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ABSTRACT: The agitated vessels are frequently used equipment in industries, especially  

in polymer processes. In the present work, the CFD simulation technique was used to study the 

effect of impeller shapes in the industrial scale water-based polymers agitated vessels to increase 

mixing efficiency. The VOF multiphase approach and 𝑅𝑁𝐺 𝑘 − 𝜀 turbulent model were used  

to study the hydrodynamic behavior of fluids in the vessel. The simulations were done in four designs, 

including designs A, B, C, and D. Designs A and B had three curved impellers with two 59° blades 

for each one and one straight impeller at the vessel bottom. Results showed that in designs A and B  

the gas phase entered the liquid (polymer) phase and caused foaming liquid. In design C,  

a geometrical modification was done by removing the top curved impeller, adding a blade for 

curved impellers, and reducing of curved blade angle from 59° to 26°. Results showed that wide 

rotational zones were achieved (about 75% of the illiquid phase), and the liquid foaming problem 

was solved in design C. The modification of the bottom impeller in design D showed that  

the rotational zones cover about 95% of the entire liquid phase, which is the best performance 

compared to other designs. Also, the performance of design D was evaluated at the viscosity values, 

including 7 𝑘𝑔/𝑚. 𝑠, 4 𝑘𝑔/𝑚. 𝑠 and 1𝑘𝑔/𝑚. 𝑠 and mixing quality was validated at these values. 
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INTRODUCTION 

Today water-based polymers, due to their ease of 

production, low cost, desirable properties, and fewer 

environmental hazards, are widely used globally. As a result, 

increasing the production efficiency of water-based 

polymers is essential to respond to the global demand for 

such polymers. The mixing tanks have the most vital role in 

enhancing product quality during water-based polymer 
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production. Designing high-efficiency mixing equipment in 

the chemical industry is one of the most important issues for 

engineers. Today, various mixing equipment has been designed 

by researchers. Agitated vessels are one of the most widely 

used types of mixing equipment. According to the volume 

and height of the vessel, fluid characteristics, desired mixing 

time, and the multiphase process conditions, the different 
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numbers, and shapes of impellers have been introduced  

to increase the mixing quality. It should be noted that poor 

mixing in various chemical processes can cost industries  

up to several hundred million dollars per year [1]. 

One of the most important techniques for studying and 

designing agitated vessels is the Computational Fluid 

Dynamics (CFD) method. An important feature of the 

CFD method is studying the effect of various parameters 

such as the shape, number and position of the impellers on 

the mixing quality of agitated vessels. This section reviews 

some of the research on simulating CFD mixing tanks.  

One of the techniques used in the CFD simulation of 

mixing vessels is the "Black Box" method. In this method, 

the boundary conditions of the impeller are extracted based 

on laboratory data and applied to the plate that surrounds 

the impeller. References [2, 3] can be mentioned among 

the researches that used the black box method. In the Black 

Box method, the parameters applied in the boundary 

conditions include tangential velocity, angular velocity, 

kinematic energy of turbulent current (𝑘) and turbulent 

energy dissipation rate (𝜀), which must be measured 

experimentally. Therefore, if the impeller shape, vessel 

geometry, and operating conditions change, the required 

parameters to apply the impeller boundary condition must 

be measured again. Although the Black Box method has 

been proposed as one of the first solutions in the field of 

CFD simulation of mixing vessels, it cannot be a reliable 

technique in the CFD simulations [4]. 

Another method used to simulate agitator tanks is the 

inner-outer (IO) approach. In this approach, the vessel is 

divided into two areas that overlap to some extent [5, 6]. 

In this method, the blade area is called the inner area, and 

the tank and baffles area, except for the impeller, is called 

the outer area. In the first step, CFD simulation is 

performed in the inner area. This area contains a reference 

surface for which the rotation speed is defined to apply the 

impeller effect to the flow field. In the second step, the initial 

calculation of the flow field in the inner region is used as  

the boundary conditions of the outer region. By calculating 

the results in the outer region based on the results of the 

inner region and the exchange of results between the inner 

and outer regions, calculations are performed until 

numerical stability in the solution is obtained [4]. 

