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Abstract−Experimental investigation has been done in unbaffled gas-liquid stirred tanks using dual concave blade

impeller to analyze the mass transfer, power consumption and gas holdup. Optimal impeller clearance has been sug-

gested for lower and upper impeller based on maximum mass transfer rate. Numerical modeling has been done to analyze

the flow pattern for different combinations of impeller clearance. The lower impeller positioned at 0.3 of tank diameter

and clearance between lower and upper impeller at 0.4 of tank diameter gave the maximum mass transfer coefficient.

Scale-up criteria for mass transfer rate, power and gas holdup have been developed for optimal geometrical similar

systems of unbaffled stirred tanks with dual concave impeller.
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INTRODUCTION

Gas-liquid stirred reactors with multiple impellers are used in

several industrial applications like fermentations, waste water treat-

ment, hydrogenation, dissolution, etc. Compared with single impel-

ler, the dual combination is more advantageous, with efficient gas

distribution, higher gas phase residence time and lower power con-

sumption per impeller [1]. Especially for uniform suspension of

solids, the dual-impeller system is more energy-effective than the

single impeller and needs lower rotational speed [2], which is very

important in systems sensitive to shearing.

When more than one impeller is used, the flow complexity is

greatly increased, especially when there is an interaction between

flow generated by two impellers. The extent of interaction depends

on relative distances between the two impellers (and clearance from

the vessel bottom). Hudcova et al. [3] studied the influence of these

flow patterns on the gross flow characteristics, such as power con-

sumption and flow regime transition in a gas-liquid stirred vessel.

The flows generated in stirred tanks with liquid depth equal to tank

diameter provided with dual impeller agitation systems of impeller

diameter equal to one third of tank diameter were studied by Ruther-

ford et al. [4]. They identified three stable flow patterns: parallel,

merging and diverging. Mahmoudi [5] determined that the merg-

ing flow pattern led to a mixing time lower by around 20% com-

pared to the two others’ patterns. This makes the merging flow pat-

tern more attractive for mixing operations. Literature [6-11] is replete

with the simulation and scale up criteria for stirred tank with dual

Rushton impeller in baffled condition, but it is very less based on

concave blade impeller. The concave blade impeller is a radial flow

impeller like the Rushton turbine but with six curved blades on a

disk rotating with the open concave portion at the lead, which per-

forms better than conventional Rushton turbine [12-15]. The use of

unbaffled stirred tanks may be desirable, for example, in crystalli-

zation operations where the presence of baffles may promote parti-

cle attrition [16], in precipitation processes where baffles could suffer

encrustation problems [17], in biological operations where cell dam-

age may be intensified with the presence of baffles [18], and in

food and pharmaceutical industries where tank cleanliness is of pri-

mary importance [19]. Unbaffled stirred tanks give higher value of

the mass transfer coefficient at the same power consumption than

baffled tanks [20,21].

Thus, our aim was to evaluate the influence of the impeller clear-

ance on mass transfer rate and to find the optimal impeller clear-

ance in dual stirred unbaffled tank with concave blade impeller. The

focus of this paper is to develop the scale-up criteria in geometri-

cally similar stirred tank based on optimal impeller clearance. Com-

putational fluid dynamics approach was applied to the optimal im-

peller clearance for observing the flow patterns and other relevant

parameters.

EXPERIMENTATION

We tested two sizes of circular unbaffled tank of diameter (D)

200mm and 150mm under laboratory conditions (Fig. 1). Con-

cave blade impellers with 0.3D were used in the experiments. The

curvature angle of the impeller was 1400. The blade height (b), the

blade length (l) and the disc thickness were set as d/5, d/4 and 0.035d,

respectively. The central disc diameter was 0.5d.

The liquid depth (H) in the stirred tank was maintained equal to

the tank diameter in all experiments. The working fluid was water

with density, ρw, of 1,000 kg/m
3. Rewatkar et al. [22] observed that

a ring sparger of diameter equal to 0.8d gives the maximum gas

holdup In the case of the ring sparger, a smaller number of holes and

holes of a smaller size give a larger gas holdup [22]. A ring sparger

of 0.8d with 6 holes of 2mm diameter was used to supply air. The

air supply from the compressor to the ring sparger was controlled

by a valve. A rotameter was fixed before the valve to measure the

volumetric flow rate (1 L/min and 5 L/min). The location of the

sparger was fixed in each experiment at 0.09D from the bottom of

the tank.



