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Abstract

:

The three-blade combined agitator consists of two propulsion blades of the same type (including planar propeller blades b, δ = 36.87°) and a curved blade (θ = 30°). Using numerical simulation methods, the power characteristics, flow field distribution, turbulence characteristics and dead zone percentage of two kinds of three-blade combined agitators (TBCAs) from laminar flow to turbulent flow in a mixing vessel were studied. Moreover, the torque measurement method was used to perform experimental verification. The results show that the predicted power curve is consistent with the experimental results. The fluid velocity near the propeller blades in the TBC-B type agitator (δ = 36.87°) is significantly high, and the maximum increase of the total velocity can reach 30.3%. The fluid flow velocity near the curved blades is increased, and the radial diffusion ability of the fluid at the bottom of the stirring vessel is enhanced. When mixing low-viscosity fluids, the TBC-B type agitator can increase the fluid velocity near the paddle area, with a maximum increase of 22.1%. The vertical combination of curved blades and planar propeller blades can effectively reduce the tangential velocity and increase the axial and radial velocities. When stirring high-viscosity fluids, the speed of the TBC-B type agitator in the near paddle area and far end of the blade is higher than that of the TBC-A type agitator. Under the same conditions, the TBC-B-type agitator exhibits superior fluid discharge performance and can be used in a wider range of viscosities. When Re = 44,910, the dead zone percentage of the TBC-A type agitator is 0.0216. The percentage of dead zones produced by the TBC-B-type agitator is smaller, and the mixing effect is superior to that of the TBC-A-type agitator.
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1. Introduction


Stirring is an important unit operation in product manufacturing processes in chemical, food, biological, pharmaceutical and other fields. The development of new types of mixing equipment to achieve enhanced mixing without increasing the associated power consumption has always been a key objective in domains involving fluid mixing [1,2,3,4,5,6,7,8,9,10,11,12,13,14]. The flow field characteristics of an agitator determine the fluid mixing efficiency, and thus, optimizing the design of agitators and developing a new type of agitator are key research topics.



To evaluate the effect of fluid stirring and optimize the design of stirring devices, it is necessary to study the flow field of the reactor. However, traditional experimental techniques such as the particle tracing method and laser Doppler velocimetry involve many restrictions and high costs [15,16]. CFD approaches are based on the finite volume method, which can accurately simulate and calculate the flow field in a cost-effective manner [17]. Such approaches have attracted increasing attention and are widely used in research on stirring device design. In the existing literature, there have been many studies on Rushton turbine. Foukrach et al. [18] used the CFD method to study the performance of a curved blade turbine (CBT) in agitating Newtonian fluid in a cylindrical tank. Comparison of the efficiency of the CBT with that of a standard Rushton turbine shows that the increase in the blade curvature reduces the power consumption. K. Steiros et al. [19] studied the influence of eight types of radial impellers in a stirred tank without a baffle on the flow field structure and power consumption, among other aspects. Perforated and fractal blades proe an intense turbulence. Marek Jaszczur et al. [20] determined the velocity field and power number through numerical simulation and experimental measurement of a Rushton turbine. Bliatsiou, C. et al. [21] analyzed different impellers and noted that the radial impeller is suitable for use in low shear conditions. In the study of a multi-layer mixing structure, for propeller and turbulence model selection, Liang et al. [22] used the laminar model and multiple reference frame (MRF) to numerically simulate the laminar flow field of a high-viscosity non-Newtonian fluid in a double-layer six-blade stirred tank. The results show that by increasing the stirring speed, the internal medium mixing can be accelerated in the tank. Lu et al. [23] numerically simulated the enhanced fluid flow characteristics in the three-stage double stirring extraction tank and found that adding a stirring device to the settler can effectively reduce the volume fraction of heterogeneous impurities at the outlet and accelerate the sedimentation and separation of the oil–water mixture. Zhou et al. [24] improved the double-layer frame combined impeller and numerically simulated the flow field in the double-layer Combined Impeller Stirred Tank by using the standard k-epsilon model. It was found that the axial flow intensity generated by the inclined blade impeller was the largest when the installation angle was 90 °. Sun et al. [25] carried out a PIV test and CFD model verification in a cylindrical stirred tank. Using different turbulence models, the standard k-epsilon model was considered to be the most appropriate model. The results showed that the impeller diameter and speed have a positive effect on the expected flow field. Liu P. et al. [26] used the k-epsilon model to simulate the vortex wheel and propulsion stirred tanks and found that the propulsion blade has stronger fluid discharge performance. Stelbach et al. [27] measured the power consumption, axial and radial velocity distribution and velocity pulsation of propeller impellers with different shapes and sections. The results showed that the optimal blade section can provide good liquid uniformity with the lowest power consumption. In recent years, a large number of studies have focused on the flow field structure and mixing in the stirred tank, but most studies only focus on a single blade. There are few studies on the flow structure and flow field characteristics of different three-blade combined agitators under the same conditions. Therefore, this study aims at different three-blade combined agitators, compares different flow structures through a series of flow field parameter analyses and finally verifies the advantages of the TBC-B type agitator equipped with planar propeller blades for fluid mixing in different viscosity ranges. The results show that the combination of planar propeller blades and a curved blade in the TBC-B-type agitator is conducive to improving the fluid flow velocity and mixing uniformity. The research of this paper has good research significance and engineering background. The simulation results have reference value for improving and optimizing the structure and operation of three-blade combined agitators. The analysis results of the mixing flow field at the helical propeller blade a and the planar propeller blade b show that the combination of planar propeller blades and curved blades in the TBC-B type agitator is beneficial to increase the fluid flow speed and enhance the fluid diffusion ability, which provides a new reference for the curvature selection of the propeller blade.




