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IPELLERS IN A CLINDRICAL VESSEL

by

Victor Manuel Gamez

Florida International University, 1998

Miami, Florida

Professor M. A. Ebadian, Major Professor

Two slurries with solids concentration of 5 % (wt) and 20 % (w.), with approximate

chemical and physical properties of melter feeds found in the Defense Waste Processing

Facility of the Savannah River Site were prepared, characterized and mixed in a

cylindrical vessel with impellers of different diameters pumping the flow in two different

axial directions. The electrical power consumed by each impeller was measured and

compared for both slurries. A sampling mechanism consisting of tubes positioned

parallel to the vertical axis of the tank was also implemented to ascertain the level of

homogeneity developed in the mix. The effects of the diameter of the sampling tubes and

the sampling speed were evaluat for different impeller rotational speeds acting on the

two slurries. Different startup techniques from a fully-settled condition were also

assessed. Results indicate significantly lower power consumption when the impeller

pumps the fluid downwards, more representative samples when the sampling tube

diameter and sampling velocity are increased, and the lowest consumption of power at

the startup from fully-settled conditions by the injection of air in the bed of solids.
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Mechanically agitated vessels by means of rotational impellers are widely used in the

chemical, biomedical, agricultural and allied industries when an uniform suspension of

solid particles throughout the vessel is desired. In a chemical reactor, an uniform

suspension of particles is required in order to ensure that the reactants are efficiently

mixed to initiate and maintain the reaction for the creation of the desired products,

specially when consistent heat and/or mass transfer are required. Mixing is also essential

for the aerobic and anaerobic treatment of farm slurries, such as animal-produced waste.

High and low level radioactive waste is found in the form of slurries as well. The

vitrification of high-level radioactive waste involve the mixing of the slurry with glass

additives in order to produce uniform chemical and physical properties, thus

immobilizing the radioactive elements in a duable glass waste form. In operations like

this, it is very important to monitor the peor ance of the process by some means of

measurement of the local solids concentration at different positions in the vessel. When

the local solids concentrations obtained are very close in value to each other, it can be

concluded that there is an homogeneous suspension of particles at any given time.

Different methods can be applied to determine the solids concentration profile in an

agitated vessel. These methods include optical techniques, conductivity probes and direct

sample withdrawal. Optical tec iques, although accurate, are limited to laboratory

activities since they require the vessel to be made of a transparent material to permit a

beam of light to pass through its walls. They are also only effective for very low



concentrations, in the range of 100 - 50. Experimentation has also been done with

conductivity probes, which allow the determination of solids concentration profiles by

measuring the conductivity of the slurry at different points by means of immersible

electrodes. The concentration profile can be obtained by means of predetermined slurry

resistance versus concentration curves. These curves can be obtained from different

relations for non-conducting solids in a conducting liquid. Although this method has

proven to be acceptable in many cases, different results can be obtained depending of the

relation chosen. Furthermore, output from some probes can be principally a function of

the fluid velocity in turbulent flows. This is not desirable since the velocity varies

si ificantly in various positions in the tank and the concentration readings would be

erroneous.

Direct sample withdrawal is probably the least accurate method to deterrmine local

solid concentrations mixing tanks. It is vry difficult to ensure that the concentration

ob ined by means of a sampling tube or any other draw-off device is an accurate

representation of the concentration of solids at a specific point, or a valid measurement

of the average, "bulk" concentration of the whole mix. Any of these devices are intrusive

on the velocity patterns developed there are inherent inertial differences between the

liquid phase and solids of different sizes and densities, and particle settling in the

sampling tubes may occur, making this method unreliable and virtually impossible to

obtain accurate results. Despite these sho comings, direct sampling remains as the most

common method in industrial applications due to its simplicity and although inexact, it

provides useful information about the degree of homogeneity of a mix, which is a very

2



good indicator of the performance of the process. It is for these reasons that the activities

described on this work focus on sample-withdrawal methods.

There are o main factors that will determine the efficiency of a mixing process for

solids suspensions. These two factors are the power consumption of the mixing

equipment and the degree of homogeneity in the solids distribution achieved on the

slurry. Although it would be ideal to achieve a perfect mix in the majority of the

applications, this would require a higher power consumption from the equipment, which

would not be very economical in some cases. Ascertaining the relationship between

power consumption by the mixing equipment and the solids suspension throughout the

tank attributable to the fluid conditions resulting from the power delivered to the fluid

and the geometry of the system, will allow the design of mechanisms that will provide

acceptable levels of homogeneity at more economical operating costs.

These relationships have been investigated experimentally by the various researchers

named in Chapters 2 and 3, but most of them performed their work with a solid phase

consisting of a single component, utilizing somewhat "generic" materials such as sand

and glass beads. MacTaggar, Nasr-El-Din, and Masliyah (1993) investigated direct

sampling tec iques, but for suspensions of solids (sand) stirred with a radial impeller,

not the most common and efficient impeller for this kind of applications. Their choice of

impeller was based on ease of comparison with previous work, mainly by Rushton

(1965), Rehakova and Novosad (1971), and Sharma and Das (1980). Although these

works have provided very valuable insights on the dynamics and different relationships

of slurry agitation systems, there is still a great number of slurries with more than one

3



component, that is, their solid phase is composed of various types of material, wt

different densities, settling velocities, and particle size distributions. These differences in

the physical properties of the solids may influence in the power consumption of the

mixer and the concentrations obtained by sampling. Livestock and radioactive waste

slurries are examples of these kind of solid-liquid mixture.

The objective of this work is to investigate the fundamental characteristics ofa batch

rotational mixing system under different operating conditions namely rotational speed,

im pler and nk geometry and solids concentration for a liquid-solid system with

similar characteristics to the slurries kept in the Defense Waste Processing Facility in the

Savannah River Site facility of the Department of Energy. These fundamental

characteristics are power consumption, turbulence developed in the fluid and the

resulting solids concentration profiles. Different sample ithdrawal approaches were

investigated and compared in order to select the configuration that provides the most

accurate results.



2. THEORETICAL BACRUru

2.1 Physical Properties of Slurries

In order to design an efficient slurry handling system, the physical properties of the

suspension must be known. These physical properties will dictate the type of equipment

to be chosen and the behavior of the sluny under operating conditions. The physical

properties of concern in the design of batch rotational mixing systems are the density, the

particle diameters of the solids and their size distribution, the settling velocity of the

solids, and the viscosity of the slurry. Each slurry presents different physical properties

and these properties can change for the same slurry when it is subjected to different

conditions such as temperature, time of mixing, and chemical conditions such as pH

levels. The following sections describe these physical properties and their relevance in

the design and mechanics of mixing systems.

2.1.1 Density

The density of the mixture is a function of two other density terms: the density of the

particles, and the density of the suspending medium (Wasp, Edward, John P. Kenny,

Ramesh L. Gandhi, 1977). These two densities, plus the density of the mixture, should be

provided when reporting the physical properties of the slurry. The mixture density is also

a function of the solids concentration of the suspension.

The density of the mixture is given by:

5



----- Eq. 2.1
P"'C, 100 -C,P t

where p,, is the mixture density, p1 is the liquid density, p, is the particles density, and

C, is the concentration of solids in percent weight (Wasp, Edward, John P. Kenny,

Ramesh L. Gandhi,1977). The mixture density can be determined experimentally by

weighting a known volume of the well mixed slurry.

2.1.2 Particles Diameter and Size Distribution

The size of the particles and their size distribution in the slury have great influence

in its settling behavior. As a general rule, very fine particles (less than 10 pm) are almost

always fully suspended whenever the fluid is subjected to some degree of motion; when

the particles are bigger than 10 pm, the effect of gravity is enough to cause gradients in

the concentration of solids, and the coarser the particles, the more turbulence is needed

to maintain suspension (McKay R.L, 1993).

Sieving is the most frequently used method of determining the particle size

distribution, due to the simplicity of the equipment and analytical procedure. However,

two important items must be taken into account when performing sieve analyses: 1. The

apertures of the sieves must be all identical. This can be ensured by utilizing high quli

sieves that minimize the dimension deviations. 2. The sieving surfaces are easily

damaged during use. (Perry, Robert F., and Cecil H. Chilton, ed.,1973). Extreme care

must also be taken when the sieves are washed as to not damage the screens with the

impinging water and manipulation with the hands.

6



2.1.3 Settling Velocity

Slurries can be broadly classified as settling and non-settling (Gandhi, R.). In a

settling slurry, a minim velocity must be injected to the fluid to counteract the velocity

at which the solid pailes settle, and prevent the formation of a bed of solids on the

bottom of the container tank. Non-settling slurries contain particles with such a low

settling velocity that the suspension is maintained for long intervals of time, even if the

fluid is subjected to no motion or to extremely slow motion, i.e. laninar conditions.

The settling velocity of the solids is a function of the particle size and shape, particle

density, and the viscosity of the suspending medium. Sherwood, Pigford, and Wilke

(1995) pro se to determine the terminal settling velocity of a particle first under

stagnant or very laminar conditions (Stokes' regime) and then adjust the obtained

velocity to account for the effects that the size and density of the particle might have on

the flow regime actually developed. The terminal settling velocity under very laminar

conditions is derived from the Stokes' law and is given by the expression:

V = Eq. 2.2

where g the gravitational cons nt, p, is the density of the particle, p' is the density of the

suspending medium, p is the nominal diameter of the particle, p is the viscosity of the

suspending medium, and V is the terminal settling velocity under the Stokes' regime. Of

course, a relatively coarse particle with a big diameter and high density might not

develop laminar conditions while settling. The Reynolds nuber developed is given by:

Re =Eq..3

7



where Vr is the relative velocity between the particle and the main uid ody. mSine we

are assuming that the main body of fluid is stagnant, V5 = V,, , and the Reynolds number

can be expressed as:

NC=gd' p,( p - pq,).

