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Abstract−Computational fluid dynamics (CFD) simulations were applied for evaluating the hydrodynamics charac-
teristics in an uncovered unbaffled tank agitated by pitched blade turbines. A volume of fluid (VOF) method along
with a Reynolds stress model (RSM) was used to capture the gas-liquid interface and the turbulence flow in the tank.
The reliability and accuracy of the simulations are verified. The simulation results show that the vortex can be divided
into central zone and peripheral zone, and flow field in the tank can be divided into forced vortex flow region and free
vortex flow region. With the increase of impeller speed, the vortex becomes deeper, while the critical radius of the two
zones keeps almost unchanged. The impeller clearance and the rotational direction have little effect on the vortex
shape. The vortex becomes deeper with increasing of the impeller diameter or the blade angles at the same rotational
speed. Power number is little influenced by the impeller speed, and decreases by about 30% when impeller diameter
varies from 0.25T to 0.5T. When blade angle varies from 30o to 90o, power number increases by about 2.32-times.
Power number in uncovered unbaffled tank is much smaller than that in baffled tank, but is very close to that in a cov-
ered unbaffled tank. The discrepancy of power number in uncovered unbaffled tank and that in covered unbaffled
tank is less than 10%.
Keywords: Uncovered Unbaffled Agitated Tank, Numerical Simulation, Computational Fluid Dynamics (CFD), Pitched

Blade Turbine, Free Surface Vortex

INTRODUCTION

Most of the literature on mixing focused on baffled agitated tanks.
Baffles in the tank can avoid the formation of vortex and enhance
the mixing efficiency. However, just as some scholars pointed out
[1-3], the presence of baffles can cause dead zones in the tanks.
Besides, the presence of baffles may cause incrustation issues [4]
or undesired precipitations [5], etc. In these cases, unbaffled tanks
are a good alternative to overcome the shortcomings of baffled tanks.
Furthermore, unbaffled tanks consume less power than baffled
tanks [6]. The vortex in the liquid surface of unbaffled tank can be
used in some processes, such as drawing down floating particles
into the liquid, and removing gas bubbles from the liquid to reduce
foam formation. For these advantages, uncovered unbaffled agi-
tated tanks are applied in many industrial processes, such as crys-
tallization, solid suspension, fermentation, and so on. So far, most
of experimental and computational researches have been conducted
about baffled agitated tanks, while only a very limited number of
studies are about unbaffled agitated tanks. With the growing indus-
trial interest and applications of unbaffled agitated tanks, further

researches on the hydrodynamics in the tanks should be carried out.
Some scholars have experimentally studied the vortex behavior,

flow pattern, power consumption and mixing efficiency in uncov-
ered unbaffled agitated tanks. Rieger et al. [7], for example, experi-
mentally measured the vortex depth in an unbaffled tank agitated
by a Rushton turbine and developed a correlation to predict the vor-
tex depth. Rao [8] modified the correlation developed by Rieger et
al. [7] and Zlokarnik et al. [9], making the correlation suitable for
impeller mounted near the liquid surface. Ciofalo [10] measured
the free-surface profiles in an unbaffled tank agitated by a Rush-
ton turbine. Markopoulos [11] reviewed the literature on the cor-
relations for the prediction of vortex depth and presented a critical
discussion on the basis of a theoretical analysis. As for the flow pat-
tern, researchers [8,11-13] found that there are two regions in the
unbaffled agitated tank. One region in the center of the tank formed
forced vortex flow with angular velocity almost equal to that of
impeller, and another in the peripheral of the tank formed free vor-
tex flow with decreasing liquid velocity along the radial location.
Haque et al. [14,15] measured the radial and tangential velocities
at different locations in unbaffled tanks using laser Doppler veloci-
metry (LDV). Power consumption in unbaffled agitated tank is also
an issue of serious concern. Scargiali et al. [16] studied the power
consumption characteristics in an uncovered unbaffled agitated tank
under nonaerated conditions (subcritical regime) and aerated con-
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ditions (supercritical regime), and proposed a novel overall correla-
tion to predict the power number for the two regimes. Rao et al.
[17,18] investigated the power characteristics of surface aerators with
baffles and without baffles, and proposed a correlation of power
consumption for unbaffled systems under aerated conditions. Assire-
lli et al. [19] found that the power number in unbaffled tank is
5.4-times less than that in baffled tank agitated by a modified
Rushton turbine. Unbaffled tanks are often regarded as poor mix-
ers compared to baffled tanks. However, Busciglio et al. [20] sur-
prisingly found that, when free-surface vortex bottom approached
the impeller plane, mixing efficiencies became practically identical
to those of baffled tanks.