One of the most widely used techniques for simulation 

agitator tanks is the Moving Reference Frame (MRF) 

method. In this method, the effect of the impeller is 

simulated by defining two rotating and fixed regions. The 

impeller region is a rotating frame that rotates at a velocity 

equal to the impeller, and the zone outside the rotating frame 

is considered a constant frame. There is no overlap between 

the inner and outer frames in the MRF method. In this 

method, based on the data of a rotating frame, the flow 

characteristics are calculated in the impeller zone. The 

results of the rotating frame are used as a boundary 

condition to calculate the flow characteristics in the constant 

frame, and reciprocally, the results of flow characteristics in 

the constant frame are used as boundary conditions for the 

rotating frame to finally reach the final answer and numerical 

convergence [4]. Some of the simulations performed by 

MRF method can be referred to references [7-10], whose 

results show a good agreement with laboratory data. 

One of the crucial parameters that extremely affects 

the simulation accuracy in agitator's vessels is the choice 

of the turbulent flow model. In general, three categories 

have been used to predict the turbulent flow behavior in 

the mixing vessels, which are: 1) Reynolds Averaged 

Navier-Stokes equations (RANS) 2) Reynolds Stress 

Models [11-14] 3) Models based on Large Eddy 

Simulation (LES) [15-17] 4) Direct Numerical Simulation 

(DNS) [18, 19]. Among the mentioned methods, RANS 

models, especially standard 𝑘 − 𝜀 and 𝑅𝑁𝐺 𝑘 − 𝜀 models, 

due to have received more attention from researchers due 

to extensive validation and less computational time than 

other models. Among the researches based on the standard 

𝑘 − 𝜀 model, the references [20-27] and the 𝑅𝑁𝐺 𝑘 − 𝜀 

model [28-32] can be mentioned. 

The main purpose of this study is to achieve the 

appropriate shape, number, and position of the impellers in 

the water-based resin industrial agitated vessel, through 

which the proper rotational behavior occurs in the whole 

vessel. To achieve this goal, the CFD technique has studied 

several different geometric designs of the impellers to 

obtain the best geometric structure of the impeller’s blades 

and impellers' position in the agitated industrial vessel. 

 

CFD MODEL 

Continuity and momentum equation 

The continuity and momentum equations for a single-

phase system based on Reynolds averaging method  

is expressed as follows: 

∂(ρ)

∂t
+

∂

∂xi
(ρui) = 0                                                                 (1) 
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∂(ρui)

∂t
+

∂

∂xj
(ρuiuj) = −

∂P

∂xi
+

∂

∂xi
(μlam (

∂ui

∂xj
+

∂uj

∂xi
−

2

3
δij

∂uI

∂xI
)) +

∂

∂xj
(−ρuj

′ui
′̅̅ ̅̅ ̅) + ρg                                          (2)  

where 𝑢, 𝑢′, 𝜌, 𝑃, 𝜇𝑙𝑎𝑚 , 𝑔 and 𝑢𝑗
′𝑢𝑖

′̅̅ ̅̅ ̅̅  are time-averaged 

velocity, velocity fluctuations, density, pressure, laminar 

viscosity, gravity acceleration and Reynolds stress term, 

respectively. Reynolds stress is expressed as follows based 

on the Boussinesq approach [33]: 

−ρuj
′ui

′̅̅ ̅̅ ̅ = μt (
∂ui

∂xj
+

∂uj

∂xi
) −

2

3
(ρk + μt

∂uI

∂xI
) δij                 (3)                  

where 𝜇𝑡 and 𝑘 are the viscosity and kinetic energy of the 

turbulent flow and can be calculated by turbulent flow 

equations such as 𝑅𝑁𝐺 𝑘 − 𝜀. 

