INTERNATIONAL JOURNAL OF -

ENERGY AND ENVIRONMENT LA T
WW%@WU
Volume 7, Issue 5, 2016 pp.427-434 mﬁm

Journal homepage: www.lJEE.IEEFoundation.org

Scale-up criterion of power consumption for a surface
aerator used in wastewater treatment tank

Hayder M. Issa

College of Engineering, University of Salahaddin-Erbil, 44002 SUH, Kirkuk road, Erbil, Iraq.

Abstract

The major part of operation costs in surface aeration basins or tanks is because of power requirements.
Therefore, it is always necessary to find a dependable criterion for the predictive scale-up of power
consumption measurements obtained at laboratory-scale surface aeration tanks to industrial-scale
wastewater treatment surface aeration systems. A scale-up approach was proposed in this work for
volumetric power consumption between geometrically similar laboratory-scale and industrial full-scale
surface aeration tanks at an invariant Froude number Fr. Scale-up order between the laboratory and
industrial sizes was 7.4. A mathematical correlation has been developed to estimate the volumetric power
consumption and then compared with a model that already was investigated experimentally. Scale-up
criterion involved the evaluation of three similarities; the geometrical, kinematic and dynamics. The
scale-up basis that developed in this work led us to achieve a suitable scale-up criterion for volumetric
power consumption in aeration tanks at matched surface flow condition. At matched Froude number Fr
for the laboratory and industrial scales and at low and moderate turbine rotation speeds for surface
aeration than 0.8 rps, complete predictions of volumetric power consumption have been achieved. The
prediction by the existing previous model showed higher results than the actual values.
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1. Introduction

Essentially scale-up is applied to figure out the possibility to have an optimal or the most proper
geometrical configuration for a system. Furthermore, scale-up helps to determine the operational
condition that can be implemented for a full-scale unit in the industrial field to have an identical
efficiency and performance with the that obtained from a laboratory-scale model [1]. The scale-up
criterion of agitated and aerated tanks based on the following; (1) quantification of mixing time and flow
rates [2, 3], (2) power consumption quantification [4, 5], and (3) optimization of operational parameters
like impeller rotation speed [6]. The design of surface aeration with mixing processes needs to predict
adequately the power consumption [7]. Scale-up of surface aerators in agitated tanks for wastewater
treatment depends on the power consumption empirical data obtained from experimental tests. Hence,
there are various power consumption correlation models that employed for the aeration process scale-up
[8, 9]. The power consumption is usually presented as a dimensionless parameter and used to obtain a
correlation that relates it to independent parameters by using dimensional analysis [10, 11]. These
correlation models are very indispensable for designing surface aerators in the agitated tank in order to
accomplish a sufficient dissolved oxygen concentration in the liquid bulk by varying operational and
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geometrical parameters without exceeding any limits of power consumption [12]. If a complex reaction
occurs within the agitated tank, it will be difficult to adopt an empirical evaluation to scale-up the unit to
larger scales [13]. Different approaches have been followed to scale-up aerated and agitated tanks, many
of them aim to predict the occurring process variables in the large size tanks. To achieve this aim some
study has kept the volumetric power consumption constant between the tanks [14]. While other
approaches assumed the superficial gas velocity could be kept constant in the small and large tanks in
order to predict the volumetric power consumption behavior in the larger tank [15].

From an economical point of view, it is expensive to build a full-scale surface aeration system for
wastewater treatment in order to investigate the power consumption. So the aim of this work is
developing a new approach for the predictive scale-up of volumetric power consumption results at the
laboratory-scale surface aeration system to a geometrically similar industrial full-scale system used for
wastewater treatment. Moreover, the scale-up criterion for the power consumption based on a matched
water surface flow condition between the laboratory and industrial sizes.

