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Abstract

Effects of the baffles shape on the fluid velocities, flow patterns and power consumption in vessels agitated by a six
blade Rushton turbine are explored in this paper. The curvature of baffles, their length, position and width are the main
parameters under investigation. The study is carried out by using the Computational Fluid Dynamics tool, for a range of
Reynolds number in the turbulent flow regime from 10* to 10°. The comparison between the straight and curved baffles
revealed that the curved shape allows wider well stirred region and more powerful radial jet of fluid than the straight
baffle. In addition, the increase in baffle curvature allows a reduction in power consumption. When partial baffles are
inserted in the vessel, the lowest value of power number is obtained with baffles located at the upper part of vessel, fol-
lowed by those located at the center and then at the lower part. Concerning the effect of baffle length, the baffles with
partial length which are located at the center position in vessel require the lowest power consumption.
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List of symbols Q, Viscous dissipation function, 1/s
a Blade width, m R Radial coordinate, m
b Blade height, m r Baffle curvature radius, m
c Distance between agitator and tank bot- Re Reynolds number, -
tom, m U, ith component of the fluid velocity, m/s
C.. Gy o pe  Empirical constants, - 4 Velocity, m/s
D Inner diameter of the agitated vessel, m v, Radial velocity, m/s
d Turbine diameter, m v, Axial velocity, m/s
dy Disc diameter, m Vg Tangential velocity, m/s
dg Shaft diameter, m Viip Velocity at the impeller tip, m/s
Gy, Generation term, - w Baffle width, m
h Baffle height, m X One of the three coordinate directions, m
h, Height of the recirculation loop generated

in the upper part of the tank, m Greek letters

H Liquid height in the vessel, m 0 Angular coord.mate, degree
L w Angular velocity, rad/s

k Turbulence kinetic energy, J L 2,3
£ Dissipation rate of turbulence, m*/s

L Baffle length, m ; . 3

: ,1 o) Fluid density, kg/m

N Agitator speed, s h .
Uy Turbulent viscosity, Pa s

Np Power number, - Viscosity. Pa s

P Power consumption, W n Y
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1 Introduction

The agitation of liquids in cylindrical tanks is an opera-
tion at least simple to realize, but always complex to
characterize, because of the nature of flows and geom-
etry of the system. Today, the majority of the operations
of agitation and mixture are carried out by means of an
impeller turning around a shaft, placed in a tank, gener-
ally of a cylindrical form. In stirred tanks, the hydrody-
namics induced are mainly dependent upon the impeller
design and interaction of flow with tank internals [1-4].
Several works have been achieved by numerical simu-
lations on the turbulent flows induced by the Rushton
turbine [5-7]. Among other papers, Montante et al. [8]
conducted a simulation of the effect of varying impeller
clearances from the tank bottom on the hydrodynam-
ics and power consumption for the Rushton turbine.
Several studies on the characterization of flows induced
by different impellers can be found in the literature [9].
However, the Rushton turbine remains used in different
industrial processes, due to its manufacturing simplic-
ity and cleaning easiness. In addition, it was taken as a
reference case in recent research studies to find more
efficient mixing systems. Ameur et al. [10] have charac-
terized the hydrodynamics and power consumption for
different radial impellers, including a six-blade Rushton
turbine, a radial turbine with six flat blades and a disc
impeller. Other authors investigated the turbulent flow
generated by a radial turbine: Beloudane et al. [11] for
turbines with hollow blades, Foukrach et al. [12] for dif-
ferent vessel shapes, Youcefi et al. [5] for different sloths
on the vessel walls.

