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ABSTRACT

The objective of this research was to investigate the affects of various 

generator plate size, D/d ratio, stroke frequency and slurry concentration, for a 

plate type vortex ring mixer, on the drag force and power consumption. In this 

case CaCO3 aqueous slurry was used for the investigation.

The generator plate was driven using an AC induction motor with gear 

type speed reducer which was controlled using a frequency inverter and a 

mechanism for converting rotational into translational motion. This drive system 

resulted in sinusoidal motion of the generator plate.

The applied force, the displacement of the generator plate and the input 

power were measured using measurement cell developed for this purpose. The 

viscosity was also measured. The data were analyzed, organized and presented 

using appropriate graphs.

The force measurement data showed that drag force was mainly affected 

by the size of generator plate and its oscillating frequency. Larger generator 

plates had greater drag force acting on them and, therefore, required more 

power for running. Oscillating frequency had similar effect on drag force and 

power consumption. However, tested CaCO3 slurry concentrations showed to 

have no significant affect on these two parameters.



Drag force results obtained during this study are considered to be 

reasonably representative, while power consumption data, although 

representative for this system, will probably be different for different drive 

systems employed.
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CHAPTER 1

INTRODUCTION

JI

The mixing and agitation of liquids and slurries is one of the most 

common industrial processes and in particularly municipal waste water 

treatment. It eliminates discontinuities or gradients of physical or chemical 

properties in a mass of liquid by the circulation and transfer of material from one 

location to another within the mass of the liquid.

Three factors which determine the efficiency of any particular method of 

mixing are: the mixing time, power consumption and the homogeneity of the 

liquid or slurry being agitated. Numerous methods for mixing and agitation of 

fluids have been developed, from standard rotating or oscillating impellers to the 

oscillation of perforated plates, static mixers and many complex agitator 

configurations.

The majority of mixers used in industry are rotary mixers and while these 

have proven useful, they are often relatively inefficient and limited in their use 

and control. Some rotary mixers require strong shafts which must be dynamically 

balanced and have massive structure. Rotary mixers are often not able to create 
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complete homogeneous mixing of the fluid being agitated and may easily create 

solid body rotation of the fluid. Virtually all rotary mixers require vessel baffles to 

avoid liquid solid body rotation or surface free vortices. Ahmad et al. (1985) 

discussed the problem associated with the mixing of stratified liquids using 

rotating marine type propeller mixers. The majority of these type of rotary mixers 

are very poor for mixing of stratified fluids and sedimentary materials. If the 

impeller is located near the liquid surface a free vortex may be created which 

usually results in the ingestion of air and generation of surface foam, while if the 

impeller is located much deeper in the liquid the mixing can be poor due to the 

relatively poor fluid convection.

A primary objective of mixing is the agitation and mixing of liquids or solid 

suspensions efficiently to create a homogeneous distribution of the fluid with 

minimal energy consumption and mixing time, using the simplest of equipment. 

Furthermore, there is a primary interest by industries in easy maintenance, low 

maintenance costs, and low capital costs.

An innovative method of mixing liquids has been developed by Brian 

Latto1 which appears to avoid many of the application and operation problems 

associated with conventional mixers, while being very energy conservative with 

low mixing times. This mixer involves the propagation of vortex rings to create 

mass transfer and circulation in a fluid media.

1 Department of Mechanical Engineering at McMaster University and MIXIS 
Corporation Dundas Ontario Canada
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A vortex ring is a toroidal ring of rotating fluid which has an overall oblate 

spheroidal shape. The internal structure of a vortex ring can be laminar or 

turbulent depending on the generation conditions and the elapsed time. 

However, it may be questioned as to whether vortex ring is ever truly turbulent. A 

vortex ring is one of the most interesting phenomena in fluid dynamics. Several 

properties of vortex rings are quite remarkable. Of particular interest from a 

practical point of view is that they are capable of transporting a parcel of fluid a 

considerable distance through an ambient fluid with only slight decrease in their 

translational velocities. This is primarily due to the fact that the fluid within the 

vortex ring is rotating such that at its periphery the velocity of the fluid inside 

relative to the velocity of the fluid outside of the ring approaches zero. Hence, 

the shear rate at the periphery of the vortex ring is very low and in essence the 

vortex ring basically rolls through an ambient fluid. Since the viscous shear is a 

function of the product of the fluid viscosity and the shear rate, and the shear 

rate is very low, the viscous drag is therefore very low, i.e. t = y,(du/dr), and 

therefore if du/dr->0 then t-»0. As a consequence of this the fluid viscosity has 

very little effect on the viscous drag for laminar vortex ring. Another remarkable 

feature of vortex rings is that they are directionally stable and normally travel in 

relatively straight lines, although their trajectories can be affected by adjacent 

vortex rings and solid boundaries under certain conditions.

Latto (1987, 1989, 1992) has developed two novel forms of vortex ring 

mixers (VRM’s), which he has patented. These are: an oscillating orifice plate 
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mixer and a tube (chimney) type mixer. These units are being used in industrial 

sites in Canada and the USA.