2. Materials and methods

2.1 Previously developed models

Issa [16] developed in his work a model for a surface aerator (as presented in Equation 10) in depending
on experimental runs that carried out in a lab-scale cylindrical flat bottom tank. The surface aerator
consist of two impellers of a turbine and an up pumping propeller. The diameter ratio D/T equals 0.24,
the geometrical ratio for the propeller diameter d/T is 0.15.

2.2 Industrial and laboratory scale surface aeration systems

For scale-up purposes, a theoretical surface aeration system was assumed to be geometrically and
dynamically similar to industrial scale unit as shown in Figure 1. The actual readings were taken from a
low speed turbine type of an aerator (without a lower impeller), and working in sewage plant in Iraq. The
tank has a square shape, so T is tank width instead of diameter.
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Figure 1. The schematic diagram of the surface aerator system.

2.3 Dimensional analysis for power consumption in the agitated surface aerated tank

The dimensional analysis method is applied to minimize the time and expenses spent on experiments and
obtain valuable information from the fewest number of experiments possible because the analytical
solutions are so complicated for real fluid dynamic systems [17-19]. In surface aeration, power
consumption is influenced by many parameters during the operation of physical properties of water and
air, operational parameters like rotation speed, flow conditions at the surface and inside the tank,
geometrical ratios of the tank and impellers. These parameters are categorized into main dimensionless
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groups by the dimensional analysis method. In this work, a part of mentioned parameters were used
according to the design objective for deriving a predictive correlation for volumetric power consumption.
In surface aeration agitated tanks, each group of variables are governed by a different kind of the system
characteristics as shown in Table 1 [10, 20-22]. Key parameters and operating conditions are required to
be identified for the surface aeration process over the range of matched Froude number Fr values are
shown in Table 1.

Table 1. A set of universally proposed relevant design and operation parameters on volumetric power
consumption in surface aeration system.

Category Parameter  Description Slunit  Dimension
D Turbine diameter m L
d Impeller diameter m L
H Water level m L
Geometrical variables ¢ Turbine clearance m L
Y Turbine blades width m L
T Tank width m L
S Turbine Blades Submergence m L
\Y Tank volume m’ M’
. . Water densit kg/m’ ML’
Material variables EL Water Viscos}ilty Kgg/m s ML'T!
. g Acceleration of gravity m/s” MT*
Process variables N Rotation speed g T

Variables illustrated in Table 1 can be expressed in a functional relation with the power consumption
P:ﬁ(D:C:daHssaV:WaTap:,uvN:g) (1)

By applying Buckingham 7 theorem, Equation 1 was replaced and rearranged in terms of selected m
independents, for principal length unit (tank width T).

Np = f2(_9_9_3_a_9_33_5Re9Fr) (2)
T

where, N, = P/pN3D5

2.4 Similarity for surface aerators in lab and industrial scales

The geometrical and dynamic (material and process) similarities are needed to be established to predict
the process in tanks of different sizes under different dynamic conditions [17, 22]. To apply similarities
in surface aeration that related to operational conditions and configurations, there are main guidelines
discussed for each as follows.

2.4.1 Geometrical similarity

Geometrical similarity requires that laboratory-scale and industrial-scale systems should be of the same
shape, and all the linear dimensions of the laboratory-scale should be related to corresponding
dimensions of the industrial-scale by a constant scale factor [17]. In order to achieve an optimal
condition of the lowest power consumption prediction, a specific set of dimensionless geometrical
parameters were made by applying the second Buckingham theorem as presented in Table 1. The
obtained correlation is limited to specific ranges of the independent parameters. By varying one
independent dimensionless parameter at a time with observing the response of the dependent parameter
with it, a single functional relationship between the dependent parameter and all the independent
parameters can be established [17]. The attempt to identify the optimal condition for various independent
geometrical may be different for each one of these variables.

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2016 International Energy & Environment Foundation. All rights reserved.