The power consumption is a key role to determine the
efficiency of stirred tanks and the choice of impellers is
mainly based on this criterion [13]. The baffles called also
against-blades, these elements fixed at the level of the
tank wall are used to avoid the formation of the vortex,
induced by the centrifugal force due to the rotation of
the agitator and essential to obtain an effective mixture
in mode of turbulent flow. The main objective of baffle
insert in stirred tanks is to avoid the swirling flows, to
reduce the viscous dissipation by the impeller, to cre-
ate and promote the stability of power requirements
and thus enhancing mixing. Some studies have been
achieved on the effect of baffle design, including those
of Bittins and Zehner [14], Karcz and Major [15], Ammar
et al. [16] and Kamla et al. [17] for different impellers [a
propeller, a pitched blade turbine (PBT) and a Rushton
turbine (RT)]. The influence of some geometrical param-
eters of baffles (length, width, number and the clearance
between the tank bottom and the lower edge of baffles)
has been the subject of some studies [18-21].
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Even many research studies have been performed
regarding the effect of baffles in stirred tanks; the curva-
ture shape of baffles remains another issue that has not
been studied previously, as stated in the literature review.
Therefore, the main objective of the present work is to
explore the effect of baffle curvature on the hydrodynam-
ics and power consumption in a cylindrical tank equipped
with a Rushton turbine. We focus on the effects of the
shape of baffles, their length, position and width.

2 Description of the stirred system

The stirred system under study is a flat bottomed cylin-
drical tank fully filled with wated at a level H=D, where
D=0.6 m is the tank diameter (Fig. 1). The vessel has four
equally spaced baffles and it is equipped by a Rushton
turbine with six perpendicular blades having the follow-
ing parameters: the blade diameter (d/D=0.33), blade
height (b/d=0.2), blade width (a/d=0.25), disc diame-
ter (dy/d=0.75) and the shaft diameter (d,,/d=0.2). The
impeller is placed at the clearance from the tank bottom
(¢/D=0.33). The working fluid is water at room tempera-
ture 20 °C with density p =997 kg/m?* and dynamic viscos-
ity of 0.0089 kg/m s. Effects of the baffles curvature (r) have
been investigated by realizing four geometrical configura-
tions, which are: /D=0 (i.e. straight baffles), 0.025, 0.033,
0.05, respectively. All details are summarized in Table 1. In
addition, effects of the baffle width have been explored
by realizing four other geometrical configurations with a
curvature ratio r/D=0.025, namely: W/D=0.133, 0.2, 0.23
and 0.266, respectively.

3 Governing equations

The continuity and momentum equations for three-
dimensional incompressible and steady flows are given
as follows [22]:

o _ 9 -
5 = ax (PY) =0 ()

9 op o[ (oU  9U 29y,
o) = =52+ (5 5 - S
)
where p is the fluid density. The term on the left side of
hand in Eq. (2) presents the convection and the terms on
the right side present the pressure gradient and the diver-
gence of the stress tensor, respectively.
The turbulent regime is characterized by fluctuations in
the mean velocity and other variables, and it is required to
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Fig. 1 Example of the stirred systems simulated, D: vessel diameter,
H: liquid level (equal to vessel height), c: clearance from the ves-
sel base, d: impeller diameter, d: disc diameter, a: blade length, b:

blade width, d,: shaft diameter, W: baffle width, r: baffle curvature,
N:impeller rotational speed

Table 1 Geometrica! H/D /D W/D d/D dyd a/d b/d dy/d
parameters of the stirred
system 1 0.33 0.1 0.33 0.75 0.25 0.2 0.2

incorporate the effect of these parameters into the Com-
putational Fluid Dynamics (CFD) model in order to obtain
accurate predictions. This is performed by using a turbulence
model. Using the sum of an equilibrium and a fluctuating
component, Eq. (2) becomes as follows:

0 o 0 ou, 20U, 9/ —
a—xi(pu,uj) =5 | <a_xj - m5,])] * o <puiuj)
(3)
The last term at the right side in Eq. (3) is called the Reyn-
olds stresses. The standard k- model was employed in this
work to solve this term. The equations of the turbulence
kinetic energy (k) and the dissipation rate of turbulence (¢)
are given as follows:

dpk) o 0 He '\ ok
BP0+ 2 (puk) = Z(u+ )% 4G, -
ot T ax (UK axi<”+a,( o T kTP &)

i i

d(pe) 0 i} He \ Oe £ €2
2 (pue) = L D)% L &6, +c 08
ot T ax (PUe) ax<”+ak ox T g kTSP

i
(5)
where C;, C,, p, and p, are empirical constants. G, is the
generation term and it is given by:

i

o - (%Y, U\

k=M ou, T ox ) ax (©)
kz

#t = pcﬂ? (7)

The solutions for k and ¢ are utilized to solve the tur-
bulent viscosity (u,) defined by Eq. (7). The following
constants of the standard k-¢ model are used: C,=0.09,
C,=1.44,(,=1.92,p,=1and p,=1.314, respectively [22].
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The Reynolds number is given by:

_ pNd?
n

Re

(8)

where N and n are the impeller rotational speed and fluid
viscosity, respectively.

