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Abstract
The present research was carried out with objective to study the effect of different types of Impellers and Baffles 

on mixing and to examine the correlation between mixing time and mass transfer of Aerobic Stirred Tank Fermenter. 
An Aerobic Stirred Tank fermenter was assembled with different Impellers and Baffles alternately. The four different 
Impellers used were Rushton Impeller, Marine Impeller, A320 Impeller and HE3 Impeller while walled and un walled 
baffles were used in combination with these Impellers. The Fermenter was assembled with Resistance Temperature 
Detector, pH Probe and Pressure Gauge. Tachometer was used to calculate the Mixing Time of Fermenter. Volumetric 
Mass Transfer Coefficient was experimentally determined and calculated by the respective formulae. MATLAB was 
used for Mathematical Modelling of CFD, while Autodesk Simulation CFD and ANSYS FLUENT were used to generate 
the simulations. Turbulence lengths and Trailing Vortices were used to understand flow patterns inside the fermenter 
created by Impellers and Baffles. The kLa values suggested that Rushton Impeller was the most efficient among all. 
Turbulent Kinetic Energy and Turbulent Dissipation Rate were to understand the mixing efficiency of every Impeller.
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Introduction
Fermentation is the conversion of carbohydrates to alcohols and 

carbon dioxide or organic acids using desirable microorganisms. The 
fermentation is carried out in specially designed and engineered device 
or system called fermenter [1,2]. The class of fermenters varies in a wide 
range according to the requirement of process to be carried out. They 
have the following functions: homogenization, suspension of solids, 
dispersion of gas-liquid mixtures, aeration of liquid and heat exchange. 
It is provided with a baffle and a rotating stirrer attached either at the 
top or at the bottom of the fermenter [3]. 

The typical decision variables are type, size, and location impellers 
and baffles. These determine the hydrodynamic pattern in the 
reactor, which in turn influence mixing time, mass and heat transfer 
coefficients, shear rates etc. [4-7]. The conventional fermentation is 
carried out in a batch mode. Since stirred tank reactors are commonly 
used for batch processes with slight modifications, these reactors are 
simple in design and easier to operate. The batch stirred tanks generally 
suffer due to their low volumetric productivity. The Stirred tank reactor 
offers excellent mixing and reasonably good mass transfer rates. The 
cost of operation is lower and the reactors can be used with a variety of 
microbial species [8,9]. 

A research team led by Chaim Weizmann in Great Britain during 
the First World War developed a process for the production of acetone 
by a deep liquid fermentation using Clostridium acetobutylicum which 
led to the eventual use of the first truly large scale aseptic fermentation 
vessels [10,11]. The fermenters consisted of large cylindrical tanks 
with air introduced at the base via networks of perforated pipes. Later, 
mechanical impellers were used to increase the mixing rate and to 
breakup and disperse the air bubbles. Baffles on the walls of vessels 
prevented a vortex formation in fermentation broth [12]. In 1932, a 
system was introduced in which aeration tubes were provided with 
water and steam for cleaning and sterilizing. Construction work on 
the first large scale plant to produce penicillin by deep fermentation 
was started in September 1943, at Terre Haute in the United States of 

America, building steel fermenters with working volumes of 54,000 
dm3 [13]. 

In food processing industries, the fermentation is very important 
for various products e.g. alcoholic beverages, organic acids (acetic 
acid, citric acid etc.). Today’s fermenters are more sophisticated 
as reflected by the various monitoring and control facilities with 
computer interfere for a more efficient fermentation process while the 
hardware remains the same [14]. The main function of a fermenter is 
to provide a controlled environment for the growth of microorganisms 
to get the desired product as like adequate aeration and agitation, low 
power consumption, temperature and pH control, minimum labor 
requirement and economy. In aerobic fermenters the dissolution 
of oxygen to the fermentation broth is important for the efficient 
operation of reactor [15,16]. Traditionally, stirred tank design is 
driven by the oxygen transfer capability needed to achieve cell growth. 
However, design methodologies available for stirred tank fermenters 
are insufficient and many times contains errors [17].

The most difficult part of the design is matching the fermenter 
capability to the oxygen demand of the fermentation culture. Some 
general guidelines have been offered on how to improve mass transfer 
in stirred tank reactors. In addition some correlations have been 
formed to provide predictions on stirred tank performance. However, 
the guidelines offered do not provide information on how different 
aspects of the tank (i.e. impeller and baffle geometry) specifically effect 
oxygen transfer in stirred tanks. The correlations offered do not provide 
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a wide enough range of tank sizes, power inputs or gas flow rates to be 
useful to more than just a handful of people. In addition the efficacy 
of different baffle and impeller types in STRs were assessed. This was 
accomplished through four key areas. First, empirical studies were used 
to quantify the mass transfer capabilities of several different reactors; 
second, Computational Fluid Dynamics (CFD) was used to assess 
the impact of certain baffle and impeller geometries; third, correction 
schemes were developed and applied to the experimental data; and 
fourth, dimensionless correlations were created to act as a guide for 
future production scale fermenter design [18-22].