430 International Journal of Energy and Environment (IJEE), Volume 7, Issue 5, 2016, pp.427-434

2.4.2 Kinematic similarity

Kinematic similarity refers to motion occurred in a system and requires geometrical similarity [23],
where the ratio of velocities in the laboratory-scale system and the industrial-scale for corresponding
positions should be same. The kinematic similarity has especial importance as the surface aeration is
highly related to the velocity distribution in the system.

2.4.3 Dynamic similarity

For similar geometrical and kinematic laboratory-scale and industrial-scale surface aeration systems, the
dynamic similarity can be reached for the two scales as all forces acting on the liquid and the spray in the
system are same. The inertial, viscous and gravity forces, acting in the surface aeration process, are
expressed by two dimensionless parameters, F7, and Re [17]. If values of the dimensionless geometrical
parameters are fixed, the dimensionless power consumption N, will depend on the dynamic parameters,
Froude number Fr and Reynolds number Re. The predominant parameter in the operation is the water
surface agitation condition and the flow regime, which is always kept in turbulent region (Re > 10"), so
Re is considered irrelevant to the process objective, so Equation 2 was reduced to

Np:f3(Fr) 3)

2.5 Invariants identification

The identification of invariants of each process depends on the limiting phenomena that control the
quality of the operation or it depends on the operation purpose. The determination of dynamic similarity
is not always tied to the identification of invariants where sometimes intermediate solutions are sufficient
to figure out the dynamic similarity [1]. In our case, the D/T ratio has been chosen to have geometric
similar in both scales of surface aeration systems. The most common invariant dynamic parameters for
surface aeration in agitated tank systems can be the Froude number. For aerated systems, other criteria
were used for scale-up such as keep the volumetric power ration as an invariant but this criterion didn’t
show a good agreement of the results between the tested scales [24].

The dynamic parameter Fr was considered as an invariant in order to achieve total dynamic similitude
for the water surface among the geometrically similar systems. Froude number was kept constant by
changing the value of N. As all the experiments were conducted using water, it is impossible to maintain
both Fr and Re as invariants, this agrees with [17], to keep Fr invariant during the surface aeration and
water agitation definitively this leads to Re will be variant.

3. Results and discussion

For scale-up purposes, the theoretical laboratory-scale surface aeration system was assumed to be
geometrical, kinematical, and dynamical similar to the existed industrial scale. The two processes at the
laboratory and industry scales are considered completely similar since same geometrical and dynamic
similarities are achieved. The physical properties of the operating fluids and values of the operation
related numbers of Re or Fr were already measured for the industrial scale system. For the tested surface
aeration, it was found the dynamic similarity often depends on the Fr rather than Re as the surface
aeration is mainly controlled by water surface condition. At the laboratory-scale surface aeration system,
the same values of Re or Fr were kept constant by manipulating the operation and process conditions.
Hence, the surface aeration process takes place in similar geometrical systems and all the developed flow
values will have the same numerical values at both scales. For example, Froude numbers that measured
at the laboratory-scale surface aeration system for given Reynolds numbers correspond to Froude
numbers measured at the industrial-scale. With complete similarity at the both scales of the flow
conditions, this will lead to consider the obtained power consumption values will be of the same
magnitude since they are a function of Re, Fr, and geometry.

Surface aeration operation consists of surface flow and hydrodynamics related to power consumption,
which is highly dependent on the impellers rotation speed. Also, surface aeration operation consists in
water spray discharge flow which is related to power consumption, and it depends on turbine blades
submergence. Consequently, the dynamic similarity is governed by Fr.

The practical attempt to scale-up the investigated surface aeration results to larger industrial scale was
carried out to explore the power consumption at the industrial scale. As the geometrical ratios are the
same in both scales, the turbine diameter to tank width ratios leads to the following relations.

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2016 International Energy & Environment Foundation. All rights reserved.



