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Energy Dissipation and Shear Rate with Geometry of Baffled Surface Aerator

Bimlesh Kumar∗

Department of Civil Engineering, Indian Institute of Technology Guwahati, Guwahati-781039, India

Received 02 May 2010; received in revised form 28 July 2010

Abstract: The geometric parameters of surface aeration systems govern the process phenomena. The dissipation rate of
turbulent kinetic energy (ε) and shear rate (γ) are the key process parameters for mixing in surface aerators. Present work
by doing numerical computation by visimixr analyzes the effect of geometric parameters (impeller diameter, cross-sectional
area of the tank, liquid height, width of the baffle, rotor blade length and immersion height) onε andγ . Analysis has been
done by making the geometric parameters non-dimensionalized through rotor diameter. With an increase in liquid heightand
baffled width, there is an increase in the case of energy dissipation and shear rate values. In the case of tank area and blade
length, it is vice versa. Energy dissipation and shear rate are not affected by the variation in immersion height of the impeller.
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1. Introduction

Aeration is one of the important processes employed in
water and wastewater treatment to reduce biochemical oxy-
gen demand. The basic phenomenon behind the process of
aeration is a gas transfer, in which gas molecules are ex-
changed between the liquid and the gas at the gas-liquid in-
terface [1]. Many types of aerators are used in practice, such
as cascade, spray nozzles, diffused or bubble aerators and
surface aerators. Among them surface aerators are popular
because of their comparable efficiency and ease in operation
[2–4]. Surface aeration systems are most frequently used in
aerobic biological reactors to supply microorganisms with
oxygen and to mix the fermentation broth [5]. Surface aer-
ators are very effective in supporting the growth of cells in
suspension and on micro-carriers [6]. Surface aeration is a
commonly used mechanism to supply oxygen to mammalian
cells [7–9].

The geometry governs the aeration process. Efficient aer-
ation performance can be achieved by understanding the ef-
fect of geometry on it. By rotating the impeller, kinetic en-
ergy has been imparted to the fluid, which dissipated through
viscous dissipation. This viscous dissipation is supposedto
happen at very low scale of turbulence. This low scale of tur-
bulence is generally governed by the Kolmogorov’s laws of
isotropy. Thus, it is needed to quantify the dissipation rate of
the turbulence kinetic energy (ε) in surface aerators [10–13].
The second aspect is shear rate, which is mainly controlled
by the shear produced by the impeller. The determination of
shear rate in surface aerators is an important step in deciding
their suitability to handle shear sensitive bio-systems. High
shear fields resulting from the fluid physical properties and
the hydrodynamics may cause damage to fragile microor-
ganisms and bio-films formation [14, 15] or mechanical in-
stability to immobilized biocatalysts [16, 17]. However, a
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certain degree of shearing is required to attain sufficient heat
and mass-transfer rates, and to achieve a homogeneous dis-
tribution of transferred components into the bulk fluid.

Thus, the goal of this paper is to investigate the effect of
various geometric factors on energy dissipation and shear
rate in surface aeration systems.

2. Theory

Figure1 shows the schematic drawing of a baffled surface
aeration tank used in the present study. The geometric vari-
ables include cross-sectional area of the tank (A), depth of
water in the tank (H), diameter of the rotor (D), width of
the baffle (B), length of the blades (l ), width of the blades
(b), distance between the top of the blades and the horizontal
floor of the tank (h) and the number of blades (n) as shown in
Figure1. In the present study,n is constant and equals to 6
and the ratio ofl/b has been maintained constant (=1.25).
The geometric parameters have been non-dimensionalized
by dividing through the rotor diameter (D). Energy dissipa-
tion rate (ε) and shear rate (γ) on different geometric param-
eters have been calculated by using visimixr [18] software
at different impeller rotational speed.

