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Stirred tanks are widely used in the industrial world, design and improvements are still 
being developed, including the stirred fermenter tank. A numerical study was carried 
out to examine the relationship between experimental and reference and 
computational analysis, in order to minimize the power consumption of a stirred 
fermenter tanks and optimize the velocity distribution and its profile in radial and axial 
direction. Specifically, velocity distribution profile in radial and axial direction and the 
profile of pressure distribution of an experimental impeller, a flat impeller, and a flat-
hole impeller were investigated using Computational Fluid Dynamic (CFD) analysis. It 
was found that the axial velocity at the top and the bottom of the experimental 
impeller was highly disparate at around 0.95 m/s, while the flat impeller and the flat-
hole impeller experienced a disparity of 0.05 m/s and 0.21 m/s, respectively. In case 
terms of decreased power, the experimental impeller showed power reduction of 
21%, greater than that of the flat-hole impeller configuration of 17%.  
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1. Introduction 
 

The mixing process using a stirred tank is widely developed in the processing industry. The 
important challenges in this application are mixing performance, impeller tip velocity, and efficient 
energy input [1]. A Mixing of dissolved solids is needed to increase the interaction between particles, 
so that uneven accumulation at one point can be avoided [2]. The mixing flow in a stirred tank creates 
a flow that is difficult to predict, so it is necessary to pay attention to the selection of equipment to 
produce sufficient turbulence and flow [3]. In addition, mixing fluids in large-scale industries using 
impellers may generate flow movements with high turbulence. 

A mixing process using impeller is also applied in Tapioca Pilot Plant with a capacity of 5 tons 
tapioca per day belonged to the Starch Laboratory – the National Research and Innovation Agency 
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Republic of Indonesia (BRIN). This facility combines modern and conventional technology to produce 
native and fermented starch [4].  In case of fermented starch, a development of fermentation process 
was carried out by changing the process design from settling tanks to a fermenter tank. The 
fundamental problem of fermentation using a settling tank is the inhomogeneity of suspense 
concentration and mixing process, and also the considerable chance of contamination. These may be 
solved by a fermenter tank that is able to maintain the hygienic surroundings and the homogeneity 
of the fermented suspense. 

This project aimed to analyze the fluid flow systems inside the fermented tank using 
Computational Fluid Dynamics (CFD) and improve the performance over more applicable technology. 
Three different types of impellers, i.e., experimental impeller, flat impeller, and flat-hole impeller, 
were investigated and modeled in a stirred fermenter tank using commercial software ANSYS Fluent 
2021 R2. Then, experimental testing was carried out as a validation of the modeling results. This 
article presents a study of the velocity profiles in the radial and axial directions and the pressure 
distribution in three impeller configurations. 
 
2. Methodology  
2.1 Design Calculation of Fermenter Tank 

 
The experiment of design development for fermenter tank was one part of the modification 

process of tapioca flour production. This process involved the activity of microorganism (i.e lactic acid 
bacteria) to create acidic surroundings with a pH of around 4. Therefore, a well-mixing process 
between tapioca slurry and the bacteria was targeted to avoid inhomogeneity, so that the desired 
result could be achieved. This was facilitated by a fermenter tank equipped with two impellers that 
placed at different level of the stirring rod, with configuration showed in Table 1. 

 
Table 1  
The experimental data of the fermenter 
Item of experimental data Description 

Impeller Type Disc Turbine, 3 blade at 45o angle 

Operating Conditions 25°C, 1 atm 

Tank Diameter (Dt) 2.75 m = 9.0223 ft 

Tank height (ZR) 3 m = 9.8425 ft 

Distance from bottom of the 
tank to stirrer (Zi) 

 
0.15 m = 0.4921 ft 

Tank volume (V) 17.8259 m3 

Tapioca slurry volume 
(ZL=2,4m) 

 
2.4 m = 14,260. m3 

Tapioca Density (ρ) 1,173.15 kg/m3 

Tapioca viscosity (µ) 3.000 cP 

Stirrer diameter (Di) ≈2/3Dt (1.8m= 3.2808 ft) 