A very large number of quantitative and qualitative experiments, and 

numerical studies using finite difference analysis of the flow equation have been 

done over a twenty year period. Latto’s studies indicate quite clearly that 

eventhough vortex ring mixers are a novel approach to the mixing of fluids, are a 

very effective and efficient for a very wide range of mixing applications. These 

VRM’s are often capable of being used in processes that current rotary mixers 

fail to fulfill.

Although there has been a great deal of research and publications on 

vortex rings, the majority of the work has been done on fundamental aspects of 

vortex rings. Obviously the prior studies are useful in the analysis of the 

behavior of individual vortex rings, but they are not really very useful for 

analyzing or designing practical mixing systems which employ the continuous 

generation of vortex rings. Latto has devoted a great deal of time and effort to 

the study of VRM’s and has made considerable progress in this area of interest. 

However, it is also apparent that in order to maximize the efficiency and use of 

these novel mixers/agitators more research has to be done on various aspects of 

the mixers.

The experiments described in this thesis were intended to investigate 

effects of different disc diameter D, disk orifice diameter d, (D/d) ratio, slurry 

concentrations, and oscillating frequencies of an impeller plate on the force in 
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the drive shaft, and thereby the drag coefficient and the power consumption. The 

data were analyzed in order to determine how combination of parameters affects 

the force, the drag coefficient and the power consumption.
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CHAPTER 2

LITERATURE REVIEW

2.1 VORTEX RINGS

Vortex rings have been the subject of much attention in the last century, 

which has resulted in numerous publications. The first reported investigations 

were mainly on flow visualization or theoretical ideal flow (inviscid) models. Later 

a mathematical model referred to as “Hill’s Spherical Vortex” (1894) was 

developed. This model assumed that an inviscid fluid occupies a spherical fluidic 

envelope. Later, a model was developed by Lamb (1933), whose premise was 

that the primary vorticity is contained in a torus whose core is smaller than that 

of the circumscribing torus. More recently, the research has been more 

specialized, such as the stages of vortex ring development; boundary conditions 

or energetics, as well as the properties of vortex rings under varying conditions 

by Irdmusa and Garris (1984, 1987); impact of vortex rings on a wall Walker 

(1987), vortex rings traversing a fluid with a step change in density Linden 

(1973) and Hecht (1987); and fluid mixing using vortex rings Baird (1979, 1992) 

and Latto (1987, 1989, 1990, 1992, 1994).
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2.2 FORMATION OF VORTEX RINGS

At the most basic level, vortex rings consist of a moving mass of fluid 

rotating about toroidal axis. The formation of a vortex ring is the most important 

stage for generation of a vortex ring for vortex ring mixing and was investigated 

in a numerical study by Stapleton (1995) and empirical study by Perrons (1995). 

A sketch of a vortex ring being generated through an orifice plate is shown in 

Figure 2.2.1. The diagram indicates that fluid is ejected, through an orifice of 

diameter d with outside plate diameter D. The fluid motion can be either created 

by the motion of the orifice plate moved through a defined stroke length s, for 

defined duration (Tp) with a mean jet velocity (Vj) or by ejecting a quantity of fluid 

through the orifice. During this period of time a certain volume of fluid is forced 

through the orifice. The fluid that comes adjacent to the inner edge of the orifice 

is retarded causing it to curl over the upper surface. This causes a low pressure 

region directly above the plate area and a higher pressure region in the volume 

of displaced fluid. The higher pressure displaced fluid curls over to “fill” the low 

pressure region which creates vorticity. At the end of the stroke, this process 

stops and fluid with high vorticity is trapped by the fluid at the centre of the 

orifice. The resulting self-encapsulated toroidal (donut-shaped) volume of fluid 

creates a circumscribing volume of rotating fluid which propagates through the 

fluid as a fully formed vortex ring (Figure 2.2.2).

The important parameters of fully formed vortex rings are the diameter 

Dvr, circulation f and its translational velocity Vr, which were considered by
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Irdmusa and Garris (1987). It is generally agreed that vortex ring properties 

depend on mainly (a) the type of generator and its geometric configuration; (b) 

initial conditions: the stroke s and the fluid injection velocity-history Vin(t).

Figure 2.2.1. Vortex Ring Formation

Figure 2.2.2. Generation of a Vortex Ring Through an Orifice (Latto 1987)
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Some of these parameters can be combined into a Reynolds number for 

identifying generation and flow conditions. However, no satisfactory theory 

quantitatively relates specific parameters to generation conditions for a vortex 

ring. Many studies have been directed at this problem, some of the more 

pertinent are cited here.

Maxworthy (1977) obtained the following results for vortex rings: (i) 

formation is strongly Reynolds Number dependent, (ii) the amount of vorticity 

that appears downstream is close to that predicted by a simple slug model, and 

(iii) a bimodal form of vortex-core instability occurs at moderate Reynolds 

numbers. Maxworthy found that vortex rings generated using an orifice plate 

generates a secondary ring that travels in the opposite direction back through 

the orifice. This is shown in Figure 2.2.3.