The settling velocity under Stokes conditions is then adjusted to take into account the

effect of turbulence conditions that might arise due to the high density and large diameter

of the particle. Sherwood, Pigford, and Wilke propose the use of table 2.1 to obtain the

V5 V', ratio, and then obtain V , the actual settling velocity of the particle.

Table 2.l V V ratios at different Reynolds Numbers,

N 1 10 100 1000 10000 100000

V /s 0.9 0.65 0 37 0.17 0.07 0.023

Sorce: Shrw, Thorns, Robert L. Pigford, d Chales R. Wilke. "M s Tr sfer'. McGraw-Hill, Inc.
1975

For engineering design purposes, the value obtained with this procedure is

conservative, since other external factors such as concentration and wall effects of

cylindrical containers tend to hinder the velocity of settling of the particles.

Particle concentration have a hindering effect in the settling velocity of the slurry.

The hindered settling velocity due to the effect of the concentration is given by the

relation:

8
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where C is the volume fraction of solid in the suspension, n is a function of the Reynolds

number, and V» is the hindered settling velocity due to the effects of the solids

concentration (Perry, Robert H. and Cecil H. Chilton, e., 1973). Hence, if concentration

gradients exists in the container, the settling behavior of the solids will vary from one

area of the tank to another.

The walls of the container also have a hindering effect on the settling velocity of the

particles. As the ratio between the diameter of the particle and the diameter of the

container becomes larger, the hindering effect is stronger. This effect can be calculated

utilizing McNown's relationship:

-V-=1 + --) Eq.2.6

where "is the ratio between the settling velocity in an infinite medium and the actual

settling velocity in the cylindrical container, and is the ratio between the diameter of

the particle and the diameter of the cylindrical container (Wasp, Edward, John P. Keny,

Ramesh L. Gandhi,1977).

2.1.4 Viscosity

The rheology of slurries can present Newtonian or non-Newtonian characteristics. A

slurry can be considered to be Newtonian when its shear stress is directly proportional to

the shear rate under the same conditions such as temperature and pressure. This

relationship is easily visualized in a rheogram, which is a plot of the shear stress as a
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constant even at the same temperature and pressure. Figure 2.2 shows a comparison of

various viscous behaviors.

Shea Bmngha Plastic
Stress

Pseudoplast c New omni

Dilatant

Sher Rate du dy

Figure 2.2. Different viscous behaviors of fluids.

Pseudoplastic fluids present a decrease in the viscosity as the shear stress is

increased. Dilatant fluids behave in an opposite manner. Bingharn plastics require an

initial yield stress to develop a shear rate and may present pseudoplastic, dilatant, or

Newtonian behavior. Non-Newtonian fluids are commonly modeled by rmeans of the

power-law approximation of Ostwald and de Waele :4d "

r =K5- Eq. 2.8 a

where K and n are constants for a particular fluid at a particular pressure and

temperature. K is usually referred as the "consistency" of the fluid while n is know as the

"flow index". The higher the value of K, the more viscous the fluid. The further n

11



departs from unity, the more pronounced are the non-Ne onian characteristics. The

value of n determines the kind of viscous behavior:

n<1 Pseudoplastic

n=1 Ne onian (Kp) Eq. 2.8 b

n I Dilatant

An "apparent viscosity" pa is often used in the engineering design of slurry handling

systems. The "apparent viscosity" is defined as:

du
where pa is a function of . lug equations 28 into equation 2.9, and an expression

for pa as a function of K and n can be obtained:

pa = K -) E q. 2.10

Since pa is a function of the shear rate, it can only be assumed to be constant for a

particular shear rate.

The rheology of the pseudoplastic, dilatant and Bingham plastic fluids described

above depend solely on the shear rate. These are Time-Independent Non-Newtonian

fluids. In other types of fluids, the shear stress can decrease of increase with time for

constant conditions of shear rate. These type of fluids are called Time-Dependent Non-

Ne onian, and are basically classified as thixotropic and rheopectic. Figure 2.3 shows

the behavior of these types of non-Newtonian fluids, and compares them with Time-

Independent fluids.

12
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P. Kenny, Ramesh L. Gandhi, 1977). Most non-Ne onian slurries present pseudoplastic

behavior, therefore the apparent viscosity p, decreases with an increase in the shear rate.

2.2 Fundamentals of Mixing Mechanics

The power requirements and overall performance of a slu mixing system are

intimately related to the fluid mechanics that develop during the process. Convective

effects play a vital role in the mass transfer process during the mixing of o-phase

systems and have a direct impact on the behavior of the suspended solid particles.

Diffusion mechanisms depend greatly on whether the fluid is larinar of turbulent. The

following sections present the theory behind the mechanics of slurry mixing necessary for

the design of agitation equipment.

2.2.1 Velocity Field

The velocity of the suspending fluid has direct effects on the shear rate power

consumption of the mixer, and on the solids concentration resulting from the process. In

many cases, the velocity field for the liquid phase is solved first before attempting to

solve the problem including the secondary solid phase.

The veloci fields that develop during the mixing process of a fluid in a stirring tank

are very complex, especially with turbulent conditions, and depend on the type of

impeller, the geometry of the mixing tank, and the rotational speed of the impeller.

Tatterson (1991) identifies three time-dependent flow systems in an agitated vessel

under turbulent conditions:
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1. Impeller flows: high-speed discharge flows, impeller blade boundary layers, blade

wake regions, boundary layer separation regions on blades and baffles, trailing vortex

systems (rultiple numbers per blade), and blade bound vortex systems. These type of

systems are shown in figure 2. 4 for two different types of impellers.

2. Wall flows: impinging jets that originate directly from the impeller, boundary

layers, corner flows, baffle bound vortex systems, and shed vortex systems from the

impeller and baffles. Figure 2.5 presents some illustrations of these flows.

3. Bulk tank flows: large recirculation zones, toroidal vortices, and decaying vortex

systems.

Tatterson calls these conditions in the tank "a mess", however, he adds, that is the

point in order to achieve major solids homogeneity. White (1991), identifies turbulent

flow with the following characteristics:

1. Fluctuations in veloci and pressure. If the system involves heat transfer, there are

fluctuations in temperature as well.

2. Eddies which intermix and fill the shear layer. The sizes of the eddies vary

constantly.

3. The notion is self-sustaining. The turbulent flow is capable of maintaining itself by

the production of new eddies, replacing those lost due to viscous dissipation This

phenomenon is more evident in wall-bounded flows, like in a mixing tank.

4. Mixing is much more stronger than that due to laminar action, which involves mainly

molecular dif sion mechanics. Turbulent eddies move constantly in three dimensions,

promoting the rapid diffusion of mass, momentum, energy. The heat transfer is also

greatly enhanced during turbulent conditions.
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These characteristics make turbulent flow the ideal condition to achieve maximum

homogeneity in a solids suspension.

Neve heless, Tatterson adds, for industrial problems, most of the complexity need

not to be studied: only the portion that is relevant to the mixing process and to the level

which provides basic understanding of the dominant process mechanisms in the mixing.

Tatterson has also categorized e literature of turbulent flow into three major

approaches: gross-scale studies, statistical turbulence studies, and struc ral turbulence

studies. Gross-scale studies deal with the overall patterns of the flow throughout the tank,

gross internal flow measurements, and agitator pumping capacity. He points out that

although this analysis may appear to be crude and simplistic, it can provide a basis for

understanding the complex nature of the velocity field in a gross sense. Statistical

turbulence studies treat the instantaneous value of the velocity as the sum of an average

component and a fluctuating or random component. Other variables are treated in the

same manner. Structural turbulence studies seek a deeper understanding of the flow than

what is possible with gross and statistical studies. It involve discriminated averaging,

three-dimensional and time-dependent calculations of the flow field. Analytical solutions

are not possible, and the numerical computations required are very demanding.

(Tatterson, G., 1991)

The literature detailing these approaches is vast. White (1991) offers an excellent

introduction to fluctuations and time averaging and two-dimensional turbulent-boundary

layer equations. Tatterson also dedicates sections to a complete turbulence statistical

analysis escription and structural turbulence studies and their applicability in
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= m - -- __®Eq. 2.11
A '"dx

where m is the mass flow rate through a region of area A, m" is called the mass flux, dc

is the difference in concentration between two sections, dx is the distance between these

two sections in the x direction, - is the concentration adient across the medium in the

x direction, and D,, represents the molecular diffusion coefficient of the dispersing

material.

Molecular diffusion mechanisms are not enough to achieve the full suspension of the

pa ides con ied in slurries contained in a tank. The particles must be propagated by

means of convective forces generated by the agitation of the system. These convective

forces are provided by the action of rotating impellers, which generally induce turbulent

conditions in the fluid, The propagation of the particles due to the mixing and transfer of

momentum of eddies and convective effects is called turbulent diffusion. Turbulent

diffusion is not constant and can vary depending on the location of the tank, and the

direction in which the motion takes place, due to the different magnitudes of velocities

and eddies that develop in these locations. Since turbulent flow involves randon

fluctuations of concentration, attention is paid to the temporal average concentration at a

point. These can be assumed to be analogous to Fick's Law, when performing statistical

turbulence analyses.