Dt /Di 1.52 m  

ZL /Di 1.33 m 

Zi /Di 0.083 m 

 

The fermenter tank is in the form of a vertical cylinder vessel, with a diameter of Dt = 2.75 m 
supported by four legs. There are no baffles in the tank because the principle of the process is to mix 
native starch with water to obtain homogeneity as a form of starch slurry. The distance between the 
upper and lower impellers, Zp (ZR/2) is 1.5 m. While the distance between the bottom of the tank 
and the position of the lower impeller is Zi/Di= 0.083 m. The shape and scheme of the fermenter tank 
is shown in Figure 1. 
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Fig. 1. Fermenter tank design 

 
The stirrer in the fermenter tank was a paddle type, with its blade number determined by Rase 

[5]: 
 

n =
𝑊𝐸𝐿𝐻

𝐼𝐷
 (1) 

 
Where, WELH (Water Equivalent Liquid High) = ZL x sg; since sg (the specific gravity) of tapioca is 

1.1173; then WELH is calculated as 2.8156 m = 9.2374 ft. While ID = Dt is the inside diameter of the 
stirrer (m), hence the number of blades (n) =2-3, and then it was determined to be 3 blades. The 
rotational speed of the stirrer in the fermenter tank is calculated by Rase [5] as follows: 
 

N =
600

𝜋. 𝐷𝑖
. √

𝑊𝐸𝐿𝐻

2. 𝐷𝑖
 (2) 

 
 
It brought the speed (N) of 69.04 rpm, and was set to be 69 rpm. While the condition of the fluid 

can be assessed by the Reynolds number. For Newtonian fluids, the Reynolds number is defined as 
follows: 
 

Re =
𝑛. 𝜌. 𝐷𝑖2

𝜇
 (3) 

 
Where ρ is the fluid density (kg/m3), n is the impeller speed (rpm), Di s the agitator diameter (m), and  
µ is the fluid  dynamic viscosity  (kg/ms). In this experiment, the working fluid of slurry starch was 
used, that has ρ = 1,173.15 kg/m3 and  µ = 3,000 cP. 

 
2.2 Geometry of Fermenter Tank 

 
 This study investigated a fermenter tank equipped with two impellers placed at different level of 

the stirring rod, each impeller consisting of 3 blades. The design of the fermenter tank was based on 
results of design and experiments conducted in previous work [4]. The fermenter tank modeling was 
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executed on three types of impellers, with the same tank size and blade, namely fermenter diameter 
(Dt) = 2.75 m, fermenter height (ZR) = 3 m, and the distance between the upper and lower impellers, 
Zm = 1.5 m. While the dimension of the blade was 1 m x 0.15 m, and the height of the fermented 
starch liquid was 2.4 m. In the first configuration, the experimental impeller had a bottom impeller 
with a tilt angle of 45o and top impeller with 90o upright. The second configuration used a flat type 
impeller with the bottom and top 90o upright. Meanwhile, the third configuration applied a flat-hole 
type of impeller with the bottom and top is 90o upright and had a hole on each blade with dimensions 
of 0.2 m x 0.04 m. These three configurations are shown in Figure 2. 
 

 
Fig. 2. Impeller type configuration (a) experimental impeller (b) flat impeller and (c) flat-hole impeller 

 
2.3 Governing Equation 
 

In this study, the Navier-Stokes equation was used to solve the calculation of the fluid flow 
pattern in the fermenter tank. Calculations were solved with continuity and momentum equations, 
for Newtonian fluids with constant density and velocity. The continuity equation was used to describe 
the flow in the x, y, and z directions [6]. 