With the developments of high performance computers and
computing technologies, the computational fluid dynamics (CFD)
technique has been used widely as a powerful and useful simula-
tion tool to investigate the turbulent flow characteristics in agitated
tanks. Nevertheless, more CFD simulation studies are focused on
the baffled tanks in the last two decades, the CFD simulations of
turbulent flow in unbaffled agitated tank are scanty. In the litera-
ture, others, such as Ciofalo et al. [10], Haque et al. [14,15], Glover
et al. [21] and Yang et al. [22], studied the flow fields in unbaffled
tanks with CFD method. In these simulations, the volume of fluid
(VOF) method is often used to track the gas-liquid interface. With
regard to the turbulence models, researchers found that the k-ε
turbulence model has the drawback of low accuracy in predicting
turbulence quantities of the flow fields [22], while the Reynolds
stress model (RSM) [14,15], large eddy simulation (LES) [23],
detached eddy simulation (DES) [22] and shear-stress transport
(SST) model [14,15] can improve the accuracy.

Through the previous experimental and simulation studies, we
have a relatively deep understanding of the hydrodynamics in un-
covered unbaffled tanks. However, as the previous researches
reviewed, mainly the Rushton turbine (RT) is used in uncovered
unbaffled agitated tanks. As we know, the Rushton turbine (RT)

and pitched blade turbine (PBT) are two typical traditional impel-
lers. Pitched blade turbines are also widely used in the process indus-
tries. Nevertheless, the researches on hydrodynamics in uncovered
unbaffled tanks agitated by pitched blade turbines are few reported.
Thus, we conducted numerical simulations to investigate the tur-
bulent flow characteristics in an uncovered unbaffled tank agi-
tated by PBT impellers. This work focuses on the effect of impeller
speed as well as system configurations, such as impeller diameter,
impeller clearance from the tank bottom and the blade angle on
the shape of the vortex, power consumption and flow pattern.

SOLUTION DOMAIN AND GEOMETRICAL 
MODELING

1. Mixing System
A schematic diagram of the agitated tank is shown in Fig. 1. A

flat-bottomed cylindrical tank with diameter of T=0.19 m was agi-
tated by a pitched blade turbine (PBT). The liquid working medium
is water (ρl=998 kg/m3, μl=0.00103 Pa·s) with liquid level of H=T
at initial moment. There is an air (ρg=1.225 kg/m3, μg=1.79×10−5

Pa·s) zone in the tank above the liquid level with height of H0=
0.11 m. The surface tension coefficient between the phase of air
and water is set as 0.0732 N/m. The diameter of the PBT impeller
ranges from T/4 to T/2, and the clearance of the impeller from the
tank bottom ranges from T/3 to T/2. The blade angle varies from
30o to 90o. In the following sections, without specific mention, the
down pumping PBT impeller with blade angle of 45o is used.
2. Geometrical Modeling and Grid Division

In accordance with the axial symmetry of the mixing system
and the periodicity of the flow field in the tank, only one-quarter of
the tank was simulated and two periodic boundaries were imposed
along the azimuthal direction. A preprocessor Gambit 2.4 (Ansys
Inc.) was used to generate the three-dimensional geometry and
the computational mesh of the fluid domain. Fig. 2 shows the case

Fig. 1. Schematic diagram of the agitated tank and the pitch blade turbine for investigation: (a) agitated tank; (b) plan view of the impeller;
(c) front view of the impeller.
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with C=T/3 and D=T/3. The fluid domain was divided into the
impeller region and other stationary region to meet a multiple ref-
erence frame (MRF) approach to solve the rotation of the impeller.
Grids were divided for the two regions, respectively. An adaptable
tetrahedral mesh was used for the impeller region because of the
complex structure of the PBT impeller, while a hexahedral mesh
was employed for the stationary region to improve the convergence
of the calculations and reduce the number of the grid elements.
Furthermore, the mesh on the surface of the blades was refined to
improve the accuracy of the simulation. The grid independency
was tested by comparing the values of power number and free
surface profile with different number of computational cells, and
we found that the values obtained with chosen mesh and the finer
mesh are almost the same. Finally, the total number of computa-
tional elements ranged from 170,000 to 240,000 for all of the inves-
tigated fluid domains.