The dimensionless number that determines which diffusion mechanism is driving the

propagation of species in a mixing process is the Peclet number, which is defined as:
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P u Eq. 2.12
D,,

where Pe is the Peclet number, I is the c racteristic length of the domain, u is the

convective velocity (fluid velocity plus particle settling velocity), and D,, is the molecular

diffusion coefficient. A high Peclet nurber indicates a preponderance of convective

effects on the dispersion of mass, while low Peclet numbers indicate slow motion of the

flow and therefore dominance of molecular diffusion. In most sluny mixing applications,

where the regime is turbulent, the convective effects outweigh the molecular diffusion,

which can be safely assumed to be negligible.

2.2.3 Settling-Dispersion Model

A simplistic dynamic mass balance in which only changes in two differential

directions (axial and radial) are considered, allows the derivation of the settling-

dispersion model, which has been widely adopted as the m el describing the

concentration of particles in a stirred vessel:

- -- DV -- - !--(rD -- + - )+ -- (Vc)= -- Eq. 2.13

where D, and D, are the turbulent diffusion coefficient in the axial and radial direction

respectively, r represents the radial position, u, is the convective velocity, V, is the

settling velocity of the particles, and c is the concentration. This model can be simplified
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c
even further by assuming a steady state for concentration ( - 0) no variations in

the radial direction (- 0 ), and constant diffusion coefficient and velocities, at least
ar

for broad areas in the tank. The simplified model is then:

- DY ,2+ u( -)+~ V -<j 0 Eq. 2.14

which is the form of the classical one-dimensional convection-diffusion equation. The

exact solution for this differential equation over a domain 0 y L and with the

boundary conditions c-c0 at y=O and c=cL at y=L is:

Pe - x

c - expa(~--)~ -
cL - Co eXp(Pe) - 1 E.21

(Patankar, S. 1980). This differential equation can also be discretized following one of

the schemes described by the same author.

It must be remembered though that equation 2.14 is a very simplistic model that

although it is a good start in the analysis of solid suspensions, it may not be a true

representation of the mixing mechanism due to the actual variations of velocities and

diffusion phenomena. It is evident that the more the velocity field developed in each

application is understood, the closest is the model to the actual conditions in the tank.
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.2.4 Power

According to Oldshue (1983), the impeller power consumption is a function of these

seven parameters:

1. Impeller diameter.

2 Impeller design.

3. Rotational speed of the impeller.

4. Physical properties of the fluid medium.

5. Vessel size and geometry.

6. Impeller location relative to the vessel and fluid boundaries and relative to other

impellers or obstructions in the vessel.

7. Presence or absence of baffles, their design, and location.

The relationship between the consumed power and the rotational speed can be

determined experimentally for each design and size of impeller working on a specific

fluid with a known viscosity and density.

As it will be seen, the power drawn by an impeller under specific conditions depends

on the laminar or turbulent conditions existing in the tank. The mixing Reynolds number

is the dimensionless quantity that indicates the flow regime in an agitation process, and it

is expressed as:
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where N, is the mixing Reynolds number, d is the impeller diameter, N is the rotational

speed of the impeller, p is the density of the fluid, and p is the viscosity of the fluid. With

British units, equation 2.16 is expressed as:

1754 Nd2
NRC =O54-~ Eq. 2.17

where N is expressed in rpm, d is expressed in inches, p is expressed as a specific gravity

(which is sometimes taken as unity), and p is expressed in cP, Similarly, when SI units

are used, equation 2.16 takes the following form:

1.667 x 10 5 Nd2 p
N, = -Eq. 2.18

where N is expressed in m, d is expressed in millimeters , p is expressed as a specific

gravity and p is expressed in Pa-s.

The t bulent range begins at different Reynolds numbers for different kind of

impellers (Oldshue, J., 1983). As a general rule, the turbulent range can be assumed to

start between N,=O3 and Na= 105. An arbitrary value of Nm 10$ is used to define

t bulent conditions for all nd of impellers. When N<l0, the flow is under a complete

laminar s te.
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when choosing the equipment for the mixing of slurries. The physical characteristics of

the slurry that were described previously will deterrine the kind of equipment, as well as

the mixing requirements. The following sections will describe the most appropriate types

of impellers and es to achieve full suspension of particles in the liquid in the

most efficient manner.

2.3.1 Impeller

There are two basic pes of impellers: radial and axial. Radial impellers are usually

designated with the letter "R", and axial impellers with the letter "A". Figure 2.7 shows

the basic flow patterns that these impellers produce in a baffled vessel. Radial impellers

pump the fluid mainly horizontally, discharging it away from the blades towards the

walls of the tank. These impellers are suitable for applications that demand a high power

per unit volume and/or more shear (head) (McDonough R., 1992). Typical uses are

chemical reactors in which the mixing of gases and liquids (gas dispersion) and heat

transfer is important. Although radial irnpellers can be used for the suspension of solids,

these are less effective than axial impellers since they require more power to maintain the

suspension (Oldshue, J., 1983). ial impellers discharge the fluid in a ve ical fashion,

parallel to the vertical axis of the tank. This e of impellers are used when a high

pumping efficiency is required (flow-controlled). These applications include low-

viscosity blending, and the suspension of solids (McDonough R., 1992). A popular type

of axial impeller is the marine propeller (A-1) which is used in portable mixers. For

larger tanks, the A-1 impeller may be unsui ble due its high weight, and a pitched
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to help in the suspension. As a general rule, D/H should be kept as close t uniy as

possible. When D/H exceeds 125, it is recommended to add a second impeller

(McDonough, R., 1992). Spherical bottors or deep cones should be avoided since in

severe swirling could be generated in those areas (Oldshue, J., 1983).

Swirls and vortices are generated with the absence of baffles in the mixing tank,

regardless of the of im ller. This condition is often undesirable because if the

vo cx reaches the im iler, severe air entrainment may occur, unbalanced unidirectional

fluid force develops on the impeller, causing stress reversal on the shaft. As the shaft

rotates, it experiments compression and tension on each revolution, subjecting it to

fatigue. The installation of four baffles on the walls avoids the formation of these

vortices and promote the flow patterns necessary for the mixing process (figure 2.).

According to Oldshue, the b/D ratio should be between 1/12 and 1/10. McDonough

points out that although wider baffles provide slightly stronger vertical mixing currents,

they may act as flow dampeners by reducing mass flow and rotary motion.

2.3.3 Sampling

As stated before, direct withdrawal of samples during operation may not provide an

accurate representation of the solids concentration in a specific location of the tank or

be representative of the average or "bulk" concentration. As it has been seen, the flows

resulting from a mixing operation are complex and often chaotic. An accurate sampling

procedure would involve the withdrawal of the slurry without disturbing the flow patterns

at the location where the sampling takes place. This means that the sampling tube should
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be positioned parallel to the velocity vectors at a specic poin and tat the sution

should be done at the same velocity as the local velocity of the fluid (isokinetic velocity).

Velocity vectors can now be predicted, even for complicated configurations by means of

numerical models, but the implementation of the sampling system to comply with these

patterns would be difficult in most applications. The problem becomes even more

difficult when treating slurries with particles with high settling velocities. Even if the

withdrawal inside the tank could be performed perfectly without inducing any

disturbance in the flow field, a certain level of turbulence would still be needed to

transport the fluid to the collecting device without stratification. This would involve

suction velocities different to those of the actual velocity field of the fluid. Oldshue

recommends that when defining a sampling technique, the main considerations should be

that the technique has to be defined so that it can be repeated and that reliance be placed

mainly on the relationship between sampling and other mixing variables rather than their

absolute values.

30



3. nRVIOUS RSARC REVEW

Each type of slurry has its own physical characteristics like viscosity, particles size,

particle density, particle falling velocity, and fluid density. When we add the fact that

some of these characteristis scan change considerably with time, with the intensity of the

agi tion, or with the time the solids in the slurry have been allowed to settle, not to

mention that in some cases the only way to achieve full solids sus nsion is by means of

high turbulence, which is chaotic by nature; it is not surprising that until the last thirty

years the mixing of slurries has been addressed on a case by case basis, with the design

of agitation systems being the result of trial and error more than anything else.

Rushton was one of the pioneers in ascertaining the power characteristics of mixing

impellers and sampling techniques in the 1950's and 1960's. His seminal two-part paper

"Power Characteristics of Mixing Impellers" (1950), co-written by Costich and Everett,

offered correlations of the most important variables in the form of dimensionless groups,

characteristic plots and general equations. Their work involved studies on the im ler,

tank, and fluid, over wide ranges of power, size, and physical properties for Newtonian

fluids. Years later Holland and Chapman (1966) would publish additional power data for

other impeller types such as anchors, curved-bladed turbines, and paddles in baffled and

unbaffled vessels.

Rushton was also the first in trying to determine a reliable sampling technique that

would indicate the bulk concentration of solids under conditions of full solids suspension

(1965). Rushton was able to demonstrate that if the withdrawal of the sample were

performed at the same velocity of the fluid (isokinetic velocity), at the impeller plane of
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a radial-flow turbine, the sample obtained would have the same concentration as i the

body of the tank (bulk). The magnitude of the velocity in a radial-flow impeller is easily

determined by a simple expression and is a function of the rotational speed, the impeller

diameter and the radial position at which the velocity is of interest. The direction of the

velocity in the plane of a radial-type turbine can be safely assumed to be completely

horizontal, parallel to the bottom of the tank. Rushton also suggested that if the sampling

was executed at the isokinetic velocity for any specific point in the tank, the sample

obtained would have the same local concentration of the point where it was withdrawn,

and an accurate concentration profile could be obtained. Unfortunately, this technique

was very difficult to implement due to the high complexity of the flow in all other

sections of the tank other than the plane of a radial impeller.