2.1. Dissipation Rate of Turbulent Kinetic Energy,ε
The turbulent kinetic energy can be used to characterize

the flow at a scale small compared to that of the mean mo-
tion. The energy dissipation rate, , is an important charac-
teristic of the flow and mixing at a scale where the molecu-
lar transport processes become dominant [19]. This process
is generally governed by the Kolmogorov’s laws [19]. In
turbulent flow, instability of the main flow amplifies exist-
ing disturbances and produces primary eddies which have a
wave length or scale similar to that of the main flow. The
large primary eddies are also unstable and disintegrate into
smaller and smaller eddies until all their energy is dissipated
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Figure 1: Schematic diagram of a Surface Aeration Tank

by viscous flow. These eddies transfer kinetic energy from
the large to small eddies, and because this transfer occurs in
different directions, directional information of the large ed-
dies is gradually lost. The question now arises as to how the
energy dissipation rate can be measured. The direct measure-
ment of is very difficult, since it needs to capture precisely
the smallest turbulent structures [20]. One of the main uncer-
tainties is over the method employed and the approximations
necessarily made to estimate the local dissipation rate of tur-
bulent kinetic energy. Extensive studies have been carried
out on the subject and the approaches can be broadly divided
into three main methods:

• Kinetic energy balance term averaged over a control
volume [21–23]

• Integration of dissipation spectrum [24, 25]
• Dimensional analysis [26]

In the present work, of surface aeration systems has been
calculated by using commercial software Visimixr [18].
The Visimixr [18] program can be helpful in analyzing the
mixing parameters in a stirred tanks [27, 28]. The calcula-
tion procesure (which is kinetic energy balance term aver-
aged over a control volume) are described as follows:

The mean value of the kinetic energy of turbulence,E at
the radiusr is defined as:

E = 3v′2/2 (1)

wherev′ is the mean square root velocity of turbulent pul-
sations corresponding to the largest local linear scale of tur-
bulence. Steady-state transport of the turbulent component
of kinetic energy can be described as:

q

(
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)

−
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[

2πrh jνe
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)]

+2πrh jε = 0 (2)

whereq is the circulation flow rate through the rotor,νe

is the eddy viscosity andh j is the local linear scale of tur-
bulence which is approximately equal to 1.5b. Equation2
is solved forv′ = 0 at r = ∞. The value ofv′ on the other

boundary (r = d/2 ) is calculated using an estimated value
of the maximum dissipation rate in the flow past the blades:

εm = [(2πrN −vo)Sinα]3/l (3)

wherevo is the axial velocity of the rotor. The dimensions
of the εm zone (length, height and width) arel , b andb/2,
respectively. The mean value of dissipation is estimated as:

ε = εmNb/6πr (4)

The unit of turbulent dissipation rate,ε is W/kg. Equa-
tion 4 is solved numerically to get the value ofε at different
rotational speed.

2.2. Shear Rate

Shear rate influences power consumption, mixing charac-
teristics and mass transfer phenomena in surface aerators.
The specific energy dissipation rate in a stirred tank is well
known to depend on the shear rateγ and the shear stressτ
[29], as follows [30]:

γ =

√

1
µ

P
V

(5)

WhereP is the power input,µ is dynamic viscosity of the
fluid andV is the volume of the fluid in the tank. Equation5
applies to laminar, turbulent and transitional flows. In lami-
nar ranges,γ is linearly related to the rotational speed of the
rotor (N) [31]. In turbulent flow, it is nonlinearly related to
N [30]. One of the simpler ways to calculate shear rate is
agitator tip speed over the distance between the tip and the
vessel wall:

γ = ND/(d−D) (6)

whered is the tank diameter. Visimixr [18] however, de-
fines shear rate as the ratio of turbulent fluctuation velocity,
v0, to the Kolmogorov turbulence scale,L0 as follows:

γ = v0/L0 (7)

L0 is called the Kolmogorov length and depends primarily
upon the power input per unit mass and the kinematic vis-
cosity. Values of shear rate calculated at different geometric
parameters at different rotational speeds.