2. Numerical Simulation


2.1. Experimental Device


As shown in Figure 1, the stirring vessel is a cylindrical plexiglass tank without a baffle and with an elliptical head. The inner diameter of the stirring tank is T = 300 mm, and the heights of the liquid level and elliptical head are H = 425 mm and h = 75 mm, respectively. The tank includes water, pure glycerin and glycerin–water solutions of different concentrations. The temperature of the experiment was fixed at 20.0 ± 0.2 °C, and the initial height (HL) of the liquid solution was maintained at 360 mm. In the three-blade combined agitator (TBCA), the distance of the blades from the bottom is C1 = 70 mm, and the distance between the blades is C2 = C3 = 100 mm. In the experiment, glycerin and water were used as working fluids, and a torque sensor was used to measure the power consumption of the agitator under different Reynolds numbers.



The three-blade combined agitator (TBCA) is composed of two propeller blades of the same type and a curved blade. The blade width of the curved blade is d = 20 mm, the nominal diameter of the blade DJc = 150 mm, and the inclination angle of the front and rear blades of the curved blade is θ = 30°. The propeller blades used in the experiment can be divided into helical propeller blades a and planar propeller blades b, according to the shape of the blades. The nominal diameters of the two propeller blades are DJ = 150 mm. Figure 2 shows the geometric details of the TBC-A type agitator, TBC-B type agitator and constituent blades a, b, and c. Table 1 shows the detailed structural parameters of the two propeller blades, including the section leaf width and angle between the section and stirring axis.




2.2. Geometric Modeling and Meshing


SolidWorks software was used to establish the geometric model, and the DesignModeler module of ANSYS software was used to divide the calculation domain of the stirred fluid. The calculation domain included two areas, specifically, the dynamic and static domains. The dynamic area involves three stirring and rotating areas, as shown in Figure 3. Due to the complex structure of the agitator, it is difficult to manually divide the structured grid as the process is time-consuming and labor-intensive. Therefore, in the ICEM CFD framework, unstructured tetrahedral meshes are used to mesh the mixing model, and local meshes are refined for the dynamic area and blades. The maximum sizes of the overall and local grids are 8 mm and 4 mm, respectively.




2.3. Boundary Conditions and Simulation Settings


As a CFD simulation framework, Fluent provides a variety of multi-motion reference system models, including a multireference frame (MRF) model, mixed plane model (MPM) and sliding mesh model (SMM) [28,29]. The basic idea of the MRF is to use the motion reference system to simulate the rotating area in which the stirrer is located and to use the static reference system to simulate the static area of the reactor that does not include any stirring blades. The rotating area and static area exchange mass and momentum through the interface [30]. The MRF can perform rapid calculations with a high simulation accuracy of the stirring motion. Therefore, this paper uses the MRF method to simulate the stirring motion.



The Reynolds number determines the selection of the turbulence model and laminar flow model for the simulation process. In a stirred reactor, when the Reynolds number is greater than 1000, a turbulence model such as standard k-epsilon should be selected. The Reynolds number in a stirred reactor can be calculated using Formula (1):


  R e =   ρ N  d 2   μ   



(1)




where ρ is the fluid density, kg/m3; N is the speed of the stirrer, r/s; d is the diameter of the stirrer, m; and μ is the hydrodynamic viscosity, Pa·s.



