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Abstract 

Using Electrical Resistance Tomography to Characterize and Optimize the Mixing of Micron Sized 

Polymeric Particles in a Slurry Reactor. 

Presented by Parisa Tahvildarian as a Master of Applied Science Thesis in Chemical Engineering, 

Ryerson University, Toronto,  Canada, 2010. 

A solid-liquid mixing system has a significant role in the suspension polymerization, 

crystallization, adsorption, and solid-catalyzed reactions. In this study, Electrical Resistance 

Tomography (ERT) was employed to investigate the effect of the particle size, the design 

parameters such as impeller type, impeller clearance and impeller diameter as well as operating 

conditions such as impeller speed, impeller pumping mode, and solids concentration on the 

mixing of micron sized latex particles in a slurry reactor. The ERT data were used to calculate 

the concentration profile and the degree of homogeneity in three dimensions, as a function of 

design parameters and operating conditions within the reactor. 

In this work, tap water and latex particles (5.2 µm, 8.5 µm, 9.1 µm) were used as liquid and solid 

phase, respectively. Six axial impellers were utilized (A310, A100, A200, A320, A315, 3AM) 

with impeller speed (N) varying from 252 rpm to 400 rpm. Impeller diameter to tank diameter 

ratios (D/T) were in the range of 0.29 to 0.47 while, the impeller clearance (C/T) was changed in 

the range of T/3.8 to T/2.5. Impeller pumping was tested in both downward and upward 

directions. The concentration of latex particles was ranged between 15 wt% and 30 wt%. 

This study shows that the level of homogeneity in a solid-liquid mixing system improved with 

the increase in impeller speed. However, after achieving the maximum level of homogeneity, any 

further rise in the impeller speed had a detrimental effect on the level of homogeneity. A310 

impeller, with D/T ratio of 0.31, demonstrated the highest level of homogeneity while the 

upward pumping direction was found to be more efficient than the downward one. In addition, a 

clearance of T/3 proved to create the highest level of homogeneity. Also, the results showed that 

a rise in the size and concentration of particles decreases the level of homogeneity. Thus, 5.2 µm 

latex particles with the concentration of 15 wt% demonstrated the highest level of homogeneity.  

Applying the findings of this study will lead to improved equipment design, chemical cost 

reduction, increased production rate, improved quality of products, and more efficient use of 

power in slurry reactors.   
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Chapter 1  

Literature Review 

1.1 Introduction 

 Solid-liquid mixing processes are widely used in industry, such as coal-water slurries, paper-

pulp slurries, polymer dispersions, ion-exchange resins, and sugar crystal slurries. In all these 

processes, a certain degree of mixing is required to achieve the desired result. Insufficient mixing 

drives the production process to the poor quality products, low production rate, and higher 

manufacturing costs, which is far greater than the cost of solving the mixing problem during the 

production process. Although, the mixing of solid-liquid systems has been extensively studied in 

the past, the lack of enough information about the optimization of the solid-liquid mixing, 

especially the mixing of micron sized particles in a liquid is realized. 

 This project, with the collaboration of Xerox Research Center of Canada, aims to optimize the 

mixing of micron sized latex particles in a slurry reactor. To optimize this mixing process, 

Electrical Resistance Tomography is used to investigate the effect of design parameters (e.g. 

impeller type, impeller clearance, impeller diameter), operating conditions (e.g. impeller speed, 

impeller pumping mode), particle size and solids concentration on the level of homogeneity. 

Afterwards, the optimum value for each variable is recommended. The results of this study are 

expected to improve the quality of products, decrease manufacturing costs, and lead to more 

efficient use of power in slurry reactors.  

1.2 Solid-Liquid Mixing 

Solid-liquid mixing is one of the most common industrial processes that increases the degree of 

homogeneity and the rate of the mass transfer between two phases (Paul et al., 2004). The 

objective of a solid-liquid mixing is to produce a homogeneous mixture efficiently in terms of 

time and power consumption (Peker et al., 2008). To optimize the solid-liquid mixing process, 

the type of impeller, shaft, baffle, impeller clearance, impeller diameter, impeller speed, impeller 

pumping direction, concentration of solid particles, and particle size have to be considered 

(Montante et al., 2001). Despite the vast researches have been done so far, there is still a lack of 
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enough information about the prediction of fluid dynamics in a solid-liquid mixing process 

(Angst & Kraume, 2006). 

1.3 State of Suspension 

The solid suspension condition is characterized in three different areas: on-bottom for partial 

suspension (some solids rest on the bottom of the vessel for short periods), off-bottom for 

complete suspension (all solids are off the bottom of the vessel), and homogenous for uniform 

suspension (solid particles suspended uniformly throughout the vessel) (Sardeshpande et al., 

2009).      

The state of solids suspension depends on the impeller speed. At low impeller speed, most 

particles sit on the bottom of the vessel. The increasing of the impeller speed causes only parts of 

solids to get suspended to a certain level (Kraume, 1992 and Bujlaski et al., 1999). Therefore, at 

this state, the total surface area of particles is not used for mass transfer (Baldi et al., 1977).  A 

further increase in impeller speed leads to complete suspension at which all solids get suspended 

in a way that no particle sits on the bottom of the vessel for more than 1 to 2 s and a boundary 

layer get visible between the suspended particles and clear liquid area. At this state, maximum 

solids surface area exposes to the liquid for the mass transfer, however the solids distribution 

may not be uniform throughout the vessel. The impeller speed at this stage is called just 

suspended impeller speed Njs. The increasing of the impeller speed beyond the Njs reduces the 

height of the clear liquid and increases the height of the suspended area. The slurry height 

criterion to determine Njs is provided once the height of the suspension gets to 90% of the liquid 

height. Finally, the raise of impeller speed leads to uniform distribution of solids throughout the 

vessel (Kraume, 1992 and Bujlaski et al., 1999) at which, solids concentration is consistent 

throughout the vessel. The impeller speed at this stage is called critical impeller speed for 

homogenous suspension. Figure 1.1 presents three different states of solids suspension.   
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(a) (b) (c) 

Figure  1.1 Degree of suspension (a) partial suspension, (b) complete suspension (just 

suspended), (c) uniform suspension  

1.4 Just Suspended Impeller Speed 

In all solid-liquid mixing processes, Njs is the minimum impeller speed required to suspend all 

particles and is estimated by Zwietering correlation (1985) as follow: 

Njs = Sν 
0.1

 (
   (       )

  
 )
    

X
0.13

 dp
0.2

 D 
-0.85

 ( 1.1) 

where D is the impeller diameter; dp is the particle diameter; X presents the mass ratio of 

suspended solids to liquid; S is the dimensionless number which is a function of impeller type; 

Njs shows the impeller speed for “just suspended particles”; ν is the kinematic viscosity of the 

liquid; gc presents the gravitational acceleration constant; ρs and ρl are the density of particles and 

the density of liquid, respectively. 

1.4.1 Different Methods of Measuring Just Suspended Impeller Speed 

Several visual and non-visual experimental methods have been proposed to determine the just 

suspended impeller speed. These methods are elaborated on their procedures as follows: 
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1.4.1.1 Visual Methods 

Zwietering (1985) offered a visual observation technique to measure Njs. Using a tank with 

transparent wall and a mirror placed underneath of the tank, he observed the motion of solids on 

the bottom of the tank. To aid the observation, he illuminated the bottom of the tank with 

photoflood light. Njs was determined as the impeller speed at which no solids was remained at 

rest on the bottom of the tank for more than 1 or 2 s. This method is very subjective and can 

determine Njs with an accuracy of ±5%. 

 Einenkel and Mersmann (1977) introduced another visual technique. They visually determined 

the height of the interface between the solid-liquid suspension and the clear liquid. They 

determined Njs as the speed at which the height from the bottom of the tank to the interface 

(boundary layer between the slurry and clear liquid) was 90% of the total liquid height. This 

method does not appear to be accurate because the fine particles come to the top of the tank 

before the last particle lifts off the tank bottom. According to Kraume (1992), this speed had 

approximately 20–25% deviation from that predicted by Zwietering’s (1958) method. 

Hicks et al. (1997) determined Njs, measuring the settled bed height visually at different impeller 

speeds. According to his method, Njs is defined as the impeller speed at which the height of the 

settled bed is zero. The defect of this method is that, the bed surface is usually uneven due to the 

complex flow pattern in the mixing vessel. Therefore, the bed height is measured at a plane just 

above the tank bottom and at a point half way between the two consecutive baffles. In this 

method, only with a skilled observation, a reproducibility of ±5% is obtained. For solids 

concentration above 8 w/w%, this method is not reliable (Oldshue and Sharma, 1992). The 

accuracy of all mentioned visual methods depends on the subjective evaluation. Also, these 

visual measurements require transparent tank wall, which is possible for the laboratory scale but 

impractical for the large scale installations. The only advantage of the mentioned visual methods 

is their simplicities.  

1.4.1.2 Power Consumption Method 

Rewatkar et al. (1991) presented another method based on the measuring of the variation in 

power consumption with respect to the impeller speed. This method is very useful when the 

mixing vessel is opaque and the visual observation method cannot be used. As the impeller speed 
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increases, more particles get suspended. Thus, more energy is dissipated at solid-liquid interface. 

As a results, the power consumption and power number increase. After all solid particles are 

suspended; any further increase in the impeller speed doesn’t change the power number. 

Therefore, the impeller speed at which the power number approaches a constant value is called 

Njs. Figure 1.2 shows the change of the power number with the increase of the impeller speed.       

 

Figure  1.2 The impeller speed versus power number  

1.4.1.3 Mixing Time Method 

This method is based on the measurement of mixing time (θmix) with respect to the impeller 

speed in the clear liquid and in the solid-liquid system, keeping all other geometrical and 

operating parameters constant (Raghava Rao and Joshi, 1988; Rewatkar et al., 1991). In this 

method, the curve of mixing time versus impeller speed for solid-liquid system is compared to 

that for the single-phase (only liquid) system. Njs is the impeller speed at which the difference 

between the mixing times in the presence and absence of solids is the maximum. 

1.4.1.4 Concentration Method (Local Value of Concentration) 

Bourne and Sharma (1974) and Musil (1976) measured Njs based on the measurement of the 

local concentration. They observed that at low impeller speed, most of the particles sit on the 
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bottom of the tank and cause low solids concentration above the bottom of the tank. As the 

impeller speed increases, the particles gradually start suspending and the solids concentration 

just above the bottom of the vessel increases. Bourne, Sharma and Musil proposed that Njs is the 

impeller speed at which the particles concentration just above the bottom of the tank is maximum 

or independent on the impeller speed. This method is also called the concentration peak method.  

1.4.1.5 Concentration Method (Overall Value of Concentration) 

Brucato et al. (1997) revised the pressure measurement technique developed by Biddulph (1990) 

to obtain the overall value of the solids concentration in the vessel. The suspension of particles 

causes the pressure at the bottom of the tank to change.  He used a pressure probe to measure the 

pressure variation at the bottom of the tank and realized that the pressure variation is directly 

proportional to the mass of the suspended solids. The pressure reading was calibrated to get the 

value of the solids concentration in the vessel.  This way, Njs is the impeller speed at which the 

particles concentration in the tank is maximum or independent on the impeller speed   

All mentioned methods were developed to measure minimum impeller speed required to suspend 

all particles. To have a homogenous solid-liquid system, the impeller speed should be greater 

than Njs. Mixing process is evaluated with respect to the mixing quality and cost. To achieve the 

efficient mixing with minimum cost, mixing time and power consumption need to be considered.  

1.5 Mixing Time 

Mixing time is one of the important parameters used to design a mixing system and is the time 

needed to obtain a desired degree of homogeneity, after the addition of solid particles to a tank 

(Jahoda and Machon, 1994; Bouaifi and Roustan, 2001). Mixing time is influenced by solids 

concentration (Raghav Rao et al., 1988; Harrop et al., 1997), impeller diameter and off- bottom 

clearance and impeller speed (Kuzmani´c et al., 2008), however there is still the lack of sufficient 

information about the effect of solids on the mixing time (Raghav Rao et al., 1988; Harrop et al., 

1997). 