 
Continuity: 

𝜕

𝜕𝑥
(𝜌𝑢) +

𝜕

𝜕𝑦
(𝜌𝑣) +

𝜕

𝜕𝑧
(𝜌𝑤) = 0 (4) 

 
x-momentum: 

𝜌𝑔𝑥 −
𝜕𝑃

𝜕𝑥
+ 𝜇 (

𝜕2𝑢

𝜕𝑥2
+

𝜕2𝑢

𝜕𝑦2
+

𝜕2𝑢

𝜕𝑧2
) = 𝜌

𝑑𝑢

𝑑𝑡
 (5) 

 
y-momentum: 

𝜌𝑔𝑦 −
𝜕𝑃

𝜕𝑦
+ 𝜇 (

𝜕2𝑣

𝜕𝑥2
+

𝜕2𝑣

𝜕𝑦2
+

𝜕2𝑣

𝜕𝑧2
) = 𝜌

𝑑𝑣

𝑑𝑡
 (6) 
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z-momentum: 

𝜌𝑔𝑧 −
𝜕𝑃

𝜕𝑥
+ 𝜇 (

𝜕2𝑤

𝜕𝑥2
+

𝜕2𝑤

𝜕𝑦2
+

𝜕2𝑤

𝜕𝑧2
) = 𝜌

𝑑𝑤

𝑑𝑡
 (7) 

 
Where 𝑢, 𝑣, 𝑎𝑛𝑑 𝑤 are the velocity components in the 𝑥, 𝑦, 𝑎𝑛𝑑 𝑧 directions; 𝜌 is density; 𝜇 is 
viscosity; t is time; and P is pressure. 
 
2.4 Turbulence Models 

 
A realizable 𝑘 − 𝜀 model is used to calculate the fluid turbulence model in the fermenter tank. A 

realizable 𝑘 − 𝜀 mathematical model considers the relationship of the Boussinesq equation and the 
definition of eddy viscosity [7, 8]. The advantage of this approach is the relatively low computational 
cost. The Boussinesq hypothesis for predicting isotropic turbulent viscosity usually work well for 
shear flows dominated by only one turbulent shear stress. Realizable 𝑘 − 𝜀 models have better 
predictions when realized for boundary layer characteristics in large pressure gradients, segregated 
flows, and circulations [9, 10].  

The Boussinesq hypothesis method relates the Reynolds stress to the mean velocity gradient, as 
follow: 
 

−𝜌𝑢𝑖
, 𝑢𝑢𝑗

, = 𝜇𝑡 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) −

2

3
(𝜌𝑘 + 𝜇𝑡

𝜕𝑢𝑘

𝜕𝑥𝑘
) 𝛿𝑖𝑗 (8) 

 
The turbulent viscosity, μt , is defined as 
 

μt = 𝜌𝐶𝜇

𝑘2

𝜀
 (9) 

 
Where 𝐶𝜇 is a constant. 

 
Transport equations for Realizable models 𝑘 − 𝜀 is : 
 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑗
(𝜌𝑘𝑢𝑗) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘 (10) 

 
𝜕

𝜕𝑡
(𝜌𝜀) +

𝜕

𝜕𝑥𝑗
(𝜌𝜀𝑢𝑗) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜀
)

𝜕𝜀

𝜕𝑥𝑗
] + 𝜌𝐶1𝑆𝜀 − 𝜌𝐶2

𝜀2

𝑘 + √𝑣 ∈
 

+𝐶
1𝜀

𝜀
𝑘

𝐶3𝜀𝐺𝑏 + 𝑆𝜀 
(11) 

 
And 
 

C1 = 𝑚𝑎𝑥 [0.43
𝜂

𝜂 + 5
] , 𝜂 = 𝑆

𝑘

𝜀
, 𝑆 =  √2𝑆𝑖𝑗𝑆𝑖𝑗 (11) 
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In this equation, 𝐺𝑘 represents the generation of turbulence kinetic energy due to the mean 
velocity gradients. 𝐺𝑏 is the generation of turbulence kinetic energy due to buoyancy. 𝑌𝑀 represents 
the contribution of the fluctuating dilatation in compressible turbulence. 𝐶1 and 𝐶1𝜀 are constants. 
𝜎𝑘  and 𝜎𝜀  are the turbulent Prandtl numbers for 𝑘 and 𝜀, respectively. 𝑆𝑘 and 𝑆𝜀 are user-defined 
source terms. The model constant value is 𝐶1𝜀 = 1.44, 𝐶2𝜀 = 1.92, 𝐶𝜇 = 0.09,  𝜎𝑘 = 1.0,  𝜎𝜀 = 1.3 

[7]. 
 
