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Abstract

Impeller submergence governs the performance of mixing tanks employed in oxygen transfer operation.
Present work experimentally investigates the effect of impeller submergence depths on oxygen transfer and
corresponding power consumption. It has been found that at higher range of impeller submergence, mixing
tanks consume less power and gives higher values of oxygen transfer coefficient. Optimal range of submer-
gence depth 1s 0.7 to 0.9 times the impeller diameter. Copyright ©2011 BCREC UNDIP. All rights reserved.
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1. Introduction

Stirred tanks are among the most commonly
used pieces of equipment in the chemical and
biochemical processes. Oxygen transfer rate and
the corresponding power requirement to operate
the impeller are vital for design of stirred tanks.
The physical and chemical processes taking place
in the stirred tank are complex and closely coupled
to the underlying transport processes, in
particular-the flow field. Therefore, a detailed
understanding of the hydrodynamics of stirred
tank (velocity field, turbulence, stress field etc.) is
useful for optimum design [1-2].

Knowledge about the mixing processes is also
important when scaling up a process from
laboratory scale to industrial plant scale. The
experimental studies of mixing phenomena are
usually concentrated around a standard geometry
stirred tank where the phases are agitated with
some kind of impeller. The study of mixing
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includes understanding of how gas and liquid
phases are transported in the tank, and how this
transport 1is affected by the tank and the
impeller(s) geometry, as well as the operational
conditions such as stirring rate and pumping
capacity. Flow behavior and mixing characteristics
in stirred tanks has been studied extensively [1, 3-
11]. The performance of surface aerators is known
to depend on the impeller submergence, which
indicates the position of impeller in stirred tank
[10, 12]. According to Oldshue [1], there is not only
one optimal or unique design for each kind of
process. Several designs may satisfy the process
specifications [1]. In order to simplify design and
minimize costs, standard reactor designs are
usually good enough for most processes. Even
though the role of impeller submergence has been
identified as an important parameter, it has not
been systematically investigated. Generally
impeller position has been fixed at 1/6 to 1/2 of
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tank diameter [7]. Zlokarnik [13] has found
relatively greater effect of the impeller
submergence on the oxygen transfer rate than on
the power consumption. Backhurst et al [14] has
found that the oxygen-transfer rate per unit
power consumption was optimum at an impeller
clearance of twice the impeller diameter and that,
with a further increase in impeller clearance, the
value of oxygen-transfer rate per unit power
consumption decreased. Takase et al [15] has
reported different effects of impeller clearance.
Patil et al [10] has conformed the observations
reported by Backhurst et al [14]. For a pitched
blade down flow turbine (PBTD) and standard
disk turbine (DT), optimality has been observed
when an impeller clearance is twice the impeller
diameter [10].

The economics of stirred tanks, particularly
operating costs, are contributing much more
heavily to system selection [16-17]. Because of the
widespread applications of stirred tanks in the
process industry, even a small reduction in the
operational costs of these vessels can result in
major cost savings. It is essential that the design
and operation of stirred tank must be as near as
is possible or practicable. The design guideline on
Rushton turbine (generally called as standard
turbine) is well documented in the literature,
whereas in case of non-standard impeller such as
curved blade, arrowhead impeller are not always
easy to find in the open literature. Present work
tries to find out the optimal impeller submergence
for non-standard impeller (curved blade impeller).
The effect of 1impeller position has been
investigated in the present work for optimal
oxygen transfer and power consumption.

2. Materials and Method

Experiment has been carried out with an
objective of finding the effect of impeller position
on oxygen transfer coefficient and power
consumption. Two sizes of unbaffled stirred tanks
(A =0.0314 m2 and 0.01766 m?) have been used in
the experimentation. Fig. 1 shows schematic
diagram of the setup used in the present study.
The various geometric dimensions of the aerator
are: D (tank diameter), H (water depth), h
(impeller submergence or distance between the
horizontal bottom of the tank and the top of the
blades) and d (diameter of the impeller). Diameter
of the tanks (D) is 200 mm and 150 mm,
respectively. Standard geometry of impeller
(Rushton turbine) has been documented well in
the literature [11]. Thus the impeller used in the
present study is six curved blade impeller
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Figure 1. Experimental setup and Schematic dia-
gram

Given the same conditions of power per unit
volume, curved blade impeller is having higher
value of mass transfer (www.chemineer.com) than
conventional flat blades disc impeller (Rushton
turbine). When a single impeller is to be used, a
liquid level equal to the diameter is optimum,
with the impeller located at the center for an all-
liquid system [7, 18].