Kuzmani´c et al. (2008) and Raghav Rao and Joshi (2008) investigated the effect of solids 

concentration on the mixing time. They realized that as the solids concentration increases, the 
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fluid circulation velocity reduces and the mixing time increases. Raghav Rao and Joshi (1988) 

developed a correlation for the dimensionless mixing time as follow: 

15.1

32.0
11.019.0)(

D

T
dCXN CS   

( 1.2) 

where (Nθ)CS, d, T, D, C, and X, are dimensionless mixing time at critical impeller speed, particle 

size, tank diameter, impeller diameter, clearance and solid concentration, respectively. 

1.5.1 Experimental Methods to Measure the Mixing Time  

So far, several methods, based on the electrical conductivity, concentration measurements, 

temperature colorimetric, and optical measurement have been developed to measure the mixing 

time in a vessel (Nere et al., 2003). The most common experimental techniques to measure the 

mixing time are discussed as follows:   

1.5.1.1 Visual Techniques   

The simple technique to measure the mixing time is to inject a dye to the mixing vessel and 

observe how the dye moves throughout the mixing vessel (Shervin et al., 1991). Another 

technique used commonly is called dye decolonization (Menisher et al., 1999). In fact, one 

chemical colors the contents of the mixing tank and the addition of the second chemical removes 

the color (Fox and Gex, 1956). This simple technique is used infrequently in the industry 

because the industrial vessels are non-transparent (Nere et al., 2003). Also, this visual technique 

provides an approximation for mixing time in mixing tanks (Paul et al., 2004).    

1.5.1.2 Conductivity Probe Technique    

In this technique, a single-point sensor (a probe) is used to measure the conductivity of the 

solution. Using a proper calibration, this conductivity is converted to the concentration (Kramers 

et al., 1953). In this method, the tracer has to be an electrolytic solution. This method is very 

accurate however, it is very easy and cheap to use. The probe can only measure the local 

conductivity, and the calculated mixing time depends on the probe position. In addition, for non-

conducting systems and systems where rheological properties are sensitive to tracer 

concentration, this technique is not suitable.  
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1.5.1.3 Light Intersection Imaging Technique (Laser-induced Fluorescence)   

In this technique, a laser sheet generator, which is directed toward the mixing tank and a 

fluorescent indicator (as a trace) are used to measure the mixing time. After adding the tracer, it 

glows only at the plane of the laser sheet. The mixing time is obtained as the time required for 

achieving an image with homogeneous color throughout. This technique requires a transparent 

vessel; therefore, it cannot be used in the industry (Hackl and Wurian, 1979 and Distelhoff et al., 

1997).  

1.5.1.4 Liquid-Crystal Thermography (LCT) 

The principle of this technique is the coloring of thermochromatic liquid crystals (LCs) and 

observing a different color once they expose to a different temperature. The crystals are 

suspended in the mixing tank. After sending a thermal pulse, the mixing of this thermal pulse 

transmits different colors to the liquid crystals in various parts of the vessel. These colors are 

analyzed either visually or by a camera. This method is fast but difficult to be used because the 

color response of the crystals is not perfect. In addition, since this technique needs transparent 

vessels, it is not generally applicable in the industry (Lee and Yianneskis, 1997).    

1.5.1.5 Radioactive Liquid Tracer Technique 

In this technique, a pulse of a radioactive liquid tracer is injected into the vessel and the profile 

of the tracer concentration is monitored (Pant et al., 2001). Without disturbing the flow pattern, 

this technique can be used at high temperature conditions and non-transparent vessels (Nere et 

al., 2003). The use of this technique is restrained by its unavailability, transportation difficulty, 

and health hazards.     

1.5.1.6 Computer Tomography with Coherent Light 

This technique requires radiations from four lines to calculate the concentration field in a mixing 

vessel. First, an object which is marked by a dye is exposed to the radiation with a monochromic 

light, and a 2D image is generated. After irradiation in different directions, the image of the 

object is reconstructed in horizontal planes using mathematical techniques. Using the image 

analysis, the negatives of the black and white films are scanned, processed and used for the 

tomographic reconstruction. This way, the concentration profiles of mixing performance are 
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obtained from which the mixing time is calculated. This technique requires a transparent vessel; 

thus, it cannot be used in industry (Zlokarnik, 2001).       

1.5.1.7 Thermocouple-based Technique  

In this method, a liquid, with a different temperature from the bulk, is added to a mixing tank. 

Then, the temperature of the different points in the bulk is monitored over the time using 

thermocouple. In this method, the probes output is used to calculate the mixing time. This 

technique is applicable for non-transparent and/or non-conducting liquid but is not suitable for 

the fluids, whose properties such as viscosity are very sensitive to temperature changes (Masiuk 

and Lacki, 1993). 

1.5.1.8 Electrical Resistance/Impedance Tomography (ERT)  

The electrical tomography technique is based on the reconstruction of the electrical conductivity 

distribution in the mixing tank (Williams et al., 1993; Mann et al., 1997; Holden et al., 1998). A 

number of equally spaced electrodes are installed on the periphery of the vessel wall. To measure 

the conductivity distribution and then the mixing time, the electrical current is injected into two 

adjacent electrodes and then the voltage is measured between the other adjacent electrode pairs 

(adjacent strategy). Then, the local distribution of the electrical conductivity is reconstructed 

topographically using the back projection algorithm. Afterwards, ERT data are used to obtain 

concentration profile and mixing time in the vessel.   

The purpose of a mixing process is to achieve the desired level of homogeneity with the 

minimum cost. Thus, to reduce the cost of a mixing process, the power consumption has to be 

concerned.  

1.6 Power Consumption 

Power input is an important parameter for mixing systems. It is the energy transformed from an 

impeller to a fluid per unit time. The impeller power in a homogeneous liquid depends on the 

geometry of impeller and tank, the density and viscosity of the liquid, the impeller speed and the 

gravitational force (Tatterson, 1991):  
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 gTDNfP ,,,,,  ( 1.3) 

where P, μ, ρ, D, T, N, and g are power, fluid viscosity, fluid density, impeller diameter, tank 

diameter, impeller speed, and gravitational acceleration, respectively.   

Applying dimensional analysis, the following equation is obtained (Skelland, 1967): 
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According to Equation 1.4, dimensionless power coefficient, P/ρN
3
D

5
, is a function of both 

Reynolds number (Re) and Froude number (Fr) for a fluid and is referred to power number, Po, 

as follows: 
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1.7 Settling Velocity of Particles 

 Settling velocity of particles is the velocity after acceleration from zero to steady state at which 

the drag force balances the buoyancy and gravitational forces without interaction between solid 

particles. This constant velocity is referred to terminal velocity (Guiraud et al., 1997). Oldshue 

(1983) defined three regimes to describe the effect of settling velocity on the particles 

suspension. He realized that for the settling velocity of particles in the range of 0.1-0.6 ft/min, 4-

8 ft/min, and 16-60 ft/min, the suspension of particles is easy, moderate and hard, respectively  

Perry & Green (1984) offered an equation to calculate the terminal velocity for spherical 

particles as follows: 
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where,    is the gravitational constant,    is the particle diameter,    is the particle density,    is 

the liquid density and CD is the drag coefficient, which is a function of particle Reynolds 

number: 
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In laminar regime, the drag coefficient is a function of particle Reynolds number as follow: 
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For the Newtonian fluid in the turbulent regime (Rep >1000), the drag coefficient is a constant 

value (0.445). Thus, the terminal velocity is estimated as follow: 
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A mixing process is influenced by operating conditions and design parameters. To achieve a 

homogenous solid-liquid suspension with the minimum power consumption and cost, the 

operating conditions and design parameters have to be concerned.  

1.8 The Effect of Design Parameters on the Mixing Process 

Design parameters, such as the geometry of the tank, impeller type, impeller clearance, impeller 

diameter, and concentration have significant effects on the mixing performance. In the following 

sections, the effects of designed parameters are investigated. 
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1.8.1 The Bottom Shape of the Vessel 

Geometry of a mixing vessel, dimension, and bottom shape are important design parameters of a 

mixing process. Dish-bottomed vessels are preferred to flat-bottomed vessels. In fact, the bottom 

shape of a vessel not only affects the location of dead zones but also influences the just 

suspended impeller speed. In a flat-bottomed vessel, dead zones are in the corner between the 

bottom of the tank and the tank wall. In a dish-bottomed vessel dead zones are under the impeller 

position or between the center of the tank and the periphery of the bottom. Just suspended 

impeller speed is 10 to 20% higher in a flat-bottomed vessel than that in a dish-bottomed vessel. 

As a result, a dish-bottomed vessel is preferred to a flat-bottomed vessel (Bittorf and Kresta, 

2003).  

In addition, the best geometric proportion of a mixing vessel is a tank with height equal to 

diameter. Tall tanks with height greater than diameter (Z/T > 1) need multiple impellers to create 

motion (McDonough, 1992). For a solid suspension system, if Z/T >1.5, the use of the multiple 

impellers is necessary (Paul et al., 2004).  

1.8.2 Shaft 

The shaft can be installed in three different positions: on the bottom, on the top and on the side of 

a tank. Top-entry shafts are very common in industrial applications however; side-entry shafts 

are suitable for blending homogenous fluids or slurries of solid particles (King, 1992). Bottom-

entry shafts are rarely utilized. They are used mainly with dished-bottomed tanks. If the shaft is 

installed on the top, sealing to prevent leakage is not required. Also, the pumping rates of top-

entry shafts are higher and blending times are shorter than that of the side-entry shafts. Also, if 

the shaft is installed on the side of the tank, the presence of baffle is not required because the 

shaft may prevent the vortices. 

1.8.3  Baffle 

Mixing vessels are sometimes equipped with baffles, usually located at or near the walls. The 

function of a baffle is to inhibit liquid swirl, minimize tangential flow, and develop the axial- 

flow pattern. Most of the mixing vessels are equipped with four baffles and are called “fully 

baffled” mixing vessels. Adding any more baffles to a “fully baffled” mixing vessel doesn't 
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seriously increase the power consumption of impellers (Rushton, 1947). Most common baffles 

are made in the form of straight flat plates of metal that sit along the side of vertically oriented 

cylindrical vessel and called standard baffles. Baffle width is a function of viscosity. For very 

high viscous fluids, baffles are not necessary, due to enough resistance to flow at the walls. As 

the viscosity decreases, the presence of the baffle with large width becomes essential (Ulbrecht 

and Patterson, 1985).  

1.8.4 Impeller Type 

Since mixing processes have significant effects on the most of the chemical industries, the 

selection of a proper impeller is very crucial (Kramers et al., 1953). Generally, there is not a 

unique impeller to meet all process specifications (Oldshue and Tood, 1981). Determination of 

the most effective impeller is based on the knowing of the process requirements and physical 

properties of materials to be mixed (Wu and Pullum, 2001). Depends on the generated flow, 

impellers are categorized in two groups: axial-flow impellers and radial-flow impellers. Axial-

flow impellers such as propellers, marine-type and pitch-blade impellers release fluid parallel to 

the impeller shaft (in a vertical direction) (Oldshue, 1983). They are used in homogenization 

process (Thring and Edwards, 1990), solid-liquid suspension, blending and convective heat 

transfer (Myers et al., 1996). Unlike axial-flow impellers, radial-flow impellers such as disc 

turbine (Rushton), hollow-blade turbine (Scaba) and flat-blade impeller release fluid to the wall 

of the tank in radial direction (horizontal direction) (Oldshue, 1983). After leaving the blade tips, 

the flow is cleaved into two equal flows (up and down) and consequently, generates strong top-

to-bottom flows, above and below the impeller with the equal suctions. Radial-flow impellers 

exert shear stress to a fluid to remove the boundary layer between various phases such as the 

mixing of immiscible or viscous fluids (Figure 1.3) (Thring and Edwards, 1990). 

 Impellers can further classified as propellers, hydrofoils, and high efficiency impellers. 

Hydrofoils and propellers generate high flow and low shear rate. They are generally employed 

for solids suspension, and heat transfer applications with moderate viscosity (McDonough, 

1992). High efficiency impellers such as paddle, anchors, helical and spirals are suitable for the 

mixing of viscous fluids. Turbines are used in gas-liquid, liquid-liquid dispersions and other 
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mass transfer applications (Harnby et al., 1997). Table 1.1 presents different axial and radial-

flow impellers used in the industry. 