This paper considers a variety of mixing conditions. When the fluid state was laminar, the laminar flow model was used to perform the numerical simulation. When the fluid state was turbulent, the standard k–ε turbulence model was used for the simulation, and the standard wall function was selected for the near-wall processing method [31,32,33]. The pressure-based solver (PBS) was used to simulate the flow field, and the multiple reference frame method (MRF) was used to simulate the stirring motion. The interface between the static and dynamic areas was set to the sliding surface type, and the two areas exchange data through the interface. Moving wall boundary conditions were applied on the stirring shaft and wall of the blade: the blade and wall of the internal rotating shaft in the moving area have zero rotational velocity relative to the fluid in the moving area. The rotation speed of the wall surface of the rotating shaft relative to the surrounding fluid in the static zone is the actual stirring speed. The inner wall of the stirring tank was set as a nonslip wall, and a symmetric boundary condition was applied on the liquid level.



The continuity equation, momentum equation and turbulence equation used in fluent are as follows (2)~(5):



Continuity equation


    ∂ ρ   ∂ t   +  ∂  ∂  x i     ρ  u i   = 0  



(2)







Momentum equation


   ∂  ∂ t    ρ  u i   +  ∂  ∂  x j     ρ  u i   u j   =  F i  −   ∂ ρ   ∂  x i    +   ∂  τ  i j     ∂  x  i j     + ρ  g i   



(3)







Standard k-ε turbulence equation


   ∂  ∂ t    ( ρ κ )  +  ∂  ∂  x i     ρ κ  μ i   =  ∂  ∂  x j      μ +   μ i   σ κ      ∂ κ   ∂  x j     +  G κ  +  G b  − ρ ε −  Y M  +  S κ   



(4)






   ∂  ∂ t    ( ρ ε )  +  ∂  ∂  x j     ρ ε  μ i   =  ∂  ∂  x j      μ +   μ i   σ ε      ∂ ε   ∂  x j     +  C  1 ε    ε κ    G κ  +  C  3 ε    G b   −  C  2 ε   ρ   ε 2  κ  +  S ε   



(5)




where: C1ε = 1.44, C2ε = 1.92.



The coupled algorithm, which exhibits reasonable convergence and advantages in the case of rotating incompressible flow, was used to solve the flow field. The gradient interpolation scheme was selected based on the least square interpolation of the unit volume. The pressure interpolation was based on Standard, and the momentum equation was based on the second-order upwind formula. When the residual error of each indicator is 1 × 10−4, the calculation was considered to converge, and the solution was obtained.




2.4. Grid Independence Analysis


The TBC-A-type agitator was considered as an example to verify the grid independence and simulate the flow field of stirring pure water at a rotation speed of 2 r·s−1. The numerical simulation was divided into four grids with 795,423, 1,206,550, 1,586,604, and 1,985,042 elements. The velocity of the fluid was extracted in the range y = 20–360 mm at the radial position of x = 90 mm in the z = 0 plane. The influence of different grid numbers on the simulation results was analyzed through data comparison. As shown in Figure 4, when the number of grids is 795,423 and 1,206,550, the predicted values for the velocity near x = 90 mm in the mixing vessel are low and high, respectively. As the number of grids increases, the simulation speed tends to stabilize, and the speed simulation results were consistent with those obtained when the number of grids was 1,586,604 and 1,985,042. Considering the accuracy of the simulation results and calculation efficiency, the number of grids was determined to be approximately 1.6 million. At this time, the average y+ value at the propeller blade was 34.21 and the average y+ value at the curved blade was 32.57, which meets the requirements of k-epsilon model for wall y+ value in numerical calculation.





3. Torque Experiment


The DYN-200 torsion sensor (accuracy 0.001 N·m) produced by Bengbu Dayang Sensing System Engineering Co., Ltd. from Bengbu City, China was used to measure the torque of the stirrer in the stirring process. The measured data are displayed in real time via the dynamic torque sensor software in the computer. When no fluid was added to the stirring tank, the idle torque was measured at different speeds. The dynamic torque sensor software was used to record the idle torque change data in real time, and changes in the torque 90 s after the speed stabilizes were intercepted to obtain the average value. The stirring torque was measured during the fluid stirring process in the same conditions, and the experiment was repeated at least 3 times to ensure that the error is less than 3%. The average value of the three data points obtained in the experiment was considered as the torque value in this condition, and the net power loss of fluid stirring was calculated using Formula (6).


  P = 2 π N   M  total    −  M f    



(6)




where P is the net stirring power, W; N is the stirrer speed, r/s; Mtotal is the liquid stirring torque measured using the torque sensor, N·m; and Mf is the mechanical friction torque when the stirrer is idling, measured with respect to the stirring shaft, N·m. The power criterion NP was calculated from the stirring net power, and the power number curve (NP–Re) was derived. The power number was calculated as


   N P  =   216000 P   ρ  N 3   D  J  5     



(7)







In the formula, DJ is the nominal diameter of the stirrer, m.



Table 2 lists the ten working conditions adopted in the experiment.




4. Results and Discussion


4.1. Power Number


The power numbers determined in the ten conditions through numerical simulation and experiments are shown in Table 3. According to the results, the corresponding power number curve was drawn, as shown in Figure 5.



