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Abstract. The present study was caried out by
experimenting in a dirred tank of unbaffled system
employed with concave blade impeller. In this study the
influence of impeller diameter (d), tank diameter (D) and
impeller clearance depth (C) on vortex depth is
investigated at various impeller rotational speeds. The
higher vortex depth is observed when theimpeller is closer
to thetank bottom. Relative vortex depth increases with the
increase in the impeller diameter in all cases of impeller
clearance depth at constant D. Smaller tank diameter gives
higher relative vortex depth, when d is constant at different
impeller clearance depths. Critical speed is found
decreasing with the increase in C/D and d/D ratio. Finally,
a scale up criteria for relative vortex depth has been
developed, which is valid for geometricadly similar
conditions.

Keywords: concave blade, computational fluid dynamics,
stirred tank, vortex depth.

1. Introduction

To avoid formation of a pronounced central vortex
at high angular speeds by breaking undesired tangential
velocity components, most industrial stirred reactors are
equipped with baffles. Presence of baffles increases axial
and radial velocities so guaranteeing a better circulation
and faster mixing than in their absence [1]. Although
baffled tanks are widely used in industrial applications,
there are cases in which the use of baffled tanks may be
undesirable. Removing the baffles will change the flow
characteristics and therefore the mixing rate, thus altering
the effectiveness of the tank design for the reaction and
phase contacting processes[2, 3]. Formation of the central
vortex on theliquid free surfacein an unbaffled stirred tank
is obvious when the vessd is operated without a top cover.
Vortex is formed because of the highly swirling liquid
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motion which is produced by the continuous movement of
the impeller. Study of the formation of vortex in an
unbaffled girred tank is very important to understand the
air-entrainment at particular power consumption. So, study
of vortex formation caused by an unbaffled condition of
the systemis closely associated with power consumptionin
the system asit iswidely known that the unbaffled system
consumes less power [4, 5] than the baffled system.
Therefore, study on vortex formation in agitated vesselsto
save energy interms of power consumptionisrequired [6].
Unbaffled systems are, in fact, employed for specific
applications [4, 7], where the presence of bafflesresultsin
drawbacks [8, 9]. Baffled tanks cause dead zones, actually
worsening the mixing performance of an aeration system
[1]. For the food and pharmaceutical industries it is a
matter of primary importance to keep the reactor, as clean
aspossible; in crystallization processes[10] and biological
applications [11] shear and impact are to be minimized; in
precipitation processes baffles may suffer from incrusta:
tion problems [12]. Scientific literature shows an
increasing interest in experimental investigations towards
unbaffled stirred vessels [13-25] showing better potential
for some industrial use of such type of stirred reactors.
Brucato et al. [22] found mini mum power requirements for
complete suspension in top-covered unbaffled vessels
which are less than from corresponding baffled tanks.
Literature aso suggests that at the same values of
mechanical power diss pation the mass transfer coefficient
is higher in unbaffled vessels than that in baffled tanks
[26-27].

Vortex depth can be analyzed theoretically as well
as expeimentally. Dimensional analysis indicates that
relative vortex depth is a function of impeller speed and
impeller diameter; however, it may aso depends on other
geometrical dimensions differing from impeller diameter.
Therefore, it is required to incorporate impeller clearance
depth in the analysis of vortex depth. In this sudy, the
influence of geometrical dimensions, such as impeller
diameter, tank diameter, impeller speed and impeller
clearance depth on relative vortex depth with concave
blade type impeller is experimentally analyzed and a scale
up criterionis developed for geometrically similar systems.



302

2. Experimental

2.1. Materials and Methods

The process dynamics based on vortex depth and
power consumption has been studied on unbaffled single
impeller without sparging system of concavetypeimpeller.
The influence of impeller diameter (ratio of d/D istaken as
0.2, 0.3 and 0.4), tank diameter (D = 150 and 200 mm) and
impeller clearance depth (ratio of C/D is taken from 0.3 to
0.9 with 0.1 interval) is studied based on the process
dynamic characteristics at various impeller rotational
speeds. Table 1 show the geometrical dimensions used in
this study. Experimental determination of vortex depth is
done by processing the photographs of the vortex
formation (for example the edge detection method and

measure toolsin MATLAB®). Fig. 1 shows the schematic
diagram of an unbaffled stirred tank where the central
vortex formation has taken place when the impeller is
rotated with a particular speed. Experimental photographs
were taken during experiments at every speed and the same
photograph was used to determine the vortex depth.
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2.2. Theoretical Background

Knowledge of velocity and pressure profiles in an
unbaffled stirred tank with agitation can be derived from a
theoretical expression of vortex depth. These profiles can
be obtained by simultaneously solving the equations of
motion and continuity with the corresponding boundary
conditions. The continuity equation for an incompressible
fluid iswritten as: .