  

 

 
(a) (b) 

Figure  1.3 Flow patterns in a baffled tank, generated by: (a) axial-flow impeller, and (b) 

radial-flow impeller 
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Table  1.1 Different axial and radial- flow impellers 

.             Axial –Flow Impellers                                                     Radial-Flow Impellers 

 

 

 

                                                     
 

                                                   

                                                  
  

                                                      

                                                     

 

 

                                                                                          
  

 

 

 

Propeller (A100) 

Pitched blade turbine 

Pfaudler retreat curve 

Ekato MIG 

Ekato INTERMIG 

Open flat blade 

Disk style Rushton 

Back swept open 

Scaba SRGT 

Chemineer CD 6 Smith 

Spring impeller 
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1.8.5 Clearance 

Clearance is the distance from the bottom of a vessel to the impeller location and has an 

important impact on the mixing quality. Improper location of an impeller results in staged flow 

pattern and non-uniform distribution of the added material.  

A large clearance generates deep vortex, which induces the air entrainment into the system and 

the splash of the fluid around (Paul et al., 2004). It causes a flow transition in which the flow 

direction at the bottom of a tank reverses from outward to inward. Thus, the velocity at the 

bottom of the tank decreases and the outflow of the impeller changes from axial to radial-flow 

pattern (Jaworsky et al., 1991). Therefore, complete solids suspension becomes much more 

difficult to achieve. In addition, this flow reversal results in the impractical increase in just 

suspended impeller speed, which cannot be easily correlated with Zwietering equation (Bakker et 

al., 1994). 

On the other hand, for the impeller located very close to the bottom of the tank, the axial-flow 

pattern, generated with the downward pumping impeller, is similar to the radial-flow pattern. 

This phenomenon leads to a pumping reduction and a higher shear. For solid suspensions, this 

situation makes the bottom of the tank clear from the suspension of the particles however; it 

decreases the level of homogeneity in the entire of the tank (Paul et al., 2004).    

1.8.6  Impeller Diameter 

An important ratio in mixing vessel design is impeller to tank diameter ratio (D/T), which is 

selected from 0.16 to 0.98 (McCabe, 2005). When the impeller to tank diameter ratio is too 

small, the velocity at the vessel base, close to the tank wall, is too small to suspend the solids, 

contrary for the large D/T ratio, the outflow of the impeller mostly turns into a radial- flow 

pattern and causes solids to settle at the center of the vessel base (Bakker et al., 1994). The 

diameter of the impellers which produce bulk motion such as helical ribbons, screws, and 

anchors should be close to the tank diameter. In addition, the diameter of the impellers which 

generate turbulent flow such as axial and radial impellers should be one-fourth to one-half of the 

tank diameter (Tatterson, 1991). 
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1.9 Effect of Impeller Pumping Direction 

Impeller pumping direction influences the level of homogeneity in a solid-liquid system. For the 

same clearance, the impeller pumping direction changes just suspended impeller speed and 

affects the state of the suspension. When the impeller is pumping upward, the fluid velocities, 

close to the liquid surface, increase. Thus, this pumping mode can be effective for entrainment of 

floating solids and gas dispersion. Also, it is a productive mechanism to incorporate lighter solids 

on the liquid surface, near the wall. As the impeller pumping direction switches into downward, 

the dynamic head effect is changed. Thus, the fluid is directed to the bottom of the tank (Selima 

et al., 2008). Downward pumping mode is an effective mechanism to suspend heavy particles 

settled on the bottom of the tank (Paul et al., 2004). 

1.10  Effect of Concentration  

The concentration of solid particles can change the level of homogeneity. In fact, the increase of 

the solids concentration causes the increase of particles number and viscosity. As the 

concentration increases the hindered settling velocity develops due to the firstly, the increase of 

the particle-particle interaction, secondly, the interaction of particles with upward flow of the 

liquid, which is generated by the settling of the particles, thirdly, the increase of the viscosity and 

density. This phenomenon causes the reduction of the settling velocity and the development of 

the hindered velocity (Paul et al., 2004).  

Maude (1958) derived an empirical correlation for the hindered velocity as follows:  

 ntts xVV  1  ( 1.12) 

 

where Vts is the hindered settling velocity for mono dispersed solid, Vt is the free settling 

velocity, x  is the volume fraction of solids in the slurry. For Rep < 0.3, n is 4.64; for 

 0.3 < Rep < 1000 , n = 4.375 Rep
-0.0875

 ; for Rep >1000, n is 2.33. 
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1.11  Effect of Particle Size 

The size of particles in a solid-liquid suspension has a prominent effect on the mixing 

performance. The settling velocity of large particles is greater than that of smaller ones (Paul et 

al., 2004). 5Thus, particle size can change the level of homogeneity. 

 Generally, the particles utilized in industrial applications have a size distribution. Baldi et al. 

(1978) recommended the mass-mean diameter ,dp calculated from the size distribution as 

follows: 
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where dp is the average particle diameter and ni is number or mass fraction of the particle with di 

size. The particle size distribution and power consumption were experimentally measured for 

different size diameter from 0.2-0.9 mm (Angst & Kraume, 2006). 

ni  is calculated from the weight percent data as follow: 

i
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In spite of the studies have been done on the mass- mean diameter, in practice, the largest 

particle size is used to achieve the desired process result (Paul et al., 2004). 
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1.12  Research Objective 

Literature review of solid-liquid suspensions not only shows the lack of enough experimental 

information about the mixing hydrodynamic of suspensions but also, discloses the shortage of 

experimental works on the micron sized particles. Having taken the significance of solid-liquid 

mixing, this study employs ERT to investigate, experimentally, the effect of the following 

parameters on the mixing of fine particles suspension (dp < 10 µm): 

 Designed related parameters 

o Effect of impeller type 

o Effect of impeller clearance 

o Effect of impeller diameter 

 Operating condition related parameters 

o Effect of impeller speed 

o Effect of impeller pumping mode 

o Effect of particle concentration 

 Effect of particle size 

Applying the finding of this study will lead to improved equipment design, chemical cost 

reduction, increased production rate, improved quality of products, and more efficient use of 

power in slurry reactors.  
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Chapter 2  

Electrical Resistance Tomography 

Tomography is a technique to obtain the concentration profile inside a process. Recently, the 

application of tomography, a reliable tool to observe the behavior of numerous fluids in industry, 

has been increased (Reimers et al., 1984).  

According to Yan et al. (2005) and Dierick et al. (2005) the different tomographic 

instrumentations currently used in medical and engineering area are as follows:  

 X-ray tomographic system, infrared tomographic system, Gamma-ray tomographic system, 

electrical tomography system, positron emission tomography (PET), magnetic resonance 

imaging (MRI), sonic or ultrasonic tomographic system, optical fiber process tomography 

(OFPT) and high-speed neutron tomography. 

Depends on the physical properties of fluids (the status of matter and composition), process 

condition, desired resolution, equipment size and cost, different types of the tomography system 

are used. University of Manchester Institute of Science and Technology (UMIST) in England 

developed and applied electrical techniques to investigate different processes which contain 

conducting fluids (Williams and Beck, 1995). The tomography system, developed by this 

institute is based on the measurement of capacitance (ECT), resistance (ERT), and 

electromagnetic (EMT). In these systems, sensors are located around a vessel or pipe and emit 

the signals through the vessel. Also, in order to derive the information and make a cross-

sectional image, the presence of an algorithm to reconstruct a tomographic image at many 

locations of measurement is necessary (Williams and Beck, 1995). 

2.1 The Components of a Tomography System 

Hoyle (2005) and Williams and Beck (1995) presented the components of a process tomographic 

instrument as follows: 

 Hardware: sensors signal/data control 
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 Software: signal reconstruction, display and interpretation facilities, generation of output 

control signals to process hardware 

 The two important steps in using tomographic techniques are: process imaging and image 

processing. Process imaging is involved in observing event inside a closed process. Image 

processing is involved in mathematically manipulating digitized images to derive information 

about the process. Among different types of the tomography’s systems, electrical tomography is 

the most popular method due to its high-speed potential and simplicity and inexpensiveness 

(Scott et al., 2001). 

2.2 Electrical Tomography 

According to Scott et al. (2001), electrical tomography uses electrostatic fields to image the 

conductive properties of a medium. Different types of electrical tomography are electrical 

capacitance tomography (ECT), electrical inductance (magnetic) tomography (EMT), electrical 

impendence tomography (EIT). Electrical resistance tomography (ERT) is a specific kind of 

electrical impendence tomography (EIT). 

In this study, ERT is used to investigate the mixing of micron sized polymeric particles in a 

slurry reactor. 

2.3 Electrical Resistance Tomography 

The purpose of ERT is to measure electrical signals sending from different sensing electrodes 

and reconstruct the conducting properties. In this technology, multiple electrodes are installed 

around the periphery of a vessel. These electrodes are in contact with the fluid but don’t disturb 

the process flow pattern. Current is injected to the interested area using the sending electrodes. 

Then, the voltage is created on a number of electrodes and is converted to the conductivity 

distribution using an algorithm (e.g. back projection algorithm) (Williams and Beck, 1995). 

Thus, the conductivity and concentration distribution will be measured without any influence on 

the process (Williams and Beck, 1995). In the case of using ERT system two factors should be 

concerned (Mewes and Schmitz, 2000): 

i. The spatial resolution 
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ii. Image quality  

The spatial resolution refers to the percentage of the diameter of the cross-section (Mewes and 

Schmitz, 2000). Also, the accuracy and precision of a reconstructed image depends on the image 

quality. In fact, the method used to reconstruct an image can affect the quality of that image. For 

example, for dynamic processes if the measurement speed increases, capture rate will increase. 

As a result, noise level increases, which in turn results in the reduction of the image quality 

(Mewes and Schmitz, 2000). 

2.3.1 Different Parts of ERT system 

A typical ERT system consists of three main parts (Dickin and Wang, 1996): 

1. Sensing system 

2. Data acquisition system 

3. Image reconstruction system/host computer 

2.3.1.1 Sensing System 

ERT is used to acquire the resistance distribution in the domain of interest. To receive resistance 

distribution inside a vessel, there are multiple equally axially spaced rings of electrodes located 

around a vessel. Each ring consists of 16 equally spaced rectangular or circular stainless plates 

(electrodes) formed into a circular ring. Without any disturbance of flow pattern, each electrode 

contacts the inner conductive fluid on the front surface. Other possible arrangements of 

electrodes are a set of electrodes sitting around a square cross-section and a vertical series of 

electrodes. To reduce the irrelevant environmental noise and interference, the electrodes are 

connected to the data acquisition system by co-axial cables. To ensure all voltage measurements 

are fixed against a common ground source, one electrode is required to connect to the ground 

source. This electrode is in contact with the internal fluid but located away from the 

measurement electrodes (Dickin and Wang 1996).  

Depends on the process application variety of materials are used to fabricate electrodes. To 

achieve reliable measurements, the physical sensors must be more conductive than the 

electrolyte; otherwise reliable measurements are not achieved. Normally the electrodes are 
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metallic because they are fabricated and installed easily. Also, they have low cost and resistance 

against abrasion and corrosion. They are usually fabricated from stainless steel, brass, silver, 

silver palladium alloy, gold, or platinum (Paulson et al., 1992). 

 The size of electrodes is another important factor in tomography technology that should be 

concerned. The size of electrodes depends on vessel diameter, range of measured conductivity, 

velocity of materials and required imaging speed (Mann et al., 1997). Despite of the different 

available structures of electrodes, the same optimized size of electrodes is used for both current 

injection and voltage measurement because of its simplicity (Fransolet et al., 2005).  

2.3.1.2 Data-Acquisition System (DAS)  

One of the required components of an ERT system is a stable data acquisition system (DAS) 

which is connected to electrodes. DAS obtains the quantitative data and discloses the state of the 

conductivity distribution inside a vessel. In order to observe any small change of conductivity in 

real-time, data acquisition should be done accurately and quickly (Williams and Beck, 1995). 