3. Results and Discussion

The purpose of the present work is to find the effect of
geometric parameters onε andγ . The values ofε andγ are
calculated at different values of non-dimensional geometric
variables at different speed as discussed above.

3.1. Effect Due to Variation in H/D

In the present work, the value of non-dimensionalized
H/D has been varied from 0.8 to 1 to find out the energy
dissipating trend in the vicinity of the impeller. Kresta and
Wood [32] investigated turbulence quantities in a stirred ves-
sel and assumed that the bulk of the energy is contained in the
largest eddies, the flow is at local equilibrium and the flux of
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Figure 2: Effect onε andγ due to variations inH/D

energy towards smaller scales is constant. Zhou and Kresta
[26] used a dimensional argument and found that most of the
total energy is dissipated in the near vicinity of the impeller
discharge. The results have been shown in the Figure2. As
shown in the Figure2, both and show an increasing trend. It
clearly indicates that the increase of rotational speed will in-
crease the liquid pumping capacity of the impeller, thus the
mixing quality will be improved and consequently energy
dissipation and shear rate.

3.2. Effect Due to Variable Width of Baffles

Installation of the baffles effectively destroys the circular
liquid patterns, inhibiting the vortex formation so that the
liquid surface becomes almost flat [33, 34]. Moreover, axial
flows become much stronger, leading to an improved mixing
rate. For these reasons, baffled tanks are the more widely
used in industrial applications. Standard baffle number in
circular tank is said to 4, which is called as a condition of
complete baffling of the tank [29]. By putting standard num-
ber of baffles, non-dimensional width of the baffle has been
varied from 0.2D to 0.8D. Results have been shown in the
Figure3. As shown in the Figure3, increasingB/D shows
an increment inε andγ . The reason for this behavior may
be attributed for more power is required at higher values of
B/D.

3.3. Effect Due to Variation in h/D

It has been found that and are unaffected the variation in
h/D, which signifies the impeller submergence as shown in
the Figure4. Here, it can be hypothesized that such behav-
ior is due to the fact that by definition of the surface aeration
systems, impeller should be placed as near as water surface.
Preserving the definition of surface aerator, there is no sig-
nificant variations inh/D. The given variations are not able
to effect the energy dissipation and shear rate significantly.

3.4. Effect Due to Variation in l/D

The geometry of the rotor blade affects of hydrodynamics
of the surface aeration systems. It affects not only the power

Figure 3: Effect onε andγ due to variableB/D

Figure 4: Effect onε andγ due to variations inh/D

consumption, but also the flow patterns. To ascertain the ef-
fect of blade geometry onε andγ , l/D has been varied from
0.25 to 0.36. Results have been shown in the Figure5.

It can be seen from the Figure5 that an increases in blade
width have been seen to result in corresponding decrease in
ε andγ.

3.5. Effect Due to Variation in
√

A/D

Trends ofε and γ due to variation in
√

A/D have been
shown in the Figure6. It shows a decreasing with increasing
√

A/D. The reason for such can be attributed to the fact
that a lower value of

√

A/D intensifies the turbulence, which
results in high energy dissipation and shear rate.

4. Conclusion

The rate of dissipation of the turbulence energy (ε) and
shear rate (γ) signifies the process characteristics of surface
aeration systems. Thus, it is important to quantify the varia-
tion of the rate of dissipation of the turbulence energy (ε) and
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Figure 5: Effect onε andγ due to variations inl/D

Figure 6: Effect onε andγ due to variations in
√

A/D

shear rate (γ) with geometric parameters in surface aeration
systems, which may be useful in the design and operation of
surface aeration systems. Present work shows qualitatively
how the variations in geometric parameters affect theε and
γ. It is found that with an increase inH/D andB/D, ε andγ
increases whereas it is vice versa in case ofl/D and

√

A/D.
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