1340 T. T. Devi and B. Kumar

August, 2014

1. Mass Transfer Coefficient

The standard dynamic method was used to measure volumetric

mass transfer rate. For implementing the standard dynamic method,

the liquid phase was deoxygenated by flushing with nitrogen. Then,

after replacing nitrogen by air, the variation in dissolved oxygen

concentrations with time was measured until reaching saturation.

This technique is widely employed in the literature [23,24]. A Thermo

Orion® DO meter, which was used to measure the concentration,

has 0.1mg/l accuracy in measurement. Assuming the liquid phase

is well mixed and gas absorption is liquid phase controlled, the volu-

metric mass transfer coefficient at ToC (KLaT) can be determined

from following equation [25]:

KLaT=[ln(Cs−C0)− ln(Cs-Ct)]/t (1)

where, ln represents natural logarithm and the concentrations Cs,

C0 and Ct are dissolved oxygen (DO) concentrations in parts per

million (ppm), Cs=the saturation DO concentration at time tending

to very large values, C0 is at t=0 and Ct is at time t=t. Assuming

the dynamics of the oxygen probe as a first-order differential equa-

tion, the time constant of the oxygen probe based on probe response

to negative oxygen steps is found equal to 14 s, which is small com-

pared to the mass transfer characteristics time. The overall mass

transfer coefficient at a standard temperature of 20 oC is given by

Patil et al. [26]:

KLa20=KLaT/θ
(T−20) (2)

where, θ is the temperature coefficient 1.02 for pure water.

2. Power Measurement

As Ascanio et al. [27] and Gogate et al. [1] reported, the most

frequently used techniques for the evaluation of power consump-

tion in stirred tanks and fermentors use watt meters, ammeters, colo-

rimeters, dynamometers, torque meters and systems based on strain

gauges. Each of these systems has its own advantages and disad-

vantages, and is chosen based on some factors such as investment,

scale, precision, and range of measurement. As pointed out by King

et al. [28], electrical measurements can be a suitable methodology,

provided the power losses occurring in the motor and in the agita-

tion system are known and subtracted from the total power draw.

A Universal motor of 100 Kilowatts was used in the present work.

Assuming steady state operation and for single phase motor, power

output can be calculated as:

Poutput=VI cosφ η (3)

where, V=input voltage, I=input current, η=efficiency and cosφ =

power factor (Pf).

Based on motor internal parameters, curves were generated to

determine the efficiency and power factor for the measured speed.

Thus the mechanical power was calculated.

Gas holdup was measured by visual method [26]. A graduated

graph paper was pasted on the outside of the vessel. By noting the

difference between level with and without aeration the holdup was

found. The following equation was used.

εG=(HG−H)/HG (4)

where HG=Height of liquid after aeration (m), H=Height of clear

liquid without aeration (m) and εG=gas holdup.

RESULTS AND DISCUSSION

In this section, the identification of impeller clearance distance

Fig. 1. Schematic diagram of an unbaffled sparged stirred tank.



Scale up criteria for dual stirred gas-liquid unbaffled tank with concave blade impeller 1341

Korean J. Chem. Eng.(Vol. 31, No. 8)

(C1) and their spacing (C2) based on experimentally observed KLa20
will be presented and discussed. Experiments have been done in

two steps, with and without sparging condition, which is required

for scaling up the results. By setting geometrical parameters as men-

tioned above, initial runs were performed without sparging condi-

tion and power consumption was measured. Power consumption

without sparging (Pu) is required for scaling up the power results.

When the sparger is placed below the impeller, it favors the gas to

be entrained into the circulation loop present in the lower part of

the tank. The gas then has a longer residence time in the vessel, which

promotes mass transfer. However, the gap between sparger loca-

tion and impeller clearance has an important effect on mass transfer.