The cylindrical coordinates (Eq. 9) as well as fluid veloci-
ties (Eg. 10) are described in a dimensionless form as
follows:

R* =2R/D, Z*=Z/D 9)
Tangential (V), radial (V,) and axial (V,):
V; = VQ/Vtip . Vr* = Vr/vrip ’ V; = Vz/vtip (10)
d
Vt,»p =a)r=2n'N§ = zNd (11

The power number is defined by:
P
N, = oN3d5
Pis the power consumption, defined as:
P =2zNC (13)
where C is the torque of the stirred tank.
A second method may be used to the calculation of

power consumption by integration of the viscous dissipa-
tion energy (Q,) in the whole vessel volume:

=

vessel volume

Q,dv (14)
The element dv is written as:

dv =rdr8dldz (15)
The viscous dissipation energy is given by:

0 =2 dv, 2+ dv, 2+ dv, \? L[, dv 2+
v\ dr do dz do ' drR

The computational domain is discretized into smaller finite
volumes (tetrahedral mesh elements) and a refined mesh has
been created near the walls of vessel and impeller. Mesh tests
were carried out by checking that additional grids did not
give a change in the height (h,/D) of vortex generated in the
upper part of vessel by more than 2.5%. The results provided
in Table 2 allowed us to select the mesh M3 as optimum in
terms of precision of results and reduced time of computation.

The MRF (Multiple Reference Frame) technique was
used to model the rotating motion of fluid and impeller.
For this technique, the computational domain is divided
into two parts: an inner rotating cylindrical volume enclos-
ing the impeller, and an outer, stationary volume contain-
ing the rest of the tank [25].

The Reynolds number is varying from 10* to 10°. The
process is supposed isothermal and steady state. The sec-
ond order upwind scheme was used for the convective
terms. Results have been considered as converged when
a lower level of residual, in the order of 1077, was reached.
Almost all computations required about 3500-4000 itera-
tions and 25-30 h.

5 Results and discussion
5.1 Validation

In this section, we present the validation of some pre-
dicted results against experimental data. We chose the
experimental work performed by Karcz and Major [15]
for validation and we have realized the same geometrical
parameters. For water as a working fluid and for a flat bot-
tomed tank equipped with full length of baffles (h), i.e.
h/H=1, results of power number versus Reynolds number
are presented in Fig. 2a.

dv, dv,1> [dv, dv,]?
b Al 4 ry’z (16)
dZ+d9] [dZ+dR]

In this paper, the second method has been employed.

4 Numerical simulation

Usually, the flow in stirred tanks is modelled by using the
finite volume or finite element methods in conjunction
with either sliding meshes or moving meshes [23, 24].

In this paper, a finite volume based CFD software (CFX)
is employed to achieve computations by solving the
Navier-Stokes equations. Geometries of the stirred tanks
were created with the help of the computer tool ICEM CFD.
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Another validation of flow velocities is made against the
experimental data of Wu and Patterson [26]. The profile of
tangential velocity is plotted in Fig. 2b for a dimensionless
radius R"=0.185, for the same geometrical conditions as

Table2 Mesh independency test (case of curved baffles located at
the lower part of vessel, r/D=0.025, Re=10%, h=H/2, W/D=0.133)

M1 M2 M3 M4
Number of cells 188,258 392,251 745,251 1,581,514
h,/D 0.53981 0.51505 0.50311 0.50366
Time required (s) 27,263 52,142 92,189 132,514
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Fig.2 Validation of predicted results against experimental data,
a Power number versus Reynolds number (validation) for the full
length of baffles, b tangential velocity for Re=4x 10% R"=0.185

those used by Wu and Patterson. The comparison between
the experimental data and numerical results reveals a sat-
isfactory agreement.