Data acquisition system is responsible for the 6 following functions: 1-signal measurement, 2-

demodulation, 3-filter and control, 4-waveform generation and synchronization, 5-multiplexer 

control and 6-power supply. A schematic diagram of the ERT data acquisition system is 

illustrated in Figure 2.1 (Holden et al., 1998): 
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Figure  2.1 Different components of a data acquisition system 

The digital “stir-case” function generators are responsible for the generating of staircase wave. 

Then a digital to analogue converter (DAC) converts the digital pattern to analogue. Afterward, 

the analogue pattern is filtered to eliminate unwanted harmonics. The output of this stage is a 

sine wave voltage that sends to a voltage- to- current convertor. Multiplexers (MUX) are the 

parts of the DAS system which share the current source and voltage measurement stages between 

any numbers of electrodes.  

To generate a zero potential in the conducting region inside a vessel and eliminate the high 

common-mode voltage from the current-driven electrodes, an extra-grounded floating 

measurement (GFM) lead is connected to one of the unused electrodes, as a ground electrode, on 

the vessel. The other end of the lead is linked to the output of the common-mode voltage. Then 

all unwanted components are removed from the sine wave generator by a filter and using an 

analogue-to-digital converter (ADC) a desirable signal-to-noise (SNR) can be attained (Beck et 

al., 1993).   
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2.3.1.3 Data Collection Strategies 

The four main strategies to investigate conductivity distribution in a vessel and obtain the 

maximum information are as follows: 

a. Adjacent     b.  Opposite   c.  Diagonal   d. Conducting boundary 

a. Adjacent Strategy         

This strategy is commonly for sensors with insulating boundaries. In this strategy, current is 

injected using a pair of neighbouring electrodes and voltage differences are measured, using all 

other pairs of neighbouring electrodes. To repeat this process, current is injected using all other 

possible pairs of neighbouring electrodes until all the independent measurements have been 

made. However, this strategy requires minimal hardware to implement and image reconstruction, 

it is very sensitive to measurement error and noise because of the non-uniformity of the current 

distribution and low current density at the center of the vessel (Mann et al., 1997; Kaminoyama, 

2005). 

In this strategy, the total number of independent measurements (M) is obtained by:  

2

)3( 


NN
M  ( 2.1) 

where N is number of electrodes. 

b. The Opposite Strategy 

In this strategy, current is applied through diametrically opposed electrodes. The electrode 

adjacent to the current-injecting electrode is the voltage reference electrode. The voltages are 

measured with respect to the reference at all electrodes except the current-injecting ones. To 

obtain the next set of data, the current is applied to the next pair of opposite electrodes in the 

clockwise direction. The whole procedure is repeated until all independent measurements have 

been made. Comparing to the adjacent strategy, the opposite strategy is less sensitive to 

conductivity changes at the boundary because most of the current flows through the central part 

of the region (Hua et al., 1993). Due to the less number of independent current projections, 

which can be applied, the opposite strategy has less image resolution than adjacent strategy 
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(Dickin and Wang, 1996). In this strategy, the total number of independent measurements (M) is 

obtained by (Viergever and Todd-Pokropek, 1988): 
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c. The Diagonal Strategy  

In this strategy, electrode 1 and 2 are fixed as the current reference and the voltage reference, 

respectively. Then, the current is sent successively to electrodes 3, 5, 7, 9... .Afterwards, 

respecting to the electrode 2, voltages from all electrodes except the current electrodes are 

measured. Then the current reference and voltage reference are changed to electrode 4 and 

electrode 3, respectively. Sending current through electrodes 6, 8... 16 and 2, voltage is measured 

on all other electrodes but the current-injecting ones. Compared to adjacent method, the diagonal 

strategy releases an image with better quality because it does not yield a high sensitivity in the 

periphery (Dickin and Wang, 1996). 

d. The Conducting Boundary Strategy  

In this strategy, only two electrodes are used for the measurements. The proportionately large 

surface area of the conducting boundary is used as the current sink to decrease the common-

mode voltage across the electrodes doing the measurement. This measurement strategy allows 

ERT system to be used for process vessels and pipelines with electrically conducting boundaries. 

Compared to the adjacent strategy, this strategy has a considerable lower common-mode voltage 

component (Dickin and Wang, 1996). 

Depends on the process, the strategy which has good distinguishability and high sensitivity to 

conductivity changes has to be used. The distinguishability is calculated by (Gisser et al., 1987): 

 
   




 



i

RR
i

21
 ( 2.3) 

where, i, ε, σ1, σ2, R are current, precision of measurements, two conductivities and a nonlinear 

functional associated with the resultant boundary voltage, respectively. 



 Chapter 2: Electrical Resistance Tomography 27 

 

2.3.1.4 Imaging Reconstruction  

According to Pinheiro et al. (1999) and Mann et al. (1996), after obtaining the measurements 

from a set of electrodes sitting on the periphery of a vessel, an image reconstruction algorithm is 

applied to determine the interior distribution of the resistance in the process vessel. The 

algorithm, which can be used both on and off-line, exists in the host computer connected to the 

data acquisition system. There are two algorithms called qualitative algorithm, in which the 

reconstructed images are ascribed to dynamic and quantitative algorithm, in which the 

reconstructed images are ascribed to static. 

In the qualitative algorithm, images are capable to show relative change in resistivity against an 

initially achieved set of reference data, which are usually obtained before the start of the 

experiment under quiescent conditions. Also, this algorithm releases an image showing the 

values of resistivity or conductivity for each pixel.  

To proceed the image reconstruction two problems needs to be solved: first forward problem and 

second inverse problem. For instance, the determination of electrical measurements changes 

when the electrical conductivity of one pixel only in the cross section is changed, by a known 

amount, is called forward problem. On the other hand, determination of the electrical 

conductivity of each pixel within an image from a set of electrical measurements is called 

inverse problem. In fact, the electrical measurements taken at the boundary of a process vessel 

are not enough to solve inverse problem directly therefore, forward problem needs to be solved 

first (ITS, 2006). Poisson’s equation is a model developed to solve the forward problem in a 

source free conducting in homogeneous domain Γ as follow (Williams and Beck, 1995): 

      inyxVyx 0,,.  ( 2.4) 

where, σ(x,y) is a conductivity distribution, V(x,y) is voltage correspond to the steady-state 

injected current. For the boundary conditions:  

0V                (ground electrode) 
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where I is the current applied on the electrode and n is the outward unit normal to the sensor.  

In order to solve the Poisson’s equation, finite element is used. An automatic mesh generator 

program creates the circular-shaped mesh (combination of triangular- or quadrilateral-shaped 

elements). Therefore, FEM converts the Poisson’s equation to a series of simultaneous equations 

presenting the behaviour of each of the element. There are 14 pairs of electrodes in a 16-

electrode system. These electrodes are used for current injection in adjacent protocol, therefore 

(Dickin and Wang, 1996):  

    )14...,,1(  ibAV ii  ( 2.5) 

where, A is the system’s stiffness matrix of N×N entries and N presents the number of nodes 

within finite-element mesh, V(i) denotes a vector representing the N unknown nodal potentials 

and b(i) is N×1 vector showing the boundary conditions as described above.  

After solving the forward problem, the inverse problem has to be solved using iterative or non- 

iterative methods. Iterative methods, Newton Raphson (non-linear) and Parametric Model 

methods are based on the sensitivity conjugate gradient and have the flexibility in the 

measurement protocol. They are more accurate but time consuming and costly, compared to non-

iterative methods. Non- iterative method, linear back projection method, is a single step method. 

It can be executed in one step using a pre-calculated pixel sensitivity matrix that is stored in the 

computer’s memory. Also, it has low computational cost and immunity to the sensor noise. In 

addition, the image is simply reconstructed by a matrix /vector multiplication operation that can 

be executed very fast on modern computers provided with floating-point units (Tapp and 

Williams, 2000). Despite of the mentioned advantages of this method, the 3-D distribution of 

real electric fields and the LBP algorithm cause the accuracy of the imaging data from the 2-D 

presumption to be reduced (Mann et al., 1996). P2000 system (Industrial Tomography Systems-
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ITS, Manchester, UK) comes with a qualitative, non-iterative algorithm on linear back-

projection.  

The linear back projection algorithm, defined by Geselowitz (1971) and improved by Kotre 

(1989), uses a sensitivity coefficient weighting procedure for the qualitative algorithm. The 

reason this method is called Linear back projection (LBP) method is that the potential difference 

on the surface is back projected to a resistivity value in the area between two equipotential lines. 

This method is used to convert the voltage measurements to conductivity values using sensitivity 

matrix (Dickin et al., 1996):  
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where, e is number of the elements and M presents number of measurements in a horizontal cross 

section, V(M)low  is voltage where all elements were occupied by the lower resistance phase, 

V(M)high denotes voltage where all elements are occupied by the higher resistance phase and V(e,M ) 

presents voltage where only the e
th

 element is occupied by the higher resistance phase. 

 To construct the electrical resistance distribution graphically, the sensitivity matrix, S(e,M), and 

the boundary conditions based on the measured voltages V(M) meas are used. 
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where, P(e) is change in the electrical resistance from the initial state for each element, ignoring 

the effect of the initial resistance distribution due to the impeller, baffles and etc. The flowchart 

of an image reconstruction is shown in Figure 2.2: 
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Output reconstruction of images 

Figure  2.2 Image reconstruction flow chart (source: Kamiyama et al., 2005) 

The calculated conductivity was then converted to solid concentration through Maxwell’s equation  

(ITS, 2006): 
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where, XV, σl, σs and σmc are the volume fraction of the dispersed materials, the conductivity of 

the continuous phase, the conductivity of the dispersed phase and the reconstructed measured 

conductivity, respectively. In this study, σs was considered zero for the latex particle during the 

experiments hence Equation 2.8 is further simplified as follows: 
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Chapter 3  

Experimental Setup and Procedure 

3.1 Experimental Set up  

In this study, a fully baffled cylinder tank with dish shape bottom and with a diameter (T) of 38.1 

cm was selected to mix the suspension. To improve the mixing performance, the width of baffles 

(B) and the clearance to the tank wall were selected 2.5 cm (B = T/12) and 3.8 cm (T/10), 

respectively. To send the AC current to the inner conductive fluid and measure the potential 

difference across the vessel, the mixing tank was equipped with four sensor planes with the 

intervals of 8.6 cm between them. Planes were numbered from top to bottom. Each plane 

consists of 16 simple equally spaced circular stainless plates (electrodes), with the diameter of 

2.0 cm, formed into a circular ring. The lowest plane was located 8 cm above the bottom of the 

tank. A single ground electrode was located between the plane number 3 and 4, on which the 

base reference was taken. This setup was equipped with a torque meter (Staiger Mohilo, 

Germany) a data acquisition system (DAS) (Industrial Tomography Systems 2000, UK) and a 

computer (Pentium IV, CPU 2 GH, 512 MB RAM) (Figure 3.1). The settings of DAS, for all 

experiments, were: partial gain, 15 mA current, 1 measurement/frame and 4 s/frame temporal 

resolutions.  
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Figure  3.1 Schematic diagram of the experimental setup used in this study (all units in mm) 

3.1.1  Impeller Properties 

In this study, six axial impellers A100, A200, A320, A315, A310 and 3AM each with a diameter 

of 17.8 cm were used. A hydrofoil impeller, A310, with the clearance of T/3 was used as the 

main impeller. The properties of theses impellers are as follows (Paul et al., 2004): 

A100 (marine propeller) is a three rounded and twisted blade impeller with a blade angle of 45
o
. 

This impeller generates an axial-flow directing to the bottom of the tank and has a high discharge 

capacity with low head. It is recommended for the low viscosity applications requiring moderate 

pumping. 

A200 (pitched blade turbine) is a four blade impeller with a blade angle of 45
o
. This impeller 

generates an axial-flow pattern and is efficient for the low to medium viscosity and flow 

controlled applications. 
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A320 (Hydrofoil) is a three twisted blade impeller with the blade angle of 45
o
 and is 

recommended for the high viscosity applications which require a high flow.  