International Journal of Energy and Environment (IJEE), Volume 7, Issue 5, 2016, pp.427-434 431

D D
(F)lab = (?)ind =02 “4)

D2 = le (Sa)

where subscripts 2 and 1 refer to industrial and laboratory scales respectively. For dynamic similarity, the
Fr number was kept constant (invariant) as the surface aerator performance is controlled by the water
surface condition; the dynamic similarity of Fr number was accomplished by manipulation of the rotation
speed as showed. The scale ratio of 7.4 was used on a theoretical basis to compare the developed model
in this work with that proposed by Issa [16].

(F r )zab = (F r )ind (5b)
N2D N2D
(—)lab = (—)ind (6)
g g

As explained in the Equation 6, for geometrically similar systems the following consequence was
produced.

(N)jng =k O (N) .k = 7.4 7)

P 05,P
(;)ind =k (;)lab’k =74 (®)

To relate the surface aerator theoretical values to larger actual industrial scales, four levels of rotational
speed (see Table 2). The industrial volume was calculated as an equivalent theoretical cylindrical volume
in equations 9 and 10 to determine the corresponding volumetric power in smaller scales. The
corresponding rotational speeds in the industrial scale were calculated by Equation 7. Every lab subscript
in this work means theoretical.

The two predictive correlations were applied to extrapolate the laboratory-scale results to larger scale.
First, the predicted industrial-scale values of power consumption P were obtained by applying Equation
8, the following relation was built when considering Fr is the only controlling parameter with neglecting
other parameters. The liquid volume in industrial-scale was calculated by Equations 7 and 8.

Vs = %(le)2 *0.55(kT}) ©)

P, =%*1.55(k3'57"13)*(§)1 (10)

where subscripts 2 and 1 refer to industrial and laboratory scales respectively.
The second applied predictive correlation for scale translation to industrial full-scale was a power
consumption correlation that based on experimental results at laboratory- scale proposed by [16].

P=f(N,h,T,S.g.D.p,1t) an
07, T*h o83
Np =38.695(F, 7 (-5)" (12)
D=S

This power correlation is applicable for the ranges P/V (22 - 100 watt/m”), H/D (1.37-1.63) and Fr (0.054
-0.214), [16].
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Equations 10 and 12 enable to predict values of the volumetric power consumption, the predicted values
at industrial-scale are plotted with their corresponded rotational speed as shown in Figure 2.

Table 2. The corresponding rotational speed values of the scales for matched Fr (calculated by Equation

7).

N, 1 [rps] N, 2 [rps]
1.67 0.63
2.08 0.77
2.50 0.92
3.33 1.23
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Figure 2. Comparison of predicted volumetric power consumption P/V and the actual P/V.

The ability of surface aeration scaling predicting approach in this work to provide representative
outcomes it was explored by comparing with predicted values calculated by an existing model that based
on investigating experimental work developed by Issa [16]. Volumetric power consumptions at the
industrial-scale surface aeration system investigated in this work by the developed correlation of
Equation 10 and that proposed by [16]. The correlation derived here showed a good agreement with
predicted values at both scales for the investigated range of Fr.

The actual value of Np at the industrial scale is 2.31, this was slightly higher than that predicted by
Equation 10 which was 2.23 and was lower than that predicted by Equation 12 which was 3.07.

For the applied similarities, the industrial-scale surface aeration system at a rotation speed of 0.63 rps,
predicted volumetric power consumption values P/V were; by equation 10 was 31.33 kwatt/m’, and by
equation 12 it was 43.12 kwatt/m’, as shown in Figure 2. The actual volumetric power consumption that
measured at the industrial-scale was 33.8 kwatt/m’.