2.5 Computational Methodology 

 
This study used the Ansys Fluent 2021R2 solver to solve the flow equation in the stirred tank 

modelling. The flow domain utilized a 3-zone MRF (Multiple Reference Frame) approaches, namely 
the main domain, and two moving domains consisting of lower impeller domain and upper impeller 
domain. The boundary condition of the tank wall was defined as a "no slip" condition. Meanwhile, at 
the top of the tank, specified shear conditions were applied because it was considered that the fluid 
does not reach the top of the tank [11]. The boundary conditions set for a stirred tank are shown in 
Figure 3. The working material was tapioca slurry with an experimental density of 𝜌 = 1,173 kg/m3 
and viscosity of 𝜇 = 3,000 cP. In all simulation sections, the time step was determined as a function 
of the impeller speed, which was 69 rpm. The mesh used was polyhedral with high mesh quality 
(skewness = 0.90) ensured throughout the domain, as shown in Figure 4. 
 

 
Fig. 3. Boundary conditions adopted for CFD model 

 

 
Fig. 4. Meshing for the CFD section 
of the fermenter tank model 
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3. Results and Discussions 
3.1 Distribution of Velocity  

 
Figure 5 shows the distribution of flow patterns for stirred fermenter tanks equipped with 

different impeller shapes and positions. An overview of the flow patterns in the three types of 
impellers created four recirculation zones, extending near the tank walls. The flow pattern was 
formed at the bottom and top of each impeller. The velocity distribution showed a changing flow 
pattern from the impeller surface to the tank wall. The results showed that the experimental 
impeller, a recirculation flow pattern occurred closer to the impeller, than the flat impeller and flat-
hole impeller. This was because the lower impeller of the experimental configuration had a tilt angle 
of 45o. The results of the experimental simulation of recirculating flow patterns in positions below 
and above the impeller are in accordance with those reported by other researchers [12].  Impellers 
in the top and bottom position were required to reduce the weak flow zone in a stirred fermenter 
tank. The intensity of the turbulence was characterized by the formed flow pattern, i.e., the flat hole 
impeller had a more intense number of direction changes than the experimental impeller and flat 
impeller. The occurrence of flow patterns that have varying intensities according to the results of 
experimental simulations have been reported by other researchers [13]. Moreover, the velocity along 
the fermenter tank wall is zero, because this area is a no-slip condition [14]. 
 

 
Fig. 5. Velocity distribution for three impeller configurations (a) Experimental impeller (b) Flat 

impeller and (c) Flat-hole impeller 
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3.2 Speed Profile in Radial and Axial Directions 
 
Figure 6 provides a comparison of velocity profiles in a stirred fermenter tank. The highest radial 

velocity was concentrated at the impeller tip in all three configurations. Impellers with an upright 
type affected the size of the mixed fluid area and had a strong radial flow pattern. This was due to 
the higher surface interaction of the impeller structure with the fluid [15-17]. Velocity contour 
profiles of the three types of impeller configurations at two radial locations were z = 0.2 m and 1.75 
m. 

 

 
 

Fig. 6. Speed contour in the radial direction with three impeller 
configurations (a) Experimental impeller (b) Flat impeller and (c) 
Flat-hole impeller 

 

Figure 7 reveals that the modeling results obtained the axial velocity values of the impeller 
experimental configuration at the bottom and top were 1.78 m/s and 2.73 m/s. Meanwhile, the axial 
velocity on the flat impeller was 2.00 m/s and 2.05 m/s and the axial velocity on the impeller flat hole 
were 1.93 m/s and 2.14 m/s. The three configurations formed patterns that were similar at their 
corresponding axial direction points (z = 0.2 m and 1.75 m). The axial velocity with a maximum value 
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occurred at a location near the impeller, then it decreased at the positions above and below the 
impeller. This axial velocity profile of an impeller simulation is also observed by other research 
reports namely [18, 19], who reported the results of research on impeller simulations with axial 
velocity profiles. 