 

Turbulent model equations 

In this research, the 𝑅𝑁𝐺 𝑘 − 𝜀 equation was used to 

simulate the turbulent flow behavior. Among the 𝑘 − 𝜀 

models, the 𝑅𝑁𝐺 𝑘 − 𝜀 model has a better ability to predict 

turbulent flow regime within agitated vessels due to its 

modifications to account for rotational flow effects [34]. 

The conservation equations of eddies kinetic energy (𝑘) 

and the energy dissipation (𝜀) are as follows: 

∂(ρk)

∂t
+

∂

∂xi
(ρkui)=

∂

∂xj
(αk(μlam+μt)

∂k

∂xj
) +Gk-ρε             (4)  

𝜕(𝜌𝜀)

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
(𝜌𝜀𝑢𝑖) =

𝜕

𝜕𝑥𝑗
(𝛼𝜀(𝜇𝑙𝑎𝑚 + 𝜇𝑡 )

𝜕𝜀

𝜕𝑥𝑗
) +

𝐶1𝜀
𝜀

𝑘
𝐺𝑘 − 𝐶2𝜀

∗ 𝜌
𝜀2

𝑘
                                                                 (5)                     

Where 𝐶1𝜀  is a fixed constant with values of 1.42 [34]. 

Also 𝛼𝑘 and 𝛼𝜀 are proportional to the inverse of Prandtl 

number for 𝑘 and 𝜀. In Eqs (4) and (5) the 𝜇𝑡 is the 

turbulent flow viscosity, which is calculated by: 

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

𝜀
                                                                       (6) 

Where 𝐶𝜇 is a constant with the value of 0.0845.  

The parameter 𝐶2𝜀
∗  in Eq. (5) is also calculated based on 

the following relations: 

𝐶2𝜀
∗ = 𝐶2𝜀 +

𝐶𝜇𝜂3(1−𝜂/𝜂0)

1+𝛽𝜂3                                                     (7) 

𝜂 = √2𝑆𝑖𝑗𝑆𝑖𝑗
𝑘

𝜀
                                                                 (8) 

Where 𝐶2𝜀 , 𝜂0 and 𝛽 are equal to 1.68, 4.38 and 0.012, 

respectively. 

Multiphase flow model 

To simulate the behavior of liquid and gas fluid at the 

interface, the Volume of Fluid (VOF) multiphase model 

was used. In the VOF model, the conservation of the 

volume fraction of phases in each computational cell, 

when there is no interphase mass transfer, is calculated 

based on the following equation: 

∂

∂t
(αqρq) + ∇. (αqρqu) = 0                                              (7) 

Where 𝛼𝑞 is the volume fraction of phase q. Also, the 

volume fraction for the last phase is calculated by the 

following equation: 

∑ αq = 1

N

q=1

                                                                              (8) 

It should be noted that the following mixing law is used  

to calculate the density in the equations of Eqs (1-6): 

ρ = ∑ αqρq

N

q=1

                                                                         (9) 

Also, the laminar flow viscosity in Eqs (2, 4) is 

calculated by the following equation: 

𝜇𝑙𝑎𝑚 = ∑
𝛼𝑞𝜌𝑞𝜇𝑙𝑎𝑚𝑞

𝛼𝑞𝜌𝑞

𝑁

𝑞=1

                                                      (10) 

 

Boundary conditions  

The wall boundary conditions are the main boundary 

condition for the vessel walls in the current contribution. 

Due to batch operation of the process, inlet and outlet 

boundary conditions were not defined in the CFD model.  

 

Numerical method and mixing technique 

In this work, the finite volume method was used to solve the 

governing equations numerically. The SIMPLE (Semi-

Implicit Method for Pressure Linked Equations) algorithm 

was used to solve the pressure-velocity field. Furthermore, 

the QUICK (Quadratic Upwind Interpolation for 

Convective Kinematics) discretization scheme was used  

to discretize the continuity, momentum, and turbulence 

equations. The MRF approach was used to simulate the 

effect of the impeller rotation on the hydrodynamic behavior 

of the vessel. In addition, the standard wall function model 

was used to model the flow field near the wall. The simulations  
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Fig. 1: Mesh independency and the validation of the CFD 

model at small scale 

 

were carried out on a workstation with 24 GB RAM and 

24 core Intel® Xeon® Processor. 