A310 is a three twisted blade impeller with the blade angle of 45
o
. The top edge of each blade is 

straight while the bottom edge is tapered at the end. The blade tip of this impeller removes any 

tendency for the flow to re-circulate around the tips and generates a uniform velocity across the 

entire discharge area. This impeller is very efficient for the low viscosity and the flow controlled 

applications.  

3AM is a three twisted blade impeller with a blade angle of 45
o
. The top and bottom edge of each 

blade is tapered at the end. The blade tip of this impeller also removes any tendency for the flow 

to re-circulate around the tips and generates a uniform velocity across the entire discharge area. 

This impeller is very efficient for the low viscosity and the flow controlled applications.  

A315 (hydrofoil impeller) is a four twisted blade impeller with a blade angle of 45
o
. The high 

solidity of this impeller makes it very efficient for the gas dispersion in viscous systems and a 

solid- liquid suspension.  
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3.1.2 Solid-Liquid Suspension  

In this study, tap water was used as the medium phase and polystyrene latex particles (provided 

by Xerox Research Center of Canada), with three different sizes of 5.2, 8.5 and 9.1 µm, were 

used as the solid phase (Figure 3.2). The tank was filled up with tap water up to a height (H), 

equal to 1.2 times the tank diameter (38.1 cm). Using a conductivity meter (OAKTON 

conductivity meter, EUTECH Instrument, Germany), the conductivity of the water was measured 

(324 μS/cm) and kept constant throughout the experiments. Variable frequency drive was used to 

adjust the impeller speed to the desired rpm. 

 

Figure  3.2 Polystyrene latex particle size distribution (Xerox Research Center of Canada) 

3.1.3 Solid Particle Properties 

The solid particles used in this study were polystyrene latex particles with the refractive index of 

1.51 (Windholz et al., 1989). The physical properties of particles, such as water content, shape, 

particles size reported by the manufacturer and density, are listed in Table 3.1. 
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Table  3.1 Particles specifications 

Particle Type  Particle Size 

(µm) 

Shape Density (g/cm
3
)  Water Content 

(%) 

Polystyrene latex 

Polystyrene latex 

 5.2 

8.5 

Spherical 

Spherical 

1.05 

1.05 

 17.8 

17.8 

Polystyrene latex  9.1 Spherical 1.05  17.8 

3.1.4 Rheology of the Solid Suspension 

The working fluids were the polystyrene latex particle suspensions with the concentrations of 15 

wt%, 20 wt%, 25 wt%, and 30 wt%. Rheological properties of the suspensions were measured at 

room temperature (22 ± 0.5
0
C) by a Bohlin CVOR Rheometer 150 (Malvern instruments, USA) 

using a cup and bob measuring system. The shear rate required for applying in the rheometer was 

obtained using Metzner-Otto relationship. In this relationship, the local shear rate in the flow is 

proportional to the mixer speed as follows (Metzner and Taylor, 1960): 

NKsave .  ( 3.1) 

where sK  is proportionality constant, ave  is the shear rate (s
-1

 ) and N is the impeller speed 

(rps). 

The K value, for the A310 impeller, was reported as 10 (Paul et al., 2004). The minimum applied 

shear rate was (0.14 s
-1

). This is the minimum shear rate which could be generated by the 

rheometer. The maximum impeller speed used for all experiments was 400 rpm. Thus, the 

maximum shear rate applied in the rheometer was 57s
-1

. Therefore the range of shear rate applied 

in the rheometer covered the range of impeller speed used in the mixing system. The required 

measurement temperature was the same as the bulk fluid temperature (22 ± 0.5
0
C) in the tank.  

The rheology of the suspension was modeled best (with good regression coefficients) by the 

Newtonian model. Figure 3.3 presents this model while Table 3.2 lists the obtained data. In the 

Newtonian fluids, the shear stress is directly proportional to the shear rate. The proportional 
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constant is the fluid viscosity. In fact, the plot of the shear stress versus shear rate generates a 

straight line with the slope being fluid viscosity. Thus, the viscosity is given by:   

   ( 3.2) 

where τ is the shear stress (Pa), µ is Newtonian viscosity (Pa.s), and 
  
is the shear rate (s

-1
). 

    

   

Figure  3.3 Shear stress versus shear rate for polystyrene latex suspension at different 

concentrations 
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In response to different impeller speeds, in this work, when measuring the mixing times, 50 ml 

of 5 w/v% salt solution was added to the 15 wt% polystyrene latex suspension. Therefore, any 

change in the rheology of the 15 wt% solution, after the injection of salt solution, has to be 

concerned.  

3.1.5 The Effect of Salt Solution on the Rheological Properties of the 

Suspensions 

In this section, the effect of 50 ml of 5 w/v% salt solution on the rheological properties of 15 

wt% polystyrene latex suspension was evaluated. The obtained data were listed in Table 3.2 and 

were fitted with Newtonian model (Figure 3.4). This figure shows that 50 ml of 5 w/v% salt 

solutions had no significant effect on the viscosity of 15 wt% concentration of polystyrene 

suspension. 

 

Figure  3.4 Effect of 50 ml of 5 wt% of salt solution on the polystyrene latex suspension, X=15 

wt%. 
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Table  3.2 Rheological properties of different concentrations of polystyrene latex suspensions 

Polystyrene latex suspension 
Polystyrene latex suspension with 

salt 

Concentration 

(wt%) 
 

Viscosity 

(Pa.s) 

Regression 

Coefficient 

(R
2
) 

Viscosity 

(Pa.s) 

Regression 

Coefficient 

(R
2
) 

15 %  0.0027 0.9103 0.0028 0.9186 

20 %  0.0032 0.9106   

25%  0.0037 0.9175   

30 %  0.0047 0.9191   

 

3.1.6 Experimental Protocol 

In this study, according to the literature review, a range of experimental conditions was defined 

for each variable. The applied impellers were limited to only axial-impellers, recommended 

primarily for the solid-liquid mixing in the literature. The impeller speed ranged from just 

suspended impeller speed (252 rpm) to the impeller speed at which the descending of the 

homogeneity was obvious (400 rpm). The impeller clearance was limited between the lowest 

position on the shaft (T/3.8) and the clearance at which the homogeneity started to drop (T/2.5). 

In order to study the behaviour of different size of particles in a mixing vessel, the narrow 

distribution of three various particle sizes of polystyrene latex (5.2, 8.5 and 9.1 µm) was used. 

These three specific sizes were selected due to their availability. Because of the complexity of 

the experiments, the wide range of particle size distribution was not considered. To investigate 

the effect of the solid concentration on the mixing process, the suspension was prepared with 

four different concentrations of 15%, 20%, 25% and 30% wt%. Table 3.3 lists the specification 

of each run in this study.  
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 Table  3.3 Experimental runs and conditions 

Variable/Fixed condition Run1 Run2 Run3 Run4 Run5 Run6 

Impeller speed N(rpm)/ all N, C = 

T/3, dp=5.2 µm, X =15 wt%, 

252 275 300 328 350 400 

Impeller Type/ all N, C = T/3, 

dp=5.2 µm, X =15 wt%, 

A100 A200 A315 A320 A310 3AM 

Impeller clearance (C) / 

A310, all N, dp=5.2 µm, X=15 wt% 

T/3.8 T/3 T/2.5    

Impeller Pumping Mode/A310, 

C=T/3, all N, dp=5.2 µm, X=15 wt% 

Downward Upward     

Impeller diameter to tank 

diameter ratio (D/T)/A200, all N 

,C=T/3, dp=5.2 µm, X=15 wt% 

0.29 0.31 0.39 0.47   

Particle size (dp)/ A310, all N , 

C=T/3, X=15 wt% 

5.1 µm 8.5 µm 9.1 µm    

Solid concentration (X)/ A310, all 

N, C=T/3,dp=5.2 μm, 

15 wt% 20 wt% 25 wt% 30 wt%   

 

3.2 Electrical Resistance Tomography 

The ERT system consists of three main components: the sensors, the data acquisition system 

(DAS) and the image reconstruction system. 

The tank consists of 4 sensor planes with vertical intervals of 8.6 cm between the planes. Each 

plane consists of 16 equally spaced stainless steel sensors. The planes are numbered from top to 

bottom. The electrodes are connected to the DAS (Industrial Tomography Systems-ITS, 

Manchester, UK) using cables.  
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The function of data acquisition system is to perform the measurement protocol. Using adjacent 

measurement protocol (Figure 3.5), the AC current is applied between two adjacent electrodes 

and the potential difference is measured between all other pairs of adjacent electrodes. The AC 

current is applied to the next pair of electrodes and potential difference is again measured for all 

other pairs of electrodes. This process is repeated until all combinations of electrodes are used. 

Based on the N(N-3)/2 equation, where N is the number of electrodes per plane, this data 

collection strategy provides 104 voltage measurements. Therefore, 4 axial plain provides 416 

measurements from the solution volume (Barber et al., 1983). 

 

Figure  3.5 Adjacent measurement strategy for the data collection (Pakzad, 2007) 

 

In this work, linear back projection method, a non-iterative image reconstruction algorithm was 

used to convert the voltage into a 2-D picture of the conductivity. Each tomogram consisted of a 

20×20 pixel array and provided 400 spatial elements. The image was generated from pixels 

inside the vessel; however some of these pixels sit outside the circular boundary of the vessel. In 

fact, the circular image was constructed using 316 pixels from a 400 pixels square grid. As the 

vessel had 4 sensing planes, this generated 1264 non-intrusive conductivity probes. 
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Figure  3.6 Image reconstruction grid Source (Pakzad, 2007) 

3.2.1 Material Preparation 

To prepare the sample, tap water was used as the medium. The measured conductivity of water 

was assigned for the reference conductivity. To eliminate the effect of the temperature on the 

conductivity, all the experiments were conducted at the room temperature. Polystyrene latex 

particles were kept in room temperature so the temperature would not be a factor when 

conducting the experiments. During each experiment, the tank was filled with tap water to a 

height (H), equal to 1.2 of the tank diameter and making a volume of about 46 L. To perform the 

experiment at room temperature and eliminate possible air bubble, the tap water within tank was 

allowed to sit over the night before performing the experiment. The conductivity of water was 

measured with conductivity meter reading as 324 μS/cm and was kept constant during all 

experiments.  
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3.2.2 Tomography Measuring Steps 

To measure the conductivity of the suspension, tomography measurements have to be compared 

with the reference measurement making it an important part of the experiment. In fact, when 

taking the reference, the effect of the stirrer and other internals are fixed during the experiment 

and a constant value (324 μS/cm) is assigned for the conductivity of each pixel in the tank filled 

with water. 

In this study, the injection current and gain map of the tomography machine were calibrated by 

the Industrial Tomography System (ITS) software. The impeller speed was set to the desired 

impeller speed using a variable frequency drive (VFD) and the reference measurement was taken 

using ERT (and saved for future use) to eliminate the effects of the stirrer and other internals. 

The impeller speed was set to 600 rpm so it doesn’t splash the content of tank around and can 

suspend all particles in the water before they clump together. Impeller was let to reach 600 rpm, 

before the solids were added. The solid was precisely weighed up to desired weight fraction and 

was added gradually to the tank once water, equivalent to solid volume, was discharged from the 

tank. After all solids were added to the tank, the impeller mixed the contents of the tank at 600 

rpm for another 3.0 minutes and was stopped. To reach the non-homogeneity state, as a base of 

the experiment, the content of tank was left stationary for 3.0 hours. After this time, the impeller 

speed was set to the desired speed (252-400 rpm) and rotated for 6.0 minutes then, 200 frames 

were measured using ERT system. After the resulting data were time-averaged, the homogeneity 

was calculated. All experiments were replicated three times using saved references.  

3.2.3 ERT Data Post Processing 

Figure 3.7 presents a raw data sample taken by ERT. In this figure, the first 200 frames which 

have the same conductivity for all planes refer to the reference measurement. The distraction of 

the conductivity from the frame 200 to 250 was caused by removing the volume of water 

equivalent to solid weight. The weighed latex particles were added about frame 330. Impeller 

rotation was stopped at frame 400. The sample was left stationary in the tank for 3.0 hours. After 

3.0 hours, while the impeller rotation was still stopped, 200 frames were taken. Therefore, 

frames 400 to 600 refer to the data measurements after 3.0 hours and once the impeller rotation 

was stopped. Setting the impeller speed to the desired speed (252-400 rpm), the impeller started 

to rotate. Thus frames 600 to 1200 refer to the data measurements, once the impeller speed was 
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set to one of the speeds in the experimental conditions (252-400 rpm). The homogeneity 

calculation was based on the last 200 frames (frames 1000-1200). The resulting data, then were 

time-averaged before any other calculations.  