Figure 2 summarizes prediction results of volumetric power consumption values P/V by the proposed
two correlations at matched Fr values and same power number for different rotation speeds. In Figure 2,
performances of the two estimation correlations were compared with the actually obtained volumetric
power consumption values at the industrial-scale surface aeration system. At low rotation speeds, the
volumetric power consumption at the industrial-scale shows a significant matching with that predicted by
Equation 10. This is likely to be a result of the operation at reduced agitation rates and therefore, low
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power was consumed at both of the industrial and laboratory scales. The variation between actual and
predicted values at moderate rotation speed is expected as the actual scale of the industrial is
considerably large compared with laboratory scale. At high rotation speed, there is no reading for P/V, as
in actual wastewater treatment conditions surface aeration doesn't operate at high speeds because of
relatively high cost, and generating of undesired noise, emission and odor problems.

4. Conclusion

Predictive scale-up of P/V values for surface aeration tanks used for wastewater treatment has been
future examined in terms of various similarities for both laboratory and industrial scales. The scale-up
criterion based on three similarity evaluations; the geometrical, kinematic and dynamics for both scales.
Several geometrical parameters were tested to reach the optimal geometrical similarity. The scale-up
criterion was built for an invariant Froude number between the laboratory and industrial scales. Two
different correlations were used to predict experimental volumetric power consumption P/V values. The
first one was built in this work (Equation 10) and the second correlation was proposed by [16].
Investigations for the scale-up showed reliable estimations of yielded volumetric power consumptions by
direct estimation with Equation 10 for matched Fr. These estimations were adequate at low and
moderated rotation speeds (0.6-0.8 rps). At matched surface flow condition for laboratory-scale and
industrial-scale units, the prediction of the volumetric power consumed by the correlation proposed by
[16] has relatively higher estimated results. The cause for this difference is probably due to the impact of
the difference in shapes between the two systems. The scale-up criterion presented in this work of
invariant Fr at both laboratory and industrial scales shows that reliable predictions of P/V values could be
obtained and this will facilitate further investigations for the power reducing of surface aeration process
at wastewater treatment tanks.

List of symbols

C propeller clearance, [m] S submergence of the turbine blades, [m]
D, turbine diameter in lab scale, [m] T, tank width in lab scale, [m]

D, turbine diameter in industrial scale, [m] T, tank width in industrial scale, [m]

F, Froude number, [N°D/g] Vv water volume, [m’]

g acceleration of gravity (9.80665), [m’s™] V, water volume in industrial scale, [m’]
N rotation speed, [s™] W turbine blade width, [m]

N, power number, [P/ pN° D’] Greek Symbols

P power consumed, [watt] p water density, [kg m™]

Re Reynolds number, [pND?/ ] u water dynamic viscosity, [kg m™” s™']
References

[1]  Poux, M., "Extrapolation," in Agitation et Mélange, Aspects Founamantaux et Application
Industrilles. , C. Xuereb, M. Poux, and J. Bertrand, Eds., ed: Dound, Paris., 2006.

[2] Rao, A. R. and Kumar, B., "Simulating Surface Aeration Systems at Different Scale of Mixing
Time," Chinese Journal of Chemical Engineering, vol. 17, pp. 355-358, 2009.

[3] Hadjiev, D., Sabiri, N. E., and Zanati, A., "Mixing time in bioreactors under aerated conditions,"
Biochemical Engineering Journal, vol. 27, pp. 323-330, 2006.

[4] Deshmukh, N. A. and Joshi, J. B., "Surface Aerators: Power Number, Mass Transfer Coefficient,
Gas Hold up Profiles and Flow Patterns," Chemical Engineering Research and Design, vol. 84, pp.
977-992, 2006.

[5] Sano, Y. and Usui, H., "Interrelations among mixing time, power number and discharge flow rate
number in baffled mixing vessels," J. of Chemical Engineering of Japan, vol. 18, pp. 47-52, 1985.

[6] Patil, S. S., Deshmukh, N. A., and Joshi, J. B., "Mass-Transfer Characteristics of Surface Aerators
and Gas-Inducing Impellers," Industrial & Engineering Chemistry Research, vol. 43, pp. 2765-
2774, 2004/05/01 2004.