Nv=0 1)

And the equation of motion (Navier-Stokes
equation) is given as:

dv e ~ r r
rwaltt—-NpHTN vV+r g (2

The boundary conditions are as follows: (1)
tangential impeller velocity isequal to liquid velocity at the
liquid/impeller interface; (2) liquid velocity at the vessel
wall is zero; (3) the resulting force influencing the
gasliquid interphase tends to get to the surface
perpendicularly. The Ilaﬁt conldition implies as[29]:

ns =-np, (3)

Table 1

Tank configuration

Dimensions Symbol Dimensions used in the study Values
Height of water H
Tank diameter D H/D 1
Impédler diameter d d/D 0.2;0.3;04
Length of blade [ I/d 0.25
Width of blade b b/d 0.2
Impédler clearance depth C C/ID 0.3-0.9
Number of blades n n 6
Thickness of blade t t 1mm
50t
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Fig. 1. Schematic diagram (left) and experimental view (centre) of the formation of vortex
in an unbaffled stirred tank and vortex detected by edge detection method (right)



Vortex Depth Analysis in an Unbaffled Stirred Tank with Concave Blade Impeller

The analytical solution of Egs. (1), (2) and (3) is not
possible due to the geometrical complexity of impellers.
Therefore, the method of dimensional analysisis used and
the following dimensionless variables wereintroduced as:

v =v/Nd,t =Ntk =dN,
r- roowou
g =9/9,s =s/r N,
p =p/r,N?d? (4af)
Substituting dimensionless variables of Eq. (4af)

into Eg. (2) and into the third boundary condition we
obtaine:

I
dv O S O L
L (5)
dt P Re Frg

ro. r

ns =-np, (6)

Using the dimensionless analysis the Eq. (5) can be
written for a steady state operation as.

r. r.
v =v (X,ReFr) and p =p (X,ReFr) (7aDb)

Comhbining Egs. (6) and (7a, b) the dimensionless
equation describing the vortex geometry is obtained:

X, =X (Re,Fr) = x (Ga, Fr) (8

where Ga = Re?/Fr (Galileo number). The vortex depth
can be determined from Eq. (8) as the vertical parameter
characterizing depth of the gag/liquid interface in the
vortex centre as:

\(’j—d = f (Re,Fr) = (Ga, Fr) €]

Eg. (9) indicates that the relative vortex depth
(Vg/d) is the function of impeller speed and impeller

diameter, however, the vortex depth may also be affected
by other geometrical dimensions different from impeller
diameter. As the objective of this study is to analyze the
dependence of impeller clearance depth on various process
dynamics characterigtics, it is also required to incorporate
impeller clearance depth C in the analysis of vortex depth.
S0, by keeping other geometrical parameters as a constant
one and only varying tank diameter and impeller clearance,
the following dimensionless relation of vortex depth is
written as:

V—d: f(R,E,Ga,Fr)
d d D

(10)

Markopoulos and Kontogeorgaki [6] also showed
that relative vortex depth is the function of impel-
ler diameter (d), tank diameter (D), impeller speed (N),
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viscosity of fluid (v), gravitational force (g) and impeller
clearance depth (C). So, in the following sections, the
influence of d, D, C and N on relative vortex depth will be
discussed.

3. Results and Discussions

3.1. Effects of Impeller Depth

As mentioned in Eq. (9), the vortex depth isaso a
function of impeller clearance depth, so relative vortex
depth (Vg/d) against Fr at various C/D for a constant

impeller diameter is plotted in Fig 2. Vortex depth
increases with the incresse in Froude number. It is
observed that vortex depth also varies at different impeller
clearance depth when impeller diameter is constant (Fig. 2).
However, it is evidently that the closer isimpeller to tank
bottom, the higher is vortex depth. Markopoulos and
Kontogeorgaki [6] expressed that the significance of C/D
on the determination of Vg/d is not essentia in a single

impeller system and such finding is aso witnessed from
our study.

3.2. Effects of Impeller Diameter

(&) When d isvaried: Asvortex depth is afunction
of Reynolds number and Froude number (Eg. (9)), the
diameter of impedler d is very important geometrical
parameter to understand the vortex depth. Fig. 3 shows the
relative vortex depth vs. Froude number for different
impeller diameters at a particular impeller clearance.
Vortex depth increases with the increase in the impeller
diameter in al the cases of impeller clearance (C/D=0.3,
0.6 and 0.9). So, the highest value of Vy/d is observed at

d/D=0.4 (higher d value when D is constant) and the | owest
one at d/D=0.2.