MATHEMATICAL MODEL

1. Governing Equations
A homogeneous multiphase flow model coupled with a VOF

method was used in the simulation to predict the flow field and
the vortex shape in the unbaffled agitated tank. The general con-
versations of the continuity and momentum equations that solved
throughout of the fluid domain were as follows:

(1)

(2)

where U is the resulting velocity, which is shared by both of the

phases. p is static pressure. g is acceleration due to the gravity, and
F is the body force. The μm and ρm are volume-weighted mixture’s
physical properties of viscosity and density, respectively.
2. VOF Model

The liquid-free surface is deformed under the stirring operat-
ing conditions. To determine the shape of liquid-free surface, a
VOF method was used to capture the interface of air and water.
The VOF model was solved in each cell that the volume fraction
of the two or more interpenetrated phases is total to unity. The vol-
ume fraction of each phase can be obtained by solving a continu-
ity equation. Furthermore, the properties and variables in each cell
are the volume-weighted values of all the phases. The continuity
equation and other relevant equations can be written as follows:

(3)

(4)

(5)

(6)

The volume fraction of gas αg will be 1.0 if the computational
cell is in pure gas zones, and zero if the cell is in pure liquid zones.
The gas-liquid interface can be determined by identifying the cells
where the volume fraction of gas is 0<αg<1.0.
3. Turbulence Model

In this work, the minimum impeller diameter D is T/4. Then,
the minimum Reynolds number is 1.5×104 according to the defi-
nition of Reynolds numbers in agitated tanks as Re=ρlND2/μl. It
can be seen that the fluid flow in the tank is fully turbulent under
all the operating conditions. The fluctuations of flow can be of small
scale and high frequency, and are too computationally expensive

∂ρm

∂t
---------  + ∇ ρmU( ) = 0⋅

∂
∂t
---- ρmU( )  + ∇ ρmUU( )  = − ∇p + ∇ μm ∇U + ∇UT( )[ ] + ρmg + F⋅ ⋅

∂α
∂t
------ + U ∇ α( ) = 0⋅

αg + αl =1.0

ρm = ρlαl + ρgαg

μm = μlαl + μgαg

Fig. 2. Computational grid details of the agitated tank: (a) mesh for stationary region; (b) mesh for the impeller region; (c) refined mesh on
the blade.
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to simulate directly. As an alternative, the governing equations of
the turbulent model can be modified by being time-averaged,
ensemble-averaged, or otherwise manipulated to remove the small
scales to reduce the computational cost. The modified equations
known as Reynolds-averaged Naiver-Stokes (RANS) turbulent model
include the closure models such as Spalart-Allmaras, k-ε, k-ω and
Reynolds stress model (RSM). In these turbulence models, the RSM
is one of the most accurate and used by many to describe the tur-
bulent flow in the agitated tank. Different varieties of Reynolds
stress model (RSM) are available, in which the version proposed
by Speziale, Sarkar and Gatski (SSG) [24] is more accurate than the
others. The SSG version of Reynolds stress model is used in the
present work and its transport equations can be written as follows:

(7)

where Pij is the exact production term, and is given by

(8)

where φij is the pressure-strain correlation. The SSG model uses a
quadratic relation for the pressure-strain correlation. For more
details about the correlation, see the content in the literature [25].

In addition, the equation for turbulence dissipation ε that appears
in the individual stress equations has the form as:

(9)

4. Computation Details
Numerical simulations were conducted using a commercial CFD

package CFX 10.0. The unsteady calculations were performed with
time step of 0.01 s. At the initial moment, the impeller speed was
zero, and the liquid was rest at the height of H=T. The impeller
speed N ranged from 200 to 450 r/min for all the operating condi-
tions. No slip boundary conditions were set for the tank bottom,
sidewall, surface of blades and shaft, and the turbulent flow in these
near-wall regions was treated with a scalable wall function. As men-

tioned, a multiple reference frame (MRF) method was used to treat
rotation of the impeller. In this method, a moving reference frame
with impeller rotational speed is set for the impeller region, while
a stationary reference frame is applied for the stationary region.
An opening type boundary condition was set for the top face of
the tank with 0 Pa of gauge pressure. In the calculation, the con-
vective terms in the model equations were discretized using the
high-resolution scheme of the Ansys CFX, and the transient terms
were discretized using a second implicit scheme. The discretiza-
tion schemes were the same as that in the literature [26]. When
the solution was final convergence, the total relative error was less
than 1×10−4 for all the simulations.

RESULTS AND DISCUSSION

1. Model Validation
The reliability and accuracy of the simulation were verified in

the tank agitated by Rushton turbine (RT) and pitched blade tur-
bine (PBT), respectively. Fig. 3 shows the simulated gas holdup and
absolute pressure distributions in the agitated tank. It can be seen

∂ ρmuiuj( )
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Fig. 3. The simulated absolute pressure and gas holdup distributions in the uncovered unbaffled tanks (C=T/3, D=T/2): (a) Gas holdup dis-
tribution; (b) absolute pressure distribution.