5.2 Effect of the shape of baffles

Baffles are usually inserted in stirred tanks to promote the
performance of mixing. However, tanks without baffles are
preferred is some industrial applications such as in medi-
cine and food production. Radial turbines are generally
employed as small impellers, but a forced swirling flow
region is developed in the centerline of the unbaffled ves-
sel, which may reduce the mixing efficiency.

To overcome this difficulty, some researchers have used
the baffling technique. Generally, the baffles have a rectan-
gular and straight shape; in this paper, we changed this
standard shape into a curved shape. Figure 3 presents the
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Fig.3 Velocity contours for two types of baffles, W/D=0.133,
Re=4x 10% a straight baffles, b curved baffles (r/D=0.025)

flow fields at Reynolds number Re=4x 10* for both shapes
of baffles: straight and curved baffles with a curvature ratio
(/D=0.025). It can be seen that the curved baffle partici-
pates in the intensification of the movement of fluid parti-
cles, where the comparison between the two cases reveals
that the greatest zone swept by the turbine with the high-
est velocity gradient and powerful radial jet of fluid is pro-
vided by the case of curved baffles. Figure 4 compares
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Fig.4 Velocity vectors for two types of the baffles, W/D=0.133,
Re=4x 10% a straight baffles, b curved baffles (r/D=0.025)

SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2019) 1:1503 | https://doi.org/10.1007/542452-019-1550-9

*

VA
0.8 [ —— Straight baffles
—»— Curved baffles with r/D = 0.025
0.6 4
0.4
0.2
P—p_p =
0.0 4 >
»- »- »- > >
-0.2 4 »»-}
[ »>>
-0.4 4
T T T T T
-0.10 -0.05 0.00 0.05 0.10

*

V

4

Fig.5 Axial velocity profiles for curved baffles (r/D=0.025) and
straight baffles, W/D=0.133,at R"=0.3

the velocity vectors for both cases at Re =4 x 10* Similar
flow patterns are observed, with a strong primary circula-
tion loop in the upper part of vessel redirected from top
to downwards and a smaller secondary loop below the

Fig.6 Velocity contours for
different ratio r/D, Re=6x 10%,
W/D=0.133
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impeller in the inverse direction. We can notice that the
vectors size is large in the tank with curved baffles.

Figure 5 shows the distribution of the axial velocity
along the vessel height at the radial location R'=2R/D=0.3
and angular position 6=0° (i.e. the line passing through
the impeller blade). Two shapes of baffles are consid-
ered in this figure: the straight shape and the curved one
(r/D=0.025). As illustrated, the maximum values of veloc-
ity are located near the turbine for the curved baffles at
the vertical positions Z'=0.09 and —0.09. However, these
maximum values are observed at Z'=0.026 and —0.026 for
the straight baffles.

Three geometrical configurations were studied to inves-
tigate the influence of baffle curvature radius (r/D=0.025,
0.033, 0.05, respectively). Figure 6 shows the velocity
contours for different ratio r/D at a Reynolds number
Re=6x 10% We can notice that the volume swept by the
turbine increases with increased baffle curvature. This is
due to the intensification of the interaction between the
radial jet impinging from the impeller blade and the vessel
internals (walls and baffles), giving thus an enhancement
in the tangential circulation of fluid particles and elimina-
tion of dead zones in the lower part of the turbine.

r/D = 0.033 r/D = 0.05
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Fig.7 Velocity profiles for various curved baffles at location
R"=0.266, Re=8x 10%, W/D=0.133, a axial component of velocity, b
radial component of velocity

In Fig. 7, the axial and radial velocities are plotted for
various baffle curvature radius (r) at the location R"=0.266
and Reynolds number Re=8x 10%. It can be seen that the
curves of the axial velocities are identical and similar; the
radial velocities have a weak values near the free surface of
liquid and high values near the turbine. We note also that
a powerful jet of fluid is developed with curved baffles in
the case r/D=0.05 (with a maximum value of 0.55). This jet
reaches only the values of 0.25 and 0.2 for r/D=0.033 and
0.025, respectively. Thus, the increase of radial velocity is
linked to the increase of baffle curvature radius (r).