The power curves of the two groups of three-blade combined agitators (TBCA) obtained in the numerical simulation were similar and in good agreement with the experimental results. Moreover, the measurement results were consistent with the change trend of the Reynolds number. When Re = 11, the power number was considerably large. As the Reynolds number increased, the power number gradually decreased linearly, and the downward trend began to retard after the transition zone was reached. When Re > 104, the power criterion NP did not change with increasing Reynolds number and remained nearly constant. The numerical simulation results can satisfy the requirements of engineering practice, which demonstrates the rationality of the simulation method and parameter settings.




4.2. Flow Field Characteristics


The 2nd (high-viscosity laminar flow) and 9th (low-viscosity turbulent flow) operating conditions in Table 2 were considered to examine the velocity field and turbulent kinetic energy distribution when the fluid in the stirred vessel is water and glycerin, and the stirring speed N = 2 r·s−1. As shown in Figure 6, four sampling planes were selected, in which sampling plane 1 is located in the middle longitudinal section Pxy of the stirring vessel, sampling plane 2 is located in the middle longitudinal section Pyz of the stirring vessel, sampling plane 3 is located in the horizontal section Pxz-1 70 mm from the bottom and sampling plane 4 is located in the horizontal section Pxz-2 with a distance of 120 mm from the bottom. The axial position y = 120 mm is located in the joint action area of the bottom curved blade and middle propeller blade. Selecting this position for flow field velocity analysis can better reflect the flow field changes in the middle area of the curved blade and propeller blade.



4.2.1. Velocity Field


The vector diagram of the stirring speed of the two stirrers when the medium is water and Re = 44,910 is shown in Figure 7, Figure 8 and Figure 9. In Figure 7 and Figure 8, the flow patterns produced by the two kinds of three-blade combined agitators (TBCAs) are similar. Axial flow is dominant near the propeller blades, and typical radial flow occurs near the curved blades. However, the velocity distribution in the middle longitudinal section (Pxy) shows that at a given stirring speed and Reynolds number, the overall velocity of the fluid in the container was higher when the TBC-B stirrer was used. Planar propeller blades can produce a larger driving force than helical propeller blades. In the horizontal section (Pxz-1) of the agitator, for a given curved blade shape (θ = 30°) and speed (N = 2 r·s−1), affected by the bending angle of the curved blade, the high-velocity range at the front end of the curved blade was effectively enhanced, and the fluid velocity near the inner curved blade of the TBC-B type agitator was significantly high, indicating that the combination of propeller blades and curved blades in the TBC-B type agitator can increase the overall flow velocity of the fluid in the container.



Figure 9 shows the fluid velocity vector of two three-blade combined agitators in sampling plane 2 (Pyz). In sampling plane 2 (Pyz), the fluid velocity in the container was large when the TBC-B stirrer was used. Under the direct stirring action of the intermediate propulsion blade, a typical axial flow was formed near the propulsion blade. It can also be seen from Figure 8 that the axial vortex formed near the propeller blade in the right figure is larger, which is more conducive to the axial flow mixing of the top fluid. There are two small vortices in the left picture at the bottom of the stirring vessel, but no vortex was formed in the right picture, which is conducive to the exchange of the upper and lower layers of media and improves the mixing uniformity of the bottom fluid. The overall analysis shows that the combination of propeller blades and curved blades in the TBC-B type agitator is beneficial to improve the fluid flow speed and mixing uniformity.



Figure 10, Figure 11 and Figure 12 show the velocity vector diagram when the medium is glycerol and Re = 55.5. In Figure 10 and Figure 11, when stirring highly viscous fluids, the flow field near the blades of the two TBC stirrers exhibits a high speed due to the driving force of the stirrer. The fluid area far from the mixing blade is subject to high viscous resistance, the Reynolds number is small, and the flow is relatively gentle. Moreover, the fluid velocity near the propeller blades in the TBC-B agitator is significantly high, and the fluid flow velocity near the curved blades (θ = 30°) is increased, which enhances the radial diffusion capacity of the fluid at the bottom of the stirring vessel.



Figure 12 shows the fluid velocity vector of two three-blade combined agitators in sampling plane 2 (Pyz). In the area away from the blades of the stirring paddle, large axial vortices were generated in the TBC-B type agitator and TBC-A, which is conducive to the exchange of upper and lower media. In the figure on the left, there are two small vortices at the lower end of the propeller blade in the middle, which is not conducive to fluid diffusion, while the design of the planar propeller blade in the figure on the right avoids the formation of small vortices. The overall analysis shows that the combination of propeller blades and curved blades in the TBC-B type agitator is beneficial to increase the fluid flow speed and enhance the fluid diffusion ability.