Among the books in which the general principles and procedures for the design of

mixing systems in stirred vessels have been consolidated, are the works by McDonough

(1992), Tatterson (1991) (which also provides excellent theoretical backgrounds), Nagata

(1975) (also and outstanding source for heat and mass transfer theory applied to mixing

systems) and Oldshue (1983), which has become the de-facto handbook for the design

engineer.

During the last twenty years, the advent of faster and more powerful computers and

numerical methods for modeling, the development of advanced chaos theory, and more

advanced experimental equipment, have provided researchers with new and better tools

to investigate in detail the mechanics of solid-liquid systems in agitated vessels and ways

to improve the determination of the condition of the solids suspension in the fluid.

Cumby and Slater (1989) provided a simplified theoretical description for the distribution
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of solids in which only the solids settling velocity was used, and compared it to samples

withdrawn from their experimental tank. The results presented moderate success, since

their models were accurate only at low rotational speeds, probably because at high

turbulence the settling velocity of the particles is overthrown by the convective actions.

Rasteiro, Figueiredo, and Freire (1993) obtained results that led them to propose the

settling-dispersion model as a sufficient basis for the assessment of suspension quality.

Other authors that have utilized this model for comparison with experimental results are

Magelli, Fajner, Nocentini, and Pasquali (1989), Barresi and Baldi (1987), Shamlow and

Koutsakos (1988), Tojo and Miyanami (1982), and Tojo, Ya ki, d Miyanami

(1986). The latter provides models for radial and axial flow impellers. A common factor

in these works is the semi-analytical approach when developing the models, in which the

Peelet number is adjusted so that the models a ee with the experimental profiles. This

has been the approach due to the high complexity of the velocity fields developed during

turbulent mixing.

Progress in numerical methods and the availaility of more powerful computers have

permitted a deeper understanding of the fluid mechanics of the mixing process by means

of computational fluid dynamics models that are able to calculate the velocity fields

developed and the interaction between the solid and liquid phase. Gosman, Lekakou,

Politis, Issa, and Looney (1992) have ored work towards the multidimensional

modeling of two-phase flows in stirred vessels by extending the k- e turbulence model to

two-phase flows. Multiple frames of reference approaches, which generally consist of

one frae that rotates at the impeller speed and is used to compute the flow within the

impeller in steady-state mode and a second frame which is stationary and is used to
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compute the flow away from the impeller, have been developed to model the flow (Luo,

Issa, Gossaman, 1992) and have been incorporated in general-purpose commercial codes.

Velocity and turbulent energy distribution boundary conditions in different impeller

arrangements have also been investigated (Fokema, Kresta, Wood, 1994).

The effect of the sampling velocities has been further studied by MacTaggart, Nasr-

El-Din, and Masliyah (1993), corroborating the findings of Rushton and concluding that

the sampling errors for local concentration measurements can be minimized by sampling

at as high a velocity as possible. The effect of the geometry of the sampling tubes was

studied in this work as well. They compared this work later with concentration profiles

obtained by means of a conductivity probe designed by the authors (1996).

The work by Ottino (1989) was the first book to present a unified treatment of the

mixing of fluids from a kinematical standpoint, utilizing dynamics systems and chaos

theory.



4t. EXPERIMENTAL PROCEDJURE

4.1 Slurry Characterization

An effort was made to create a slurry that would approximate the actual chemical

composition of vitrification melter feeds found in the Defense Waste Processing Facility

of the Department of Energy's Savannah River Site. Chemical compounds have inherent

physical characteristics at specific states (solid, powder in this case). The use of the same

chemical composition resulted in physical properties close to those of the actual slurries.

Vitrification melter feeds are composed of waste slury, superate and glass-based

Table 4.1. Typical chemical composition of the Savannah River Site melter feeds.

COMPONENTS CONCENTRATION (wt %) ANALYTICAL ERROR
(DRY BASIS) (+/- wt %)

Al 6.67 0.40
Ca 2.67 0.15
Cr 0.18 0.02
Fe 26.8 1.55
Mg 1.31 0.08
K 0.14 0.003
Mn 2.80 0.16
Na 10.2 0.60
Ni 0.24 0.02
Pb 0.10 0.01
Si 0.81 0.05
Zn 0.17 0.01
SO4  0.33 0.02
PO4  0.84 0.03
C204  0.20 0.01
CO3  1.94 0.10
NO3  1.96 0.05
NO 2  5.86 0.03
OH 2.95 0.05

Total Organic Carbon <SO ppm
Total Solids 26.29

Source: Ebadian, M. A. and F. Mao. "Rheological Properties of Defense Waste Processing Facility Melter
Feeds, Fiscal year 1996 year-end report". Herispheric Center for Environmental Technology, 1997. Table
5.
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The mixing tests of this investigation involved slurries with solids concentrations of

5% and 20% (weight), two values commonly found in DWPF slurries. Following the

components distribution of figure 4.1, samples of 300 ml were prepared to measure the

apparent viscosity of these two slurries under well-mixed conditions. Table 4.2 presents

the exact amount of each compound used in the preparation of the samples. The samples

were stirred thoroughly before the viscosity was measured by means of a rotational

viscometer. This is imp nt because e ins ent can measure the viscosity

accurately only when e concen ation is unifo . If the soli are allowed to settle, the

resulting concentration gradients will produce viscosi readings which would not

correspond to the viscosity that an axial impeller would "see" under conditions in which

the particles are fully suspended. The power drawn by the impeller is only determined by

the shear rate, therefore viscosity, that the impeller "sees" in its discharge zone. An

emphasis is made in "axial-impellers", duet the low shear rate developed by this type of

impellers in i discharge zone, which is comparable to the low shear rates at which the

viscometer measures the viscosit. This equivalency is valid with the assumption that the

slurry presents a pseudoplatic behavior, which is the case in most solid-liquid

suspensions (Wasp, Kenny, Gandhi, 1977). Under low shear rates, the shear stress-shear

rate ratio can be considered to be linear, therefore, the viscosity can be assumed to be the

same within a range of low shear rates. It is important to stress that the viscosity

measured should be used to determine power consumption characteristics with axial

impellers working solely under turbulent conditions, in which the viscosity effect are not

too important and errors in viscosity values will not greatly affect power draw

(McDonough, 1991). The viscosity values measured were 1 cP for the 5% wt slurry and

37



9 cP for the 20% wt slurry. The pH was measured by means of a pH electrode meter and

the obtained value was 13 for both samples. These tests were executed for a second time

with newly prepared samples and the results obtained were the same.

Table 4.2. Amount of each compound used in the preparation of the samples.

Solids Concentration (%wt) Compound Amount (g)

H20 374.25
5 A1203  3.01

Fe2 0 3  12.09
NaOH 4.60

H20 374.25
20 A12O3  14.29

Fe203  57.42
NaOH 21.86

Density of water used for calculations: 998 Kg/m3 (White F., "Fluid Mechanics", Table A.1).

The density values of the solid particles were obtained from the information provided

by the supplying companies. McMaster-Carr reported a density of 132 lb/ft3 (21144

kg/m 3) for the aluminum oxide powder, and Fisher Scientific specified a density of 5240

kg/m3 for the ferric oxide supplied. Although no information was provided for the

sodium hydroxide, this was not necessary since this compound fully dissolves in water

and it was the density of this sodium hydroxide solution, the suspendng mediun, that

was important. The corresponding amount of NaOH for each solids concentration (table

4.2) was diluted in 300 ml of water and then the solution was weighted to determine its

density. Table 4.3 presents the densities of each sodium hydroxide solution, their



equivalent concentration in molar form, and in what percentage they increased the

density of the unaltered water. As is evident, the density of the water was not changed

si ificantly.

Table 4.3. Densities of sodium hydroxide solutions for the two solids concentration of
the slurry.

Total Solids Density of Molarity (M) Percentage in which the
Concentration NaOH Density of Water (998Kg/m3)
of Slurry (%wt) Solution (Kg/rn) was Increased

5 1012.60 0.38 1.44

20 1052.77 1.82 5.20

The suspension density for each sluny was calculated analytically by means of

equation 2.1. In order to utilize this formula, a correction was made to the concentration

of solids (C,) term. Since the amounts of NaOH used for both slurries dissolve

completely in water, C, was modified so it would only take into account the insoluble

material, i.e. the suspended solids (Fe203 and A12O3). When the sodium hydroxide is

disregarded, , takes a value of 3.83 % wt. for the 5% wt. slurry, and 15.33 % wt for

the 20 % wt. slurry. We must remember that while the NaOH was not being considered

for the solids concentration, its effects on the slurry were accounted in the already

measured density of the sodium hydroxide solution. Equation 2.1 assumes a single type

of solids in the slur. Since our slurries contain two different suspended solids with



different densities each, a proportional mean for the density was determined with the

following expression:

p, =az p1 +a p2  Eq. 4.1

where a1 is the proportion of Fe203 in the slurry disregarding NaOH (80 %), a2 is the

proportion of A12O3 disregarding NaOH (20 %), p is the density of Fe2O3 (5240 Kg/mn),

p2 is the density of A12O3 (2114.44 Kg/i) and p, is the proportional mean of the

densities of the solids. The results for both slurries are presented in table 4. and are

compared with the densities determined experimentally. The experimental error was

considerably low, verifying the validity of the method just described.