The CFD analysis of this research work was based on Turbulence 
Modelling of the fermenter. Turbulence modelling is construction 
and use of a model to predict the effects of turbulence [23]. Among 
these Reynolds-averaged Navier Stokes equation and κ-ε models 
were mainly used for the mathematical modelling of fermenter. These 
equations provided the outcome of the modelling of fermenter and 
the experimental data were evaluated accordingly. In light of above 
discussion, a study on the effect of different Impellers and Baffles was 
undertaken with the following objectives

1.	 To study the effect of different types of impeller and baffle on 
mixing of aerobic stirred tank fermenter. 

2.	 To examine the possibility of a correlation between mixing time 
and mass transfer in aerobic stirred tank fermenter. 

Material and Methods
The present study was carried out in Faculty of Agriculture 

Engineering, Indira	Gandhi Agriculture University, Raipur. The 
experimental plan of present study is presented in Table 1. The materials 
required for this study were Aerobic Stirred Tank	 F e r m e n t e r , 
Impellers (i.e. Rushton Impeller, Marine Impeller, A320 Impeller and 
HE3 Impeller), Baffles (Walled and Unwalled)

Design calculations

The most popular range of ratio of height to diameter is 1:1 to 3:1 
for stirred tank fermenters. In this project the ration of height (h) is 
diameter (D) is taken as 2:1. The diameter of the vessel was 0.50 m and 
the height of vessel was 1.00 m.

Hence, the calculated volume of the fermenter was 0.1964 m3 or 
196.35 L. The working volume of fermenter was calculated to be 75% of 
the total volume. The impeller diameter must be one-third to the vessel 
diameter. So, the impeller diameter was calculated as 0.167 m. The 
pitch between impeller and vessel bottom was taken equal to impeller 
diameter i.e. 0.167 m. The length of impeller blade must be one-fourth 
of impeller diameter and calculation showed it 0.042 m. The width of 
impeller must be one-fifth of impeller diameter, after calculating it was 
0.035 m [24-26].

Assembling of impellers and baffles

This step involved the assembling all parts of the fermenter. The 
vessel body was already fitted with the baffles and discharge port. The 
drive motor was installed on the cover plate of fermenter using J-bolts 
and oil spill. J-bolts were used to support and hold the motor while 
the oil spill was used to ensure that there is no leakage or air passage 
from the entry point of drive shaft [27-30]. A coupling was used to 
facilitate the changing of impeller assembled with drive shaft. A port 
was provided for feed inlet at the cover plate. Similarly, a port was made 
to facilitate the air inlet in the fermenter. A port was made to fit the 
thermometer inside the fermenter. A pressure gauge was installed along 

with air emergency air outlet. O rings and gaskets were used at all the 
ports to avoid any kind of air leakage and contamination inside and 
outside of the fermenter. A spray ball was fitted at the inside-top of the 
fermenter to facilitate the cleaning and sterilization of fermenter.

Processing

The processing was done by running the fermenter with cane juice. 
The cane juice was collected from the local market. 18L of cane juice 
was used as feed for the fermenter. After filling the fermenter with cane 
juice, the fermenter was closed tightly (air tight). Then it was allowed to 
run, during this process the required data was obtained and the processing 
was regularly monitored. The temperature was about 37°C [31].

Performance evaluation

The performance evaluation of aerobic stirred tank fermenter was 
done by using various software packages i.e. MATLAB 8.01, Autodesk 
Simulation CFD and ANSYS FLUENT. The mathematical modelling was 
done by using MATLAB 8.01. It is the fourth generation programming 
language tool. Mathematical equations like Reynolds averaged Navier 
Stokes equation were programmed with proper inputs, which finally 
calculated the output of the process. Turbulence modelling method of 
Computational Fluid Dynamics was used for mathematical modelling. 
The models used were κ-ε model, κ-ω model, Shear Stress Transport 
model (SST) and Scale Adaptive Simulation SST (SAS-SST). All the data 
generated by these models were implemented in Autodesk Simulation 
CFD and ANSYS FLUENT software packages [32-34]. These software 
packages showed the results in various simulations. Simulation was 
preferred because it becomes very easy to understand the complex 
conclusion of CFD equations. These simulations were showing various 
coloured patterns of the fermenter performance. Results were obtained 
for both impellers i.e. Rushton turbine and Paddle impeller. In the k-ε 
model the turbulent kinetic energy k and its rate of dissipation ε are 
obtained from the transport equations.