Fig. 4. Free surface profiles with different grid numbers (PBT impel-
ler, C=T/3, D=T/2, N=300 r/min).
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that the vortex formed in the uncovered unbaffled tank. Under
the effects of agitation and the variation of liquid free surface, the
absolute pressure was deformed in the tank. The pressure in the
center of tank was low and was the highest in the sidewall of the
tank bottom. The grid number is very important for an accurate
simulation. For the case with PBT impeller of D=T/2, three grid
numbers, 152380, 230213, 357392 have been investigated. As shown
in Fig. 4, the effect of grid number within the considered range on
the free surface profile is small. Especially, the free surface profile
with grid number of 230213 and that with 357392 is almost the
same. Then, the grid number of 230213 was selected for this case.
Furthermore, the simulated free surface profile in the tank agitated
by Rushton turbine was compared with the experimental data in
the literature [10] as shown in Fig. 5. Generally, the predicted vor-
tex shape is consistent with that in the literature [10]. As shown in
Fig. 3(a), the vortex bottom reaches to the horizontal plane of the
PBT impeller, when the impeller speed is equal to 450 r/min. Tam-
burini [27] measured critical impeller speed for vortex bottom
reaching to the location of impeller in a vortexing unbaffled agi-
tated tank. For the same configuration (PBT, C=T/3, D=T/2, β=

45o, T=0.19 m), the measured critical impeller speed was about
420 r/min. The experiment was in a solid-liquid tank. However, the
solid loadings had no significant influence on the critical impeller
speed (See Fig. 4 in the literature [27]). In addition, the predicted
power number (Np), vortex depth (hv) are compared with the
experimental results in the literature, which will be discussed in
the following sections. Overall, the predicted hydrodynamics in
this work is in good agreement with the experimental data in the
literature.
2. Effect of Impeller Speed on Vortex Shape and Power Number

Fig. 6 shows the vortex shapes for different impeller rotational
speeds. At the low impeller speed, the liquid level is relatively flat,
and the vortex is shallow. With the increase of impeller speed, the
centrifugal force increases, and the vortex becomes deeper. When
the impeller speed is equal to 450 r/min, the vortex bottom reaches
to the horizontal plane of the impeller.

For further study, the profiles of free surface for different impel-
ler speeds are investigated as shown in Fig. 7. It can be seen that
the vortex can be divided into two zones according to the liquid
level (H=0.19 m) at the initial moment. The local liquid level falls

Fig. 6. Vortex shapes for different impeller speeds (PBT, C=T/3, D=T/2, β=45o).

Fig. 5. Comparison of free surface profiles between simulated results
and experimental data in the literature (RT, C=T/3, D=T/2,
N=194 r/min).

Fig. 7. Free surface profiles for different impeller speeds (PBT, C=
T/3, D=T/2, β=45o).



2816 L. Li et al.

November, 2017

for the central zone, while rises for the peripheral zone. Further-
more, for the same impeller, the nondimensional critical radial
location, r0

* of the two zones remains almost unchanged for differ-
ent impeller speeds. The critical radius (r0

*) on the liquid free sur-
face is closely related to the flow pattern in the agitated tank. Rao
et al. [8] experimentally studied the flow pattern in an uncovered
unbaffled tank agitated by a disk turbine, and found that the criti-
cal radius of the forced vortex flow region and the free vortex flow
region remains almost unchanged before the bottom of vortex
reaches the impeller (See Fig. 2 in the literature [8]). It shows that
the variation of critical radius with rotational speed for PBT impel-
ler is similar to that of a disk turbine.

As shown in Fig. 8, the relationship between the vortex depth hv

and impeller speed N can be given as hv∝N1.84. Researchers [8,28]
determined the vortex depth is proportional to Froude number
(Fr) for the rotational speed lower than the critical speed: hv∝Fr=
N2D/g. The fitted value, 1.84, in this work is close to that in the lit-
erature [8,28].

The power number Np is an important parameter that reflects
the agitation efficiency of the unbaffled tank, and can be calcu-

lated as:

(10)

(11)

where P is power consumption, and M is the torque of the PBT
impeller in the rotational direction, which can be obtained from
the simulation results directly.