After data measurements, the released raw data were in the form of voltage measurements. An 

image reconstruction algorithm (linear back projection algorithm) was applied to convert the 

voltage into a 2-D conductivity image called tomogram. The tomogram image was generated 

from pixels inside the vessel. Figure 3.8 shows the tomogram obtained for the 30 wt% solid 

suspension after being stationary for 3.0 hours (a) and at 316 rpm (b). Due to the sedimentation 

of the latex particles, Figure 3.8.a shows that the accumulation of non-conductive latex particles 

(dark blue area in tomogram) on planes 3 and 4 (bottom of the tank) was more than planes 1 and 

2 (top part of the tank).   

As the impeller speed increased more solid particles were suspended in the upper part of the tank 

(Figure 3.8.b).  

 

 

Figure  3.7 ERT data for four tomography planes (A310 impeller, C = T / 3, N = 350 rpm, X = 

15 wt%, dp =5.2 µm). 
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Figure  3.8 Tomograms obtained for the solid suspension (A310 impeller, X = 30 wt%, C = T / 

3, dp = 5 µm) a) after leaving stationary for 3.0 hrs b) at 316 rpm 
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Chapter 4  

Results and Discussion 

In this chapter, first the just suspended impeller speed is calculated. Afterwards, the effect of 

impeller speed on the mixing time and the influence of operating conditions and design 

parameters on the mixing of solid suspension are investigated. Finally, the experimental results 

are presented, discussed, and compared with previous studies performed so far. 

4.1 Shaft Torque 

Impeller torque was measured using a rotary torque meter (Staiger Mohilo, Germany) at different 

impeller speeds. The accuracy of the torque measurement was checked by performing a set of 5 

runs at 5 various speeds. Each run was repeated 3 times and the torque measurements were 

averaged. The random error of the torque sensor, caused by electronic fluctuations and friction, 

can be defined using standard deviation as follows: 

 



N

i

i MM
N 1

21


 

( 4.1) 

where N is the number of measurements, and M is the torque variable and M is the mean value 

of the torque measurements. 

Error bars were plotted to show standard deviation in each measurement. Figure 4.1 presents that 

maximum standard deviation observed in torque measurements was 1.29 %.   
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Figure  4.1 Torque versus impeller speed (A310 impeller, X = 15 wt%, C = T / 3, dp = 5 µm)     

4.2 Just Suspended Impeller Speed 

Just suspended impeller speed is the speed at which all solid particles get suspended in a way 

that no particle sits on the bottom of the vessel for more than 1 to 2 s (Paul et al., 2004). In 

speeds below the just suspended impeller speed, some particles are not suspended in the vessel 

and cause the maximum concentration gradient to occur. Rao and Rewatkar (1988) calculated the 

just suspended impeller speed from power consumption measurements. 

Power consumption is the energy transformed from the agitator to the fluid over a unit time and 

is a function of flow regime, fluid rheology, tank and impeller geometry. Power consumption is 

obtained via the torque measurements as follows:  

NMP 2  ( 4.2) 

where N is the impeller speed, M  is torque, and P is the power. 

Using a torque meter and a tachometer, impeller torque and impeller speed were measured, 

respectively. The amount of torque lost due to residual torque or friction was subtracted from all 

torque measurements. Residual torque was measured by operating the empty mixing vessel.  
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Power number is a dimensionless number and a function of resistance force to the inertia force in 

a mixing system and is defined as follows: 

53DN

P
Po


  ( 4.3) 

where ρ, Po, and D are fluid density,  power number, and impeller diameter, respectively. 

To determine the just suspended impeller speed, the power consumption was quantified while the 

impeller speed was gradually increased at constant solid concentration. As the impeller speed 

was increased more particles were suspended and the power number was increased until all 

particles were suspended. The power number stayed constant once all particles were suspended. 

The impeller speed after which the power number stayed constant was called just suspended 

impeller speed. In this study, the power consumption measurement method was used to obtain 

the just suspended impeller speed (Njs). Figure 4.2 demonstrates the estimation of just suspended 

impeller speed in this study. According to this graph, the just suspended impeller speed was 

determined to be 4.2 rps (252 rpm).  

 

Figure  4.2 Just suspended impeller speed (A310 impeller, X = 15 wt%, C = T / 3, dp = 5µm)     
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The calculated just suspended impeller speed, when using the Zwittering’ equation was 193 rpm 

and showed 24% error over the one determined from the measurements of power numbers. The 

reason for this deviation is that the Zwittering’ equation is more effective for a particle size range 

of 200 – 1000 µm (Paul et al., 2004) and has not been validated for fine particles.  

4.3 Mixing Time 

One of the common variables to evaluate the mixing performance is mixing time. To determine 

the mixing time 50 mL of 5 w/v% salt solution was injected into the vessel 10 cm below the 

liquid surface (Figure 4.3). Tracer was distributed all over the tank until the best uniform 

concentration was achieved. Then, using ERT and 4 measuring planes, the tracer concentration 

was determined as a function of time. In this study the time required to distribute 50 mL of 5 

w/v% salt solution was measured in the range of 154 to 500 rpm.  

 

 

Figure  4.3 The injection location of the 50 ml of the 5 w/v% salt solution in the vessel 

Figure 4.4 depicts the responses of 4 planes to the injection of the tracer and shows that 12 sec 

after the injection of the salt solution at 150 rpm, the contents of the tank reached 95% of the 

steady-state concentration. Table 4.1 lists the calculated mixing times at each plane. According 

to this table, plane 3 has the minimum mixing time due to its proximity to the impeller position. 
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Also, plane 4 shows the maximum mixing time because this plane was located close to the 

bottom of the tank and encloses the poor mixing area around the baffles. In addition, the overall 

mixing time declines with the increase of the impeller speed (Figure 4.5). This result is in good 

agreement with Moo-Young et al. (1972) observation.  

Moo-Young et al. (1972) and Nienow (1997) derived an equation for the mixing time as a 

function of power consumption per volume as follow: 

3

1











V

P
ctm

 

( 4.4) 

where tm is mixing time (s), P/V is power consumption per volume (W/m
3
), c  is an equation 

constant dependent on the geometry of the vessel and impeller. Rewatkar and Joshi (1991), 

Rzyski (1993) and Foucault et al. (2006) obtained the exponent value of -1/3 for most turbulent 

conditions. 

To fit the obtained data to Equation 4.4, log (tm) was plotted versus log (P/V) (Figure 4.6). 

According to this graph, the mixing times and power consumptions per volume fitted well with 

Equation 4.4. The slope and the c value were obtained -0.32 and 29.27, respectively.  
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Figure  4.4 Plane conductivity following addition of tracer (X =15 wt%, N = 150 rpm), Plane 1: (z = 

0.388 m), Plane 2: (z = 0.252 m), Plane 3: (z = 0.166 m) and Plane 4: (z = 0.08 m). 

 

Table  4.1 Mixing time measured at each ERT plane (A310 impeller, X = 15 wt%, C = T / 3, dp = 

5 µm, 150 rpm) 

 

 

Plane number Plane mixing time(s) 

1 6.5 

2 5 

3 3 

4 12 

Injection 

of salt 
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Figure  4.5 Overall mixing time as a function of the impeller speed (A310 impeller, X = 15 wt%, 

C = T / 3, dp = 5 µm) 

 

 

Figure  4.6 Mixing time versus power consumption per unit volume (A310 impeller, X = 15 

wt%, C = T / 3, dp = 5 µm) 
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4.4 Axial Concentration  

To extract the axial concentration profile, the average solid volume concentration of each plane 

at the steady state was taken into account and the results were normalized to the average 

concentration to reduce numerical errors. Figure 4.7 shows the deviation of normalized solid 

volume fraction from the ideal homogeneity value which is one. As the impeller speed increases 

the magnitude of the deviation decreases and the solid distribution becomes more homogeneous. 

In this case (15 wt% solid concentration), the minimum deviation from the perfect homogeneity 

was achieved at 300 rpm. For the impeller speeds greater than 300 rpm, the centrifugal force 

overcame the gravity force and drove the particles above the impeller and reduced the homogeneity. 

Thus, the deviation from the perfect homogeneity increased.  

Figure  4.8 illustrates the tomograms obtained for the solid suspension at 30 wt% concentration. 

Latex particles had lower conductivity than water. So, the regions with blue color show the 

accumulation of latex particles. As the impeller speed increased, more solid particles were 

suspended. Thus, the amount of solid particles sitting on the bottom of tank decreased and finally 

disappeared at Njs (252 rpm). Further rise in the impeller speed increased the level of 

homogeneity only slowly until the solid suspension reached its maximum homogeneity. At this 

point the blue color regions showing the accumulation of latex particle disappeared. In this case, 

the maximum homogeneity was achieved at 377 rpm. Any further increase in the impeller speed 

caused more accumulation of latex particles around the impeller region and reduced the level of 

homogeneity.  
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Figure  4.7 Axial concentration profile (A310 impeller, X = 15 wt%, C = T / 3, dp = 5 µm) 
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252 rpm       P1 P2 P3 P4 

 
   

300 rpm      P1 P2 P3 P4 

    

377 rpm      P1 P2 P3 P4 

    
400 rpm      P1 P2 P3 P4 

 

 

 

Figure  4.8 Tomogram obtained for the solid suspension (A310 impeller, X = 30 wt%, C = T / 3, dp = 5 µm) 

0.250 0.338 (mS/cm) 
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4.5 Effect of Operating Condition and Design Parameters on Solid- 

Liquid Mixing   

The performance of a solid-liquid mixing system is influenced by operating conditions such as  

impeller speed, impeller pumping direction and geometric parameters such as impeller clearance, 

impeller type and impeller diameter. In this section, the significance of these parameters on the 

mixing quality has been investigated.  

4.5.1 Impeller Speed 

Impeller speed has a considerable effect on the level of homogeneity in a solid-liquid mixing 

system. In order to measure the homogeneity level of a system at various impeller speeds, the 

homogeneity parameter based on variance was defined as (Mak, 1992): 

Homogeneity = 1- √ 
∑  (       )

 
  

 

 
 ( 4.5) 

where n,    and    are the number of planes, solid volume concentration for each plane and 

average solid volume concentration (the concentration of prepared sample), respectively. 

According to Equation 4.5, the minimum variance generates the maximum level of homogeneity 

and occurs once the concentration gradients are at minimum values. Thus, the objective of each 

mixing process is to obtain the homogeneity with a unit value. 

In this study, the effect of the impeller speed on the level of homogeneity in the range of 252 - 

400 rpm was investigated. Figure 4.9 presents that the maximum homogeneity occurred at a 

specific impeller speed (300 rpm) above which the homogeneity decreased.  



 Chapter 4: Results and Discussion 57 

 

 

Figure  4.9 Effect of impeller speed on homogeneity (A310 impeller, X = 15 wt%, C = T / 3, dp 

= 5 µm)  

In fact, for impeller speeds greater than 300 rpm, the centrifugal force overcame the gravity force 

and drove the particles (with higher density than water) to the impeller region, the area with 

highest circulation velocities, and consequently decreased the homogeneity. Hence, it is required 

to select the impeller speed above the Njs and around the impeller speed which gives the 

maximum homogeneity. This behaviour is well confirmed in the literature (Einenkel, 1980 and 

Hosseini, 2008). Einenkel, and Hosseini, reported an optimum impeller speed for the maximum 

homogeneity in a solid- liquid mixing system above which the homogeneity decreased.  