 

RESULTS AND DISCUSSION 

Validation and mesh independency 

In order to validate the models and numerical solution 

procedure, the laboratory data presented by Wu and 

Patterson [35] were used for CFD results verification. Also, 

the geometry details can be found in reference [35]. The 

mesh independency for experimental work was evaluated  

at three different meshes, including coarse (cells number: 

6.2 × 105), medium (cells number: 1.1 × 106) and fine 

(cells number: 1.9 × 106). Fig. 1 shows the CFD simulation 

results and laboratory data of the radial velocity distribution 

at 200 rpm at 𝑟 =  5 𝑐𝑚 at different distances from the top 

and bottom of the impeller. It can be seen that in the coarse 

mesh there is a large difference in the velocity distribution 

prediction compared to medium and fine meshes. On the 

other hand, the results of medium and fine mesh are very 

close to each other. The average relative error rate of CFD 

results and laboratory data for the medium mesh size was 

evaluated 4%, which showed a good agreement between 

CFD and laboratory data. According to the results, the 

capability of the models and numerical methods can also be 

ensured in the large-scale mixing tank simulation. 

The mesh independency of large scale vessel was 

performed by evaluating the middle impeller power 

number at four different mesh sizes. The simulation results 

of studied mesh sizes are shown in Table 1. According to  

Table 1: Mesh independency and the validation of the CFD model at 

large scale 

Mesh type Cells number Power number 

Mesh-LS-1 3458750 0.31 

Mesh-LS-2 4825674 0.33 

Mesh-LS-3 5935683 0.36 

Mesh-LS-4 7021553 0.36 

 

Table 1, mesh 3 (Mesh-LS-3) was chosen for all 

simulations due to being less computationally demanding. 

 

Design A 

Geometric specifications of design A 

In this research, four different geometries, including 

designs A, B, C and D of the industrial agitated vessel, were 

proposed to study the effect of impellers geometric details 

on the mixing quality. Fig. 2 depicts the vessel dimensions 

and impellers (curved and straight impellers) configuration 

and Fig. 3 depicts more details for the curved blades of 

design A. As shown in Fig. 2, the tank has a straight impeller 

with an angled bottom edge for the blades and the other 

three impellers contain two curved blades that their width 

reduces from the center to the impeller tip. The mixing 

process is performed based on the available industrial 

information for 1000 kg water-based polymer with the 

viscosity of 7 𝑘𝑔/𝑚. 𝑠 and impeller speed of 60 rpm. 

 

Hydrodynamic behavior of design A 

Fig. 4-A shows the velocity vectors and contour of  

the volume fraction of the liquid phase on the cross section 

𝑦 =  0. Due to the formation of multiple rotational areas 

(white lines) as well as the effect of the upper impeller  

on the formation of the vortex zone on the liquid phase 

surface, a uniform distribution of flow was not observed  

in the vessel. In this study, the main purpose of the work 

was to create a uniform rotational flow in the tank to increase 

the quality of polymer mixing. Also, according to liquid 

phase properties, the liquid had a relatively high viscosity, 

and it was expected that small vortex zone forms at the gas-

liquid interface, but according to the simulation results,  

it was seen that the upper impeller has a great effect on the 

size of vortex zone at the liquid interface. The formation 

of this vortex zone causes the entrance of the gas phase  

to the liquid phase (black circles in the figure), resulting  

in fluid foaming and a reduction in mixing and product  
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Fig. 2: Geometric details of design A (dimensions in mm) 

 

 
Fig. 3: Geometric details of curved impeller blade for design A 

(dimensions in mm) 