The backbone of the tip vortex pair is curved backwards
in the circumferential direction opposite to the rotational
direction. Figure 8 presents the height of the recirculation
loop generated upper the impeller for various values of

h /D

v

0.5 - .

0.4 .
0.3 .
0.2 i

0.1 B

0.0

T T T T T T T T T
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T T T T T T
0.020  0.025 0.030

Fig. 8 Height of the recirculation loop generated in the upper part
of the tank versus the ratio r/D, Re=8x 10, W/D=0.133

the ratio (/D). We found that the curved baffles r/D=0.025
reduce the vortex height than the other cases studied.

Figure 9 illustrates the results of power number Np for
different values of baffle curvature ratio (r/D). A decrease
in power consumption is observed with increased baffle
curvature ratio. The case r/D=0.025 gives the maximum
value of power number of 4.34. Then, Np decreases gradu-
ally until 0.23 for r/D=0.05.

5.3 Effect of the baffle position

In this part, we explore the influence of the position of
curved baffles having r/D=0.025 on the hydrodynamics
characteristic and power consumption. Figure 10 resumes
the three cases under investigation: (a) baffles inserted at
the upper part of vessel, (b) at the center part and (c) at
the lower part. All baffles in the three cases have the same
height h/D=0.5 and width W/D=0.266.

Figure 11 illustrates the velocity contours and stream-
lines for different positions of baffles is the vessel. For the
tank equipped with curved baffles located at the upper
part, the jet impinging from the impeller blade is directed
towards the vessel base. The main reason is the interaction
of fluid particle with the curved baffles, which are posi-
tioned in the upper half of vessel. The lower edge of baffles
plays a role in the obstruction of axial circulation of fluid.
The jet of fluid becomes more powerful in the radial direc-
tion and the area swept by the impeller becomes greater
when the baffles are located at the center of vessel. Two
vortices upper and below the impeller are formed for baf-
fles with full length or baffles with partial length which are

SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2019) 1:1503 | https://doi.org/10.1007/542452-019-1550-9

4.34

4.32

4.30

4.28 .

4.26

4.24

n
4.22

T T T T T T
0.025 0.030 0.035 0.040 0.045 0.050

/D

Fig.9 Power number for different ratio r/D, Re=8x 10%, W/D=0.133

located at the center or lower parts of vessel. However, this
symmetry in hydrodynamics is lost when the baffles with
partial length are located at the upper part of vessel. In this
case (i.e. baffles at the upper part), only one recirculation
loop is generated. Another remark is observed for the case
3 (i.e. baffles located at the lower part), is that the upper
vortex is small in size than that of the other cases (case 2
and 4).

Other details on the hydrodynamics generated by this
kind of baffles and their positions are provided in Fig. 12,
where the velocity contours and streamlines are plotted
on a horizontal plane r—6 at the mid-height of impeller
blades. The main finding that can be discussed here is the
degree of interaction of fluid particles with vessel internals.
In comparison between the three cases, when the mid-
height of curved baffles is located at almost the same level
of impeller blades, it produces a strong radial jet of fluid,

giving thus better circulation of fluid and further intensi-
fication of stirring. Another remark, a secondary recircula-
tion loop is generated behind the curved baffles and it
reaches the greatest size for case 2, which is due to the
strong radial jet than the other cases.

Results of power number are summarized on Fig. 13
for different Reynolds numbers and different positions
of curved baffles. High values of power input (Np=5) are
required at Re = 10* for almost all cases studied in this part
of paper. The increased impeller rotational speed yields
less power number. In addition, Np is reduced according
to the length and position of baffles. For baffles with par-
tial length, the lowest value of Np is obtained with baf-
fles located at the upper part of vessel, followed by those
located at the center and then at the lower part. In com-
parison between baffles located at the center position in
vessel, the baffles with partial length requires less power
consumption. In all cases, the main reason of the reduction
in power consumption is the degree of fluid interaction
with vessel internals. Little volume of fluid is entered in
interaction with vessel internals when the baffle is short-
ened. In addition, the center position of baffles is consid-
ered as the position that gives the maximum wall effects.