The gap should be sufficient to break up the bubbles and to disperse

the gas throughout the vessel. Keeping this in view, the initial value C1

was chosen as 0.25D. Once again, experiments were conducted with

sparged condition and process variables (mass transfer rate, power

consumption with sparging (Pg) and gas holdup) were measured.

1. Optimal C1 and C2 Based on KLa20

By fixing d/D=0.3, the selection of C1 and C2 is achieved through

univariant approach (fixing one variable while the other variable is

changing). Experiments were performed by fixing C1 at 0.25D while

C2 was changing from 0.2D to 0.6D at different impeller speed (N=

300 to 800 rpm). The variation of measured KLa20 on different C2

values while C1 was fixed as shown in Fig. 2.

It is observed that highest KLa20 was measured at C2=0.4D. Note

that the bottom clearance of the upper impeller is equal to 0.7D.

Further experiments were done by fixing the upper impeller at 0.7D

(S2) and changing C1 (0.25-0.45D). Fig. 3 depicts the variation of

KLa20 at different C1/D ratios, and the optimal point of C1 is observed

at 0.3D. So, the second optimal of C1 and C2 is 0.3D and 0.4D, re-

spectively.

Same procedure was done by fixing C1 at 0.3D, 0.35D, 0.4D and

0.45D, as shown in Fig. 4.

Fig. 2. Variation of KLa20 for different C2/D at C1=0.25D.

Fig. 4. Variation of KLa20 for different C1/D.

Fig. 3. Variation of KLa20 for different C1/D at S2=0.7D.
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Table 1 enlists the values of KLa20 at constant speed on each C1

and C2. From Table 1, the global optimal C1 and C2 is at 0.3D and

0.4D, respectively, which gives highest KLa20 among the other con-

figurations.

2. Numerical Modeling

Numerical modeling was done by computational fluid dynamics

(CFD) to understand the flow patterns at different optimal configu-

rations. Fig. 5 shows the generated grid of the double impeller stirred

tank with sparging system (ring sparger) and its coarsened grid sur-

face. CFD simulations were performed for 150mm diameter tank

at 500 rpm. The CFD code employed was FLUNET 6.3.26®.

Deglon and Meyer [29] studied various grid sizes (low coarse,

coarse, medium fine and fine) on single impeller stirred tanks of

having circular tank with 0.15 cm diameter and height and found

that the medium fine grid showed good agreement with experimen-

tal results. They also concluded that the fine grid showed little im-

provement in the result. It is also a fact that the finer the grid, the

higher the simulation cost. So, they concluded, in order to save com-

putational cost, the medium fine grid can be used in prediction of

flow fields; however, accurate predictions of turbulence required

finer grids. Unstructured (tetrahedral) medium fine grids of around

1100k cells were generated, considering the finer grid consumes

longer time to simulate. To account for the complex fluid flow (turbu-

lence) near the impeller region, the finer grid was adopted in this

particular region instead of making finer whole of the vessel so that

accurate turbulence could also be captured with reasonable com-

puting time. The governing equation involved in two-phase model-

ing is the Eulerian-Eulerian approach [30]. The Eulerian-Eulerian

multiphase model is widely used in the modeling of gas-liquid phase

stirred tanks [31-33]. The phases (continuous and disperse) are treated

as interpenetrating media identified by their local volume fractions.

The volume fractions sum to unity and are calculated by using con-

tinuity equation. The Reynolds averaged mass and momentum bal-

ance equations are solved for each of the phases and are given as

follows:

Continuity equation:

(5)

αl+αg=1 (6)

where, ρi, αi and  are density, volume fraction and mean veloc-

ity, respectively, of phase i (l or g).

Momentum equation:

(7)

where, p is the pressure shared by the two phases and  is the inter-

phase momentum exchange terms.  is the gravitational forces. ,

represents the Coriolis and centrifugal forces applied in MRF (mul-

tiple reference frame) impeller model, which is used in this study

as the impeller model.

(8)

where,  is angular velocity (rad s−1) and  is position vector (m).