Fluent used two approaches to modelling this “near-wall” region. 
The wall function approach bridges the viscosity-affected region 
between the wall and the fully turbulent region. The turbulence length-
scales used in this study are given for the k-ε and SSG-RSM model and 
for the SST and SAS-SST models [35].

Experimental determination of volumetric mass transfer 
coefficient

For this method first the water in the tank is deoxygenated by 
sparging nitrogen until the Dissolved Oxygen (DO) in the tank reaches 
below 10% of the saturation level. Then air is reintroduced into the 
tank through the sparge at a known mass flow rate while the DO is 
monitored over time. This is monitored until the oxygen reaches close 
to 85% of the saturation level. 

( )AL
L AL AL

dC k a C C
dt

= −

CAL is the dissolved oxygen concentration in percentage of 
saturation, t is time, CAL is the final DO concentration and CAL1 and CAL2 
are the DO concentrations at times t1 and t2, respectively [36,37].

For the configurations outlined in Table 1 steady-state method 
was used to give kLa values which serve as a quantitative comparison 
of the tanks. The volumetric mass transfer coefficient was determined 
at several points throughout the tank to give a volume-averaged mass 
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transfer coefficient for each configuration. This data was used to empirically 
derive the dimensionless correlations. It also assisted in assessing the mass 
transfer capabilities of specific impellers and baffles [38].

Results and Discussions
During this research work the effect of different types of impellers 

and baffles on mixing of aerobic stirred tank fermenter were studied. 

This study involved the use of Computational Fluid Dynamics software 
packages i.e. Autodesk Simulation CFD and ANSYS FLUENT to obtain 
the simulations of the fluid mixing in Aerobic Stirred Tank Fermenter. 
The mathematical modelling was done by turbulence modelling and 
solved using MATLAB software package. The mixing time and mass 
transfer were also correlated to examine the performance of Aerobic 
Stirred Tank Fermenter.

Effect of different types of Impellers and Baffles on Mixing

First, the steady-state flow field was calculated and visually displayed 
to identify “dead zones” where the fluid was not moving or mixing 
very well. The pictures of the flow field gave information on how each 
impeller moves fluid through the tank. This aided in determining the 
effectiveness of impellers in their mixing capability. The second output 
from the CFD is a mixing time for each configuration [39]. After the 
steady-state formulation was calculated, the simulation was changed to 
a transient formation and a tracer fluid was introduced into the tank. 
The volume fraction of tracer fluid was monitored at several locations 
in the tank, according to Plate, and the mixing time was calculated as 
the time when 90% of homogeneity was reached. The effect of different 
Impellers and Baffles on Mixing has been studied and reviewed by 
Nurtuno T [37].

Trailing Vortices

The vortical structures in a flow were visualized in a number of 
different ways. Here the swirling strength has been used, based on 
the computation of the Eigen values of the velocity gradient tensor. A 
threshold value of 0.1 was found to be a good compromise between 
missing structures if the value was too high and masking the structures 
if the value was too low.

Unsteady two-equation models, such as k-ε and SST, were found 
for excessively damping turbulence so that any detail of the turbulent 
structure (even on the larger scales) cannot be resolved directly. This 
is reflected by simulations generated using Autodesk Simulation CFD 
in Figure1 for k-ε model, Figure 2 for SAS SST model, and Figure 3 for 
SST model, which show that these models predict very small and hence 
dissipative trailing vortices with no secondary vortex motion apparent. 
Nevertheless, both the k-ε and SST models predict the appearance of 
the pair of vortices, one vortex above and one vortex below the disk of 
the impeller that originate from behind each blade and trail out into the 
bulk of the flow [40-42].

Turbulence Length

In the k-ε and SST models, all turbulence scales are modelled 
through Reynolds-averaging, and hence a relatively large length-scale 
of turbulence was calculated using, as can be seen in Figure 4 and 
Figure 5. The length-scales of turbulence of up to 3 mm predicted by 
the k-ε and SST models in the region of the impeller are similar to the 
experimental turbulence length-scales [43]. For the SAS-SST model, 
some details of the turbulence structures -the larger scale structures- 
can be directly resolved, while Reynolds averaging accounts for the 
smaller-scale turbulence structures. Figure 6 show that the SAS-SST 
model predicts longer trailing vortices and secondary vortex motions. 
The turbulence length-scales predicted by the SAS-SST model are much 
shorter than those predicted by the k-ε and SST models, because the 
larger scale turbulence is now being directly resolved through the "LES" 
content of the model [44,45].