Figure 2.2.3. Rolling up process for tube-generator (a) and orifice 
generator (b) Maxworthy (1977)
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To obtain more detailed information on fluid velocity near the exit of 

vortex ring generator orifice, Didden (1979) used laser Doppler anemometry to 

measure the unsteady velocity field in a nozzle-exit plane during the roll-up 

process shown in Figure 2.2.4. His study revealed that the diameter of the 

formed vortex ring and circulation near a vortex ring generator nozzle wall 

depend on the parameter £=Le/d and are independent of the average injection 

velocity V* for certain Reynolds number range.

Further work showed that the £ parameter is indeed important in vortex 

ring formation. Baird et al (1979) suggested that for the most efficient generation 

of laminar vortex rings the £ should be 0.7<£<2.8. More recently Latto (1987) 

recommended this range should be 0.5<£<3.5 with an optimal value of 2.8. 

However, more recent experiments by Latto have indicated that the optimal 

value may be a function of the generator plate motion.

Wang (1999) studied various aspects of vortex ring propagation using a 

commercial CFD program FLUENT. She found that the velocity of a vortex ring 

is directly proportional to the injection velocity and it can be correlated with a 

specific Le/d ratio. Using the software three different injection profiles were 

investigated, namely sinusoidal, trapezoidal and rectangular. Although all three 

input profiles had the same average velocity Wang found that both triangular 

and sinusoidal profiles appeared to give a higher vortex ring axial traveling 

velocity than the rectangular profile.

10



As previously mentioned, the characteristics of a vortex ring depend 

strongly on geometric boundary conditions. Vorticity is an essential element in 

the formation of vortex rings, and since it is generated in the boundary layer, 

various geometries produce different amounts of vorticity. Two common 

geometries of vortex ring generation are shown in Figure 2.2.5. A comparison of 

results from the two geometries was completed by Irdmusa and Garris (1987) 

and are shown in Figure 2.2.6. These experiments showed that tube-generated 

vortex rings tend to have a slower translational velocity and larger volume than 

orifice generated vortices. Irdmusa and Garris also pointed out that vortex rings 

with minimal amounts of kinetic energy of rotation can be generated by proper 

attention to boundary conditions and by using pulses of very short duration.

Figure 2.2.4. Axial Velocity u versus radial distance y in the nozzle-exit 
plane x=0. Uo=4.6 cms’1, Ro =25.5 mm: outer nozzle wall 
(Didden 1979)
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Figure 2.2.5. Two Types of Vortex Ring Generator (Latto 1987)

Figure 2.2.6. Ratio of Vortex Diameter to Exit Diameter vs. 
Dimensionless Vortex Speed U*. Filled - chimneys, unfilled 
- orifices. (Irdmusa and Garris)

Finally, another critical effect on formation and development of vortex

rings is the injection velocity history Vin(t). Didden (1977) considered various

injection velocity conditions. Figure 2.2.7 shows his results, which illustrate that 
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any departure from constant-velocity program increases the circulation of a 

vortex ring, even when using identical average injection velocity V*.

Figure 2.2.7. Circulation for the laminar vortex rings produced with various 
injection velocity programs (Glezer)

2.3 . PROPAGATION OF VORTEX RINGS

In general, vortex rings travel in the direction of the axis of its toroidal 

geometry. When full stroke is achieved and the volume of fluid is ejected through 

an orifice, it is said that vortex ring is fully formed. Once it reaches this phase it 

is considered as part of the laminar propagation stage. Characteristics of a 

vortex ring include low energy dissipation during travel and relatively low fluid 

exchange between itself and the fluid through which it is moving. This is 

particularly the case when the vortex ring is laminar.

Basically, one underlying assumption has been used in vortex rings 

theory and experimentation in recent history: a vortex ring is considered to have 
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negligible shear/viscous effects from the ambient fluid acting on it. It is quite 

difficult to make quantitative empirical measurements and consequently no such 

data appear to have been published. For instance, the type of sensor to use 

would play a key role in results, but what is more important, the orientation of 

this sensing equipment would be paramount. The reason for this being, the 

periphery of the vortex ring, being the ideal sensor placement, cannot be 

predicted with sufficient accuracy. Therefore, it is necessary to justify this 

assumption of negligible shear indirectly.

Firstly, the physical nature of a laminar vortex ring causes it to be 

unaffected by shear. This is because the internal rotation of the fluid in a ring is 

basically solid body rotation and has relative velocity that is almost zero at its 

outer surface. This can be visualized as equivalent to a tire rolling along a 

surface as opposed to a non-rotating tire sliding over a surface. Since the 

viscous shear at the outer surface is given by T=py, where t is the surface shear 

stress, p is the viscosity of the fluid and y is the shear rate, du/dr is the radial 

velocity gradient. Consequently, if the relative velocity approaches zero, T 

approaches zero and is basically independent of p. This is very important since 

once a vortex ring is generated the transport of a laminar vortex ring is relatively 

insensitive to the viscosity of the fluid involved.