The Reynolds stress tensor  is the laminar and turbulent stresses,

and by Boussinesq hypothesis, it is given as:

(9)

μlam, i and μt, i are laminar and turbulent viscosity for phase i. ki is

turbulent kinetic energy for phase i and  is unit tensor. The stan-

dard k-ε turbulence model is adequate for many engineering appli-

∂
∂t
---- αiρi( ) + ∇ αiρiUi( ) = 0⋅

Ui

∂
∂t
---- αiρiUi( ) + ∇ αiρiUiUi( ) = − αi∇p + ∇ τeffi + Ri + Fi + αiρig⋅ ⋅=

Ri

g Fi

Fi = − 2αiρiN Ui − αiρiN× N r×( )×

N r

τeffi
=

τeffi = αi μlam i,  + μt i,( ) ∇Ui + ∇Ui

T
( )=

− 
2

3
---αi ρiki + μlam i,  + μt i,( )∇ Ui⋅( )I=

I
=

Table 1. Optimal configurations of C1 and C2 based on KLa20

C1 C2 KLa20 at 500 rpm Remarks on optimal

0.25D 0.4D0 0.0204 Local

0.3D0 0.4D0 0.0229 Highest KLa20 (global)

0.35D 0.45D 0.0227 Local

0.4D0 0.4D0 0.0223 Local

0.45D 0.35D 0.0167 Local

Fig. 5. Generated grid of the stirred tank.
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cations [34] and is used in this study with dispersed k-ε multiphase

turbulence model [35] to simulate the gas-liquid phase flow as gas

(secondary phase) is dispersed in continuous liquid (primary phase).

As the concentration of air phase is dilute in the water phase, the

dispersed turbulence model is used here. Therefore, water phase

turbulence is considered as the dominant turbulence potential. The

governing equations of turbulent kinetic energy, k and turbulent dis-

sipation rate, ε, are solved only for liquid phase as:

(10)

(11)

Turbulent liquid viscosity is given as:

(12)

Gkl is the rate of production of turbulent kinetic energy. Πkl and Πεl

represent the influence of the dispersed phase on the continuous

phase [36,37]. Cμ, C1ε, C2ε, C3ε, σk and σε are constants of the standard

k-ε model. Their values are 0.09, 1.44, 1.92, 1.2, 1.0 and 1.3, re-

spectively. Πkl and Πεl take into account the turbulence interaction

between the water and air phases and modelled as:

(13)

where, Clg is the covariance of the velocities of air and water; 

(= − ) is the relative velocity of air and water; and  is the

drift velocity.

(14)

Here, b=(1+Cv)((ρl/ρg)+Cv)
−1; Cv=0.5; Dg and Dl are diffusivities;

and σlg=0.75 is a dispersion Prandtl number. Details of Dg, Dl and

ηlg can be obtained from the work of Simonin and Violett [38].

According to Elgobashi and Rizk [36]:

(15)

where, C3ε=1.2.

Drag force is the most important inter-phase force acting on the

bubbles, resulting from the mean relative velocity between the two

phases and an additional contribution, resulting from turbulent fluc-

tuations in the volume fraction due to averaging of momentum equa-

tions. Considering only the drag force,  from Eq. (7) reduced only

to drag force as:

(16)

K is the liquid-gas exchange co-efficient given as:

(17)

db is the bubble diameter and CD is the drag co-efficient defined as

function of relative Reynolds number, Rep. The standard formula-

tion of Rep does not account for the effect of turbulence on bubble

movement. Hence, Rep has been modified to include the effect of

turbulence [39]:

(18)

C is the model parameter introduced to account for the effect of the

turbulence in reducing slip velocity. This parameter is set to 0.3 [40].