 
Fig. 4: Contour of volume fraction and A) velocity vectors 

(constant length) B) Axial (Z direction) velocity vectors 

(constant length) in section 𝒚 = 𝟎 B) Velocity vectors in the 

vessel bottom of design A 

 

quality. So, before modifying the geometric structure and 

position of the impellers in design B, the effect of the 

baffle on the formation of the vortex zone on the gas-liquid 

interface is investigated in the next section. Another 

important point to consider about the hydrodynamic 

behavior of the vessel was to achieve a downward flow 

field along the vessel shaft. Based on the pattern of Axial 

(Z direction) velocity vectors in Fig. 4-B, it was observed 

that the dominant flow behavior is upward in the adjacent 

of the shaft, which showed adverse results for the 

hydrodynamic design goal of this study.  
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Fig. 4-C depicts velocity vectors of design A on the 

bottom of the vessel. The main function of the tank bottom 

impeller is the prevention of polymer deposition on the 

vessel bottom. For this purpose, the conduction of fluid  

in a radial direction from the center to the vessel sidewall 

can avoid polymer deposition. As Fig. 4-C shows the velocity 

vectors direction is from the tank sidewall to the tank axis, 

which is a reverse and inappropriate direction. Also, 

velocity vectors in Fig. 4 showed that the location of the 

bottom impeller suction is below the impeller and near the 

vessel shaft that in the optimal design the impeller suction 

should be at the top of the bottom impeller.  

According to the distribution of velocity vectors of Fig. 4, 

it seems that the inappropriate results in hydrodynamics 

behavior of design A can be corrected by modifying the 

shape and location of the impellers. But, before making 

general corrections in the impeller configuration of design 

A, the impact of the baffle on the hydrodynamics behavior 

is examined in design B. 

 

Design B 

Geometric specifications of design B 

Fig. 5 shows the dimensions and geometry of design B 

mixing vessel. The vessel geometric characteristics and 

fluid properties of design B were similar to design A except 

that two baffles were added to the vessel. The baffles had 

a gap with 50 mm distance from the sidewall to avoid poor 

mixing in the backside of the baffles. The purpose of 

adding baffles was to investigate their effect on the vortex 

zone created by the top impeller at the gas-liquid interface.  

 

Hydrodynamic behavior of design B 

Fig. 6-A depicts the velocity vectors and contour of the 

volume fraction of the liquid phase on the cross section 

𝑦 =  0 of design B. According to the figure, the vortex 

zone created on the gas-liquid interface in design B had 

found to be a small size compared to design A. But, in 

design B, similar to design A, the formation of this vortex 

zone caused to enter gas phase bubbles in the liquid phase 

(black circles). As shown in Fig. 6-A, several multiple 

rotational areas (white lines) were still observed in the 

liquid phase. In addition, the flow pattern around the vessel 

shaft was upward, which is an inappropriate flow pattern. 

According to the hydrodynamics results of designs A and 

B the top impeller has an inappropriate effect on the 

mixing quality and can be removed in the next designs. 

 
Fig. 5: Geometric details of design B (dimensions in mm) 

 

Fig. 6-B depicts the velocity vectors at the bottom of 

the design B vessel. The results showed that the baffles 

could not significantly affect the flow pattern at the bottom 

of the vessel, and like design A, the direction of flow in the 

bottom of the tank is still towards the center of the vessel. 

Due to the fact that the desired hydrodynamic results were 

not achieved in designs A and B, therefore the flow pattern 

in the vessel was modified with the help of characteristic 

modifications of impellers angle and the number of blades. 

These modifications and their results are discussed  

in designs C and D in the next sections. 
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Fig. 6: A) Contour of volume fraction and velocity vectors 

(constant length) of liquid phase in section 𝒚 = 𝟎 and B) 

Velocity vectors in the vessel bottom of design B 

 

Design C 

Geometric specifications of design C 

The hydrodynamic performance of the design C was 

evaluated by some modifications in designs A and B. These 

modifications were a) removing the top impeller b) 

reducing the angle of the curved blades from 59° of to 26° 

c) using a straight impeller with rectangular blade for 

bottom impeller and d) adding one more blade to the 

curved impeller (impeller with three blades). Figs. 7 and 8 

show the vessel geometrical characteristic of design C and 

curved blade specification, respectively. It should be noted 

that the fluid properties and operating conditions of design 

C were similar to the presented conditions in design A. 