4.2.2. Velocity Distribution


Horizontal and vertical positions in the middle longitudinal section (Pxy) of the mixing vessel were selected to specify the speed distribution of the TBC-A and TBC-B agitators. Figure 13 and Figure 14 show the velocity distributions at radial position r = 90 mm and axial position y = 120 mm when the stirring medium is water and Re = 44,910, respectively. Figure 13 shows that the total speed of the TBC-B-type agitator is considerably higher than that of the TBC-A-type agitator, and the maximum increase in the total speed is 30.3%. Except for those at positions near the curved blades, the axial velocities of the two agitators are similar to the total velocity of the fluid, and the axial velocity of the TBC-B-type agitator is significantly higher than that of the TBC-A-type agitator. The bottom position of the mixing vessel corresponds to a large radial velocity due to the action of the curved blades. Figure 14 shows that at y = 120 mm, the total speed and axial speed of the TBC-B type agitator are greater than those of the TBC-A type agitator, and with the increase in the radial coordinate, the total speed of the TBC-B type agitator first decreases and later increases until the end of the blade, with a maximum difference udv = 0.106 m·s−1 in the corresponding area of the blade end. The radial speed of the TBC-B type agitator at the far end of the blade is greater than that of the TBC-A type agitator, while the tangential speed is always lower than that of the TBC-A type agitator. This analysis shows that in the near-paddle zone, the TBC-B agitator has a relatively large speed and a relatively uniform axial velocity, which can enhance the axial circulation capacity of the flow field. At the distal end of the blade, the axial and radial speeds of the TBC-B agitator are high, while the tangential speed is significantly reduced. This finding shows that the vertical distribution combination of the curved blades and central planar propeller blade b in the TBC-B agitator can increase the circulating flow capacity of the flow field. Without a baffle, the TBC-B agitator can weaken the tangential flow capacity of the flow field, which can help transfer energy to the area far from the agitator and enhance the uniformity of fluid mixing.



The velocity distributions of the flow field in the vessel when the medium is glycerin and Re = 55.5 are shown in Figure 15 and Figure 16. Figure 15 shows that in the near paddle area r = 90 mm, the total speed of the TBC-B type agitator is greater than that of the TBC-A type agitator, and the maximum value pertains to the top propeller stirring blade. The maximum increase in speed is 22.1%. According to the axial and radial velocity curves, the TBC-B type agitator exhibits an increase in the two velocity components. The maximum radial velocity occurs at the height of the curved blade at y = 75 mm, and this value is only 18.7% lower than that when the medium is water. The corresponding value for the TBC-A agitator is 25.9% smaller. As shown in Figure 16, at the axial height y = 120 mm, under the joint action of the curved blade and intermediate propulsion blade, the speed of the two kinds of blades near the mixing shaft first increases and later decreases with increasing radial coordinates. The tangential speed of the TBC-B type agitator is lower than that of the TBC-A type agitator, indicating that the TBC-B type agitator exhibits a higher circulating flow capacity in the mixing area of the curved blade and middle propeller blade.



The analysis of the velocity distributions in two working conditions of water and glycerol demonstrates that the speed of the TBC-B type agitator is higher than that of TBC-A type agitator near the propeller area and at the far end of the blade, and the maximum increase in the total speed is 30.3%. The vertical combination of the curved blade and propulsion blade in TBC-B type agitator can effectively reduce the tangential velocity, increase the two velocity components of the axial and radial velocities, increase the circulating flow capacity of the flow field, and reduce the tangential flow capacity of the flow field without the baffle, which can help enhance the fluid mixing uniformity. The TBC-B type agitator exhibits a superior velocity distribution compared to that of the TBC-A type agitator in low and high viscosity mixing media, and the TBC-B type agitator can more effectively enhance the fluid velocity in the high viscosity mixing medium.




4.2.3. Turbulent Kinetic Energy Analysis


The turbulent kinetic energy and its dissipation rate distribution for a fluid in a stirring vessel are important factors affecting macro- and micromixing. The turbulent kinetic energy (k) can be calculated as


  k =  1 2     u  ′ 2   ¯  +   v  ′ 2   ¯  +   w  ′ 2   ¯    



(8)




where u’, v’ and w’ represent radial, axial and tangential pulsating velocities, respectively. Figure 17 and Figure 18 show cloud diagrams of the turbulent kinetic energy distribution at the two middle longitudinal sections of Pxy and Pyz in the mixing vessel at the same speed and different Reynolds numbers, respectively.