 

 
Fig. 7. The velocity profile in the axial direction with three impeller configurations 

 
3.3 Pressure Distribution Profile 

                                                         
Figure 8 indicates the influence of the pressure distribution that occurs on the impeller surface. 

The rear impeller surface experienced negative pressure, while the front impeller surface exhibited 
the highest positive pressure. This happened to all three types of impeller configurations. The 
pressure distribution is also reported in research by Hoseini et al., [13]. Lower pressure took place on 
the experimental impeller and flat hole impeller, while the pressure was higher on the flat impeller 
type. The results of the three impellers were described as a function of the moment in the stirred 
fermenter tank. 
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Fig. 8. Pressure distribution with three impeller configurations (a) Experimental impeller (b) 
Flat impeller and (c) Flat-hole impeller 

 
3.4 Power Consumption  

 
The experimental process of a stirred fermenter tank was done to test the ability of the impeller 

so that it could function properly (see Figure 9). The first experiment was carried out using an electric 
motor with a power of 1.5 kW with a starch slurry level of 0.75 m. When operating for 2-3 hours the 
electric motor burned out, so modifications were executed to the impeller to reduce the load during 
the stirring process. This was performed by reducing length of the impeller and changing the angle 
of inclination of the bottom impeller by 45o. Then the second experiment was carried out using an 
electric motor with a power of 5.5 kW with a starch slurry level of 0.75 m. The experimental results 
showed that the fermenter tank impeller could function to homogeneously mix the starch slurry.  

 

 
Fig. 9. The experimental impeller 
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The investigation via modeling of stirred fermenter tank with a maximum starch slurry level of 
2.4 m showed that the motor power requirement of the experimental impeller, the flat impeller, and 
the flat-hole impeller were 24.77, 31.47, and 25.88 kW, respectively (see Figure 10). This indicated 
that the configuration of the flat impeller had a higher torque than the experimental impeller and 
the flat hole impeller. Impeller that has no hollow and tilt angle might cause the motor power to be 
higher by 6.7 kW. Based on this modeling, an impeller modification is one alternative to do, thereby 
reducing the motor power in the fermenter tank, hence obtaining an efficient and proper motor 
power. Alternative modifications could be made by making a hole in the impeller section or changing 
the position of the impeller to an angle of 45o. Meanwhile, the impeller with a 45o angle of inclination 
has no significant effect on torque reduction. 

 

 
Fig. 10. Power consumption in a stirred fermenter tank 

 

4. Conclusions 
 
The characterization of fluid mixing using a stirred tank with 3 impeller configurations was 

investigated using CFD simulations and experimental analysis. Distribution of velocity, velocity profile 
in radial and axial directions, pressure distribution profile, and power consumption were analyzed 
through CFD with a realizable 𝑘 − 𝜀 model approach. The results showed that the experimental 
impeller with an angle of 45o at the bottom stirrer created a recirculation flow pattern closer to the 
impeller than that of the flat impeller and the flat-hole impeller. In terms of the impeller axial velocity, 
the velocity disparity between the bottom and the top stirrer of the experimental impeller, flat 
impeller, and flat-hole impeller were calculated for 0.95 m/s, 0.05 m/s, and 0.21 m/s, respectively. In 
terms of power, the experimental impeller showed the greatest power reduction compared to that 
of the flat hole impeller and the flat impeller, by 21% and 17%. Therefore, modification of the impeller 
is an alternative means to reduce power consumption while at the same time maintaining stirring 
the starch slurry at the maximum level. 
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