5.4 Effect of baffle width

For baffles with partial length located at the lower part of
vessel and having a curvature ratio r/D=0.025, four geo-
metrical configurations were carried out to know the influ-
ence of the baffle width: W/D=0.133, 0.2, 0.23 and 0.266,
respectively. The streamlines shown in Fig. 14 for different
widths of baffles reveals the formation of a secondary loop
behind the baffles. This secondary loop increases with the
rise of baffle width.

/4 Y. w
h/D=0.25
h/D=0.5 h/D=0.5
h/D=05 —
i - ] )
h/D=0.5 h/D=0.5
/D =0.25
(a) (b) (c)

Fig. 10 Various positions of curved baffles in the vessel, a at the upper part, b at the center part, c at the lower part
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Fig. 11 Flow fields for differ-
ent lengths and positions of
curved baffles, r/D=0.025,
W/D=0.266, Re= 10, a partial
baffles in the upper part, b par-
tial baffles in the center part, ¢
partial baffles in the lower part,
d full length baffles
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Fig. 12 Flow fields for different positions of curved baffles,
r/D=0.025, W/D=0.266, Re=10°

Changes in the size of recirculation loop generated in
the upper part of vessel are highlighted in Fig. 15, where
the high of this loop is determined for different values
of baffle width. Values of the height of this vortex begin
from 0.5 for W/D=0.133, it decreases then until 0.475 for
W/D=0.2, and it increases again until reaching its maxi-
mum value of 0.545 for W/D=0.266.

—&— baffles in the upper part

—e— baffles in the part centers
5.0 1 A baffles in the lower part
—uv— Curved baffles with length H
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Fig. 13 Power number versus Reynolds number for different posi-
tions of curved baffles with partial length and curved baffles with
full length H, r/D=0.025, W/D=0.266

Finally, results of power number Np are given Fig. 16 for
various widths of baffles. In a comparison between the dif-
ferent cases investigated, a linear increase of power num-
ber is observed with the rise of baffle width. In addition,
the use of a vessel with baffles width of W/D=0.133 can
reduce the power consumption than the other cases.
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Fig. 14 Streamlines for curved baffles located at the lower part of vessel, Re=10°, h/D=0.5, r/D=0.025, a W/D=0.133, b W/D=0.2, ¢
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Fig. 15 Height of the recirculation loop generated in the upper
part of the tank versus baffle width, for curved baffles located at
the lower part of vessel, Re=10°, h=H/2, r/D=0.025

6 Conclusion

Flow patterns and power consumption in a vessel
stirred by a Rushton turbine have been studied numeri-
cally. Effects of the baffle curvature, its length, position
and width were explored. In a comparison between the
straight and curved baffles, the curved shape allowed
wider well stirred region and more powerful radial jet of
fluid than the straight baffle.

Also, the volume swept by the turbine has been
increased with the rise of baffle curvature, which is due to
the intensification of the interaction between the radial jet
impinging from the impeller blade and the vessel internals
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Fig. 16 Power number versus baffle width, for curved baffles
located at the lower part of vessel, Re=10% h=H/2, r/D=0.025

(walls and baffles). However, the vortex developed near
the free surface of liquid has been reduced in size with the
small baffle curvature. A reduction in power consumption
was observed with increased baffle curvature ratio.

Concerning the baffle position, a strong radial jet of
fluid is produced when the mid-height of curved baffles
is located at almost the same level of impeller blades,
giving thus better circulation of fluid and further inten-
sification of stirring.

For baffles with partial length, the lowest value of Np
is obtained with baffles located at the upper part of ves-
sel, followed by those located at the center and then at
the lower part. In comparison between baffles located
at the center position in vessel, the baffles with partial
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length requires less power consumption. In all cases, the
main reason of the reduction in power consumption is
the degree of fluid interaction with vessel internals.

Concerning the effect of baffle width, the increase of
this parameter yields wider secondary loops which are
developed behind baffles and requires further power
consumption. So the case W/D=0.133 is recommended
in this situation.
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