Drag co-efficient is then calculated using standard correlation of

Schiller and Naumann [41], which is written as:

(19)

In the present work, the top surface of the sparger was modeled as

velocity inlet and the appropriate gas velocity with gas volume frac-

tion, equal to unity, was specified at the top surface of the sparger

to simulate gas introduction in the vessel. Top surface is applied as

degassing boundary condition through user-defined functions, which

satisfies that the gas should escape from the computational domain

and liquid (water) will remain inside the domain. Prediction of flow

pattern for the different phases (liquid and gas) is an important param-

eter for understanding the flow structure of the turbulent flow when

sparged condition is applied. Fig. 6(a)-(e) shows the flow pattern

defined by mean velocity vectors for liquid (left) and gas phase (right)

at different optimal configurations of C1 and C2. In all the cases,

the liquid flow pattern is greatly affected by gas inflow of addi-

tional gas supply (Qg=1L/min) through ring sparger below the lower

impeller. Maximum amount of intense liquid flow circulation is pre-

dicted near and around the impeller blade. The effect of gas inflow

can be observed from this figure as the well known liquid flow cir-

culation loop one below the blade and one above the blade are not

created at all in this gas-liquid system. This is how the sparged sys-

tem is different from a single phase system in terms of flow pattern.

Instead of forming a liquid circulation loop above and below the

impeller blade, these loops are seen created away from blades. The

flow pattern in sparged condition of double impeller with concave

blade impeller produces very uncommon and interesting flow pat-

tern that is totally different from a single phase system. The only

circulation loop that can be seen is on the upper part of the lower

impeller. The upper impeller could make liquid circulation loop either

above or below the blade. Enough space for fully circulation of liquid

flow is not available above the blade by the upper impeller and hence

could not make circulation loop above the blade. Due to the influ-

ence of lower impeller, a circulation loop could be created below

the blade by the upper impeller. Also, by the lower impeller a cir-

culation loop is not created below the blade due to the strong influ-

ence of gas inflow from sparger. The influence of gas inflow is more

when impeller clearance depth (C1) is lower. Smooth axial liquid

flow circulation between the impeller is predicted when C1 is not

greater than 0.3D, but when C1 is greater than 0.3D, the liquid flow

∂
∂t
---- ρlαlkl( ) + ∇ ρlαlUlkl( ) = ∇ αl

μt l,

σk

-------∇kl⎝ ⎠
⎛ ⎞⋅ ⋅

+ αlGkl − ρlαlεl + ρlαlΠkl

∂
∂t
---- ρlαlεl( ) + ∇ ρlαlUlεl( ) = ∇ αl

μt l,

σ
ε

-------∇εl⎝ ⎠
⎛ ⎞⋅ ⋅

+ αl

εl

kl
---- C

1ε
Gkl − C

2ε
ρlεl( ) + ρlαlΠεl

μt l,  = ρlCμ

kl
2

εl
-----

Πkl = 

CD

αlρl

--------- Clg − 2kl + Ulg Udr⋅( )

Ulg

Ug Ul Udr

Clg = 2kl
b + ηlg

1+ ηlg

--------------
⎝ ⎠
⎛ ⎞

Udr = − 

Dg

σlgαg

------------∇αg − 

Dl

σlgαl

-----------∇αl⎝ ⎠
⎛ ⎞

Π
εl = C

3ε

εl

kl
----Πkl

Ri

Rl = − Rg = K Ug − Ul( )

K = 
3

4
---ρlαlαg

CD

db
------Ug − Ul

Rep = 

ρlUg − Uldb
μl + Cμt l,

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

CD = 

24 1+ 0.15Rep
0.687( )

Rep
--------------------------------------------, Rep 1000≤

0.44, Rep 1000>⎩
⎪
⎨
⎪
⎧
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Fig. 6. Comparison of the velocity vectors of liquid phase and gas phase for (a)-(e) optimal configurations of C1 and C2 at mid plane of
the tank (y=0).
(a) C1=0.25D, C2=0.4D, (b) C1=0.3D, C2=0.4D, (c) C1=0.35D, C2=0.45D, (d) C1=0.4D, C2=0.4D, (e) C1=0.45D, C2=0.4D
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movements are likely taking place in different directions when C2

is fixed at 0.4D.

Fig. 7(a)-(e) shows the local distribution of KLa20 for different

optimal C1 and C2 configurations.