The particle size distributions of the insoluble components of the slurry (i.e. ferric

oxide and aluminum oxide) were determined by means of an arangement of four sieves

of different sizes. The collected powder for each particle size was collected, weighted

and compared with the total weight of the sample. Table 4.5 presents the results for the

ferric oxide powder (Fe2O3) and table 4.6 present its average values. Tables 4.7 and 4.8

present the results for the aluminum oxide powder (Al203).

Table 4.4. Comparison between semi-analytically calculated and experimentally
determined slurry densities.

Total Solids Slurry Density Error
Concentration Semi-analytical Experimental Percentage
(% wt.) (Kg/mn3 ) (Kg/rna) (%)

5 1043.81 994.67 4.71
20 1194.06 1144.67 4.13
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4.2.1 Mixing Tank and Mixer Design

The configuration of the mixing tank, dimensions and type of impellers used were

implemented accordingly to the general delines for the design of slurry agitation

equipment discussed in Chapter 2. Altough these idelines provide a good sta ing

point, it must be remembered that they are based on suspensions with a single of

solid parides, and as the number of different types of solids in the sus nsion

increases, the slurry may present special characteristics not found in others.

Regardless of these general guidelines, experimentation continues in different

industries, such as in coal and livestock slurries handling, in order to improve the

mixing process.

4.2.2 Sampling

MacTaggart, Nasr-El-Din, and Masliyah (1993) experimented with different sizes

and geometries of sampling tubes, and different sampling velocities in order to

ascertain which configuration provided the most representative sample, and to

corroborate Rushton's assertions on sampling procedures. Their findings indicated a

strong depen ce on the diameter of the sampling tubes and the velocity at which

the samples were taken. Their work, however, was performed with radial (Rushton

type) impellers; not the type most used in the suspension of solids. It is for this reason

that the diameter of the sampling tubes was varied in this work, in order to determine

whether the size of the sampling tubes, as well as the sampling rate, have an effect

on the concentration of the samples obtained with axial impellers.
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The solids concentration profile was determined by withdrawing samples of the

agitated slurry at four different sitions along the vertical axis of the tank. Table 4.9

shows the different dep s at which the s apes where removed and their respective

dimensionless equivalent . The tubes were located at 0.06 m from the wall of the

tank. The sampling was executed three times for each location and the values

obtained were then averaged for the presentation of the data in chapter 6. The

concentration values obtained did not differ in more than 10 % from each other.

Further specifications of the sampling equipment are found on Chapter 5.

Two sizes of sampling tubes where used (0.25 in. and 0.375 in., D. ) in order to

evaluate the effect of the diameter in the concentrations obi ed. The wi drawal of

samples was achieved by means of a variable-speed, computer-controlled peristaltic

pump. In order to observe the effects of the velocity of sampling on the measured

concentrations, the sampling was performed at low and high velocities. Before a

sample was taken, the fluid was allowed to circulate through the tubing, returing to

the tank, in order to obtain a fully developed flow. The slurry was allowed to

circulate for 5 minutes for the lowest sampling speeds and 10 seconds for the higher.

After several tests withdrawing 325 ml, 100 ml, and 40 ml for each sample, it was

decided to utilize 40 ml samples so as not to significantly alter the bulk solids

concentration in the mixing tank, and achieve more precision in the measured

concentrations. The samples where weighted, placed for two hours in a furnace for

dring and the retrieved solids were weighted to establish its percentage relative to

the total weight of the slurry. The expression used to determine the concentration of
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solids by weight is:

C, = - x 100 Eq. 4.2

where C, is the solids concentration by rcent weight, w, is the weight of the solids after

drying, and w,,, is the weight of the sluny before drying.

Table 4.9. Different axial positions at which the samples where removed and their
respective dimensionless equivalent

Samp Sample Depth (y) Dimensionless Depth (y/H)
(measured from surface)

I 0.050 m 0.09
2 0.185 m 0.34
3 0.320 m 0.58
4 0.458 n 0.83

H=0.55 m, total depth of fluid.

The samples were returned to the tank before another experiment would be

onducted. The liquid level was then brought upt the original level to recover the water

lst during the drying of the samples.

45



4.2.3 Power Measurements

As it has been seen, power is one of the parameters that demands close attention

when determined the characteristics of an agitation process. The power consumed has a

direct impact on the economics of the entire operation.

The electrical power consumption of the mixer was measured under different

operating conditions in which the size of the impeller, the rotational speed, start-up

conditions, and the solids concentration of the slurry was varied.

A wattmeter was connected to the mixer motor as shown in the diagram in figure 42.

Voltage and absorbed current could also be measured wi the instrument, which was

always set to zero before turning the mixer on and doing any measurement.

The power consumption versus rotational speed curves were obtained by starting the

mixer at the highest rotational speed possible to ensure maximum solids suspensions, and

then bringing the speed down, recording the measured power at selected speeds. Since

the mixer motor contained a 4 amps safety fuse, the current was closely monitored in

order to prevent the fuse to break the circuit.

4.2.4 Air Jet Startup

When the mixer is shut down, the suspended solids will eventually settle.

Depending on the nature of the sluny (solids concentration and type of particles), and

the time that the material has been allowed to settle, it may be difficult to the

impeller to promote the suspension again. The material may be too compacted, and in

some cases, the impeller could be buried in the bed of solids. Sometimes the rotating

action of the impeller is not enough and external aid is required.
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SPECIFICATIONS.

5.1 Slurry Characterization

The particle size distributions of the components of the slurry were determined by

me of an arangement of four U.SA. Standard Testing sieves of different sizes as

shown in figure 5.1. The sieves utilized were No. 60 (250 pm opening), No. 100 (150

}m opening), No. 200 (75 pm opening) and No. 325 (45 pm opening), as per A.S.TME.

-11 specification. The sieves were agitated by means of an RX-86 Sieve Shaker

manufactured by W.S Tyler.

The apparent viscosity of the slurries was measured with an RI:1:L rotational

viscometer, manufactured by Rheology International Shannon Lt. The pH level was

measured with an Orion pH/ISE meter model 710 A.

5.2 Batch Mixing System

The main components of the slurry mixing arrangement utilized are shown in figure

5.2. The system consisted of the mixing vessel, the mixer driven by an electrical motor,

the sampling lines, the computer-controlled sampling pump, a wattmeter for power

consumption readings, and a remote optical sensor for rotational speed measurements.

The mixing vessel was a flat-bottomed cylindrical polyethylene tank by Nalgene,

with a capacity of 0.110 m3 (110 liters). The inside diameter of the tank is 0.6 m and the

total volume that the slurry occupied was 0.090 mn, which corresponds to a liquid height

of 0.55 m, measured from the bottom. Four Lexan baffles, 0.006 m thick, were built and
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The work was divided into several experiments from which the system

characteristics, behaviors, and effects previously indicated could be ascertained:

1. Power consumption.

2. Effect of the size of the sampling tubes on the local solids concentration measured.

3. Effect of the speed of sampling on e local solids concentration measured.

4. Effect of the impeller size on the overall performance of the process.

5. Startup from fully-settled solids.

The power consumption under a fully developed flow was measured for solids

concentration of 5 and 20 percent (weight). The performance of two different sizes of

sampling tubes was evaluated with a concen ation of 5 % (weight), suction speed was

evaluated with both concentrations, and startup characteristics and techniques from fully-

settled conditions were assessed with the slurry with a concentration of 20% (weight).

6.1 Power Consumption

The cost of operation depends largely on the power that is consumed by the working

impeller. It is therefore important to posses a good understanding of the power

characteristic of the system.

The power consumption characteristics under steady state for five different sizes of

two different type of axial-flow impellers, namely "up-flow" and "down-flow" impellers

were determined first for the slurry of solids concentration of 5% (weight). impeller

installed in an "up-flow" fashion, pumps the flow upwards, towards the surface. With the
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same rotational direction, a "down-flow" impeller would pump the flow down, towards

the bottom of the tank.

Figure 6.1 shows the electric power consumption of all five different sizes of axial-

up-flow impellers used with a concentation of 5% (weight). Figures 6.2 and 63 presents

the same comparison for the axial-down-flow impellers acting on a sluny with a solids

concentration of 5% (weight) and 20% (weight) respectively. As it can be clearly noticed,

the bigger the impeller used, more power is drawn by the motor. Although the weight of

a bigger impeller might be the driving factor of the power consumed, the higher levels of

turbulence produced compared with a smaller diameter impeller may play an important

role in the power consumption too, specially in scaled-up systems. The role of the

impeller size in the performance of the mixing process under steady state conditions is

more evident when the curves of the 4 inch and the 8 inch impellers on any of these three

figures are compared. For instance, in figure 6.1, at a rotational speed of 500 rpm, the 8

inch impeller provides much more turbulence (which is highly desirable for mixing

purposes) than its 4 inch counterpart. On the oter hand, the 8 inch impeller cons es

approximately 5 times more electric power than the 4 inch impeller, which makes it

much less efficient from an economic standpoint. This is fu her illustrated by figes 64

and 6.5, which are a comparison of the electric power consumed by the different sizes of

impellers ("down-flow") at various rotational speeds with slurries of solids concen ation

of 5% (weight) and 20% (weight) respectively.