Generally unbaffled tanks are being employed
for surface aerators, because unbaffled tanks give
rise to higher fluid-particle mass transfer rates
for a given power consumption [4], which is the
paramount importance in designing aeration
system. Baffled tanks are also giving rise to dead
zones, actually worsening the mixing performance
of an aeration system [7]. It has been also
recognized that the local value of the mass
transfer rates would probably vary from one
region to another in baffled tanks [19]. There are
regions in the tanks where the surface renewal
rate is high and the other parts where the liquid
is relatively stationary [19]. This non-uniformity
of local value of mass transfer rates is the
fundamental disadvantage of the use of baffled
tank in mass transfer process.

2.1 Power Consumption

Power consumption is a basic integral quantity
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Figure 2. Impeller Used in the Experiments

Table 1. Impeller geometrical properties

Impeller Blade Blade Blade

diameter length width thickness

(d) (mm) (mm) (mm) (mm)
80 20 16 0.8
60 15 12 0.6
45 11.25 9 0.45
40 10 8 0.4
30 7.5 6 0.3

in an aerator, which determines the other
processes involved in aeration phenomena such as
‘mass transfer rates’, ‘gas hold up’ etc [20-21]. The
power usage in mass transfer operations is very
important in judging the aeration performance of
the aerator. Power draw is defined as the amount
of energy necessary in a period of time, in order to
generate the movement of the fluid within a
container (e.g. bioreactor, mixing tank, chemical
reactor etc.) by means of mechanical or pneumatic
agitation [22]. Power draw in systems has been
measured by means of a wattmeter. The power
available at the shaft was calculated as follows
[22]. Let P; and P: are the power requirements
under no load and loading conditions at the same
speed of rotation. Then the effective power
available to the shaft is Py = P» — P;— Losses.
Reproducibility of measurements has been found
to be £5%. The main advantages of the estimation
of power draw by electrical measurements are: (1)
It is a simple method, (2) little instrumentation is
required and (3) high investment is not required.

2.2 Oxygen Transfer Rate
According to two-film theory [23], the oxygen

transfer coefficient at T °C, Krarmay be expressed
as follows (Eq. 1):

Kiar=[In(Cs- Co) - In(Cs- Cy]it 1)

where, [n represents natural logarithm and Cs Co
and C; are dissolved oxygen (DO) concentrations
in parts per million (ppm), Cs = the saturation DO
at time tending to very large values, Cyis at the
beginning of time t=0 and C: is at time t = t. The
value of Krar can be obtained as slope of the
linear plot between In(Cs- C;) and time ¢. The
value of Krar can be corrected for a temperature
other than the standard temperature of 20 °C as
Kiase, using the Vant- Hoff Arrhenius, Eq. (2):

Krar= Kraz q-29 (2

where ¢ is the temperature coefficient equal to
1.02 for pure water. Once the impeller starts
rotating, DO meter (Thermo-Orion®) reading is
noted at regular interval up to the point when the
DO values reaches 80% of the saturation value or
above. Thus the known values of DO
measurements in terms of C; at regular intervals
of time ¢ (including the known value of Cy at ¢ = 0)
a line is fitted, by linear regression analysis of
Eq.1, between the logarithm of (C; - C) and ¢, by
assuming different but appropriate values of Cs
such that the regression that gives the minimum
"standard error of estimate" is taken and thus the
values of Kiar and Cs has been obtained
simultaneously. Oxygen transfer modeling by
two-film theory assumes that a single and
constant value of Cs is adequately representative
of the equilibrium DO for the liquid phase oxygen
mass transfer for the entire aeration systems and
the transfer process is predominately liquid phase
mass transfer controlled and the gas phase
resistance to transfer can be ignored. Now by
fixing the value of Cs, the value of Krar has been
determined by the best fit straight line, semi-
logarithmic plot of (Cs - C;) and ¢. It may be noted
that the value of Cs; used in the log-deficit
approach can be based on field measurement,
published value, or simple assumption [24]. It is a
common practice to fix the value of Csaround the
maximum DO value with some increment in it, as
long as it gives the best fit. The slope of such a
straight line, semi-logarithmic is equal to - Krar.
It is worth noting that selection of a particular
value for Cswill influence the resultant value for
Kiar determined by this approach. The oxygen
transfer coefficient calculated using this method
may have errors, because the method wused
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requires a straight line to fit the data, the error
could be reduced if the linear regression
coefficient of the chosen line is high. In that case
the slope of the line would accurately represent
the oxygen transferred to the water.

