the intensity of the 

recirculation regions between the anchor blades and the tank wall 0.8 <X* <1.1. 

The radial component of the velocity presented in Figure 5 (b) decreases in a 

similar way as that of the tangential velocity between the anchor shaft and its blades, but 

between the blade and the neighboring wave, a noticeable jump in the radial velocity has 
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been recorded from the case of a cylindrical tank (n = 0) to a wavy tank, with n = 6, then 

a decrease in this velocity was noted with the increase in the wavenumber. This jump can 

be interpreted by the effect of the amplitude A of the wave, which was set for all the 

anodes (n = 6 - 30) at 0.1. There is a rapid rise in temperature (Figure 5 (c)) on the line 

taken from the axis of rotation towards the hot wall in the two cases of a non-wavy wall 

(n = 0) and wavy wall except the 0.6 <X*<0.8 part corresponding to the blade of the 

anchor where a decrease in the temperature gradient was recorded given the importance 

of tangential velocity in this zone and the dominance of forced convection. Moreover, the 

presence of the waves contributes to very effectively raising the temperature inside the 

tank. However, the profitability of increasing the temperature decreases with increasing 

wave number n. 

The average Nusselt number is an important overall parameter in heat transfer in 

stirred vessels. It is considered an indicator of the predominant heat transfer mode in the 

stirred vessel. Figure 6 shows the evolution of the instantaneous average Nusselt number 

for a standard tank and tanks with a wavy wall of different numbers n. 

 

Fig. 6. Instantaneous average Nusselt number for different n for A = 0.1 and φ = 0.04. 

The decrease in the average Nusselt number as a function of time indicates the 

approach to the heat transfer end and the approach to the point of thermal homogeneity 

inside the stirred tank. This point has been recorded here in the vicinity of the instant τ = 

70. We notice that the wavenumber contributes to reducing the average Nusselt number, 

from n = 6 to n = 30. This indicates that the increasing wavenumber favors the heat 

transfer mode by conduction and reduces the rate of forced convection. We point out here 

that this is entirely consistent with the observation we made during our analysis of the 

streamlines in Figure 4 where we found a large proportion of stagnation within the wave 

zones, and the stagnation here stimulates the process of heat transfer by conduction. On 

a special note, it was noticed that there was a jump in the value of the average Nusselt 

number towards a higher value from the case of a standard tank towards the case of a six-

wave. Then, it is indicated that there is a marked rise in the intensity of the forced 

convection once the waves present in the walls. This does not create an anomaly because 

the presence of the waves forces the introduction of the wave amplitude. Therefore, the 

reason for this jump is due to this amplitude which has been fixed here at 0.1 (this 

corresponds to this that we observed in Figure 4). 
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The wave amplitude effect  

Figure 7 illustrates the effect of increasing wave amplitude on streamlines and 

isotherms. A decrease in the flow intensity was observed by increasing the wave 

amplitude. On the other hand, it was observed a widening of the recirculation zone 

between the blades of the anchor and the vessel wall. Moreover, the temperature increases 

significantly throughout the tank compared to the standard case. 

A = 0 

  

A = 0.04 

  

A = 0.08 

  

A = 0.1 

  

Fig. 7. Streamlines (left column) and isotherms (right column) for different amplitudes 

with n = 6 and φ = 0.04 at τ = 44. 
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The variations of tangential velocity, radial velocity, and temperature on the line 

passing through the plane of the anchor and its extension highlighted by exploring the 

effect of increasing wave amplitude are respectively presented in Figure 8 (a), 8(b), and 

8 (c). The presence of the waves leads to a decrease in the tangential and radial velocities 

between the shaft of the anchor and its blades (0.05 <X * <0.6). In addition, it leads to an 

intensifying circular flow between the blades and the wavy wall during the passage of the 

anchor through this zone 0.8 <X* <1.1 (the negative values of the tangential velocity 

indicate that the flow is in a direction opposite to that of rotation of the anchor which is 

translated by the existence of vortices). In the last zone, we see that the amplitude favors 

the rise of the radial component of the velocity field, which has led to the widening of the 

vortices observed in Figure 6. In terms of temperature, we see that it increases within the 

tank with the increase in amplitude. It should be noted that the rate of thermal increase 

becomes greater for amplitudes of high values. 