Secondly, Irdmusa and Garris (1987) using the conservation of linear 

momentum principle, which supposes the insignificance of drag forces on a
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vortex ring basically justified by flow of the external fluid about the vortex ring, 

derived the relationship:

U*=2.4711D'2

where

(2.3.1)

and

. U Translational Speed
U = —— =--------:----- — -----— = dim ensionless speed

T / D Rotational Speed
(2.3.2)

Vortex Diameter
-- .....---------—=diameter ratio Exit Diameter (2.3.3)

Figure 2.3.1 shows the ratio of translational kinetic enegy of the vortex to 

the initial kinetic energy of the jet vs. U*.

Figure 2.3.1. Ratio of translational kinetic energy of a vortex to the initial 
kinetic energy of the pulse vs. dimensionless vortex speed 
U*. (Filled - chimneys, unfilled - orifices). (Irdmusa and 
Garris)
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Their experiment suggests that the chimney generated vortex ring has 

proportionally more kinetic energy of rotation then one generated on the orifice 

plate. This observation is consistent with physical interpretation of equation 

2.3.2.

Continuing with a similar type of argument Papple and Latto (1991) using 

numerical simulation, found that traversing motion of a laminar vortex ring in 

non-Newtonian fluids is basically the same as those for a laminar vortex ring in 

Newtonian fluids. Later Hua (1994) obtained similar results using an improved 

form of the Papple et al numerical simulation model for non-Newtonian power 

law fluids. In these simulations, vortex rings were generated in shear thinning 

and shear thickening fluids and compared with those for Newtonian fluids. The 

vortex rings were observed to travel the same distance for a given time 

irrespective of the type of fluid considered. Therefore, the same vortex ring 

velocities were observed with different shear conditions.

2.4 POWER CONSUMPTION

The power consumption or preferably the power density is a very 

important mixing parameter. For rotary mixers, measurements can be made of 

shaft torque using conventional torque transducers although, with small mixing 

equipment, there may be problems, due to the very small values of torque and 

the relatively high losses in the equipment. Very small scale measurements can 

be made in modified rotational viscometers. In most cases measurements of 
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electrical power consumption are not sufficiently closely related to torque to 

provide an alternative to torque measurements.

Although the characteristic of power consumption is simple, the 

information is quite valuable. In addition to the obvious value in motor selection, 

it is perhaps even more useful for gearbox and shaft design for high viscosity 

mixing equipment, where torques are usually much higher than those 

encountered with the higher speed impellers used for low viscosity mixing. 

Power consumption also provides a useful basis for comparison in the 

evaluation of different mixer designs for mixing rate and efficiency and in some 

cases the heating of a fluid being mixed.

2.4.1 NEWTONIAN FLUIDS

Because of the complex motion in any mixing process, dimensional 

analysis is widely used to establish simple relationships between power 

consumption and the controlling variables. The majority of published research 

refer to the rotary mixers and for these the dimensionless power number NP is 

defined as follows (Harnaby et al.):

NP=P/(pN3D5) or NP=f[Re,Fr] (2.4.1.1)

since: Re=ND2p/p and Fr=N2D/g

For laminar mixing conditions the relationship is of the same general form 

for large and small impellers:

Np=KpRe’1 (2.4.1.2)
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This is identical in form to the well-known relationship for propellers and 

turbines with Kp being specific to the impeller geometry tested but independent 

of scale. For small variations in geometry for a particular impeller design, 

equation 2.4.1.2 can be expanded by including various geometric ratios and 

exponents:

Np =Kp’Re'1(Gi)a(G2)b (2.4.1.3)

This form of relationship has been successfully demonstrated and it 

appears that the values of Kp’, a,... are independent of equipment size. It is 

important to note that: Kp=Kp’(Gi)a(G2)b and therefore Kp and Kp’ are not equal.

2.4.2 NON-NEWTONIAN FLUIDS

Metzner and Otto (1957) showed that a simple relationship exist between 

Newtonian and much non-Newtonian power consumption data in the laminar 

regime, using their correlation based on calculation of apparent viscosities for 

rotary mixers. The basis of the method is the assumption that there is an 

average shear rate for a mixer which describes power consumption and that this 

shear rate is directly proportional to impeller speed:

y=ksN (2.4.2.1)

where ks is the mixer shear rate constant. The average shear rate y defines an 

apparent viscosity for power prediction for non-Newtonian fluids. The apparent 

viscosity is determined from viscometric data at the appropriate shear rate and 

used directly in the usual Newtonian power number vs. Reynolds number 
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correlation. To test this hypothesis, measurements were made of the power 

number vs. Reynolds number characteristics of Newtonian and power number 

vs. impeller speed characteristics for non-Newtonian fluids. For a measured 

value of power consumption for a non-Newtonian fluid a power number and 

corresponding Reynolds number were calculated. From the Reynolds number:

Re=ND2p/p, (2.4.2.2)

p can be determined. The shear rate corresponding to this apparent viscosity 

was found from the apparent viscosity vs. shear rate for a non-Newtonian fluid, 

see Figure 2.4.2.1. The mixer shear rate constant, ks can than be determined 

from the equation 2.4.2.1. The values of ks, determined by Metzner and Otto 

were relatively constant for a range of impeller speeds and fluid properties, and 

an average value could be used in the prediction of non-Newtonian power 

consumption data.