(b) When d is constant: As it has been understood
from the previous observation, the relative vortex depth
increases with the increase in the impeller diameter when
the tank diameter is constant. Now it is also interesting to
understand how the relative vortex acts when the condition
is reversed. So, Fig. 4 shows the comparison of relative
vortex depth for two different tank diameters (150 and
200mm) when the impeler diameter is constant
(d = 60 mm) at different impeller clearance depth. In all
cases of impeller clearance depth (C/D = 0.3, 06 and 0.9),
Vg/d is observed to be higher at the smaller tank diameter,

i.e. D =150 mmwhend is constant.
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Fig. 2. Relative vortex depth (Vgy/d) vs. various Fr
for different C/D at d/D = 0.2 (a); /D = 0.3 (b)
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Fig. 3. Relative vortex depth (Vy/d) vs. Fr
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Fig. 4. Comparison of relative vortex depth between two
different tank diameters D = 150 and 200 mm when impeller
diameter is constant (d = 60 mm) for C/D=0.3 (a); C/D=0.6 (b)
and C/D=0.9 (c)

3.3. Critical Speed

The critical impeller speed N¢ is the speed of the
stirrer at which the vortex reached the blade level and the
air-entrainment occurred. This impeller speed is the most
important parameter from the practical point of view
because the gas entrainment at this speed is a result of the
gadliquid interface reaching the impeller [29]. The
knowledge of the critical impeller speed helpsin setting the
process at optimal level. Rieger et al. [29] have found that
better conditions prevail for mass transfer process at above
critical speed. However, in order to avoid aeration and

vibration, the process setting below critical speed isdesired.

In the scale up process, when the large scale is used, the
swirling and unstable flow conditions are observed when
the central vortex reaches the impeller; it can also giverise
to mechanical damage[3]. Conversion of impeller rotation
kinetic energy to the potentia energy (depth of vortex) can
be used to determine the critical speed. According to Tsao
[30], kinetic energy can be expressed in terms of the speed
at the tip of the rotating blades. The energy balance is
shownin Eqg. (11):

Vg4rg :k(p2d2N2r )/2
or it can be written as follows:

(11)
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The value of k can be derived by analyzing the
observations of vortex depth and Froude number of the
stirred tanks shown in Fig. 2. Fig. 4 shows the calculated
critical impeller speed at different impeller clearance depth
for different d/D ratio. This shows that N decreases with

theincreasein C/D and d/D. That meanslarger theimpeller
diameter, lower isthecritical speed when thetank diameter
is constant. Markopoul os and K ontogeorgaki [6] reviewed
various experimental results and correlations of relative
vortex depth and concluded that the critical impeller speed
increases with incressing D/d value. That means Ng

increases with either increasing D when d is constant or
decreasing d when D is constant. And the same pattern is
achieved in this study too as can be seen from Fig. 5. N¢ is

closely associated with d and D and commonly studied
based on ratio of these two variablesin order to understand
the scale effects. The reason for increasing N¢ with the

increasein D or decrease in d when another variableis kept
constant, may be because of the fact that N is the speed

when the vortex reaches the upper impeller blade,
as mentioned above. It is obvious that higher d produces
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Table 2
Satigtical detailsof Eq. (13)
a Vi y 0 n A f Sd. error
0.63 0.069 -1.395 1.14 -0.008 0.008 -0.79 1.3627-10°
(1.2310% (2.11:107) (7.32:10%) (1.02:10?) (4.56-10°%) (1.1610%) (115107 '

deeper V(g leading to reach the blade level faster than the

lower d value while maintaining the same speed. In the
case of higher D value when d is constant the case is
reversed, which means that the vortex of higher D requires
higher speed to reach the blade level compared with the
lower D while constants N and d are still maintaining and
this leadsto the increasein Nc.

1100
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Fig. 5. Critical speed N, for different d/D at various
impeller clearance depth (C/D)

3.4. Scale up Criteria for Vortex Depth

It is shown in Eqg. (10) that vortex depth is the
function of Reynolds number and Froude number with dia
meter of impeller and impeller clearance depth. To establish
ageneralized scale criterion for vortex depth considering the
parameters which affects them it can be written as:

VFd =aGa’(D/d)*Free " (c/D)

The statistical details of the developed relation are
tabulated in Table 2. The standard error obtained is found

to be satisfactory. The RZ value is 0.81 and it is the
acceptable value in engineering applications of predicted
parameters. Fig. 6 shows the overall generalized
relationship of predicted Vg/d with observed Vy/d.