Fig. 8 gives the power number at different impeller speeds. The
power number varies slightly with enhancing of the impeller speed
and the averaged power number is 0.538. Scargiali et al. [29] inves-
tigated power number of different impellers in an uncovered un-
baffled tank, and obtained the power number being almost con-
stant until the free surface vortex reaches the impeller. Driss et al.
[30] investigated PBT impeller power number in a covered unbaf-
fled tank, and also determined that the power number remained
constant in the turbulent flow range. Armenante et al. [31] meas-
ured the power number in a covered unbaffled agitated tank agitated
by a PBT impeller. It was found that the power number changes
from 0.670 to 0.617 when the impeller speed increases from 450
to 700 r/min. Furthermore, we evaluated the power number being
about 0.45 for the same configuration in the literature [27] (See
the experimental data in Fig. 4 in the literature [27]). In general,
the power number predicted in this work is reliable and accurate.
3. Effect of Impeller Diameter on Vortex Shape and Power
Number

The simulations were performed under the operating condition
of the same impeller speed to study the effect of impeller diameter
on the hydrodynamics in the uncovered unbaffled tank. As shown
in Fig. 9, the vortex becomes larger and deeper with increasing of
impeller diameter. It is attributed to the larger diameter causing
higher centrifugal force in the tank. Fig. 10 shows the profiles of
free surface for different impeller diameters. The critical radius r0

*

increases with increasing of the impeller diameters. By fitting the
simulation data in the Fig. 11, at the same impeller speed, the vor-
tex depth hv and the impeller diameter D have the relation as hv∝

D2.4. Moreover, through analysis the correlation developed by Mar-

NP = 
P

ρlN
3D5

-----------------

P = 2πMN

Fig. 9. Vortex shapes for different impeller diameters (C=T/3, N=400 r/min).

Fig. 8. Vortex depths and power numbers for different impeller
speeds (PBT, C=T/3, D=T/2, β=45o).
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kopoulos et al. [28], the relationship between vortex depth and
PBT impeller diameter is hv∝D2.25, which is close to the simula-

tion result in this work. Besides, larger impeller diameters result in
smaller values of power number Np. At the same impeller speed,
the power number is decreased from 0.772 to 0.541 (See Fig. 11)
when the impeller diameter varies from 0.25T to 0.5T. The power
number decreases by about 30%. This finding is consistent with
that in top-covered unbaffled tanks agitated by Rushton turbines
[32]. In addition, Scargiali et al. [29] obtained through experimen-
tal measurement that power number decreases with increasing of
impeller diameter before the vortex reaches the impeller, although
they did not discuss this in their work.
4. Effect of Impeller Clearance from Tank Bottom on Vortex
Shape and Power Number

Fig. 12 shows the vortex shapes with different impeller clearances
from tank bottom. The vortex shape stays almost unchanged with
the clearance. When the clearance varies from T/3 to T/2, the vor-
tex depth hv only decreases by 4.7% (See Fig. 13). It maybe can be
interpreted by the velocity field in the tank. The vortex shape should
be affected by the liquid velocity on the vortex. As shown in Fig.
12(b), the liquid velocity on the vortex is almost unchanged with
the impeller clearance. Besides, we can find that the liquid veloc-
ity increases when radial location r/R≤rc

*, but falls when radial

Fig. 11. Vortex depth and power numbers for different impeller
diameters (C=T/3, N=400 r/min).

Fig. 10. Free surface profiles for different impeller diameters (C=T/
3, N=400 r/min).

Fig. 12. Free surface profiles and liquid velocity on the free surface for different impeller clearances from tank bottom (D=T/2, N=300 r/
min): (a) Free surface profiles; (b) mean velocity of liquid phase on the free surface.

Fig. 13. Vortex depths and power numbers for different impeller
clearances from tank bottom (D=T/2, N=300 r/min).
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location r/R≥rc
*. For more details will be discussed in detail in the

following section.
As shown in Fig. 13, the impeller power number Np increases

about 10.6% when the clearance rises from T/3 to T/2. In the liter-
ature, the effect of clearance on PBT impeller power number in
uncovered unbaffled agitated tanks is rarely reported. However,
some scholars investigated the PBT power number in baffled agi-
tated tank. Bates et al. [33], for example, investigated the Np in a
baffled tank with PBT impeller, and found that the Np increases
when the clearance rises from T/3 to T/2. Nevertheless, Rewatkar
et al. [34] reported that the Np of PBT impellers in baffled tanks
increases when the clearance falls from T/2 to T/6. They attributed
it to the more dissipation of energy when the impeller is closer to
the tank bottom. In addition, many [35-37] have found that the
power number of a radial impeller increases with increasing of the
clearance. The power number should be closely related to the flow
pattern in the tank. As shown in Fig. 14, the axial flow is not obvi-
ous in the uncovered unbaffled tank agitated by PBT impeller. An
indistinctive double-loop flow pattern is formed in the unbaffled
tank agitated by PBT impeller, which is somewhat similar to the
flow pattern generated by a radial impeller [35-37]. Consequently,
the variation of power number with clearance would be also simi-
lar to that of radial impeller, i.e., power number rises with increas-
ing of the clearance. In fact, the circumferential flow is dominant
in the uncovered unbaffled tank. In the literature [12,38], some of
the works dealing with unbaffled tank modeling also indicated
that the axial variation of tangential velocity is small, with excep-
tion of the region adjacent to the tank bottom. It shows that the
tangential velocity does not decay significantly along the axial height
in the unbaffled tank, and the variation of clearance has no signifi-
cant influence on the liquid velocity field. Thus, as a whole, the
clearance has no great influence on the vortex depth and power
number in high turbulent regime in uncovered unbaffled tank.
5. Effect of Blade Angle on Vortex Shape and Power Number