For power law fluids ks, may be incorporated into a power number- 

Reynolds number equation. For a power law fluid:

T=K(y)n (2.4.2.3)

and apparent viscosity is: pa = t / y = K(y)n’1.

If y=ksN, than:

pa = K(ksN)n'1 (2.4.2.4)

This value of pa may be incorporated in the Reynolds number: 

Re=ND2p/pa=N2n D2p/K(ks)n'1 (2.4.2.5)
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The power number equation may be rewritten as:

Np =Kp[N2 n D2p/K(ks)n’1r1 (2.4.2.6)

where the value of Kp is valid for Newtonian and non-Newtonian fluids. It is 

important to note that the presence of the mixer shear rate constant in the power 

number equation 2.4.2.6 and correlations which do not include this constant or 

some equivalent, should be carefully checked before application.

The simple concept of an average mixer shear rate has been widely used 

in laboratory and industrial work and in most applications it has been assumed 

that the shear rate constant, ks, is only a function of impeller type. Research is 

continuing on a possible influence of flow behavior index and elastic properties 

and also on procedures necessary to describe power consumption for dilatant 

fluids. It should be noted that in all aspects of power prediction and data

analysis, power law models should only be used with caution.

Figure 2.4.2.1. Determination of shear rate constant ks from experimental 
data, (a) Non-Newtonian power consumption; (b) Newtonian 
power consumption; (c) Non-Newtonian (riscometry). 
(Metzner and Otto)
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2.5 DRAG COEFFICIENT

Drag may be due to surface viscous shear (skin-friction) drag, pressure or 

profile drag, gravity effects (wave drag), or compressibility effects (high-speed 

flow). In any case, a dimensional analysis will indicate that drag coefficient is a 

function of the Reynolds number, the Froude number, or the Mach number. For 

dynamically similar flow, the appropriate one of these numbers will be the same 

for model and prototype, and thus the drag coefficient will also be the same for 

both. This may be expressed as:

C° = (pv42)A (25’1)

Maxworthy (1974) presented a special feature of turbulent vortex rings 

that makes them very desirable for mixing processes. Turbulent vortex rings 

have a low drag coefficient and are able to travel much longer distances than 

turbulent eddies. In his paper, he described the growth of a ring by an 

entrainment coefficient and the loss of linear momentum by a drag force acting 

on the ring. By equating these two quantities and eliminating the dependence on 

time, Maxworthy obtained the following relationships;

R = ax + 1 (2.5.2)

and

U = {ax + 1 }-(Cd + 3) (2.5.3)

21



From the measurements of the core radius of the ring and the distance 

traveled or displacement of the ring x, the entrainment rate of the ring a, can be 

determined. The drag coefficient Cd can be evaluating by substituting the 

entrainment rate into the velocity equation. Maxworthy (1974) found that for a 

turbulent vortex ring with the same cross sectional area as a solid sphere, the 

drag coefficient for the ring was 0.04 as compared with 0.23 for the sphere.

With a thin core of highly concentrated vorticity and a relatively low drag 
if

coefficient, turbulent vortex rings are able to travel much longer distances than 

other types of turbulent eddies.
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CHAPTER 3

EQUIPMENT DESIGN

3.1. INTRODUCTION

When designing the equipment for a mixing system a number of things 

require special attention and represent constraints for a designer. An important 

aspect is the manufacturing cost. The mixers patented by Latto are very simple 

yet ingenious in their simplicity. An orifice plate generator is easy to manufacture 

and generally not expensive. The mixer is easy to assemble. The generator 

plate is connected to the drive system by one central drive or several peripheral 

drive rods. Furthermore, unlike rotary mixers a VRM does not require dynamic 

balancing.

Another important aspect of mixing system components must be 

interchangeable with readily available or inexpensive parts. The system must be 

designed in a way that it is compatible with other different systems, simple to use 

and to transport. In the past, an important problem with the actuation systems 

was that they were not very durable. Various problems occurred when running 
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the systems for a prolonged period of time and bearing and seal failure were not 

uncommon.

The operation of the system is easily understood, so it requires a 

minimum amount of operational training. The equipment is expected to be used 

in both large and medium scale mixing systems.

3.2. MECHANICAL DRIVE

The first decision to make in the design of a VRM mixing system is what 

mechanical drive is to be used. Several of the more obvious basic linear drive 

systems are briefly discussed below.

1) Hydraulic systems

Hydraulic systems can provide the necessary power transfer required for 

vortex ring agitation. Some of the advantages of the system are that depending 

on the actual fluid used, heat dissipation is very good, there is very little 

deterioration of the seals and the hydraulic fluids are usually fire and 

contamination resistant. However, they have a few major drawbacks. The major 

shortfall is in attaining the required dynamics characteristics. This cannot be 

accomplished without an extremely elaborate and expensive hydraulic system. 

Also, due to the need to move the fluid through the various components, energy 

losses can be large. Furthermore, care is needed for storage and handling of the 
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working fluid, a separate pumping system to meet the demands, and the system 

components are not easily interchangeable. If the system is not properly sealed, 

the leaks can be expensive in terms of spillage and clean up costs. In general, 

hydraulic systems are characteristically heavy and usually require expensive 

components to withstand the forces and avoid friction losses in the pistons.