Figure 17 and Figure 18 show that when the rotation speed N = 2 r·s−1, the turbulent kinetic energy for the fluid with viscosity μ = 0.023 Pa·s in the two figures (a), (c) is more evenly distributed than that for the fluid with viscosity μ = 0.001 Pa·s. The value of the turbulent kinetic energy in the flow area is significantly increased, which indicates that the TBC-type agitator exhibits a superior mixing effect when agitating medium-viscosity fluids. Moreover, the turbulent kinetic energy distribution at the two sampling planes of Pxy and Pyz when the TBC-A type agitator is used is not uniform, and the turbulent kinetic energy of (a) and (b) in the two figures is less than 0.01 m2/s2. The corresponding region is relatively large, and thus, uneven mixing may occur in this area. Compared with those for the TBC-A type agitator, the turbulent kinetic energy distribution for the TBC-B type agitator is more uniform, and the turbulent kinetic energy is significantly higher. In the circulating flow area of Figure 17a,c, the turbulent kinetic energy for the TBC-B type agitator ranges from 0.0103 to 0.0713 m2/s2. The corresponding range for the TBC-A type agitator is 0.0067 to 0.0680 m2/s2. Thus, the turbulent kinetic energy for the TBC-B type agitator is significantly higher than that for the TBC-A type agitator. The comparison of the turbulent kinetic energy distributions at the two sampling planes Pxy and Pyz indicates that the turbulent kinetic energy distribution in these sections is similar when the vertically assembled propeller blades and curved blades operate simultaneously. Thus, the three-blade combination method can ensure the uniformity of the turbulent kinetic energy distribution of the fluid. Under the same conditions, the TBC-B type agitator exhibits a superior fluid discharge performance and can be used in a wider viscosity range. The three-blade combination of planar propeller blades and curved blades is conducive to ensuring the full mixing of fluids.




4.2.4. Dead Zone Percentage


To quantitatively describe the fluid mixing performance in the mixing container, the area in which the flow velocity in the mixing container is less than the maximum fluid velocity of 0.01 is defined as the mixing dead zone, which pertains to the dead angle of the mixing kinetic energy. The fluid in the dead zone does not participate in the momentum and mass exchange in the mixing container, which are key factors affecting the uniformity and time of fluid mixing. The maximum fluid velocity can be calculated as


   U  tip    = 2 π N   D J  2   



(9)







Figure 19 illustrates the comparison of the variation in the mixing dead zone percentage for two kinds of three-blade combined agitators (TBCAs) with the Reynolds number. With the continuous increase in Re, the dead zone percentage for the two kinds of three-blade combined agitators (TBCAs) gradually decreases from approximately 8.5% in the laminar flow state to less than 0.05%. When Re = 55.5, the percentage of the dead zone decreases to approximately 3%, indicating that the three-blade combined agitators (TBCAs) can fully mix the fluid under laminar flow, transition flow and turbulence. When Re = 44,910, the dead zone percentage of the TBC-A type agitator is 0.0216. Moreover, the dead zone percentage of the TBC-B type agitator is always smaller than that of the TBC-A type agitator, indicating that the mixing effect of the TBC-B type agitator is superior to that of the TBC-A type agitator.






5. Conclusions


The variation law of the power number of a TBC-B-type agitator with the Reynolds number is studied through numerical simulation and experiments. By analyzing the velocity field, velocity distribution, turbulent kinetic energy distribution and dead zone distribution, the flow characteristics of TBC-B-type agitators are examined, and the following conclusions are obtained.



(1) The power curves (NP–Re) of two three-blade combined agitators from laminar flow to the turbulent state are obtained. The numerical simulation results are in agreement with the experimental results. The theoretical prediction results can satisfy the requirements of engineering practice, and the simulation method and parameter settings are reasonable.



(2) The analysis of the flow field shows that the flow pattern of the TBC-B type agitator is the same as that of the TBC-A type agitator. The bottom part is dominated by radial flow, and the middle and upper parts are dominated by axial flow. Notably, the fluid velocity distribution associated with the TBC-B-type agitator is relatively uniform, and the increase in the contact area of the planar propeller blade produces a stronger driving force, which can enhance the overall flow velocity of the fluid and increase the fluid flow velocity near the bottom curved blades. The radial diffusion capacity of the fluid at the bottom of the container is increased.



(3) According to the quantitative comparative analysis of the fluid velocity distribution, when the stirring medium is water and Re = 44,910, the TBC-B type agitator can increase the fluid velocity near the paddle area, and without a vertical mixing baffle, the vertical combination of the curved blades and planar propeller blades can also effectively reduce the tangential velocity. An increase in the two velocity components of the axial and radial velocities can help enhance the uniformity of fluid mixing. When the stirring medium is glycerin and Re = 55.5, the speed of the TBC-B type agitator in the near paddle area and distal end of the blade is higher than that in the case of the TBC-A type agitator. Compared with that of the low-viscosity stirring fluid, in the case of the high-viscosity stirring fluid, the TBC-B type agitator can more effectively increase the fluid velocity.