The "up-flow" and "down-flow" tests were done in an attempt to determine if the

pumping direction of the axial impellers would have an effect in the power consumption

of the process. The classic literature states that pumping the flow in an upward fashion
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results in power consumption in the neighborhood of 15% above from what would be

consumed with the flow being pumped downward. This was corroborated with the results

shown in figures 6.6, 6.7, 6.8, and 6.9, which compare the measured power between the

"up-flow" and the "down-flow" impellers for the 4", 5", 6", and 7" impellers

respectively. As the rotational speed increased, the difference in power consumption

becomes more evident. Table 6.1 shows a comparison at three selected rotational speeds.

Table 6.1. Power consumption comparison between "up-flow" and "down-flow"
impellers at three different rotational speeds.

4" (0.1016 impeller 5" (0.1270 i impeller
Power (W) Power (W)

Speed (rpm) Down Up Difference Speed (rpm) Down Up Difference
200 13 14 7% 200 11 14 21%
800 48 61 21% 800 55 75 27%

1300 96 121 20% 10 1 188 25%

6" (0.1524 m) impeller 7" (0.1778 i impeller
Power (W) Power (W)

Speed (rpm) Down Up Difference Speed (rpm) Down Up Difference
200 14 15 7% 200 16 18 11%
800 82 114 28% 800 136 230 40%

1300 266 306 13% 1300 N/A N/A N/A

As it can be seen, the power consumed with an "up-flow" impeller was in most cases

even higher than 15%, making them less cost-effective than the "down-flow" im llers.

Although the levels of turbulence generated with "up-flow" impellers are evidently

higher, this results in continuous "splashing" that is undesirable in most cases. It is for

these reasons that only "down-flow" impellers were used in the rest of the experiments,

as the aim of this work is to find the most efficient way of achieve acceptable levels of
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homogeneity on the mix.

The power curves for the all the impellers acting on the 5% (weight) and 20%

(weight) slurries are shown in figure 6.10 and 6.11 respectively. These curves were

generated with the expressions for Reynolds and power number found in Chapter 2, and

are consistent with the curves shown in figure 2.6, as the power number remains constant

under fully turbulent conditions and is inversely proportional to the Reynolds number in

the non-turbulent regime. Although the impeller draws essentially the same power at a

any rotational speed regardless of the concentration of the sluny (figures 6.3 and 6.4), the

turbulence generated is reduced by a factor of around 7.8 for the sl with a

concentration of 20% (weight) due to the effect of the increased density and viscosity.

The turbulence generated with a certain size of impeller rotating at a certain speed may

be sufficient to achieve total particles suspension with the 5% (weight) slurry, but ray

not be for the 20% (weight) slurry. In order to increase the turbulence necessa to

maintain suspension, the rotational speed and/or the nominal diameter of the impeller

had to be increased.

It is therefore important to calculate the Reynolds number once an acceptable level of

homogeneity has been achieved, and then try to play with the variables that are easier to

vary to obtain the same turbulence at a reduced cost. Usually, the only variables that can

be easily changed are the diameter of the impeller and its rotational speed, but in certain

applications the viscosity could be reduced by the application of heat or by means of

chemical agents, in order to increase the Reynolds number. Figures 6.12 and 6.13 are

plots of the power number against the impeller diameter-tank diameter ratio for the 5 %

(weight) and the 20 % (weight) slurries respectively. These plots can be useful for the
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dete ination of impellers diameters and their corresponding power numbers at different

rotational speeds. The high turbulence zone is evident in both figures, where the slope of

the curve decreases and the power number tends to be constant. Operation should ideally

fall in this zone, specially in slurries with higher solids concentrations. It is important to

note that although a certain arrangement may prove to save more energy during

operation, it may not be efficient to implement and may be troublesome for maintenance

and contigency work. A balance of all these factors will ultimately provide with the most

suitable system.

6.2. Mixing of the 5 % (weight) solids concentration slurry and effect of sampling

tubes diameter and sampling velocity in the concentration measurements

The evaluation of the effect of the geometry of the sampling tubes on the solids

concentration measured along the ve ical axis of the tank was performed with tubes of

0.0O635 m ID. (0.25 in. }D) and 0.009525 m D (0.375 in. ED) used to withdraw the

samples from the tank at four points at different depths in the tank, as specified in

Chapter 4 The withdrawals were performed at different sampling speeds with an

impeller with a diareter of 01524 m (6 in.) rotating at 200 rpm and 550 rpr. Full

suspension of solids was achieved in both cases. Figure 6.14 present the results utilizing

the sampling tube of Q.25 in. ED. with the mixer running at a rotational speed of 200

rpm. The lowest sampling speed (002 105 m/s) resulted in concentration readings of

approximately 7600 lower than the total "bulk" concentration. This is in part due to the

considerable settling of solids settled along the tubing, resulting in samples with a
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as the sampling speed is high enough. The concentration profiles obtained at 550 rpm

with the two different diameters of tube withdrawing at the same speed do not differ as

much as those obtained with the 0.375 in. LD tube sampling at the same speed with the

mixer rotating at 200 rpm. On the other hand, the lowest the sampling speed, the greater

the chances that an important amount of solids will stratificate along the transporting

tube and never reach the collection container.

From the data obtained, it can be concluded that in order to obtain a representative

sample of the mixture, it is recommended to utilize the largest diameter of sampling tube

available at the highest sampling speed as possible. This conclusion is consistent with the

observations that a more turbulent flow will prevent stratification: the Reynolds number

is proportional to the nominal diameter of the tube and the velocity of the flow. The

larger the diameter and greater the fluid velocity, the larger the Reynolds number, more

turbulence is produced, and less solids will settle during transportation. The results

involving the effect of the speed of sampling are also consistent with the conclusions by

MacTaggart, Nasr-EI-Din, and Masliyah (1993).

6.3. Mixing of the 20 % (weight) solids concentration slurry and the effect of

sampling velocity in the concentration measurements

The obtained local solids concentrations of the slurry with a bulk concentration of

20% (weight) were evaluated with the 0.1524 m (6 in-diameter impeller rotating at 700

rpm and 1050 rpm. The sampling tubes used had a diameter of 0.009525 m (0.375 in.) as

per conclusions on the previous section.
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The slurry was subjected to a constant agitation for a period of two hours at a

rotational speed of 200 rpm, but this did not provide enough solids suspension needed to

achieve a good homogeneity in the mix. A considerable amount of solids was still settled

on the bottom of the tank, producing a very uneven concentration profile. A rotational

speed of 700 rpm was tried next, producing the same results. The effects of the velocity

of sampling is shown in figure 6.21. The disparity between the concen ation near the

surface and the concentration near the bottom of the tank indicates a poor mixing

process, in which the level of turbulence provided by the impeller is not high enough to

generate full suspension. The velocity of sampling does not present the same trend as that

found in the slurry with a solids concentration of 5% (weight), as all the concentrations

obtained under different velocities fell under the same range, presenting almost the same

concentration profile.

Figure 6.22 presents the results obtained when the agitation was performed at 1050

rpm for a period of two hours. The slurry reached homogeneity shortly after the agitation

was started and it was maintained for the entire period. Although the concentration

profile obtained at the highest sampling velocity presents slightly higher values than the

other profiles, any of the profiles obtained with the other sampling velocities are equaly

indicative of the condition of homogeneity of the mix. The fact that all the measured

concentrations were less than the bulk solids concentration can be explained by the loss

of material due to stratification, the "wall-coating" effect of the slurry as previously

described, and more importantly the inevitable loss of material due to the multiple

experiments.

75



s se . : , sl a nce anon 5 °l+ ei t, rot ti al s s o

a ere s cunt t r ote s ensio of ides s in

fro rest. It es hi er s e t ac iev le e1 f spas io fr is t e i c n

e s felt' s e to e o a s. is f c se ansat s int i er ns tion

o er.

T e veloci f s lin as t to aye i t o ect in t eas a local

co cen ati n of t e sl t a 1 conce i anon of 2 °,/ ei t, al o t e

reco en too In t re i s S do a t t e S 11 at t

i est vel ci ssi le, still v li i or er t r vent lu i t e es a

collect as uc aterr l t t °t ssi le.

,. : . »,w r v . .u ,:.. s.,,x .. _,v: _ - ,. ._. _ __ _,_ _. r_ .. ti.. e - v , ., . . , . .3 y, wh ,s .a ..... e,. __ _ .
S

R+ 
vi

a

l - ..... _. ._,,.... _ __,_ _. p.._ _. .. _.

s; s

;

s .
a
y

. z-__._ ,

..____. . . _-

N

=;

. ; _ - - is

a ,_.., _. _. __ .... _ .... _ __.._ r.

` .
l

i :, to

;
F

'

4

ti ',

n
LI

4; ..

g t ] Es` E-. J!':, _.,4[3 .. . ._

SS ;

M
l UHb.[ekT.R. ' li±3 w... ..,...'. S] .'hv.Uhr nl V.aG i1LRSS2 b.-rG'.:,.wuh"i_2 Y. vtise`W*sa_.2 -. ~.Yl..-.m_; 55i4\ 4 ._\GD1m.Yi'X +/s . ]Xti \..V13. .w rL4.s Y. h l ,..V La .. 3 U1(c ]i As\Yh ni h CtSV.A Yhn\ Xi ,vcl 2G.. isM-ll?

I i' ° I S

76



v : .. .;. aw-. , :m, .rsN.:a _try-utt ,!. a ,m;ter.-xe .,i¢ti a ,es u_..4,m._-..-..._ v ., - r k za',: -~
..v~ , sa:. ...,aw....,._...:. -a u.., .c...r _azn W . ... v . ,;:. ... , -n... . lx xc x -.;uavsMa.. sR z, r. e.. :,. , N.. . ,:. .a...cn

t;

4

ti J;

:

i7
,.S i

B
.y ___. _.... __a ... _- , . ,. _ .,.__ . .