With constant C/D = 1/3, Reiger et al. [29] have
developed the vortex depth relationship for different types
of impeller (disc blade, flat blade, pitched blade). They
found the constants o = 1.51+0.03; 5 = 0.069; y = -0.38;
0 =1.14; n =-0.008; A = 0.008. Present relationship which
isgivenin Eq. (13) has found similar constant values after

the inclusion of C/D, except the value of o and ¢ and the
extra f values. Such modification may be due to different
impellers employed in the present work and the inclusion
of impeller clearance. So, Eq. (11) is vaid for the

(13)

following conditions: D/d = 2.5-5; I/d = 0.25; b/d = 0.2;
C/ID=0.3-09andH/D =1.
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Fig. 6. Parity plot of relative vortex
depth correlation for unbaffled stirred tanks

4. Conclusions

The influence of geometricad dimensions and
impeller speed on the vortex depth has been studied in an
unbaffled single impeller system. Scale up criteria for
relative vortex depth has also been developed which is
applicable for geometrically similar systems. Relative
vortex depth Vg/d increases with the increase in Froude

number. Thereis no significant variation of relative vortex
depth with changing the impeller clearance in all the cases
of different ratio between impellers diameter to tank
diameter (d/D = 0.2, 0.3 and 0.4). However, it can be seen
that if the impeller is closer to the tank bottom, the vortex
depth is higher. Relative vortex depth increases with the
increase in impeller diameter in al the cases of impeller
clearance (C/D = 0.3, 0.6 and 0.9) at constant D. Smaller
tank diameter, i.e. D = 150 mm gives higher relative vortex
depth as compared with 20mm when d is constant at
different impeller clearance depth. Critical speed N¢ is
found decreasing with the increase in C/D and d/D. That
means larger the impeller diameter, lower is the critical
speed when the tank diameter is constant. Scale up criteria
for Vg/d has been developed, which is valid for geometric
conditions of H/D =1, n =6, I/d = 0.25, b/d = 0.2 of the
turbulent flow when water is used as an operating fluid.
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Symbols

a,b,gdh,l,f,f—deived constants
Po — atmospheric pressure, N/m?

r w— density of water, kg/m®

X_ —geometric length parameter

N —normal tensor

s — shear stress, N/m?

b —width of blade, m

C —impdler clearance depth, m

D — diameter of tank, m

d —impeller diameter, m

Fr = Nd%/g — Froude number

g = 9.81 —acceleration of gravity, m/s’
Ga= Re’/Fr —Galileo number
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AHAJII3 INTMBUHU BUXOPY
B HEEKPAHOBAHOMY PE3EPBYAPI
3 HEPEMIITYBAHHSAM 1 JIONATEBUM
IMITEJIEPOM

Anomauyin. Ilposedeni O00cniodicennss 8 HEeKPaHOBAHOMY
peszepeyapi 3 nepemiuLy8anHsIM, OONIAOHAHUM IMRELEepOM 3 VGicHy-
mumu tonamsmu. Busueno eniue diamempa pobouozo koneca (d),
oiamempy pesepeyapa (D) i 2nubunu 3a3opy pobouozo koneca (C) na
2MUbUHY 8UXOPI8 3a PisHUX weuoKocmell obepmanns imnerepa. Bu-
3HAUEHO, WO JIUOUHA BUXOPY € BIILUIOIO, KON POOOYe KOLeCO 3Ha-
Xooumbcsi Onudicue 00 Ona pesepgyapa. Biowocna cmubuna euxopy
30L1bULYEMbCS 31 301IbUUEHHSIM dlamempa pobo1oeo Koleca npu 6Cix
SHAYEHHAX 2MUOUHU 3a30py pobouoco Koneca npu nocmitnomy D.
Bcmanosneno, wo npu nocmitinomy d i pisuiti enubuni  3a30py
pobouo2o Koneca uum MeHwull diamemp pesepeyapa, mum OLibua
6iOHOCHa 2nubuHa euxopy. Kpumuuna weuokicms 3meHuyemocs 3i
soinvuennsv CID i dID. Pospobieno macwmabosanuii Kpumepiti
BIOHOCHOI 2TUOUHU BUXOPY, OIICHULL OISl 2e0MEMPUYHO NOOLOHUX YMOB.

Knrouosi cnosa. ysichyma noname, 06UUCTIOBATLHA
2I0pOOUHAMIKA, pe3epsyap 3 MIULATIKOIO, 2TUOUHA BUXOD).