(4) When the rotation speed is N = 2 r·s−1, the TBC-B-type agitator exhibits a superior mixing effect on the medium viscosity fluid. Compared with the TBC-A type agitator, the turbulent kinetic energy in the mixing vessel with the TBC-B type agitator is more evenly distributed. In the circulating flow area, the turbulent kinetic energy in the mixing vessel with the TBC-B type agitator is higher than that in the case with the TBC-A type agitator. The three-blade combination mode of the three-blade combined agitators (TBCAs) can ensure the uniformity of the turbulent kinetic energy distribution of the fluid. Under the same conditions, the TBC-B-type agitator exhibits a superior fluid discharge performance and can be used in a wider viscosity range. The three-blade combination of the planar propeller blades and curved blades can help realize the full mixing of fluids.



(5) The TBC agitator can fully mix the fluid under laminar flow, transitional flow and turbulent flow. Moreover, the TBC-B type agitator always has a smaller dead zone percentage than the TBC-A type agitator, indicating that the mixing effect of the TBC-B type agitator is superior to that of the TBC-A type agitator.



The research and conclusions on the flow field characteristics in this paper are based on numerical simulation, which has some limitations, and the relevant results still need to be verified by further experiments.
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Abbreviations




	
Symbol description




	
T

	
the inner diameter of the stirring tank, mm




	
H

	
liquid level height, mm




	
h

	
elliptical head height, mm




	
C1

	
distance from bottom, mm




	
C2, C3

	
distance between the blades, mm




	
d

	
curved blade width, mm




	
θ

	
inclination angle of the front and rear blades of the curved blade, °




	
DJc

	
nominal diameter of curved blade, mm




	
DJ

	
nominal diameter of propelling blade, mm




	
W

	
the section leaf width, mm




	
δ

	
angle between the section and stirring axis, °




	
N

	
speed of the stirrer, r·s−1




	
P

	
the net stirring power, W




	
k

	
turbulent kinetic energy, m2·s−2




	
ua, ur, ut

	
they are axial, radial and tangential velocities respectively, m·s−1




	
ε

	
turbulent dissipation rate, m2·s−3




	
μ

	
fluid viscosity, Pa·s




	
ρ

	
fluid density, kg·m−3
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Figure 1. Schematic of the experimental device. 






Figure 1. Schematic of the experimental device.
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Figure 2. Structural characteristics of two three-blade combined agitators, contain angle between section and mixing axis δ, Sectional leaf width w. 
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Figure 3. Mesh division. 
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Figure 4. Total velocity distribution. 






Figure 4. Total velocity distribution.



[image: Processes 09 01962 g004]







[image: Processes 09 01962 g005 550] 





Figure 5. Curve of the power criterion versus the Reynolds number. 






Figure 5. Curve of the power criterion versus the Reynolds number.



[image: Processes 09 01962 g005]







[image: Processes 09 01962 g006 550] 