 

Figure 1: Simulation of Trailing Vortices by k-ε model.

 

Figure 2: Simulation of Trailing Vortices by SAS SST.

 

Figure 3: Simulation of Trailing Vortices by SST model.
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CFD results of impellers and baffles obtained from ansys 
fluent

The CFD results calculated in this study can be used to give a better 
understanding of mixing in stirred tanks, and how certain aspects of the 
tank produce better mixing. These pictures are a slice of the mid-plane 
of the tank and the arrows represent the direction of flow. The different 

colors of arrows represent faster moving fluid, where the length of 
the arrows represents the direction of the fluid moving at that point. 
Where the arrows are longer, the fluid is moving more in line with the 
mid-plane of the tank; where the arrows are shorter they are moving 
more perpendicular to the mid-plane of the tank. Figure 7 shows CFD 

 

Figure 4: Simulation of Turbulence Length obtained by k-ε model.

 

Figure 5: Simulation of Turbulence Length obtained by SST model.

 

Figure 6: Simulation of Turbulence Length obtained by SAS SST model.

 

Figure 7: CFD Simulation for Rushton Impeller.

 

Figure 8: CFD Simulation for Marine Impeller.

 

Figure 9: CFD Simulation for A320 Impeller.
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Simulation for Rushton Impeller. Similarly, Figure 8, Figure 9 and 
Figure 10 show CFD Simulation for Marine Impeller, A320 Impeller 
and HE3 Impeller respectively [46-48].

Correlation between Mixing Time Tm (sec.) and Volumetric 
Mass Transfer Rate kLa (1/h)

The mixing times obtained in this study were compared to the 
experimental kLa values to examine the possibility of a correlation. 
Table 2 shows the average kLa values for different Impellers at the Gas 

Flow Rate of 40 and 70 liters per minute (lpm). The figures show the 
plot of kLa of each impeller versus the mixing time at the two flow rates 
[49,50]. Figure 11 and Figure 12 shows that non uniform kLa values 
were observed for all four Impellers with respect to Mixing Time (Tm) 
at the Gas Flow Rate of 40 lpm and 70 lpm. The correlation between 
Mixing Time and Volumetric Mass Transfer Rate were found to be 
more or less similar to those mentioned by Byung-Hwan Um (2007) 
(Table 3).

As seen in these figures the mixing times do not correlate to the 
experimentally determined kLa values. Due to this lack of correlation, 
gas flow rates of 20 and 10 liters per minute (lpm) were tested for all 
four Impellers. These additional tests are outlined in Table 3 and plotted 
in Figure 13 and Figure 14 [51-54].

Effect of Impellers and Baffles on Turbulent Kinetic Energy 
and Turbulent Dissipation Rate with respect to Mixing Time

The values of Turbulent Kinetic Energy k (m2/s2) and Turbulent 
Dissipation Rate ε (m2/s3) were experimentally determined. The 
distribution of turbulent kinetic energy and dissipation rates as shown 
in Figures 15, 16, 17, 18, 19, 20, 21 and 22 are characteristic of the 
reactor geometry [55]. The turbulent k and ε predicted by the various 
viscosity suspensions with the maximum values are found in the 
discharge region and a surrounding zone of relatively high turbulent 
kinetic energy. As expected, relatively high dissipation rates were found 
near the impellers. The values of k are close to zero with low dissipation 
rates elsewhere [56].

Figure 15 and 19 shows that there was uniform increase in Turbulent 
Kinetic Energy (k) and Turbulent Dissipation Rate (ε) with respect to 
Mixing Time in case of Rushton Impeller [57]. But, Figure 16, 17, 18, 
20, 21 and 22 shows that there was fluctuations in Turbulent Kinetic 
Energy (k) and Turbulent Dissipation Rate (ε) with respect to Mixing 
Time in case of Marine Impeller, A320 Impeller and HE3 Impeller.

Since, the Turbulent Kinetic Energy (k) and Turbulent Dissipation 

 

Figure 10: CFD Simulation for HE3 Impeller.

S.No. Impeller
Baffle

Configuration
Baffle

Configuration Experimental
Determination of kLa

CFD Steady
State Calculation

CFD Mixing
Time Calculation

1 2
1 Rushton Impeller Walled Un walled Yes Yes Yes

2 Marine Impeller Walled Un walled Yes Yes Yes
3 A320 Impeller Walled Un walled Yes Yes Yes
4 HE3 Impeller Walled Un walled Yes Yes Yes

Table 1: Impeller Tank Configuration and in which studies they were used.

