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Abstract This paper is concerned with the rotational motion of the
impeller and the thermal buoyancy within a mechanical mixer. The task was
investigated numerically using the ANSYS-CFX simulator. The programmer
is based on the finite volume method to solve the differential equations of
fluid motion and heat transfer. The impeller has hot surfaces while the vessel
has cold walls. The rotational movement of the impeller was controlled by
the Reynolds number, while the intensity of the thermal buoyancy effect was
controlled by the Richardson number. The equations were solved for a steady
flow. After analyzing the results of this research, we were able to conclude
that there is no effect of the values of Richardson number on the power
number. Also, with the presence of the thermal buoyancy effect, the quality
of the fluid mixing becomes more important. The increasing Richardson
number increases the value of the Nusselt number of the impeller.
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1 Introduction

The fluid mixing process is one of the important processes in the industry,
and we mention the following: pharmaceutical products, food products such
as chocolate, cosmetic products, milk products and so on. The fluid mixing
process is usually carried out in a container of a certain geometric shape
with a mechanical mixer inside it. The rotational motion of the impeller
mixes the fluid. The quality of the mixture of the fluid depends mainly on
the geometry of the impeller and the container (vessel), as well as the speed
of rotation of the mixer.

A group of investigations have been aligned for the purpose of under-
standing the mixing process of the mechanical agitator, in order to arrive
at the method that allows for increasing the mixing speed and decreasing
the mechanical energy of the impeller. Among these important works, we
mention the following. Hadjeb et al. [1] performed numerical research on
a two-bladed agitator; this work was addressed for highly viscous fluids.
Some geometrical changes of the mixer were made in order to increase the
blending efficiency of the mixing process. Ameur studied the effect of the
shape of the vessel on the mixing process. The impeller used in this work
was that ofa six-curved-blade [2]. The studied shapes of the container were:
a cylindrical vessel of flat bottom, cylindrical vessel of dished bottom and
closed spherical vessel. The Herschel-Bulkley model was used to define the
apparent viscosity of the fluid. The results showed that the last form of the
vessel generated a uniform flow in the vessel. Ameuret al. [3] examined the
hydrodynamic behaviour of highly viscous fluid in the mechanical agitator
with the presence of a maxblend impeller. The investigations showed the
effects of rotational speed, rheological characteristics and impeller clear-
ance on the power consumption. Ameur and Bouzit simulated the rotation
of a disc turbine impeller in the unbaffled vessel [4]. The working fluid was
shear-thinning. It is a complex fluid whose dynamic viscosity depends on the
shear rate. The results of this paper show the evolution of counter-rotating
zones in the vessel with respect to pertinent parameters. Also, Ameur et al.
investigated the mixing process for different shapes of impeller and vessel.
The principal purpose of works [5–10] was to determine the best design of
the impeller as well as of the vessel.

Cudak studied the agitation of a gas-liquid medium in a pseudophase
system. The impeller of the mixing process was a Rushton turbine. The re-
sults of simulation were presented as contours of velocity and vectors [11].
Laidoudi presented a numerical work on a two-bladed impeller placed in an
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unbaffled vessel [12]. Some new geometrical modifications were considered
to improve the performance of the impeller. The results showed that the
holed blades of the impeller are optimal. Foukrach et al. [13] simulated the
turbulent flow in a cylindrical and polygonal vessel. The vessel in this re-
search has vertical baffles. The k−ε closure was used to model the turbulent
flow. The results showed that the presence of vertical baffles in the vessel
acts to improve the mixing process. Mishra et al. [14] simulated turbulent
flow in a tank with a disc turbine. The work was to estimate rates of energy
dissipation. Youcefi et al. [15] presented 3D simulations of turbulent flow
in an unbaffled vessel. The purpose of the work was the estimation of the
flow structure in the vessel. Torré et al. [16] presented experimental and
numerical investigations of the impeller in an unbaffled vessel. Particle im-
age velocimetry (PIV) was the experimental technique used for measuring
the flow velocity. On the other hand, the standard k − ε closure was also
used to model the turbulent flow.