Also, the effect of the impeller speed on the homogeneity was observed at higher concentrations 

using the vertical slice images and 3D images (Figure 4.11). In order to observe the mixing 

performance inside the tank, the mixing tank was sliced vertically from two different positions; 

X=10 and Y= 8 (Figure 4.10).  
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Figure  4.10 The position of vertical slice in the mixing tank 

Latex particles had the lower conductivity than water, thus, the regions with lower conductivity 

(blue color regions) show the accumulation of latex particle. Figure 4.11 (a) illustrates that there 

was an accumulation of latex particles on the bottom of the tank when there was no agitation. As 

the impeller speed increased, more latex particles were suspended and the level of homogeneity 

increased. Thus, the areas showing the accumulation of latex particles (dark blue area) are 

gradually disappeared. Figure 4.11 (b) shows 3D images of the same information presented in 

Figure 4.11 (a). These two figures show that for the solid suspension with the concentration of 30 

wt%, the maximum homogeneity was achieved at 377 rpm. At this impeller speed, there was a 

balance between the centrifugal force and the gravity force. Then, any further increase in the 

impeller speed reduced the homogeneity because the centrifugal force overcame the gravity force 

and drove the particles to the impeller region, the area with highest circulation velocities. Finally, 

at 400 rpm, the regions show the accumulations of particles observed on the tomograms which 

indicates the homogeneity was reduced.  

.  

X
Y

(0,0)

108



 Chapter 4: Results and Discussion 59 

 

 

 

(a)                                               (b)  

 

 

 

Figure  4.11 vertical slice image (a) and 3D image (b) of solid homogeneity at different impeller 

speeds (A310 impeller, C = T / 3, X = 30 wt%, dp = 5µm)   
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4.5.2 Impeller Pumping Direction 

In this study, in order to investigate the effect of impeller pumping direction on the mixing 

performance, A200 impeller with upward and downward directions was utilized. When an 

impeller is pumping upward, the generated flow acts on the surface of liquid and enhances the 

motion at top part of a vessel. Unlike the upward impeller, downward impeller directs fluid to the 

bottom of a vessel (Figure 4.12) and increases the fluid velocity at this area. These impellers are 

suitable to lift heavy particles from the bottom of a tank. In this work, the impeller was located 

close to the bottom of the tank (C = T/3). It was obvious that the top region of the tank was 

deprived of having a sufficient motion. Thus, upward impeller could affect the dead zones, 

which were close to the liquid surface and consequently could improve the homogeneity. In 

addition, the solids were polymeric micron sized latex particles which could disperse in the fluid 

(water) easily, thus, upward impeller could disperse these particles from the bottom of the tank 

while directing the fluid to the surface of the liquid. On the other hand, the density of particles 

was 1.05 g/cm
3
 and the density of water was 0.998 g/cm

3
 at the room temperature. Due to the 

small difference between the density of water and particles, there was slow sedimentation 

velocity of particles in the mixing vessel. Therefore, downward impeller which directed the fluid 

to the bottom of the tank was not as suitable as upward direction. As a result, it was concluded 

that the homogeneity achieved by the upward impeller was higher than that obtained by 

downward one (Figure 4.13).  

In addition, at a fully turbulent flow regime, a power number of 0.6 was obtained for upward 

impeller and 1.0 for downward impeller. Therefore, comparing to the downward impeller, 

upward impeller had a lower power number and consumed less energy to achieve a certain 

homogeneity level making it more energy efficient to suspend the solid particles (Figure 4.14). 

Since the sedimentation velocity of particles was very slow over the time, the outcome of this 

section is similar to the results reported by Ozcan-Taskin about the floating particles (2006). 

Ozcan-Taskin observed the dominant advantages of the upward pumping mode against the 

downward pumping mode for floating particle suspension. 
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Downward pumping                            Upward pumping 

Figure  4.12 The flow pattern of upward and downward direction of an impeller   

 

 

Figure  4.13 Effect of impeller direction of rotation on homogeneity (A200 impeller, C = T / 3, 

X = 15 wt%, dp = 5µm)   
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Figure  4.14 Effect of impeller direction of rotation on power (A200 impeller, C = T / 3, X = 15 

wt%, dp = 5µm)   

4.5.3 Impeller Clearance 

Clearance is the distance between the impeller and the bottom of tank and has substantial effect 

on the mixing quality. In this study, using A310 impeller, three various impeller positions were 

applied on the shaft. Plotted on the Figure 4.15, the results illustrate that at the clearance C = 

T/3.8, since the impeller was located very close to the bottom of the tank, it could not generate 

enough motion across the tank. As a result, the homogeneity achieved at this clearance was low. 

As the clearance increased from C = T / 3.8 to C = T / 3, the level of homogeneity increased and 

achieved its highest level at the clearance C = T / 3. As a result, the best homogeneity was 

obtained at clearance C = T / 3. In this clearance, the created flow pattern balanced all existing 

forces in a way that particles were distributed more uniformly compared to the other clearances. 

Any further increase in the clearance, from C = T / 3 to C = T / 2.5, reduced the homogeneity. In 

fact, at C = T / 2.5, the generated flow pattern changed from axial to radial-flow pattern and 

consequently dropped the homogeneity. Also,, the level of homogeneity was plotted versus 

normalized clearance in Figure 4.16. According to this graph, the maximum level of 

homogeneity was achieved when C / T = 0.33. For C / T > 0.33, the level of homogeneity 
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decreased due to the flow transaction from axial to radial. This behaviour was also observed by 

Armenate et al. (1998). They reported that for  > 0.35, the flow pattern acts radial.  

In addition, Figure 4.15 shows that the impeller speed to achieve the maximum homogeneity was 

independent of impeller clearance for the range of 252 - 400 rpm. The outcome of this study is in 

good agreement with that reported by Hosseini et al. (2010). 

Also, Figure 4.18 shows that once the clearance increases, the power consumption shifts to a 

higher value. In fact, at a high impeller clearance, there are two circulation flows above and 

below the impeller. At a low clearance, there is only one circulation flow above the impeller 

(Figure 4.17). In the former case, the power dissipated at constant impeller speed is higher. 

(Nienow, 1968 and Conti et al., 1981). In this work, the circulation flow generated below the 

impeller at high clearance, forced the solids to pile-up near the center of the tank. As the 

clearance increased, the circulation flows generated below the impeller were widened and led to 

the increasing of the power consumption. As a result, as the impeller clearance increased from 

T/3.8 to T/2.5, the corresponding power consumption shifted to the higher values. The outcome 

of this section is in agreement with the results reported by Nienow (1968) and Conti et al. 

(1981). 

T

C
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Figure  4.15 Effect of impeller clearance on homogeneity (A310 impeller, X = 15 wt%,  dp = 5 

µm)  

 

Figure  4.16 Normalized clearance effect on homogeneity (A310, N = 300 rpm, X = 15 wt%, dp 

= 5µm)    
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Figure  4.17 Flow circulation pattern in an axial impeller, left to right: low clearance to high 

clearance 

 

 

Figure  4.18 Effect of impeller clearance on power consumption (A310 impeller, X = 15 wt%, 

dp = 5 µm)  
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4.5.4 Effect of Impeller Type on the Level of Homogeneity 

Impeller type is a geometrical parameter of a mixing system with a crucial effect on the mixing 

performance and is selected differently for various mixing systems. The previous studies show 

that axial-flow impellers are the most suitable group of impellers for solid-liquid systems (Paul et 

al., 2004). The six different axial- flow impellers used in this study were: A315, A200, A320, 

A310, A100, 3AM (Figure 4.19).  

   

A310 A320 A200 

   

A315 3AM A100 

Figure  4.19 Different axial-flow impellers employed in this study            

4.5.4.1 Impeller Power Number 

The most important characteristics of impellers are power, flow and circulation numbers. In this 

study, power number for six axial-flow impellers was experimentally obtained and compared 

with power numbers reported in the literature.    
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In Figure 4.20, the power numbers for A310 impeller are plotted against Reynolds numbers for 

water and 30% latex concentrations. Definition of Reynolds number used for Newtonian fluids in 

this work is: 



2

Re
ND

  ( 4.6) 

where η, N, D, ρ, are Newtonian viscosity, impeller rotational speed, impeller diameter, and fluid 

density, respectively.  

Figure 4.20 depicts that at fully turbulent condition, the power number is independent of the 

sample type and concentration.  

Impeller turbulent power number is a characteristic of the impeller geometry and does not 

depend upon the rheological properties of the material (Tatterson, 1994). Thus, to obtain the 

turbulent power number for each impeller, 30 wt% latex suspension was used. Then power 

number was plotted versus Reynolds number for each impeller (Figure 4.21). At the fully 

turbulent regime, the power number of each impeller was independent of Reynolds number and 

remained constant. The value of the constant power number was read from the Figure 4.21 and 

listed in the Table 4.2. The Figure 4.21 presents that A200 consumed the highest amount of 

power at a specific speed (Ibrahim and Nienow, 1995), while A100 consumed the least power.  
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Figure  4.20 Experimental Power Curve (A310 impeller, C = T / 3, dp = 5 µm) 

 

Figure  4.21 Experimental power curve for various axial impellers (X = 30 wt%, C = T / 3, 

dp = 5 µm)  
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The reported power numbers for A310 are as follow: 0.37 (Wyczalkowski, 2004), 0.29 for A310 

impeller (Ibrahim & Nienow, 1995), 0.33 (Wu and Pullum, 2000), 0.40 (Mavros et al., 1996), 

0.34 (Patwardhan and Joshi, 1999), 0.32 (Wu et al., 2001), 0.3 (Edward et al., 2004), 0.3-0.4 

(Kumaresan & Joshi, 2006), and 0.31 (Wu et al., 2006 A) and 0.28-0.35 (Kumaresan et al., 

2005).  

For an A200 impeller, the reported power numbers are: 1.3 (Kumaresan & Joshi, 2006), 2.21 

(Ranade & Joshi, 1989), 1.26 (Houcine et al., 2000),  1.27 (Nienow, 1990), 2.1 (Ranade et al., 

1992), 1.7 (Jaworski et al., 1996), 1.8 (Ranade and Dommeti, 1996), 2.1 (Mishra et al., 1998), 

2.2 (Sahu et al., 1999), 1.93 (Patwardhan and Joshi, 1999), 1.93 (Aubin et al., 2001), 1.22 (Wu et 

al., 2001), 1.6 (Wyczalkowski, 2004), 1.27 (Edward et al., 2004), 1.6 (Kukukova et al., 2005),  

and 1.27 (Oldshue, 1983). 

The reported power numbers for A100 are as follow: 0.34 (Edward et al., 2004), 0.87 (Oldshue, 

1983), 0.89 (Mishra el al., 1998), 0.23 (Nienow, 1990), 0.89 (Ranade et al., 1992), 0.89 (Sahu et 

al., 1999), and 0.87 (Oldshue, 1983). 

For an A320 impeller, the reported power number is 0.64 (Weetman and Coyle, 1989). 

For A315, the reported power number was 0.76-0.84 (Macfarlane et al., 1995), and 0.75 

(weetman and Gold, 1993). 

For 3AM impeller, the reported power number is 0.30 (Paul et al., 2004). 

Table 4.2 compares the experimentally obtained power number of impellers with those reported 

in the literature. 
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Table  4.2 Impellers Turbulent Power Number 

Impeller Power number reported in literature Power number obtained experimentally 

A100 0.23 – 0.89 0.23 

A200 1.22 – 2.21 1.25 

A310 0.29 – 0.40 0.40 

A320 

A315 

3AM 

0.64 

0.75 – 0.84 

0.30 

0.64 

0.75 

0.30 

 

The power numbers obtained experimentally for all impellers are in good agreement with values 

reported in the literature. 

4.5.4.2 Impeller Type 

According to the studies have been done so far, the best group of impellers suitable for the solid-

liquid suspension is axial- flow impellers (Paul et al., 2004). Axial - flow impellers are designed 

differently for various industrial purposes. In this work, the six axial impellers considered were: 

A100, A310, A320, A315, A200, 3AM. 

A suitable impeller for the mixing of a solid-liquid suspension is one that can generate maximum 

homogeneity using minimum power. Thus, in order to compare the efficiency of these six 

impellers, the maximum homogeneity generated by each impeller is plotted against the impeller 

power consumption (Figure 4.22). 