The impeller blade angle β is the angle between the plane of
blade and the horizontal axis. In this work, the blade angle β from

30o to 90o was investigated. The PBT impeller having the angle of
90o is actually a straight bladed turbine. In Fig. 15 and 16 the vor-
tex becomes deeper with increasing of the blade angle, while the
critical radius r0

* stays constant. Besides, the blade angle has a
strong effect on the PBT impeller power number Np (See Fig. 16).
When the blade angle varies from 30o to 90o, the power number
increases by about 2.32 times. In the literature, Driss et al. [30] ex-
perimentally and CFD studied the power number for PBT impel-
lers with three blade angles in a covered unbaffled tank, and also
found that power number increases with increasing of the blade
angle. In addition, Rewatkar et al. [34] found that power number
increases with increasing of blade angle in a baffled tank. It maybe
can be interpreted from the projected area of the impeller blade in
the vertical direction. With the increase of the blade angle, the pro-
jected area becomes larger, and more fluid is discharged by the
blade, which results in higher torque. As a result, power consump-
tion and power number Np increase.
6. Comparison of Vortex Shape and Power Number for Up
and Down Pumping Impellers

The up or down pumping PBT impeller can be achieved by

Fig. 14. Flow patterns for different impeller clearances from tank
bottom (D=T/2, N=300 r/min): (a) C=T/3; (b) C=T/2.

Fig. 15. Free surface profiles for different impeller blade angles (C=
T/3, D=T/2, N=300 r/min).

Fig. 16. Vortex depths and power numbers for different impeller
angles (C=T/3, D=T/2, N=300 r/min).
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changing the rotational direction. As shown in Fig. 17, the vortex
shapes generated by up and down pumping impellers with angles
of β=30o and 45o were investigated, respectively. The up and down
pumping impellers have almost the same free surface profiles. As
mentioned, the circumferential flow is dominant in the unbaffled
tank. Furthermore, the circumferential flow should mainly be
controlled by the blades’ horizontal projected area. As a result, the
rotational direction has little effect on the vortex shape. Table 1 lists
the power number of the two impellers with different rotational
directions. Generally, the rotational direction of the PBT impeller
also has no significant effect on the power number in the uncov-
ered unbaffled agitated tank.
7. Comparison of Flow Field with Baffled Tank and Covered
Unbaffled Tank

Four baffles with width of T/10 were mounted equally in the
unbaffled tank to form the baffled agitated tank. Since the liquid

level is hardly deformed under stirring conditions in the baffled
tank, the free surface is considered as horizontal free-slip wall, and
only one single-phase is modeled in this simulation. The liquid veloc-
ities in a vertical plane (midway of two adjacent baffles for baffled
tank) and in a horizontal plane (z=0.005 m) were investigated. As
shown in Fig. 18, the flow fields in the two tanks are very differ-
ent. As for the uncovered unbaffled tank, an indistinctive double-
loop flow pattern is formed, which is similar to the flow pattern
generated by radial impeller in baffled tanks. The axial flow is not
obvious, and the circumferential flow is, in fact, dominant in the
unbaffled tank. The liquid velocity in the near-bottom region in-
creases firstly and then decreases along the radial direction. Differ-
ent from that in unbaffled tank, one single-loop main flow pattern
is formed in the baffled tank, and a secondary flow is formed just
below the PBT impeller and in the near-surface region, respec-

Fig. 17. Free surface profiles for up and down pumping impellers
(C=T/3, D=T/2, N=300 r/min).

Table 1. Power number for up and down pumping impellers (C=
T/3, D=T/2, N=300 r/min)

Blade angle β Rotational direction Power number Np

30o Up 0.377
Down 0.383

45o Up 0.554
Down 0.510 Fig. 18. Velocity vector in different planes for unbaffled and baffled

agitated tanks (C=T/3, D=T/3, N=400r/min): (a) Unbaffled
agitated tank; (b) baffled agitated tank.