 

Hydrodynamic behavior of design C 

The velocity vectors and contour of the liquid phase 

volume fraction of design C are plotted on the cross section 

𝑦 = 0 in Fig. 9-A. According to the figure, the large  

 
Fig. 7: Geometric details of design C (dimensions in mm) 

 

rotational areas were formed around the curved impellers 

in the vessel (white lines). Also, it was inferred from  

Fig. 9-A that removal of the top impeller in designs A and 

B eliminated vortex zone formation in the gas-liquid 

interface and entrance of gas phase bubbles to the liquid 

phase. In addition, reducing the blade angle from 59° to 

26° and increasing the number of impeller blades from two 

to three caused a downward flow current near the shaft and 

an upward current around the vessel sidewall. Achieving 

this type of rotational flow in the vessel was an important 

step in water-based polymer agitator vessels to reduce  

the possibility of foaming formation in the liquid phase and 

increase the wall-fluid heat exchange rate. 
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Fig. 8: Geometric details of curved impeller blade for design C 

(dimensions in mm) . 

 

 
Fig. 9: A) Contour of volume fraction and velocity vectors 

(constant length) of the liquid phase in section 𝒚 = 𝟎 and B) 

Velocity vectors in the vessel bottom of design C . 

 

Fig. 9-B depicts the velocity vectors of design C on the 

vessel bottom wall. According to the figure, the bottom 

impeller with rectangular blades did not conduct the flow 

of the vessel to the vessel sidewall and the flow pattern 

 
Fig. 10: Geometric dimension of the bottom impeller of design D 

 

tended to move toward the center of the vessel. So, the 

bottom impeller needs geometric correction which is 

discussed in design D.  

 

Design D 

Geometric specifications of design D 

To modify the hydrodynamic behavior of the fluid in the 

vessel bottom of design C, the geometric shape of the down 

impeller was modified in design D. All other geometric 

features of design D were similar to design C. Fig. 10 shows 

the geometric characteristics of the bottom impeller of 

design D. The main purposes of modification of the vessel 

down impeller were to improve the rotational area in the 

vessel and correction of the flow pattern at vessel bottom 

from center to sidewall by reduction of impeller and vessel 

bottom clearance and increase in length of the blades. 

 

Hydrodynamic behavior of design D 

Fig. 11-A depicts the velocity vectors and volume 

fraction contour of the liquid phase in the section 𝑦 =  0 

of design D. The velocity vector pattern showed a 

significant effect on the improvement of the rotational 

flow pattern of design D in comparison to design C (Fig. 

9-A) so that, the rotational flow circulates in the entire 

vessel (white lines in Fig. 11-A). Fig. 11-B shows the 

effect of the lower impeller on the velocity vectors of the 

vessel bottom. Based on the figure, it can be concluded that 

the modified down impeller conducts the flow of the vessel 

bottom from the center to the sidewall. This flow pattern 

prevents the accumulation of high viscosity polymer  
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Fig. 11: A) Contour of volume fraction and velocity vectors 

(constant length) of the liquid phase in section 𝒚 = 𝟎 B) 

Velocity vectors in the vessel bottom of design D 

 

phases in the tank bottom and the formation of polymer 

deposits in the vessel bottom. 

Fig. 12 shows the velocity vectors and axial velocity 

(𝑤) around the curved impellers of the design D at sections 

𝑧 = 0.7 𝑚 and = 1.3 𝑚 . Due to the physical properties of 

the liquid phase and the operational condition, there was  

a uniform rotational flow around the impellers. In addition, 

according to the contour of axial flow, it could be 

concluded that the flow direction is downward around the 

vessel shaft and upward direction near the vessel sidewall. 