2) DC Motor

A DC drive motor unit could be used and was used in laboratory 

experimental vortex ring mixing systems. Any rotary drive system requires some 

type of mechanism to convert the sinusoidal motion into linear motion. Since this 

type of mechanism would be common for any rotary electrical motor drive it will 

be discussed later.

The biggest advantage of the system is the ease at which speed and 

torque can be varied and they can also be easily controlled using a computer or 

a simple electronic circuit. However, these motors can be expensive and 

relatively large for the application of fluid agitation. A cam/follower mechanism 

can have numerous problems associated with them. The biggest disadvantage 

of this mechanism is sinusoidal motion. However compared with hydraulic 

systems this type of linear mechanical drive is inexpensive.
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3) Stepper Motor

These unique motors are a relatively new method of actuation being used 

in industrial applications. The name of the device describes its principal 

functions. “Motor” means that electrical input energy is converted to mechanical 

output energy, and “stepper” means that energy conversion process is 

performed in discrete steps. This type of motor can be easily adapted to open 

loop computer control. Another advantage is that the motor can be stalled 

without damage. Maximum pulse excitation are more than 1000 pulses per 

second which allows it to simulate continuous movement. Stepper motors are 

also bi-directional. Unfortunately they have major drawbacks: they are not very 

efficient, friction loads tend to increase their error, they cannot handle very large 

inertia loads, and are quite expensive thus rendering these motors infeasible.

4) Pneumatics

Referring to the basic requirements of the system, which are cost and 

versatility, a pneumatic drive system is an effective solution for this type of 

agitator. Air is often readily available. The majority of the components needed for 

such a system are also readily available. Pneumatic systems are very versatile 

and interchangeable. Leakage of fluid is not a problem and capital costs are 

relatively low. Power consumption is much lower than that for hydraulics systems 

but considerably higher than for electrical drive systems. However, they have 
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durability problems of relatively quick deterioration of seals and piston rings and 

compressed air is relatively costly.

5) Induction Motor Drives

Induction motors have many of the advantages and disadvantages of DC 

motors, but are much less expensive and more readily available than DC motors. 

Furthermore, they offer more variability in specifications.

An induction motor with a frequency inverter is the most efficient, readily 

available in industry. It was decided to use an induction motor for this work.

3.3. MECHANISMS

As mentioned before, the drive mechanism is required to convert 

rotational motion of the drive shaft into a linear motion which in turn is used to 

generate vortex rings. The motion of the orifice plate is important. The 

production of a vortex ring is very sensitive to the motion of the orifice plate. If 

the displacement of the plate is too large, two vortex rings may form per stroke, 

and the second vortex ring may overtake and destroy the first vortex ring. If the 

displacement is too small, a vortex ring may not fully form and thus only 

localized mixing will occur. There are generation criteria for the efficient 

production of a vortex ring. Depending on the required velocity profile there may 

be three stages for the generation velocity profile: an initial rapid increase in the 

velocity of the plate to initiate the formation of the ring; followed by a period of 
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constant velocity while the vortex ring is gaining energy and finally a rapid drop 

in velocity to zero to allow the vortex ring to break free of the plate while 

retaining as much energy as possible.

The following are some possible suitable mechanisms for the required 

motion of the generator plate to create the desired profile and their advantages 

and disadvantages.

1) Cam with linear follower movement (Figure 3.3.1)

This mechanism translates rotational motion into linear motion by means 

of a cam and four bar linkage. As the cam rotates, the follower E moves along 

straight line path G. It has a gradual forward motion and a quick return motion.

Advantages:

- operates well at both high and low speeds and

- quick return allows vortex ring to break free with more energy.

Disadvantages:

- the motion obtained does not fit the velocity profile required for the 

most efficient vortex ring generation due to gradual forward movement,

- high wear characteristics on the cam and roller, especially on the 

return stroke,
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- complex mechanism and

- expensive to build and difficult to maintain.

Figure 3.3.1. Cam with linear follower movement (Kamerman et al.)

2) Trigger cam (Figure 3.3.2)

This mechanism uses a cam, linkages and a spring to transform rotational 

motion into linear motion of a lever arm. While the cam rotates the spring 

maintains contact between the follower and cam. When the cam reaches point G 

on the cam there is rapid drop of the linkage. As the cam continues to rotate the 

linkage moves up slowly relative to downward drop. Linear motion is achieved 

through lever arm A.
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The resulting velocity profile begins as sinusoidal with a period of dwell 

and a sharp downward return. The slope of the return motion can be changed by 

changing the spring stiffness.

Advantages:

- simple device to manufacture and

- adjustable dwell time and return velocity.

Disadvantages:

- may be noisy due to the follower leaving the cam during the downward 

motion,

- the cam and follower are prone to wear and high maintenance cost 

may result,

- response depends on spring strength compared to inertia forces and 

hydrodynamic drag on system and

- the motion obtained does not fit the velocity profile required for the 

most efficient vortex ring generation.
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Figure 3.3.2. Trigger Cam (Kamerman et al.)