Table 2. Comparison of power number for unbaffled and baffled agitated tanks
No. H/T C/T D/T nb wb/T N/(r/min) Np Refs.
1 1.0 0.33 0.33 4 0.0 400 0.702 This work 1
2 1.0 0.33 0.33 4 0.1 400 1.280 This work 2
3 1.0 0.33 0.33 4 0.0 -- 0.550 Scargiali et al. [29]
4 1.0 0.33 0.33 6 0.0 450 0.670 Armenante et al. [31]
5 1.0 0.33 0.42 4 0.1 150 1.270 Ge et al. [39]
6 1.0 0.33 0.33 4 0.1 -- 1.240 Chapple et al. [40]
7 1.0 0.33 0.33 6 0.1 300 1.44-1.62 Moštěk et al. [41]
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tively. Furthermore, the radial flow is dominant in the near-bot-
tom region, and the liquid velocity is relatively low in the center of
the region.

Table 2 lists the power numbers of PBT impellers in the two
tanks. The power number in the baffled tank is much higher than
that in unbaffled tank. Scargiali et al. [29] obtained the PBT power
number in an uncovered unbaffled tank being about 0.55 before
the vortex reaches the impeller. Armenante et al. [31] experimen-
tally measured the PBT power number Np of 0.67 in a covered
unbaffled tank. As for the PBT power number in baffled tank, Ge
et al. [39] predicted that the PBT power number is 1.27 through
CFD simulation. Chapple et al. [40] experimentally measured the
PBT power number being about 1.24 for the impeller with diame-
ter of D=T/3, when Reynolds number is Re>2×104. Moštěk et al.
[41] obtained the power number Np=1.44-1.62 in a baffled tank
agitated by a PBT impeller with six blades. Generally, the predicted
power number of PBT impeller in this work is in good agreement
with that in the literature [29,31,39-41].

As shown in Fig. 19, the flow pattern in covered unbaffled agi-
tated tank is very similar to that in uncovered unbaffled tank. Both
the tanks formed an indistinctive double-loop flow pattern. Fur-
thermore, the structure and size of circulation loops for the two
tanks are very close. Armenante et al. [31] and Kuncewicz et al.
[42] also obtained similar results of flow pattern in covered unbaf-
fled tank agitated by PBT impeller. The main difference for the
two tanks was found in the near surface region. For the uncov-
ered tank, the direction of liquid velocity on the vortex is parallel
to the liquid free surface. However, the direction of the liquid veloc-
ity is horizontal in the near-surface region for the covered agitated
tank. For the configuration of C=T/3, D=T/2 and N=300 r/min,
the predicted power number Np in uncovered and covered tank is
0.51 and 0.48, respectively. The discrepancy is about 5.9%. Recently,
Scargiali et al. [43] experimentally studied the power number Np

in covered and uncovered tank agitated by a Rushton turbine.
They found that the power number Np in covered tank is very close
to that in uncovered tank for Re<1000, while slightly larger for

Re>1000 (The discrepancy is smaller than 10%). In general, it can
be seen that the top-cover has no significant effect on the power
number Np.
8. Forced Vortex and Free Vortex in the Unbaffled Agitated
Tank

In the previous section, we found that liquid velocity on the
vortex rises firstly and then decreases in the uncovered unbaffled
tank. In fact, the flow field in the uncovered unbaffled tank can be
divided into forced vortex flow region and free vortex flow region.
Fig. 20 shows the vortex shape and liquid velocity distributions on
the vortex. The liquid velocity almost increases linearly up in the
forced vortex flow region (r/R≤rc

*), while decreases slowly in the
free vortex flow region (r/R≥rc

*). For the configuration of C=T/3,
D=T/2 and N=300 r/min, the predicted critical radius rc

* is about
0.28. The predicted result is close to those calculated values using
correlations of Nagata [12] and Le Lan and Angelino [44].

Nagata: (12)

Le Lan: (13)

The calculated rc
* using Nagata [12] and Le Lan and Angelino [44]

models are 0.284 and 0.276, respectively. However, the correlations
of Nagata [12] and Le Lan and Angelino [44] would not be accu-
rate, or even in error for very low Reynolds number. For example,
in this work, the minimum impeller diameter D is T/4. If the
impeller speed is 200 r/min, the Reynolds number Re will be less
than 7.5×103, and the calculated critical radius will be a negative
value using the correlation of Nagata [12] or the correlation of Le
Lan and Angelino [44]. It is unreasonable. Furthermore, note that
the critical radius of the two types of vortex region rc

* is different
from the critical radius of two zones r0

*. As discussed earlier, the
latter is divided according to the variations of the local liquid level
under stirring operating condition.

Table 3 lists the r0
* and rc

* under different operating conditions.
The value of r0

* is about 1.8-3.2-times than that of rc
*. The variation

of rc
* with operating condition is almost in accordance with that of

2rc

D
------ = 

Re
2.11Re  −15850
-----------------------------------

2rc

D
------ = 

Re
2.27Re − 20630
-----------------------------------

Fig. 19. Velocity vectors in vertical plane for covered and uncovered
agitated tanks (C=T/3, D=T/2, N=300r/min): (a) Uncovered
agitated tank; (b) covered agitated tank.