Impellers Tm (sec) kLa at 40 lpm kLa at 70 lpm
Rushton Impeller 5.5 135 141
Marine Impeller 7.9 72 78
A320 Impeller 10.5 85 90
HE3 Impeller 11.5 65 70

Table 2: Average kL a values for different Impellers at Gas Flow Rate of 40 lpm 
and 70 lpm.
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Rate (ε) were used to represent Volumetric Mass Transfer Rate. The 
data from these figures indicated that Mass Transfer was very efficient 
whenever the Rushton Impeller was used while Marine Impeller, A320 
Impeller and HE3 Impeller were somewhere inefficient as compared to 
latter [58].

 These data also indicated that Rushton Impeller was indeed more 
efficient for Mass Transfer in Aerobic Stirred Tank Fermenter when 
used with walled baffles instead of unwalled baffles [35]. The other 
three impellers i.e. Marine Impeller, A320 Impeller and HE3 Impeller 
were not as much efficient as Rushton Impeller to provide efficient 
Mass Transfer in Aerobic Stirred Tank Fermenter with walled as well as 
unwalled baffle. The configuration of different impellers with baffles is 
mentioned in Table 1 [17]. 

Conclusion
Flow pattern calculations for potential operating conditions of 

Rushton six blade Impeller, Marine Impeller, A320 Impeller and HE3 
Impeller in the ellipsoidal bottom tank have been performed to assess 
mixing behavior. The trailing vortices and turbulence length modeled 
by k-ε model, SST model and SAS SST model were used to understand 
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Figure 12: Average KLa values for different Impellers at Gas Flow Rate 
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Impellers Tm(sec) kLa at 20 lpm kLa at 10 lpm
Rushton Impeller 16.0 56 79
Marine Impeller 14.7 67 87
A320 Impeller 10.2 63 93
HE3 Impeller 9.1 71 112

Table 3: Additional kL a Testing performed at Gas Flow Rate of 20 lpm and 10 lpm.
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Figure 13: Additional KLa Testing performed at Gas Flow Rate of 20 lpm.
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the effect of Impeller and Baffles. Among these Impellers Rushton 
Impeller was the most efficient. The modeling results were used 
determine acceptable agitator speeds and tank liquid levels to ensure 
suspension of solid particles deposited during high solid fermentation.

A few important observations with regard to the effect of fluid 
viscosity on fermentation suspension in the laminar flow regime have 
been made in this work. The main interest was axial and mixed-flow 
pattern of impellers since they are the most important considered for 
viscous suspension mixing. It was found that the axial flow component 
for these impellers was suppressed on the bottom of the tank, such that 
overall flow was predominantly radial. Specifically, this relatively weak 
distribution of axial velocities at the bottom of the tank may cause the 
solid particles to stay around the bottom of the tank. This condition 
becomes more significant with increased solid concentration.

The simulation shows that there is a potential for slow flow or 
stagnant fluid between the bottom of tank and the fermentor wall 
and also above the top impeller. In an aerobic fermentation, both of 
these regions could become depleted of oxygen. High shear rates 
and energy dissipation rates could be found near both impellers. In 
all of fermentations, high shear and energy dissipation regions could 
deactivate the microorganism.

From the experimental kLa studies we see that for a 197 liter tank 
with a 2:1 height to diameter ratio, 6-blade Rushton impeller used with 
the walled baffles creates the best conditions for mass transfer. The axial 
flow impellers so not seem to have any advantage, or disadvantage over 
the radial flow impellers. Numerically calculated mixing times do not 
correlate with mass transfer for the gas flow rates used by this STR and 
thus can only be used to give information on mixing.
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Figure 18: Turbulent Kinetic Energy (m2/S2) for Tank Diameter (Dt) and 
Mixing Time Tm4 for HE3 Impeller.
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Figure 19: Turbulent Dissipation Rate (m2/S2) for Tank Diameter (Dt) and 
Mixing Time Tm1 for Rushton Impeller.
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Figure 20: Turbulent Dissipation Rate (m2/S3) for Tank Diameter (Dt) and 
Mixing Time Tm2 for Marine Impeller.
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Figure 21: Turbulent Dissipation Rate (m2/S3) for different Tank Diameter (Dt) 
and Mixing Time Tm3 for A320 Impeller.
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Figure 22: Turbulent Dissipation Rate (m2/S3) for different Tank Diameter (t1) 
and Mixing Time Tm4 for HE3 Impeller.
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