3. Results and Discussion

The performance of stirred tank is known to
depend on the impeller submergence. Therefore,
the effect of impeller submergence has been
investigated systematically. Fig. 3 illustrates

w
S

d/D=0.2

N
«

——1/d=03
—8—h/d=04
—A—h/d=0.5
—-1/d=0.6
h/d=0.7
—0—h/d=0.8
h/d=0.9

N
o

Perr (W att)

=
o

«

o

0 500 1000 1500

N (rpm)

—o—h/d=03

—8—h/d=04
—A—h/d=0.5
—l-h/d=0.6
h/d=0.7
h/d=0.8

5 h/d=0.9

Petr (Watt)

0 200 400 600 800 1000 1200
N (rpm)

——h/d=03
—8—h/d=04
—A—h/d=05
—Jl-h/d=0.6
h/d=0.7
h/d=0.8

5 h/d=09

Peff (Watt)

0 200 400 600 800

N (rpm)

observations made on power consumption with
different submergence depths of impeller. The
value of h/d varies from 0.3 to 0.9. Power
consumption is strongly dependent on the gas
holdup near the impeller i.e., the local gas hold-up
in the vicinity of the impeller [25]. As the size of
this region increases, impeller rotates in
progressively increasing liquid free region thereby
decreasing the power consumption. The less
power consumption at higher value of h/d can be
also attributed to the fact that blades are exposed
to the air. Exposure of blades decreases the drag
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Figure 3a. Influence of submergence depth at
power consumption (200mm tank)

Figure 3b. Influence of submergence depth at
power consumption (150 mm tank)
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Figure 4. Vortex height with impeller submer-
gence (h/d = 0.3 and 0.8)

Figure 5. Oxygen transfer at different submergence
depth

Present work experimentally investigates the
influence of submergence depth on power
consumption and oxygen transfer process. The

resistance. This decrease in drag results in lower
power draw or consumption. This fact can be seen
from the Fig. 3. It can be seen from the Fig. 3, the

value of h/d = 0.9 consumes less power in most of
the cases. Overall these observations suggest that
a range of 0.7 to 0.9 is optimal as far as power
consumption is concerned.

With increasing submergence, the number of
eddies at gas-liquid interface are decreased. A
decrease in impeller submergence results in
stronger surface waves and/or forceful liquid jets.
However, the liquid circulation velocity increases
with increasing submergence. The centrifugal
force due to the strong tangential velocity is the
cause for jet formation from the impeller. A vortex
is also formed as shown in the Fig. 4. The vortex
size increases as the impeller approaches the
liquid surface.

The combined effect of bubble entrapment,
vortex size and liquid circulation results in a
maximum value of oxygen transfer as shown in
the Fig. 5. At low submergence depth, momentum
of the impeller is not transferred properly to the
liquid. In this case, overall liquid velocity is low
and thus reducing the oxygen transfer rates. Fig.
5 also suggests that range of 0.7 to 0.9 is optimal
for oxygen transfer process.

4. Conclusion

Generally standard guidelines for
submergence are being followed for designing the
stirred tanks for desired process, which can far
from being an optimal point. Slight change in
submergence depth can cost much when optimal
performance is required. There is practically no
published information, which explicitly stipulates
the optimal submergence depth of impeller.

range of h/d = 0.7 to 0.9 is found to be optimal,
however for design purpose h/d=0.9 can be taken

as optimal point.
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