Figure 6. Sampling plane. 
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Figure 7. Velocity vector diagram when the medium is water and Re = 44,910. (a) TBC-A type agitator, Plane 1:XY,Z = 0 mm; (b) TBC-A type agitator, Plane 3:XZ,Y = 70 mm. 
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Figure 8. Velocity vector diagram when the medium is water and Re = 44,910. (a) TBC-B type agitator, Plane 1:XY,Z = 0 mm; (b) TBC-B type agitator, Plane 3:XZ,Y = 70 mm. 
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Figure 9. Velocity vector diagram when the medium in YZ section is water and Re = 44,910. (a) TBC-A type agitator, Plane 2:YZ,X = 0 mm; (b) TBC-B type agitator, Plane 2: YZ,X = 0 mm. 
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Figure 10. Velocity vector diagram when the medium is glycerin and Re = 55.5. (a) TBC-A type agitator, Plane 1:XY,Z = 0 mm; (b) TBC-A type agitator, Plane 3:XZ,Y = 70 mm. 
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Figure 11. Velocity vector diagram when the medium is glycerin and Re = 55.5. (a) TBC-B type agitator, Plane 1:XY,Z = 0 mm; (b) TBC-B type agitator, Plane 3:XZ,Y = 70 mm. 
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Figure 12. Velocity vector diagram when the medium in YZ section is glycerin and Re = 55.5. (a) TBC-A type agitator, Plane 2:YZ,X = 0 mm; (b) TBC-B type agitator, Plane 2: YZ,X = 0 mm. 
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Figure 13. Velocity distribution at the radial position r = 90 mm when the medium is water and Re = 44,910. The three dotted lines are the centerline positions of the three blades. (a) Total speed comparison; (b) Axial velocity comparison; (c) Radial velocity comparison; (d)Tangential velocity comparison. 
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Figure 14. Velocity distribution at the axial position y = 120 mm when the medium is water and Re = 44,910. The distance between the two curves is the nominal diameter of the blade. (a) Total speed comparison; (b) Axial velocity comparison; (c) Radial velocity comparison; (d) Tangential velocity comparison. 
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Figure 15. Velocity distribution at the radial position r = 90 mm when the medium is glycerol and Re = 55.5. The three dotted lines are the centerline positions of the three blades. (a) Total speed comparison; (b) Axial velocity comparison; (c) Radial velocity comparison; (d) Tangential velocity comparison. 
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Figure 16. Velocity distribution at the axial position y = 120 mm when the medium is glycerol and Re = 55.5. The distance between the two curves is the nominal diameter of the blade. (a) Total speed comparison; (b) Axial velocity comparison; (c) Radial velocity comparison; (d) Tangential velocity comparison. 
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Figure 17. Cloud diagram for the turbulent kinetic energy in the XY section. (a) Re = 2316.5, μ = 0.023 Pa·s, TBC-A type agitator; (b) Re = 44,910, μ = 0.001 Pa·s, TBC-A type agitator; (c) Re = 2316.5, μ = 0.023 Pa·s, TBC-B type agitator; (d) Re = 44,910, μ = 0.001 Pa·s, TBC-B type agitator. 
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Figure 18. Cloud diagram of the turbulent kinetic energy in the YZ section. (a) Re = 2316.5, μ = 0.023 Pa·s, TBC-A type agitator; (b) Re = 44,910, μ = 0.001 Pa·s, TBC-A type agitator; (c) Re = 2316.5, μ = 0.023 Pa·s, TBC-B type agitator; (d) Re = 44,910, μ = 0.001 Pa·s, TBC-B type agitator. 
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Figure 19. Dead zone percentage. 






Figure 19. Dead zone percentage.



[image: Processes 09 01962 g019]







[image: Table] 





Table 1. Parameters of two kinds of propeller blade structures.
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Section

	
Sectional Leaf Width (w/mm)

	
Angle between the Section and Stirring Axis (δ/°)






	

	
Blade a

	
Blade b

	
Blade a

	
Blade b




	
S0

	
34.21

	
29.71

	
46.20

	
36.87




	
S1

	
40.71

	
38.29

	
52.69

	
36.87




	
S2

	
48.34

	
44.15

	
58.36

	
36.87




	
S3

	
53.92

	
47.39

	
63.23

	
36.87




	
S4

	
54.17

	
48.03

	
67.00

	
36.87




	
S5

	
48.99

	
44.60

	
70.91

	
36.87




	
S6

	
36.59

	
34.12

	
72.88

	
36.87




	
S7

	
20.62

	
13.35

	
71.50

	
36.87
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Table 2. Torque measurement conditions.






Table 2. Torque measurement conditions.





	Number
	Re
	N/(r·s−1)
	ρ/(kg·m−3)
	μ/(Pa·s)
	Medium





	1
	11
	0.4
	1300
	1.055
	glycerin



	2
	55.5
	2
	1300
	1.055
	glycerin



	3
	138.6
	5
	1300
	1.055
	glycerin



	4
	254
	2
	1237
	0.219
	90% glycerin aqueous solution



	5
	907.5
	2
	1210
	0.060
	80% glycerin aqueous solution



	6
	2316.5
	2
	1184
	0.023
	70% glycerin aqueous solution



	7
	4633
	4
	1184
	0.023
	70% glycerin aqueous solution



	8
	11,227.5
	0.5
	998
	0.001
	water



	9
	44,910
	2
	998
	0.001
	water



	10
	112,275
	5
	998
	0.001
	water










[image: Table] 





Table 3. Numerical simulation and experimental measurement values of the power number.
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Re

	
NP




	
TBC-A

(sim)

	
TBC-A

(exp)

	
TBC-B

(sim)

	
TBC-B

(exp)






	
11

	
12.177

	
12.223

	
12.351

	
12.473




	
55.5

	
3.709

	
3.805

	
3.842

	
3.905




	
138.6

	
2.440

	
2.623

	
2.574

	
2.746




	
254

	
1.847

	
2.057

	
1.925

	
2.216




	
907.5

	
1.489

	
1.553

	
1.627

	
1.683




	
2316.5

	
1.235

	
1.335

	
1.315

	
1.423




	
4633

	
1.151

	
1.226

	
1.259

	
1.358




	
11,227.5

	
0.914

	
1.022

	
1.027

	
1.137




	
44,910

	
0.768

	
0.826

	
0.884

	
0.971




	
112,275

	
0.689

	
0.715

	
0.765

	
0.872
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