 

Effect of fluid viscosity on the vessel hydrodynamic 

behavior  

During the water-based polymer processing, the viscosity 

of the fluid changes during the process. In this section, the 

effect of viscosity was investigated on the mixing quality at 

three different values including 7 kg / m. s, 4 kg / m. s and 

1 kg / m. s of design D vessel. Fig. 13 shows the velocity  

 
Fig. 12: Velocity vectors (constant length) and axial velocity 

contours (𝒘) in A) the middle curved impeller at 𝒛 = 𝟎. 𝟕 𝒎 

and B) the top curved impeller at 𝒛 = 𝟏. 𝟑 𝒎 of design D 

 

vectors in different viscosity values of design D at 𝑦 = 0 

section. Results showed that a complete rotational flow 

occurs in the vessel at all considered viscosities. Therefore, 

since the polymer viscosity changes during the process,  

the evaluated flow behavior in the vessel confirms the proper 

performance of design D at the formation of the overall 

rotational area at different viscosities.  

 

CONCLUSIONS 

In this contribution, an industrial agitated vessel of 

the water-based polymer was studied by the CFD 

technique. The hydrodynamic behavior of the fluid in the 

vessel was evaluated with VOF multiphase approach and 

RNG 𝑘 − 𝜀 turbulence model. The numerical methods 

and solution models were validated with reported 

experimental data by Wu and Patterson [35]. The results 

showed good agreement between CFD and reported 

experimental data [35].  
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Fig. 13: Contour of volume fraction and velocity vectors 

(constant length) of the liquid phase in section 𝒚 = 𝟎 at 

different viscosities 

 

The modification of the agitated vessel was done 

during the change in impellers and blades shapes and 

numbers at four designs, including design A, B, C and D. 

Hydrodynamics results showed the formation of a vortex 

area at the gas-liquid interface and foaming problems  

in designs A and B due to low distance of top impeller with 

the gas-liquid interface. Although using baffles in design 

B reduced the size of the vortex zone, but the foaming 

problem did not solve by adding baffles. In design C,  

the foaming problem was solved by removing the vessel 

top impeller. Also, adding one blade to the curved impellers 

and changing the blade angle from 59° to 26° formed  

a rotational zone from the top of the bottom impeller up to 

the gas-liquid interface, which caused the increase in 

mixing quality. In design D, an inappropriate flow pattern 

at the vessel bottom of design C was solved by an increase 

in length of the straight bottom impeller and a decrease  

in distance between the down edge of blades with the 

vessel bottom. Design D showed a global and perfect 

rotational zone from top to bottom of the vessel with  

the down flow at the vessel center and up-flow near  

the sidewall. Finally, by examining the three different liquid 

viscosity, including 7 kg/m. s, 4 kg/m. s and 1 kg/m. s it 

was shown that design D provides a global rotational zone 

at different viscosities which satisfies the mixing criteria 

in the polymerization agitated vessel. 

Based on the current study investigations, future work 

could include further improvements in the impeller shape, 

number of impellers on the shaft, position of the impeller 

in the vessel, and combination of different impeller shapes 

on the mixing quality.  
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Nomenclature 

C1ε, C2ε Constant numbers, dimensionless 

g Gravity, m ⁄ s2 

kG Turbulent kinematic energy production, kg/m. s3 

k Turbulent kinetic energy, m2 s2⁄  

P Pressure, kg/m. s2 

ijS The rate of deformation, 1/s 

t Time, s 

u Velocity, m s⁄  
'u Velocity fluctuation, m s⁄  

w Impeller blade width, m 

x Direction, m 

z Axial coordinate 
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α  Volume fraction, dimensionless 

αk  Inverse of Prandtl number for k and ε 

αε  Inverse of Prandtl number for ε 

β  Constant, dimensionless 

ε  Energy dissipation rate, m2 s3⁄  

η0  Constant, dimensionless 

μ  Viscosity, kg/m. s 

ρ  Density, kg/m3 

lam Laminar 

q  qth phase, q = G or L 

t  Turbulence 
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