In addition to this, there are also some recently published papers [17–25],
which on aggregate are hydrodynamic studies of the mixing process. The
ultimate purpose of all these works is to reach a more efficient impeller that
allows for speeding up the mixing process while reducing the consumption
of mechanical energy. On other hand, thermal buoyancy can be defined as
a force that allows hot fluid layers to move upwards, because they become
less dense due to their high temperature. In fact, there is a group of papers
that exploited this thermal property in enhancing thermal activity and
controlling fluid movement such as [26–32].

In many industrial activities, we encounter the mixing process with the
presence of heat transfer. However, after reviewing previous research papers
in this field, it is clear that there is a lack of works that combine mechani-
cal mixing and heat transfer. Therefore, through this work, we decided to
support new findings in this area.

2 Geometrical description and mathematical
modeling

Figure 1 shows the physical domain. It is formed of a cylindrical vessel
(container) with a four-bladed impeller presented in Fig. 1a. Figure 1b
shows the cross-section of the studied domain. The diameter of the vessel
is given by D, while the diameter of the impeller is given d. The ratio
between the two diameters is given as d/D = 0.5. The vessel also contains
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four internal inflections. The radius of each cavity (e) is given by the ratio
e/D = 0.13. Figure 1c shows the longitudinal view of the domain. The
ratio between the height of the vessel (H) and its diameter is H/D = 1.
The width of the blade of the impeller (a) is given by a/D = 0.17. The gap
(c) between the flatted bottom of the vessel and the impeller is c/D = 0.067.
The vessel is completely filled with a Newtonian fluid (water). However, the
impeller surfaces have a high temperature (Th) and the lateral walls of the
vessel have a cold temperature (Tc). The flatted bottom and the top of the
vessel have an adiabatic condition.

(a) (b) (c)

Figure 1: The studied domain: a) general view, b) cross-section view, c) longitudinal
view.

We note that the rotation of the impeller creates a flow inside the vessel,
and these results generate the forced convection heat transfer. On the other
hand, the gradient temperature between the impeller and vessel surfaces
generates a natural convection heat transfer. Together we get the mixed
convection.

The Reynolds number controls the rotational speed of the impeller as

Re = ρND2

µ
, (1)

where ρ, N , and µ are the fluid density, rotational speed, and dynamic
viscosity, respectively.

The Prandtl number defines the thermophysical proprieties of the fluid:

Pr = ϑcp

k
, (2)

where υ, cp, and k are the kinematic viscosity, heat capacity of the fluid,
and thermal conductivity, respectively. Indeed, Pr = 6.01 in this paper.
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The Richardson number defines the intensity of thermal buoyancy.

Ri = gβT∆TD3

(ND)2 , (3)

where g and βT are the gravitational acceleration and dilatation coefficient
of the fluid, and ∆T = (Th − Tc) is the difference in temperature between
the hot temperature of the impeller surfaces and a cold temperature of the
lateral walls of the vessel.

The power number characterizes the consumption power and is given as:

Np = P

ρN3D5 , (4)

where P is the mechanical power and it is calculated as a volume integral:

P = µ

∫
vessel_volume

Qv dv, (5)

where Qv denotes viscous dissipation. For the cylindrical coordinate system
(r, θ, z) dv is expressed in the form

dv = r dr dθ dz, (6)

and we have

Qv = 1
µ2

(
2τ2
rr + 2τ2

θθ + 2τ2
zz + 2τ2

rz + 2τ2
rθ + 2τ2

zθ

)
, (7)

where

τrr = −2µ
(
∂vr
∂r

)
, (8)

τrθ = −µ
[
r
∂ (vθ/r)
∂r

+ 1
r

∂vr
∂θ

]
, (9)