Figure 4.22 presents that the highest levels of homogeneity, achieved by A200 and A320 were 

lower than those achieved by the other impellers. Also, the powers used by these two impellers 

to reach the maximum homogeneity were high in comparison with other impellers. In fact, the 

generation of eddies at the end of each blade caused the A200 (Kresta and Wood, 1993) and 
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A320 to have the worst efficiency in the mixing of fine particle suspensions. Therefore, in this 

study, A200 and A320 were not suitable impellers for the solid- liquid suspension. A100, A315 

and 3AM were able to generate a maximum homogeneity of 95%. Among these three impellers, 

A100 used the least power to reach 95% of homogeneity. Thus, A100 was more suitable than 

A315 and 3AM. The A310 impeller could produce the homogeneity of 99%. However, the 

power required to reach this homogeneity was more than that used by A100, to reach its 95% of 

homogeneity. Thus, in this study, A100 demonstrated the best performance. Meanwhile, A310 

impeller showed the best efficiency since it could achieve approximately 99% of the 

homogeneity in solid-liquid mixing system consuming a moderate power. As a matter of fact, 

having tapered blades caused the generation of fewer eddies at the blade tips of impeller A310. 

The levels of homogeneities achieved by theses impellers are ranked as follow:  

A310 > A100 >A315 >3AM > A200 >A320 

The results related to the comparison of A310, A100, and A200 impellers, with respect to the 

levels of homogeneity, agree with the results reported by Hosseini et al. (2010) 

Figure 4.23 illustrates the power consumption of each impeller and the achieved level of 

homogeneity by each impeller. According to this graph, A100 consumed the least power while 

A200 used the most. The power consumptions of the impellers are rated as follow: 

A100 < 3AM < A315 < A310 < A320 < A200 

The results related to the comparison of A100, A310, and A200 impellers, with respect to power, 

are also confirmed by the results reported by Hosseini et al. (2010) 

Corpstein et al. (1994) realized that the high efficiency impellers (HF-3) are more advantageous 

than pitched blade turbines (A200) in solid-liquid mixing, since they use less power to reach the 

desired homogeneity. Considering the high efficiency impellers have approximately similar 

characteristics as A310 impeller, it can be concluded, the results related to the comparison 

between A310 and A200 impellers are in good agreement with the results reported by Corpstein 

et al. (1994). 
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The outcome of this section is that A310 and A100 have the best efficiency and performance, 

respectively.   

 

Figure  4.22 Effect of impeller type on homogeneity (C= T / 3, dp = 5 µm,  X = 15 wt%) 

 

Figure  4.23 Maximum homogeneity versus power consumption for different axial-flow 

impellers (C = T / 3, dp = 5 µm, X = 15 wt %) 
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4.5.5 Impeller Diameter 

The ratio of the impeller diameter to the vessel diameter is a crucial parameter that greatly 

influences the flow pattern and solid distribution. In this study, four different impeller to vessel 

diameter ratios (D/T = 0.47, D/T = 0.39, D/T = 0.31, D/T = 0.29) were selected for A200 

impeller. At the constant clearance of T/3 and downward rotational speed, Figure 4.24 presents 

that the impeller (D/T = 0.31) generated the strongest axial-flow and achieved the highest level 

of homogeneity. As the impeller diameter increased (D/T > 0.31), the impeller started to direct 

the fluid to the vessel wall and changed the axial flow to radial flow (Bakker et al., 1994). 

Therefore, the direction of the flow at the bottom of the tank was reversed from outward to 

inward. Since the velocity at the bottom of the tank was decreased, more solid particles were 

accumulated at the base of the tank. Hence, the level of homogeneity was reduced. As the 

impeller diameter decreased (D/T < 0.31), the primary flow and motion in the tank were reduced 

resulting in a decrease in the achieved level of homogeneity. The outcome of this study is in 

agreement with the results from Bakker et al. (1994). They found that, there is an optimum value 

for impeller diameter to tank diameter ratio. Once the impeller diameter to tank diameter ratio 

increases beyond the optimum value, a flow transition takes place and the flow pattern of the 

impeller acts radially and directs the fluid to the vessel wall.  In addition, the impeller with D/T = 

0.31 consumed the least power to achieve the highest level of homogeneity and was more energy 

efficient. This is also confirmed by Paul et al. (2004).  
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Figure  4.24 Effect of impeller diameter on homogeneity (A200 impeller, C= T / 3, dp = 5 µm, 

X = 15 wt%) 
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constant power consumption, the homogeneity achieved at higher concentration was less than 

that achieved at lower concentration. As expected, Figure 4.25 demonstrates that the 

concentration of 15 wt% and 30 wt% had the highest and the lowest level of homogeneity, 

respectively. Also, Figure 4.26 depicts that the increasing of the solid concentration reduced the 

maximum level homogeneity, linearly. 

In addition, as the concentration increased, the power required to achieve the maximum level of 

homogeneity shifted to a higher value. In other words, the power required to achieve the highest 

level of homogeneity, at low concentration of particles, was able to suspend only parts of 

particles in higher concentration. Therefore, higher concentration of particles needed more power 

to achieve the maximum level of homogeneity. This fact was previously confirmed by Hosseini 

et al. (2010). 
 

 

Figure  4.25 Effect of concentration on homogeneity (A310 impeller, C = T / 3, dp = 5 µm) 
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Figure  4.26 Effect of concentration on maximum homogeneity (A310 impeller, C = T / 3, dp = 

5 µm) 

4.6 Effect of Particle Size on the Solid-Liquid Mixing   

4.6.1 Particle Size 

One of the substantial parameters influencing the homogeneity of solid-liquid suspension is the 

size of particles. Small particles have greater exposure area than large particles when in contact 

with the fluid. The high exposure surface area reduces terminal velocity, constant settling 

velocity of particles with zero acceleration. This makes the suspension of particles easier and 

drives the suspension to a more homogeneous mixture (Peker and Helvaci, 2008). For the 

Newtonian turbulent regime, Rep > 1000, the expression to calculate terminal velocity Vt is 

defined as follows (Perry & Green, 1984): 
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where,    is the gravitational constant,    is the particle diameter,    is the particle density, and 
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 To investigate the effect of particle size on the homogeneity level of solid-liquid suspension, the 

axial change in solid volume concentration with various particle sizes were plotted in Figure 

4.27. This figure shows that the homogeneity of particle size of 5.2 μm has the least deviation 

from homogeneity level of one, the perfect homogeneity. As the size of particles increases, this 

deviation also increases. Thus, the homogeneity of particle size of 9.1 μm has the most deviation 

from the homogeneity level of one. This phenomenon agrees well with the results reported by 

Hosseini et al. (2010), Peker et al. (2008) and Selima et al. (2008). 

Figure 4.28 presents the homogeneity of three different sizes of particles, 5.2, 8.5, and 9.1 μm 

versus impeller speed. This graph demonstrates that the particle size of 5.2 μm generated the 

highest level of homogeneity. Also, as the particle size increased the suspension of particles 

became harder and led to the reduction of homogeneity. Figure 4.29 shows the reduction of 

maximum level of homogeneity with the increase of particle size. 

In addition, the size of particles influences the impeller speed required to achieve the maximum 

level of homogeneity. Paul et al. (2004) revealed that the just suspended impeller speed is 

directly proportional to the particle size. In other words, he realized that as the particle size 

increases, higher impeller speed is required to completely suspend all particles. Similar to the 

results of Paul et al. (2004),   Figure 4.28 presents that as the particle size increased, the impeller 

speed for the maximum homogeneity shifted to the higher speeds.  
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Figure  4.27 Effect of particle size on axial concentration profile (A310 impeller, C = T / 3, X = 

15 wt%)  

 

Figure  4.28 Effect of particle size on homogeneity (A310 impeller, C = T / 3, X = 15 wt%) 
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Figure  4.29 Effect of particle size on maximum homogeneity (A310 impeller, C = T / 3, X = 

15wt%) 
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Chapter 5  

Conclusions and Recommendation 

5.1 Conclusions 

In this study, the Electrical Resistance Tomography was successfully used to investigate the 

quality of solid-liquid mixing in response to any changes in design parameters such as impeller 

type, impeller diameter, and impeller clearance, as well as operating conditions (e.g. impeller 

speed, impeller pumping mode, solids concentration), and particle size. The level of 

homogeneity was calculated using the concentration distribution data obtained from ERT 

measurements. In this study, six axial impellers (A310, A100, A200, A320, A315, 3AM) were 

used and the level of homogeneity achieved by each impeller was calculated. A310 impeller was 

found to be the most effective, and A320 and A200 the least effective impellers, in terms of 

achieving homogeneity. Meanwhile, A100 showed better efficiency than A315 and 3AM 

impeller.  

The results demonstrated an optimal impeller speed for the maximum degree of homogeneity. 

Also, the effect of off-bottom impeller clearance (C/T) on the level of homogeneity, in the range 

of T/3.8-T/2.5 was investigated. The results showed that the maximum homogeneity was 

achieved at C=T/3, which is within the recommended range in the literature. The impeller 

diameter to tank diameter ratio (D/T) was ranged from 0.29 to 0.47. However, an impeller 

diameter to tank diameter ratio of 0.31 proved to produce the maximum level of homogeneity.  

The effect of downward and upward pumping direction on the level of homogeneity was also 

studied and the results showed that upward pumping direction was more effective in providing 

better homogeneity. The level of homogeneity was calculated using three different sizes of latex 

particles (5.2 µm, 8.4 µm, 9.1 µm). It was found that particle size had an important effect on the 

quality of solid- liquid mixing. At a constant impeller speed, the level of homogeneity achieved 

by smaller particles (5.2 µm) was higher than that of achieved by larger particles (9.1 µm). In 

addition, the concentration of solids had a significant effect on the level of homogeneity. The 

results demonstrated an increase in the density and viscosity of the solid-liquid suspension as a 

result of increase in concentration of particles. Thus, the suspension of particles with higher 
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concentration was more difficult than that with lower concentration. Therefore, for a given 

power consumption, a rise in concentration of particles resulted in a drop in the level of 

homogeneity.   

Applying the finding of this study will lead to improved equipment design, chemical cost 

reduction, increased production rate, improved quality of products, and more efficient use of 

power in slurry reactors.  
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5.2 Recommendation for Future Work 

With respect to solid-liquid mixing, the following suggestions are offered for further studies: 

 Study of the effect of design related parameters, operating conditions and physical 

properties on the mixing of micron sized particles with Computational Fluid Dynamics 

(CFD). 

 Study of the effect of all geometrical parameters, required for scaling up such as size, 

shape, number and angle of impeller, number of impeller blades, shape of the tank 

bottom, and height and clearance of baffle on the mixing of micron sized particles with 

CFD modeling and ERT experiments.  

 Study of solid-liquid mixing behavior in a continuous mixing process.  

 Study of rheological behavior of multi-phase mixing system in a non-Newtonian 

medium.  
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Nomenclature 

C Impeller clearance off vessel bottom, m 

D Impeller diameter, m 

dp Particle size, µm
 

g Gravitational acceleration, m/s
2 

H Impeller head, m 

K Consistency index , Pa.s
n
 

ks Proportionality constant in Metzner and Otto relationship 

M Torque, N.m 

N Impeller rotational speed, rpm 

Njs Just suspended impeller speed, rpm 

n Total number of planes 

P Power, W 

t Time, s 

T Vessel diameter, m 

tm Mixing time in a batch mixing vessel, sec 

ts Sampling time, s 

Vt Terminal velocity, m/s 

X Solid concentration, wt% 
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Xave Average solid concentration in entire the vessel 

Z Liquid depth in mixing vessel, m 

                                 dimensionless mixing time 

 dimensionless mixing time at critical impeller speed from 

bottom 

Greek Letters 

avg
  

Average Shear rate, s
-1

 

  Shear rate, s
-1

 

η    Apparent (non-Newtonian) viscosity, Pa.s 

μ        Fluid viscosity, Pa.s 

ρL  
 

Fluid density, Kg/m
3
 

ρs  
 

Particle density, Kg/m
3
 

τ  
 

Shear stress, Pa 

τy   Yield stress, Pa 

Dimensionless Numbers 

Fr Froude number 

Po Power number 

Re Reynolds number 

)( N

CSN )( 
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