3) Cylindrical Cam (Figure 3.3.3)

This mechanism is designed to provide the follower with relatively long 

and powerful stroke. It is designed around a cylindrical cam. The cam A rotates 

while the follower D causes the linear motion. When the follower reaches section 

F on the cam it rolls off and the counterweight on cable H returns the follower to 

its starting position.

Advantages:

- can be operated at various speeds.

Disadvantages:

- expensive to manufacture and maintain,
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- complex design with many parts,

- possibility of malfunction with respect to the counterweight mechanism 

at high speeds and

- the motion obtained does not fit the velocity profile required for the

most efficient vortex ring generation.

Figure 3.3.3. Cylindrical Cam (Kamerman et al.)

4) The Barrel Cam (Figure 3.3.4)

This device consists of a shaft with a groove cut out in the form of a cam 

profile. A follower is seated in this groove, and as cam rotates the follower is 

moved through linear motion.
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Advantages:

- relatively inexpensive to manufacture and

- it can be operated at various speeds.

Disadvantages:

- it must have a large diameter due to the fact that the pressure angle 

must be low in order to decrease wear,

- high inertial forces are created due to weight and size and

- the motion obtained does not fit the velocity profile required for the 

most efficient vortex ring generation.

Figure 3.3.4. The Barrel Cam (Kamerman et al.)
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5) Single Stroke Toggle Mechanism (Figure 3.3.5)

The follower of the cam is directly connected to the first link of the device. 

This link is then in turn connected to two other linkages as shown in Figure 

3.3.5. The cyclical motion of the cam follower causes linkage to move up and 

down creating a displacement at the end of the slider linkage. This displacement 

has one cycle every time the cam makes one rotation.

Advantages:

- simple to construct and easy to maintain and

- ideal when utilizing its powerful squeezing action.

Disadvantages:

- requires large space and

- the conversion from angular to linear motion is not direct so the linear 

motion may not be suitable for certain types of cams.

34



Figure 3.3.5 Single Stroke Toggle Mechanism (Kamerman et al.)

6) Tschudi Cam (Figure 3.3.6)

It consists of a cam profile cut out on a lobe with two followers. These two 

followers are attached together via a connecting arm. The cam and connecting 

arm lie off centre of each other. As the cam rotates at constant angular velocity 

the followers have a variable angular velocity. Therefore, this mechanism 

translates constant rotational motion into intermittent rotational motion.

Advantages:

- capable of exactly producing the required profile as for the efficient 

generation of vortex rings,
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- easily maintained and

the cam can be operated at various speeds and has high wear 

resistance as evidenced by its historical application in rotary engines.

Disadvantages:

possible patent difficulties and 

requires additional mechanism to produce linear translational motion.

Figure 3.3.6 Tschudi Cam (Series Depicting Motion of the System) 
(Kamerman et al.)
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6) Scotch Yoke (Figure 3.3.7)

The Scotch Yoke mechanism shown in Figure 3.3.7 consists of a fixed 

frame (1), a disk (2), rotating about a fixed axis on (1), a block (3) pin connected 

to (2) at point C and a yoke (4) having a slot for pin (3) to slide in. This 

mechanism gives a reciprocating motion in form of a sinusoidal wave pattern. 

The continuous elliptical drive, applied between the uniform speed input and 

Scotch Yoke as shown in Figure 3.3.8, has the effect of reducing the peak of the 

sinusoidal output so that it gives near to a uniform value for a large section of its 

cycle.

Advantages:

- easy to manufacture and it is one of the simplest mechanisms for 

converting rotary motion to translating motion.

Disadvantages:

- excessive wear in the slot

- needs constant lubrication and

- produces a modified sinusoidal motion of the follower.

37



Figure 3.3.7 Scotch Yoke (Jensen)

Figure 3.3.8 Effect of the application of the drive to a Scotch Yoke 
(Peters)
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3.4 . EQUIPMENT SELECTION

An AC induction motor is currently being used to drive the mixing system. 

Therefore a mechanism that converts rotational to translational motion is 

required. The actual VRM’s already produced use an AC motor with frequency 

inverter with disk toggle mechanism. Therefore, it was appropriate to obtain data 

for this type of drive system. The disk toggle mechanism (Figure 3.4.1) 

consisted of aluminum disk (1) - (11” (27.94 cm) in diameter) with machined slot 

(2). The disk was mounted on a reducer output shaft using a coupler (3). A crank 

lever (4) was positioned in a slot with connecting shaft (5). This design permitted 

an adjustable stroke, while variable speed was provided by using an AC motor 

controlled using a frequency inverter.

Figure 3.4.1 Disk Toggle Mechanism
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3.4.1 Control System

3.4.1.1 AC Drive Motor Operation

The following equation gives the relation between synchronous speed, 

frequency, and the number of poles:

Ss = 120f/p

where: Ss = synchronous speed (rpm), f = frequency (Hz), p = number of poles.

In three phase induction motors the actual shaft speed differs from the 

synchronous speed as load is applied. This difference is known as “slip”. Slip is 

commonly expressed as a percentage of synchronous speed. A typical value for 

the slip is three percent at full load.