[7] Kaminoyama, M., Arai, K., and Kamiwano, M., "Numerical Analysis of Power Consumption and
Mixing Time for a Pseudoplastic Liquid in Geometrically Similar Stirred Vessels with Several
Kinds of Plate-type Impellers," J. of Chemical Engineering of Japan, vol. 27, pp. 17-24, 1994.

[8] Zlokarnik, M., "Scale-up of surface aerators for waste water treatment," in Advances in
Biochemical Engineering, Volume 11. vol. 11, ed: Springer Berlin Heidelberg, 1979, pp. 157-180.

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2016 International Energy & Environment Foundation. All rights reserved.



434

International Journal of Energy and Environment (IJEE), Volume 7, Issue 5, 2016, pp.427-434

(9]

[10]
[11]

[12]

[13]

[14]

[15]

[18]

[19]

[20]
(21]
[22]

(23]
[24]

Zlokarnik, M., "Problems in the application of dimensional analysis and scale-up of mixing
operations"Chemical Engineering Science, vol. 53, pp. 3023-3030, 1998.

Zlokarnik, M., Scale-Up in Chemical Engineering: Wiley-VCH Verlag Germany, 2002.

Tanguy, P. A. and Thibault, F., "Power consumption in the turbulent regime for a coaxial mixer,"
The Canadian Journal of Chemical Engineering, vol. 80, pp. 601-603, 2002.

Issa, H.M., Poux, M., and Xuereb, C., "Surface aeration for water treatment agitated tank mixing
time, power consumption and hydrodynamics" 14th European Conference on Mixing, pp.169-
174,2012.

Evangelista, J., Katz, S., and Shinnar, R., "Scale-up criteria for stirred tank reactors," AIChE
Journal, vol. 15, pp. 843-853, 1969.

Aslan, N., "Application of response surface methodology and central composite rotatable design
for modeling the influence of some operating variables of a Multi-Gravity Separator for coal
cleaning," Fuel, vol. 86, pp. 769-776, 2007.

Nauha, E. K., Visuri, O., Vermasvuori, R., and Alopaeus, V., "A new simple approach for the
scale-up of aerated stirred tanks," Chemical Engineering Research and Design, vol. 95, pp. 150-
161, 3//2015.

Issa, H. M., "Characterization and improvement of a surface aerator for water treatment," PhD
PhD, University of Toulouse-III, INP, 2013.

Sarkar, S., Kamilya, D., and Mal, B. C., "Effect of geometric and process variables on the
performance of inclined plate settlers in treating aquacultural waste," Water Research, vol. 41, pp.
993-1000, 2007.

Barenblatt, G. 1., Scaling, self-similarity, and intermediate asymptotics: dimensional analysis and
intermediate asymptotics vol. 14: Cambridge University Press, 1996.

Delaplace, G., Thakur, R. K., Bouvier, L., André, C., and Torrez, C., "Dimensional analysis for
planetary mixer: mixing time and Reynolds numbers," Chemical Engineering Science, vol. 62, pp.
1442-1447, 2007.

Cancino, B., "Design of high efficiency surface aerators: Part 3. Dimensional analysis of rotor
performance," Aquacultural Engineering, vol. 31, pp. 117-121, 2004.

Moulick, S., Mal, B. C., and Bandyopadhyay, S., "Prediction of aeration performance of paddle
wheel aerators," Aquacultural Engineering, vol. 25, pp. 217-237, 2002.

Tatterson, G., Scale-Up and Design of Industrial Mixing Process USA: McGraw-Hill Inc, 1994.
Treybal, R., Mass Transfer Operations, 3 ed.: McGraw-Hill Inc, 1980.

Gill, N., Appleton, M., Baganz, F., and Lye, G., "Quantification of power consumption and
oxygen transfer characteristics of a stirred miniature bioreactor for predictive fermentation scale-
up," Biotechnology and Bioengineering, vol. 100, pp. 1144-1155, 2008.

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2016 International Energy & Environment Foundation. All rights reserved.