Fig. 20. Vortex shape and radial distribution of liquid velocity on
the vortex (C=T/3, D=T/2, N=300 r/min).
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r0
*. The impeller speed, impeller clearance, blade angle and rota-

tion direction have no significant effects on the r0
* and rc

*. Never-
theless, the r0

* and rc
* increase for larger impeller diameter.

CONCLUSIONS

Numerical predictions of the hydrodynamics characteristics in
an uncovered unbaffled tank agitated by PBT impellers were per-
formed by using a VOF method in conjunction with a Reynolds
stress model (RSM). The modeling was validated by comparing
the simulated results with experimental data in the literature. The
main conclusions are as follows.

The vortex in the uncovered unbaffled agitated tank can be
divided into central zone and peripheral zone according to the
variation of the local liquid level. According to the velocity field
distribution, the flow field in the tank can be divided into forced
vortex flow region and free vortex flow region. The non-dimen-
sional critical radius of two zones r0

* is about 1.8-3.2-times than the
non-dimensional critical radius of two regions rc

*.
With enhancing of the impeller speed, the vortex becomes deeper,

while the critical radius of the two zones r0
* remains almost un-

changed, and corresponding power number changes slightly. Impel-
ler clearances from the tank bottom and the rotational direction
have no significant influences on the vortex shape.

At the same impeller speed, the vortex becomes deeper and
larger, and the non-dimensional critical radius of the two zones r0

*

increases with increasing of the impeller diameter, while the power
number falls sharply. With increasing of the blade angle, the vor-
tex becomes deeper, and the power number becomes higher.
Power number in the uncovered unbaffled agitated tank is far
lower than that in the corresponding baffled tank, while is close to
that in the covered unbaffled tank.
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NOMENCLATURE

C : impeller clearance from tank bottom [m]
Cs : model constant in Eq. (7) [-]
C

ε1, Cε2 : model constant in Eq. (9) [-]
D : impeller diameter [m]
F : body force, [N/m3]
Fr : Froude number [-]
hv : vortex depth [m]
H : liquid level [m]
H0 : height of the air zone [m]
k : turbulent kinetic energy [m2/s2]
M : torque of the impeller in rotational direction [N m]
nb : number of the blades [-]
N : impeller speed [r/min]
Np : power number [-]
p : static pressure [Pa s]
P : power consumption [W]
Pij : exact production term in Eq. (7) [kg/m s3]
P
κ

: production rate of turbulent kinetic energy [kg/m s3]
r : radial location [m]
rc : critical radius of the forced vortex and free vortex [-]
r0
* : non-dimensional critical radius of the two zones of vortex

[-]
rc
* : non-dimensional critical radius of the forced vortex and free

vortex [-]
R : tank radius [m]
Re : Reynolds number [-]
t : flow time [s]
T : tank diameter [m]
ui, uj : Reynolds stresses components [m/s]
U : fluid velocity vector [m/s]
wb : width of the baffle [m]
z : axial height in the tank [m]

Greek Letters
α : phase volume fraction [-]
β : blade angle [o]
δij : Kronecker delta [-]
ε : turbulence dissipation rate [m2/s3]
μ : viscosity [kg/m s]
μt : turbulent viscosity [kg/m s]
ρ : density [kg/m3]
σ
ε

: constant in Eq. (9) [-]
φij : pressure-strain correlation [kg/m s3]

Subscript
g : gas phase
i, j, k : coordinate system
l : liquid phase
t : turbulent

Table 3. r0
* and rc* under different operating conditions

D (m) N (r/min) C (m) β (o) Direction r0
* rc

*

T/2 200 T/3 45 Down 0.56 0.28
T/2 300 T/3 45 Down 0.56 0.28
T/2 400 T/3 45 Down 0.56 0.28
T/2 450 T/3 45 Down 0.56 0.28
T/2 300 2T/5 45 Down 0.56 0.29
T/2 300 T/2 45 Down 0.56 0.30
T/4 400 T/3 45 Down 0.46 0.14
T/3 400 T/3 45 Down 0.49 0.17
2T/5 400 T/3 45 Down 0.54 0.22
T/2 300 T/3 30 Down 0.55 0.28
T/2 300 T/3 60 Down 0.56 0.29
T/2 300 T/3 90 Down 0.56 0.31
T/2 300 T/3 30 Up 0.55 0.24
T/2 300 T/3 45 Up 0.56 0.28
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