τrz = −µ
[
∂vr
∂z

+ ∂vz
∂r

]
. (10)

The average Nusselt number of the impeller is calculated through the inte-
gration of the local Nusselt number (NuL) over all impeller surfaces (A) as

Nu = 1
A

∫
NuL dA, (11)

where
NuL =

(
∂θ

∂ns

)
wall

(12)

and ns is the normal unit vector.
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3 Simulation steps

Gambit was used for the design and generation of the mesh grid. The
grid has unstructured elements with non-uniform distribution as shown in
Fig. 2. The concentration of elements is around the impeller. The number of
meshing elements was selected after the grid independence test. The results
of the grid independence test are presented in Table 1. It is clear that grid
G2 is sufficient for the present computation, because the difference between
this grid (G2) and the third one (G3) is very small (around 0.12%).

Figure 2: Grid quality for the studied domain.

Table 1: Results of grid independence test, for Re = 30, Ri = 0 and Pr = 6.01

Case Elements Np Variation, %

G 1 231.500 0.006945 7.79

G 2 463.000 0.007532 0.12

G 3 926.000 0.007541 –

The simulations were carried out using the finite volume method (ANSYS-
CFX simulator [33]). The SIMPLEC (semi-implicit method for pressure
linked equations-consistent) algorithm was used for coupling pressure and
velocity. Meanwhile, the high-resolution discretisation scheme was used for
solving the convective term. The relative errors of the computations are
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10−8 for the continuity and momentum equations and 10−6 for the energy
equation. Furthermore, the multi-reference frame (MRF) method was used
for this simulation [33]. The inner impeller was created in the rotating
domain, while the rest of the domain was selected fixed.

In this section, the validation test is described where the present numer-
ical methodology has been proofed. The results of the validation test are
shown in Fig. 3. Indeed, a good agreement is shown between our results and
the results of Ameur et al. [9]. The notable difference between the results
of our simulation (present data) and the previous work (Ameur et al. [9])
is due to the uncertainty involved in the method used in the calculation of
correlation of Ameur et al.

Figure 3: Validation test.

4 Results and discussion

The results of this work include mechanical agitation and mixed convection
heat transfer for a fluid inside a cylindrical vessel. The vessel has four
cavities of a semi-circular shape and a flat base. However, the impeller has
also four blades. The purpose of this research is to predict the movement
of the fluid inside the vessel due to the rotation of the impeller.

Figure 4 presents the dimensionless velocity distribution over the cross-
section of height Z = 0.35 as defined in relation to the total height of the
vessel (Z = z/H). The flow velocity is made dimensionless with respect to
speed rotation of the impeller. Figure 4 shows the effect of the rotational
speed of the impeller on the movement of the fluid without the effect of
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thermal buoyancy (Ri = 0). It is clear that the maximum value of the
velocity is at the head of the blades while it gradually decreases as we
move towards the wall of the vessel from the centre of the impeller. It is
also noted that there is no noticeable influence of the studied values of the
Reynolds number on the fluid motion.

Figure 4: Contours of dimensionless velocity for different Re at Ri = 0.

Figure 5 shows the gradual effect of thermal buoyancy on the dynamic be-
haviour of the flow for a constant value of Reynolds number (Re = 40).
Increasing the value of Richardson number indicates an increase in the
thermal buoyancy effect. Figure 5 illustrates the variation in velocity dis-
tribution in the same section as in Fig. 4. We note that the higher the value
of Ri, the greater the flow velocity. It can be concluded that the fluid move-
ment is very important in this case, which makes the fluid mixing process
better and faster.