 

  

(a) (b) 

 

(c) 

Fig. 8. (a) Tangential velocity (b) radial velocity (c) temperature. At the level of the 

agitator plane and its extension for different A and for n = 6 and φ = 0.04 at τ = 44. 
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The instantaneous average Nusselt number presented in Figure 9 indicates that the 

amplitude has an effect of favoring heat transfer by forced convection due to the rise in 

the average Nusselt number. It should be noted that the wavenumber of 6 assures us a 

certain fluidity of the rotary flow by comparing with the high number of waves, and for 

this reason that the amplitude presented a positive effect on the convective intensity, see 

Figures 4 and 7. 

 

Fig. 9. Instantaneous average Nusselt number for different A and n = 6, φ = 0.04. 

The volume fraction effect  

The adoption of the technique of adding nanoparticles in the stirred vessel, the wall 

of which is subjected to a hot temperature, improves heat transfer in the vessel and 

accelerates the completion of the isothermal state. This is due to the thermal conductivity 

of solid nanoparticles, which increases the thermal conductivity of the nanofluid. This 

addition of nanoparticles generally has a low impact on the hydrodynamic behavior due 

to the very small size of the particles and the low concentrations, which do not exceed 

10%. 

The examination of the streamlines and isotherms shape in Figure 10, resulting 

from the change in concentration of alumina nanoparticles inside the water, highlights the 

effect of these particles on the increase in temperature, which passes at instant 44, from 

0.72 to 0.84. On the other hand, no significant change in the stream function is observed. 

As a result, nanoparticles can maintain the same hydrodynamic trajectory of a nanofluid 

element with, however, a small change in the intensity of the nanofluid flow. 

The investigation of the hydrodynamic phenomenon, in particular tangential and 

radial velocities, led us to draw the curves of these two components at the level of the line 

passing through the plane of the anchor and its extension to the tank wall, see Figure 11 

(a). The zoom of certain zones of the curves of the tangential and radial velocities showed 

the impact of the nanoparticles on the variation of these two velocities. Indeed, in the area 

between the anchor shaft and its blade (0.02 <X * <0.6), the increase in the nanoparticles 

concentration up to values close to 0.04, leads to an increase in the tangential velocity of 

the nanofluid up to a maximum value, then a fall from concentrations greater than 0.04. 

This same phenomenon is observed for the radial velocity (Figure 11 (b)), the rate of 

which is opposite (decrease in Vr* for 0.00 <φ <0.04 / increase in Vr*for φ> 0.04). The 

increase in radial velocity causes the intensity of the nanofluid flow to reduce towards the 

anchor shaft. 
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In general, a strong increase in the nanoparticle concentration somewhat leads to a 

pseudo-reduction in the intensity of the flow while increasing the length of the vortices 

(recirculation regions), which form between the blades of the anchor and the tank wall. 

Figure 11 (c) shows the temperature distribution along the line passing through the 

plane of the anchor. Regardless of the concentration of nanoparticles, the temperature 

rises to unity with low-temperature gradients at the anchor blade. 

φ =0 

  

φ = 0.04 

  

φ = 0.08 

  

φ = 0.1 

  

Fig. 10. Streamlines (left column) and isotherms (right column) for different volume 

fractions with A = 0.1 and n = 6 at τ = 44. 
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In addition, increasing the concentration significantly increases the temperature 

(from 0.7 to 0.84) in the immediate vicinity of the anchor axis. This induces an 

improvement in the heat transfer without observing a significant disturbance in the 

hydrodynamic behavior inside the tank. 

  

(a) (b) 

 

(c) 

Fig. 11. (a)Tangential velocity (b) radial velocity (c) temperature. At the level of the 

agitator plane and its extension for different φ and for A = 0.1, n = 6 at τ = 44. 

 

Fig. 12. Instantaneous average Nusselt number for different φ and for A = 0.1, n = 6. 
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Figure 12 shows the evolution of the instantaneous average Nusselt number as a 

function of the concentration. We find that the Nusselt number, according to the laws of 

nanofluids, increases remarkably compared to that of the base fluid (water). 