Lesser amount of KLa20 is predicted at a small region just above

the impeller blade except at two optimal points (C1=0.3D & C2=

0.4D and C1=0.35D & C2=0.45D) and lower part of tank; KLaT in

such region ranges nearly from 0.01 to 0.00000002 s−1 which is a

lesser amount as compared with other region of the vessel, i.e., aver-

age KLa20 ranges from 4.5 to 0.01 s
−1. Highest amount is predicted

at the sparger and at impeller tip ranging from nearly 8.7 to 4.5 s−1

at all the cases of C1 and C2. The maximum amount of KLa20 is pre-

dicted comparably when C1=0.3D & C2=0.4D and C1=0.35D and

C2=0.45D among the other configuration as seen from Fig. 7(b)

and (c). In these configurations, better mass transfer is seen pre-

dicted just above the upper impeller in contrast to other configura-

tion where lowest KLa20 is predicted. This is an indication of better

mixing of gas and liquid phase for better performance of the sys-

Fig. 7. Contours showing distribution of predicted KLa20.
(a) C1=0.25D, C2=0.4D, (b) C1=0.3D, C2=0.4D, (c) C1=0.35D, C2=0.45D, (d) C1=0.4D, C2=0.4D, (e) C1=0.45D, C2=0.4D
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tem. The comparison of predicted KLa20 with observed value is in

Table 2. There is fair agreement of predicted KLa20 with observed

values and calculated value by using the van’t Riet equation.

3. Development of Scale-up Criteria

Scale-up criteria have been developed for global optimal point,

which is C1=0.3D and C2=0.4D. By maintaining geometrical simi-

larity and global optimal impeller clearances, further experimenta-

tion was carried out to develop the scale up criteria. Geometrical

similarity, which involves physical dimensions of the stirred tank,

should be maintained constant while developing the scale up crite-

ria. It can be achieved by doing experimentation on different sized

stirred tanks, which eliminates the scale effect of dynamic vari-

ables. Scale up criteria for basic parameters (mass transfer rates,

power ratio and gas holdup) are required to design a stirred tank,

which can be obtained by deriving the functional form of these vari-

ables. The functional behavior of mass transfer and power con-

sumption can be composed of the following influencing variables as:

(20)

In non-dimensional form, Eq. (20) can be written as:

(21)

With constant geometrical parameters, the functional form govern-

ing the process parameter can be reduced as:

(22)

where, Fl is Flow number (Fl=Qg/Nd
3), Re is the impeller Rey-

nolds number (Re=Nd2/ν) and Fr is the impeller Froude number

(Fr=N2d/g). Here, kc is the non-dimensional mass transfer rate and

is equal to KLa20 (v/g
2)1/3. The intensity of turbulence and wave action

on the water are the major factors normally associated with unbaf-

fled stirred tanks. Turbulence and viscous effects are generally de-

scribed by the Reynolds number (Re), whereas the surface wave

action is described by the Froude number (Fr). Eq. (22) suggests

that in order to eliminate the effect of scale, mass transfer rate and

power consumption should be simulated by using all the three vari-

ables. In case of a gassed system (gas-liquid), the Froude number

is significant as the gravitational forces tend to promote a vertical

separation of liquid and gas phase [42]. Gravity acting on the liquid

leaving an impeller traveling radially to the tank wall in gassed system

will tend to promote the downward flow of the liquid producing an

unsymmetrical flow pattern as opposed to that of single phase. Clark

and Vermeulen [43] argued to include the Froude number in order

to represent the surface behavior of flow in gas-liquid system. Desh-

mukh and Joshi [44] used both the Reynolds and Froude numbers

in their correlation of the power number in a baffled circular surface

aerator. Recently Scargiali et al. [45] also used Reynolds and Froude

numbers in power number scaling of unbaffled stirred tanks. Rey-

nolds and Froude number can be further combined into a new num-

ber X(=Fr4/3Re1/3), called theoretical power per unit volume [46].

Present work uses X to combine the Re and Fr in the scale up criteria.

Thus Eq. (22) can be reduced as:

(23)

Gas holdup is also influenced by several variables of geometrical

and operational parameters. In geometrical similar systems, the func-

tion governing gas holdup is as follows:

εG=f(Fl, Pv) (24)

where, Pv=Pg/(Vγ (gυ)
1/3) is the non-dimensional form of effective

power per unit volume, V is the volume of the tank.