Figure 6 exhibits the dimensionless velocity distribution contours for dif-
ferent Richardson numbers in the longitudinal section of the vessel with the
impeller at Re = 40. Note that in the case Ri = 0, the velocity diffusion is
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Figure 5: Contours of dimensionless velocity for different Ri at Re = 40.

only at the bottom near the impeller blades. Whereas, the higher the value
of the Richardson number, the greater the velocity spread to the top. This
phenomenon is explained by the following: the fact that the mixer is hot is
what pushes the hot fluid particles upward, and this is what makes the fluid
velocity increasing with (increasing) Richardson number. It is also noted
from Fig. 6 that the mixing process of the fluid due to the thermal buoy-
ancy phenomenon is very significant compared to the mechanical mixing of
the impeller.

Figures 7 and 8 show the isotherms for different Ri and for Re = 40.
Figure 7 forms a cross-sectional view at the height Z = 0.35, whereas
Figure 8 is a longitudinal view of isotherms. It is clear that the dissipation
of gradient temperature around the impeller decreases with the increasing
Richardson number, which means that the temperature gradient becomes
important with the increasing Richardson number. So, we can predict that
the heat transfer between the impeller and the fluid increases gradually
with the increasing Richardson number. It appears clear from Fig. 7 that
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Figure 6: Contours of dimensionless velocity for different Ri at Re = 40 (longitudinal
section).

Figure 7: Isotherms (dimensionless temperature) at cross-section Z = 0.35 for different
Ri for Re = 40.
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the lower side of the impeller experiences a larger rate of heat transfer as
compared to the upper side. In addition to this, it can be seen that the
fluid motion intensifies with increasing thermal buoyancy and this confirms
the previous results.

Figure 8: Longitudinal view of isotherms (dimensionless temperature) for different Ri
for Re = 40.

Figure 9 presents the variation of the dimensionless velocity component W
along the radius of the vessel at the height Z = 0.5. The first thing that
can be seen is that the velocity W increases with the increasing value of
Richardson number. Near the impeller, the velocity sign is positive, that is
the flow is directed upwards, while near the vessel wall, the velocity sign
is negative, meaning that the direction of the flow is downward. It is also
noted that the value of the maximum velocity of the upward flow is much
greater than the value of the maximum velocity of the downward flow.

Figure 10 shows the variation of power number with Reynolds number
and Richardson number. It is clear that increasing the Reynolds number
decreases the value of power number. On the other hand, there is no change
in the power number with respect to the Richardson number. This confirms
that there is no effect of thermal buoyancy on the mechanical energy of the
impeller.
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Figure 9: Dimensionless velocity along the vessel radius as a function of Ri
for Re = 40.

Figure 10: Variation of power number versus Re and Ri.

Figure 11 shows the evolution of the Nusselt number with the Richardson
and Reynolds numbers. Note that since the heat transfer is of the forced
convection type (Ri = 0), raising the Reynolds number does not effectively
influence the value of the Nusselt number. On the other hand, in the mixed-
type heat transfer (Ri 6= 0), raising the value of the Reynolds number
positively affects the value of the Nusselt number. It is noted that the
effect of Reynolds number on Nusselt number is large whenever the value
of Richardson number is significant.
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Figure 11: Variation of Nusselt number versus Re and Ri.

5 Summary
The research is concerned with 3D numerical simulation of a mechanical ag-
itator. The impeller is a four-bladed turbine. The impeller has an elevated
temperature while the vessel is cold. The impeller rotates at a constant
speed. The purpose of this research is to study the effect of the impeller
rotation speed and the thermal buoyancy factor on fluid motion in the ves-
sel. After studying and analyzing the results, we have reached the following
conclusions:

• Fluid motion within the vessel is intensified after the thermal buoy-
ancy effect is added.

• When Ri = 0, increasing the Reynolds number does not affect the
value of Nusselt number.

• The higher the value of Richardson number, the greater the effect of
the value of Reynolds number on Nusselt number.

• With the presence of the thermal buoyancy effect, the quality of the
fluid mixing is significantly increased.

• There is no effect of Richardson number on the power number.
Through the results of this work, we can suggest some new conditions for
the intensification of the mixing process: such as the use of some complex
fluids or the change in the configuration of the hot spots inside the vessel.
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