Energy consumption 

The inclusion of the contributions from the study of the effect of the addition of 

nanoparticles and the wavy wall on the thermal level showed remarkable improvements 

in terms of temperature increase overall of the tank without attempting to increase it by 

increasing the rate of heating of the wall. It also showed a kind of reduction in the intensity 

of the flow inside this vessel. In this part, we will discuss the effect of the same factors 

on the energy consumed during agitation, as it is an inevitable indicator in all studies 

related to mechanical agitation and mixing operations. 

  

(a) (b) 

Fig. 13. Power number for different φand (a) different n for A = 0.1. (b) different A for 

n = 6. 

Figures 13 show the evolution of the power number as a function of the 

concentration of nanoparticles for different wavenumbers (Figure 13 (a)) and different 

wave amplitude (Figure 13 (b)). The analysis of the two figures shows a significant 

increase in the power consumed in terms of concentration of nanoparticles, whatever the 

state of the wall of the vessel (standard state and wavy state from 17 to 22 for A = 0). In 

addition, the power number increases (from Np = 17 to 20.5 for φ = 0) according to the 

increase in the number of waves on the one hand and the increase in their amplitude (from 

Np = 17 to 18.8 for φ = 0) on the other hand. This recorded increase in terms of 

nanoparticle concentration is due to the increase in the viscosity of the nanofluid relative 

to the base fluid. As for the increase in the power number caused by the wave of the tank 

wall, it is because these waves act as baffles hindering the rotational flow of the nanofluid, 

which imposes an increase in the quantity of energy supplied to the anchor. 
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Conclusion 

Through this paper, we studied the effect of the wavy wall of a stirred tank 

equipped with a standard anchor and the addition of alumina nanoparticles in water on 

the hydrodynamic, thermal, and energy behavior during a laminar flow. The finite 

element method was used to solve the set of equations governing this phenomenon. 

A noticeable improvement in heat transfer inside the tank has been demonstrated 

as soon as the wall of the tank is wavy, whether by increasing the wavenumber (n = 0 to 

36), which favors the process of heat transfer by conduction, by increasing their amplitude 

(A = 0-0.1) promoting thermal convection, or by introducing nanoparticles of up to 10%. 

On the other hand, a reduction in the intensity of the laminar flow has been observed due 

to the baffling role played by the wavy wall during the stirring process and increased 

fluidity due to the nanoparticles. In terms of energy, a significant increase in the energy 

supplied to the anchor has been demonstrated in order to achieve the same consumption 

as it occurs in the standard state and only in the case of the base liquid where we have 

noted an increase in the power number from 17 (for the standard case) to 20.5 for 6 waves 

and an increase from 17 to 18.8 for an amplitude of 0.1. 

Finally, we conclude that the adoption of the wavy wall technique in order to 

increase the heat transfer rate in stirred vessels results in excellent heat efficiency, and 

this also costs in terms of increasing the energy consumed in different proportions 

depending on the number of waves, their amplitude, as well as the concentration of the 

nanoparticles. 

Nomenclature 
 

Symbols Re Reynolds number 

a Wave amplitude [m] s Normal coordinate [m] 

A Dimensionless wave amplitude t Time [s] 

Cp Specific heat [J.kg-1.K-1] T Temperature [K] 

d Anchor diameter [m] U, V Cartesian velocity component [m/s] 

D Tank mean diameter [m] X,Y Cartesian coordinates [m] 

da Shaft diameter [m] z Axial coordinate [m] 

h Anchor height [m] Greek symbols 

H Tank height[m] φ Volume fraction  

k Thermal conductivity [W.m-1.K-1] μ Dynamic viscosity [kg.m-1.s-1] 

L Blade length[m] θ Tangential coordinate [rd] 

n Wave number ρ Density [kg.m-3] 

N Rotation speed [s-1] τ Dimensionless time 

Np Power number ψ Stream function 

Nu Nusselt number * Dimensionless function 

P Pressure [Pa] Subscripts 

Pr Prandtl number f Base fluid 

Qv Viscous dissipation [s-1] nf Nanofluid 

r Radial coordinate [m] p Nanoparticles 

R Tank mean radius [m] h, c Hot, cold 
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