3. __ .. _.__ _ ._.. -.. .p .. s _ .. _-. r

iK 

] ,

; 
.. _

w 

. ,. a

1 
_:

c '

. t._... ,.,-. _ .. __ .

t;:

4

n y

S

.x'11 .. .. H « .. t. 
1'

C-

C

j 4e.s~ _. zz .. .. v=as .+.wn,- hmasc, t.,.._ ., -s u. M*met a=. a ... :.,.a _, u... x> n T .. tti. a i .a, .s.~s:.- .._ _..,t va a a~ + aiv> .< .nss;n .a aa.,. + .ox Ewa.. s<dan _, w..» .:

Fi Rs . . C a - - ° prs es b .a for y th ;.:i

r i a i i i s f

iii .

Nr. c .., ,v. U, w., ,. , t w;gym.,,.,,.:. _ _
z=

_.
t

e
4

z

__ ___._ __ ,__ _ . _ _ _,,v_ . _ -- _, __ v. ___H_ __ e
,

,. __.4 . 4 __{ _._.__ _ a r,._ e ,

.

. _,; " ._ Pd __,_ . ____
__ ____

_. _ ;

_ __ . -.
,, - -- _ ;

;

;

s; :
_ ,_ s

?: ..:zs o._nN... e_ ,r act n. a ,» r= i :, :c. v ,- =vz hv.._ . . ro,..,_ E_ «.... ;.. sa, s ata, v a +. .a...s-.,.:s .+. <:a:.,z , n _._.: -. . .c.s. sk s.nsss,. .:. _. ,... ..... v. e . .,.. ,sz so-. .,! o. _

t r . ti r r° I -s t

arnd B ®n

77



6.4. Startup from fully-settled conditions

As it was seen in the previous section, the full suspension of solids can be hard to

achieve if the startup is done from fully-settled conditions. The material may be too

compacted, with a significantly higher viscosity than when the particles are in total

suspension. Depending on the type of particles and the time that the slurry has been

allowed to settle, the impeller may not be able to loosen the particles in the required

amount of time and may never provide a homogenous mix. A case like this was presented

in section 62, in which full suspension was never achieved with the impeller rotating at

700 rpm from startup.

Different solutions for this situation include:

1. Rotate the impeller at a higher speed: although this might be the simplest

approach from an operational standpoint, it may not be the most economical since

it involves higher power requirements and probably a more expensive motor to

drive the impeller. This approach was tested in the previous section.

2. Allow the impeller to rotate for a longer amount of time: this method may be the

most cost-effective when time is not an important factor in the overall process.

The amount of time required to allow the impeller to break into the compacted

material and promote acceptable homogeneity depends of the type of pa ices

and the suspending medium. This also results in a higher power cons ption

while the solids are still settled, due to the higher viscosity that the impeller is

"seeing".

3. Injection of a jet of air in order to loosen the particles before or when starting to

rotate the impeller. The advantage of this method is that the impeller will start
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conditions very close to those of a fully suspended medium, and the power consumption

will be considerable less.

The last two methods were applied to the slurry with a bulk solids concentration of 20 00

(weight).

As stated above, when a slurry has been left under repose by a sufficient amount of

time so that the solid particles fully settle, it may be difficult to start the mixer and obtain

a steady condition in which the particles are fully suspended. Figure 6.21 shows the

solids concentration profile obtained after the slurry has been agitated for two hours,

starting from a fully settled condition. The mixer was started and left running at a

constant rotational speed of 700 m. The nominal diameter of the axial flow inpeller

used was 0.1524 (6 in.). Very poor mixing conditions are evident given the high

discrepancy in the solids concentration obtained from samples at different axial

positions. Most noticeable is the great difference in concentration values between the

upper half of the tank and the lower half, in which the solids were still settled.

The outcome is different after the slurry was agitated gradually from 200 rpm to 700

rpm and left running at that speed for an additional time. The mixer was started at 200

rpm and kept at that speed for 5 minutes before the speed being increased to 300 for

another 5 minutes. The speed was increased in the same fashion passing through 400,

500, 600 rpm until reaching 700 m which was kept for three hours, By means of these

transient speeds before reaching the steady speed of 700 rpm, and by keeping the

agitation for this additional time before taking the samples, a good level of suspension

was achieved.
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Two surrogate slurries with similar physical and chemical characteristics to those of

DWPF melter feeds were prepared and characterized to study their behavior under

different mixing conditions, the power consumed by the mixing system, and variables

that might affect the accuracy of samples obtained at four different points along the

vertical axis of the tank. The only difference between the slurries prepred was the solids

concentration, which were 5 % (weight) and 20 % (weight). Following is a summary and

conclusions drawn from the preceding results.

Power Consumption

Impellers pumping the flow in upward and downward directions were tested with the

5 % (weight) slurry. Five different impeller diameters were used for each case, for a total

of ten im llers. The data obtained indicated a significantly higher power consumption

for the "up-flow" impellers when compared to their "down-flow" counterparts,

corroborating the assertions of the literature. Since the quality of the mix was found to be

the same for both cases, it was concluded that upward pumping impellers are not cost-

effective and should be avoided for the design of agitation equipment for solids

suspensions. The measurements of the power consumption of the five different sizes of

"down-flow" impellers acting on the slurry with a solids concentration of 20 % (weight)

indicated no differences in the power consumption versus rotational speed characteristic

of the two slurries. Although the Reynolds number achieved with the 20 % (weight)

slurry was decreased by a factor of 7.8 due to its higher viscosity (9cP), it still fell under
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what most investigators consider a turbulent regime, suitable for the suspension of solids,

and in which viscosity does not play an important role in power consump tion. This

evidence leads to conclude that the power consumption is not dependent of the

concentration of this slury in the 5 % (weight) to 20 % (weight) range, probably due to

the relatively low viscosity that both slurries present under fully mixed conditions.

Diameter of Sampling Tubes

The effect of the diameter of the sampling tubes and the velocity of sampling on the

concentration of the samples obtained was evaluated with the two slurries. The data

obtained with the 5 % (weight) sluriy indicated that the larger sampling tube diameter

withdrawing the solids at the highest speeds provided samples with a concentration very

close to the bulk concentration of the tank. This trend was less pronounced when the

impeller rotational speed was increased and with the 20 % (weight) slurry.

Sampling Velocity

The velocity of sampling was not found to have any effect in the samples

concentration under poor mixing conditions of the 20 % (weight) slurry, in which an

important amount of solids were still settled on t o t ank. Nevertheless, it is

still recommended to use the largest diameter of sampling tube, collecting the material at

the highest flow rate possible, in order to obtain a representative sample of the content of

a slurry mixing tank This conclusion is consistent with the results of previous

investigators. The approach helped to produce enough turbulence in the transporting
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tubes to prevent stratification. The nature of the slurry will determine the intensity of the

flow rate required.

Startup from Fully-Settled Conditions

Startups from fully-settled conditions were tested for the 20 % (weight) slurry

evaluating different techniques from mix quality and power consumption standpoints.

These techniques were: 1) agitation of the slurry at a higher rotational speed, 2)

progressive increase of impeller rotational speed and additional mixing time at terminal

rotational velocity, and 3) injection of air to loosen the particles before starting to rotate

the impeller.

Although all these techniques resulted in acceptable levels of homogeneity, the

injection of air resulted in the least consumption of power at the moment of startup,

making it a very viable solution in situations when the impeller needs an extra help to

promote the suspension of the solids.

85



i, L. T'., ®r spw ' xbZ r . 4gi a c r 1 elZ , if u lis ira ,

stc , 1 .

t i, ,, nti, :, , ., " in e ai n 1 s car Ali s n in

ntir .s i to actc r", 4 i caurrccxl, 27 1 -1 Q ,

ei, ., ,, " c li is rsi i ect f a i s

. psi ", h i , 'ngn t rn, Scie rzce, 2 1 : 29 9®2 .

a psi, ., l i, ®, " i is rsi i . t ess l", `h ic c l n, irterin

' i n , 42 { I9 7 : ° 9-2 5 ,

rc ., ., 'r b l c , ixi cxtie n, : _ ress ' } , 1975.

, ., i , " l i a ct ti f c ;r ante ",

xti a l x i a hncaZc , 1 1 : 1 1 fl.

Z'. ., " 1%1 ller : , t 1C 1 r :aa

. i, `r rig e. , 5 199 ) s 157-173 .

, ', ,, at r , " f e ., 1 ist + ti r 11 a

i , ., , ° , " `c r ins t r ssi F" il

lt r isc .l Z'ar 1 ", r ar car , t

f nor X cif virc 1 t, i

Tee , 1 7,



ins 1, ., "n f si rc ins n i t psi n t

ca en i us si s in t ssel", t , , . ` :, 3 1 ) ;

11 912 .

i °Tsi r s i , . 1, h e .stag ark 7' st in I r ° ,

%xin, . ' z i ant llr 7 , sti to cif i .l a i ears;

r , 1492.

aº , ., es , ., 7 a tG f s t eat I 1ler

gun iti s fir i ula i®s f i Ta ", `a a ian

u rr l cif i r i ei x, 2 1 ) a 177x1 .

. i, I.a, t gal is 1 ies Fires r e an on lu

Y ies", k . ., I ., cise

a , ,, gat a rc t ta are s i i z, r - ,ll Ina., e , 1993.