The development of a global optimal point based on mass trans-

fer rate was derived through experimentation on 150mm tank. To

develop scale up criteria, more experimentation was carried out on

150mm and 200mm. The purpose of doing experimentation on

200mm tank is to eliminate the scale effect in dynamic variables.

During development of scale up criteria, geometrical similarity was

maintained the same in both the tanks. The measurement of pro-

cess variables such as mass transfer rate, gassed to ungassed power

and gas holdup were measured in both tanks. These experimental

observations were subjected to least square regression to find the

functional form of Eqs. (23) and (24). The functional form of the

equations is as follows:

(25)

Statistical details of Eq. (9) are given in Table 3.

KLa20

Pg

Pu

-----
⎝ ⎠
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎛ ⎞

 = f H D d l b C
1
C

2
Qg N g v, , , , , , , , , ,( )

kc

Pg

Pu

-----
⎝ ⎠
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎛ ⎞

 = f H/D d/D l/d b/d C
1
/D C

2
/D Fl Re Fr, , , , , , , ,( )

kc = f Fl Re Fr, ,( )

Pg

Pu

----- = f Re Fr Fl, ,( )
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⎫

Table 2. Measured and predicted KLa20 at N=500 rpm

C1 C2 Pg/V
KLa20

Expt. van’t Riet eqn. CFD Prediction error %

0.25D 0.4D0 3322.01 0.0204 0.0211 0.0231 11.68

0.3D0 0.4D0 3586.26 0.0229 0.0217 0.0259 11.58

0.35D 0.45D 3397.51 0.0227 0.0213 0.0256 11.32

0.4D0 0.4D0 3284.26 0.0223 0.0210 0.0237 05.91

0.45D 0.35D 3699.51 0.0167 0.0220 0.0209 20.09
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Standard error of parameters used in regression analysis indi-

cates confidence for many engineering applications. The standard

error of a parameter is the expected value of the standard deviation

of that parameter if the experiment is repeated many times. It can

be seen from the statistical details that the parameters are substan-

tially uncertain, which makes them good leading indicators. Fig. 8

shows the parity plot of the process variables, which is a scatter plot

of experimental observations against values derived through Eq.

(25). The coefficient of determination between experimental values

and predicted through Eq. (25) is quite high; thus it can be said that

the derived functional forms uniquely simulate the process variables.

CONCLUSION

The double concave blade impeller system in sparged condition

is experimentally studied. Optimal impeller spacings (C1 and C2) were

found through univariant approach. Based on the optimal point, a

scale-up criterion for each parameter was developed. After several

Table 3. Statistical details of Eq. (25)

Section R2
Standard error

of the model

Residual sum

of squares

Parameter estimate

through regression

Standard error in estimation

of parameter

kc 0.98 1.92e-3 8.89e-5 2.41 0.0080

0.03 0.0031

0.44 0.0023

Pg/Pu 0.98 1.39e-3 2.56e-5 0.57 0.0740

−0.005 0.0089

0.15 0.0012

εG 0.94 2.56e-3 6.12e-5 4.73 0.0280

00.009 0.0052

0.65 0.0015

Fig. 8. Scale-up criteria (a) mass transfer and (b) power consumption and (c) gas holdup.
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combinations of C1 and C2 were experimentally investigated based

on KLa20, the combination of optimal configurations of the system

was found at C1=0.25D & C2=0.4D, C1=0.3D & C2=0.4D, C1=

0.35D & C2=0.45D, C1=0.4D, C2=0.4D, C1=0.45D & C2=0.35D.

Global optimum point because of highest KLa20 (0.0229 s
−1) is ob-

served at C1=0.3D & C2=0.4D and minimum KLa20 (0.0167 s
−1) was

observed at C1=0.45D & C2=0.35D. Based on the optimal config-

uration, flow patterns of the two phases and KLaT were modeled

through CFD tools. The behavior of the liquid flow in sparged sys-

tem is totally different from single phase system. There is no forma-

tion of circulation loop predicted in this sparged condition except

one loop above the lower impeller. Strong flow circulation of liquid

and gas is predicted at the sparger, at the impeller tip and around

the impeller region.
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