(3S , ,, IJ , ., lzt s, ., ss , I., ( , ., ` ult Sl 1

elin Z' r use I T s i ti _ , _ r ", :` caurnal, 3

{1 2 : 1 4 1 S .

y , Iee , rs, - eli _ s ant

of 11 r ti ";_. 11IC `.Ic u al, 1 1 s217 21

i, . ers an , . ies .t ss `I°ra.ns er i

us ins ", ' , a C ca ,, 1 -3.

etsro ., ar daok cif rti asp Syt is ere l s _c r tin,

1 2.

. `Fc is die wire f®r _ a .v : _s sly

Prt si F Dili elder r r ic {L.T)"

87



ine 1, ., "ln n ysi l rya ins n i psi t

en i sip s i t ss l", ( r. . Etas:, 3 9 Q}

11 -2 .

i t °Testi r s i AI C"h.E, Seta rata' T' . tin F'c c .

xita ' acid , I 11 t pe, , ' sti to f h gal l n inners,

cark, 1992

Fca ., es . E., ce f n t eet I ll

ca n n iti s car i I tuns i T'a, s", 7' atarxrz i

.. ® rtaczl f ` " i t 'rz, i °n, , 7 I } :177-

n i, ., " t f the 1 i 1 ies f Fi es Fraetion can: lu

r ies", tel, ., n vise .

, ., ataa z te ta c nd ca. i zr, ea a r : - 1, Inc:., e ' r , 1993:..

®s , e, , ., ®litis, ., Iss . I., L, coney, ., " Iti i s c n

cli f let '1 s i t' --al, ", hE . caur tacxl, 3

{1 2} a 1 -1 5 .

a e ., Lc , ers, ,, " to - to li a $ : I a°i cas t

f , filer T ", I ' . T zr crl, 1 1 5} ; 177-21

i, ::z, . , " 1 i ies ss ra, s er i_ _ i e

s i sn", ' e .Era . " arta., I3 .2-37.

star ., ern bactk c a f ti asp ,S y , s ti

1 2.

*', _ GG .. ... i4V 6 E a 6FirA.. fc.Y3 i.s it ftar Y a ,: 116vr t fV &iu

I rcacessin F° cility welter deed I'rear n }"

7



Ja S., e ale ., inc , J. ., " ri en i an u tics l i mf `xis

i 1ex t e pica t i Fic n ti lar ai

'l s",., : 'lud she, 269 1 94 a24 .

y, ., . ., °Zua h ni n Trc a s 1'r'c.s , r s irate

cif t versi f - , 5.

Asa . I., i, ., , `T., 6 ti isle c tit in ur leapt s er c

Sa ., . 1, ., , ,, "F 1i1 alb t3 t1 Ira 'T eaat S ersl aaa

1I", 'he ical r i ae r-r Sit + , 2 (1 } : 51-

` use ,, iaa , J. ., ` x is c aa . . i ti s tic l vvs", :

I, J. .; 1ss . I., , ., ` r icti caf I ller F s i ix

+essels si lt r s f fir ", ` c , iza ` c .

1. 6.

eTa a , a sr= l i , + Ii , ., ` ti i r

sal Ali R a y . 7" nc l®,

1 3 : 11615 .

sears ent ia a 1 ixi °T ", i in et i a, ienc, 5

): . d -122 ,

1 iii T ", the i l a gitxeegra S`ei , 93 21® 3 l



Magelli F., Fajner, D., Nocentini M., Pasquali ., "Solid Distribution in Vessels Stirred

with Multiple Impellers", Chemical Engineering Science, 45 (1990): 615-625.

Majidi V., Holcombe, ., "Error Analysis for Sampling of Slurries: Sedimentation

Errors", Spectrochimica Acta. , 45B (1990) :753-761.

McDonough R. J., Mixing for the Process Industries, Van Nostrand Reinhold, New York,

1992

McKay, R. L., TWRS Retrieval Technology Project Slurry Transport - Plugging

Investigation, Pacific Northwest Laboratory, Prepared for the US. Department of

Energy under Contract DE-A-CO6-76RLO 1830

Mei, R., Adrian R. J, Hanratty, T. J, "Turbulent Dispersion of Heavy Particles with

Nonlinear Drag", Journal ofFluids Engineering, 119 (1997): 170-179.

Miyanami K., Tojo, K., Yoko M., Fujiwara, Y. Aai, T, "Effect of Mixing on

Flocculation", Ind. Eng. Chem. Fundam., 21 (1982): 132-135.

Nagata, S., Mixing, Principles and Applications, Kodansha Ltd., John Wiley and Sons,

New York, 1975.

Niederkorn T. C., Ottino, J. M., "Mixing of a Viscoelastic Fluid in a Tire-Periodic

Flow",J. Fluid Mech., 256 (1993): 243-268.

Nienow, A. W., "Suspension of Solid Particles in Turbine Agitated Baffled Vessels",

Chemical Engineering Science, 23 (1968): 1453-1459.

Oldshue, J. Y., Fluid Mixing Technology, McGraw-Hill, New York, 1983.

Ottino, J. M., The kinematics of Mixing: Stretching, Chaos, and Transport, Cambridge

Universi Press, Cambridge, 1989.

89



a elli F',, ° japer, ,, ca n i i ,, ii ., " cali i ti i 'V" ss ls i

't ui 1e filers", C e i al , rag i a ira Se r , 5 199 : 1 -625.

ji i ®, c 1c ., " r psis fear li ca 1 °es: i i

rs", , " tt ca i i , I ta., 45 { 1 ) :753-7 1,

, T., ixirr r the I'r ss Ire ustr°i es, cas r ei cal , r ,

1992

, . L., cxl 7' nc la I'rca ct Slur t°ans ac t - l, i

Itzarst% c tian, aeifie ca es I, tetra , r re r e east f

Eater r a°a et - -7 1 3

e, ., ri a ., , T°..T4, 'T let .s ersican e ie :1

eaa li x ", Tc urnc Fluids n i reerirr , 1 l 1 7 1 -17 °

y a a 1 ., Tca , ., c r ., r , r , ,, " eet f t1

Fl culata , I w , ., ' lx p, 21 1 2 1 ®13 ,

a, ta, ., i. i ' in ipls c tad li; titas, 9 . °, 3 iI : :$s>,

car 1 5,

ie r ca `I°'. °, i_ _, ®, ` ixi is stir 1 i i .1_ - -; .

6

iea ca r _tr 6 :s sica li eles T" i i t ssel",

' icxl n ara r°i Science, 23 1 a 1 3_ 1 .

1 s e, J. ., °lur rxir g °ec ncrlc , r - 11, 'car 1 3.

iaaca, J: , ' tics c ` ixi a Strtc ire , °lacresq and 7'rc asc t, ae ;

,Ta iversi teas, . bn , °



Pasquali G., Fajner D., "Effect of Suspension Viscosity on Power Consumption in the

Agitation of Solids-Liquid Systems", Chem. Eng. Commun., 22 (1983) : 371-375.

Pasquali G., Fajner D., Magelli F., "Behaviour of Multistage Mechanically Stirred

Columns with Neutrally Buoyant Solids-Liquid Suspensions", Chem. Eng. Res.

Des., 63, (1985): 51-58.

Pe, H, Chilton, C. H., ed., Chemical Engineer s Handbook, Fifth Edition, McGraw-

Hill, New York, 1973.

Rasteiro, M. G, Figueiredo M. M., Freire C., "Modeling Slurry Mixing Tanks",

Advanced Powder Technol., 5 (1994) : 1-14.

Raudkivi, A. J, Callander, R. A, Advanced Fluid Mechanics, An Introduction, John

Wiley and Sons, New York, 1975.

Ritter, J., Zamecnik, J., Hsu, C. W, "Hydrogen Generation During Treatment of

Simulated High-Level Radioactive Waste With Formic Acid", Nuclear

Technology, 104 (1993) : 330-342.

Ruppe1, F. R., Hicks, J. S., "Prelimina vestigation of Suspnded Solids Monitors and

Supernate/Sludge Iteace Level Monitors for DOE Radioactive Waste Slurries",

Oak Ridge National Laboratory, Instrumentation and Controls Division, 1992.

Rushton, J. H., "The Continuous Removal of Mixed Phases from a Mixing Tank", A. L

Ch. E.-L Chem. E. Symposium Series, 10 (1965) 3-7.

Rushton, J. H., Costich, E. W., Everett H. J., "Power Characteristics of Mixing

Impellers", Chemical Engineering Progress, 46, No.8, (1950): 395-404.

90



X11 ., r e r acts l e lc n + . s", Lu a

t. iver Tic icy ant cif at - es u. s rin , u1 ,

., ts S, , } S l 1St . 1 I.,T I s t

e t "taiga ', 'he i cx . a ir t° , cine, 4 1 ° ! : 52 5 2.

', , 1 C9g , . ., it , ., ,s. ': ' 't'C1Yt S 1", ' ° tl , Il .,

f .

ors . . F'Zu ixin z was is er ic ra . gd`c t 7'a a a ilk,

_; .

T'cajc ., i , .$ " Ali _s nsi s 9 I : r ' urrd'r

1 I ; 214 2 .

as , . J., y, J. ., i, ., eai iqui d` 'c ' ur I'i n ' ; + r ic z,

Tr s li ati ust , 77.

its; ., Ti® .n " l rid `Ic r - ill, I : °ca .T, 41.

s nsi y tip 1 ",1' c ' rac lc , 7 396.

Stirred PI'a k , . vc er 7 °e h r y, 4 196} : 2Q5 I6.

n n t n r a les iii ' , c ° " a cr ra 1

1