The strength of the magnetic field in the gap between the rotor and the 

stator is proportional to the amplitude of the voltage at given frequency. The 

output torque capability of the motor is, therefore, a function of the applied 

voltage amplitude at a given frequency. When operated below base (rated) 

speed, AC motors are commonly run in a mode known as “constant torque”. 

Constant torque output is obtained by maintaining a constant ratio between 

voltage amplitude and frequency. Operating at the ratio generally yields optimum 

torque capability. Operating at lower ratio values lowers torque and power 

capability. Operating at higher ratio values will cause the motor to overheat.
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A typical motor derating curve is shown below.

Figure 3.4.1.1.1 AC Motor Operating Ranges

If the applied frequency to the motor is increased while voltage remains 

constant, the torque capability will decrease as speed increases. This will cause 

energy capability of the motor to remain approximately constant. Motors are 

commonly run in this mode when operated above the base speed, where drive 

output voltage is limited by the input line voltage. This operating range is known 

as the “constant horsepower” range.

3.4.1.2 Drive Function and Operation Description

A frequency inverter is a 16 bit microprocessor based, keypad 

programmable, variable speed AC motor drive. There are four major sections: an 
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input diode bridge and filter, a power board, a control board, and an output 

intelligent power module.

The supply AC line voltage is converted to a pulsating DC voltage by the 

input diode bridge. The DC voltage is supplied to the bus filter capacitors 

through a charge circuit which limits inrush current to the capacitors during 

power-up. The oscillating DC voltage is filtered by the bus capacitors which 

reduces the ripple level. The filtered DC voltage enters the inverter section of 

the drive, composed of six output intelligent insulated gate bi-polar transistors 

(IGBT’s) which make up the three output legs of the drive. Each leg has one 

intelligent IGBT at a very high frequency (known as the carrier frequency) for 

varying time intervals, the inverter is able to produce a smooth three phase, 

sinusoidal current wave which optimizes motor performance.

During these experiments a SQUARE D Adjustable Speed Drive 

Controller VSD 17 was used. This unit can support motors with fractional output 

HP rating up to 7.5 HP and 200-575 VAC.

3.4.2 Measurement Cell Design

In order to measure the force, displacement and velocity of the drive shaft 

a measurement cell was used. The measurement cell is schematically shown in 

Figure 3.4.2.1. It consists of two plates, top (1) and bottom plate (2), four 

supporting rods (3), one antirotational rod (4), two linear Thompson bearings (5), 

a linear displacement transducer (6) and a load cell (7).
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The load cell is attached to the drive mechanism shaft (8) and to the 

impeller drive shaft (9) and measures the force exerted on the shaft by the vortex 

ring generator. A linear displacement potentiometer gives a measurement of 

displacement versus time. A flat plate (10) is attached at the bottom of the load 

cell, and is connected to one side of the linear displacement potentiometer while 

the other end is held by the top plate (1).

The mechanism (3 - Figure 3.5.1.) drives the shaft through the linear 

bearing, which in turn drives the vortex ring generator plate or impeller. The 

transducers transmit analog signals to the 2805 A/D Data translation board that 

converts analog signal to digital for the 486DX66 processor. A data acquisition 

system, LabTech Notebook software is then used to present resulting data.
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3.5 SYSTEM SETUP

The mixing experiments were conducted in a 190 litre capacity cylindrical 

tank having a diameter of 560 mm and a height of 762 mm. The measurements 

were made using a stratified aqueous CaCO3 slurry.

The system setup is schematically shown in figure 3.5.1.
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Figure 3.5.1 System Setup
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An AC motor (1) was mounted on the top of the measurement cell (2). A 

disk mechanism (3) provided connection between a motor shaft and 

measurement cell shaft which was connected to the drive rod (4) of the 

generator plate (5) via load cell (see Figure 3.4.2.1). The generator plate was 

submerged in the aqueous CaCO3 slurry in the holding tank (6). An adjustable 

drive speed controller (inverter) (7) was connected to AC motor and mounted on 

the support frame. The computer (8) was used to process, store and display the 

measured data. The signal from measurement cell was sent to the Data 

Translation 2805 A/D board (9) which converted the analog signals to digital 

ones for 486DX66 processor. LabTech Notebook software is then used to 

process the data.

A signal from the frequency inverter was used to record power in the 

initial set of test runs. However, after reviewing the data and consulting the 

manufacturer, it was decided that the signal was not valid for accurate 

measurement of power. A true RMS Wattmeter (item 12 Figure 3.5.1) was the 

next choice for power measurement, but the fluctuation of the power signal was 

too large for simple readings and “visual” averaging of consumed power. It was 

decided to build a power measurement system (Figure 3.5.2., item 10 Figure 

3.5.1) in order to accurately record power fluctuation and consumption. Signals 

from voltage and current were recorded and than processed using a 

spreadsheet to determine the power.
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The next set of tests, however, showed that the frequency inverter 

generated a noise signal that distorted the readings of the power unit (10) to the 

extent that calibration linear scale factor for current readings (3V/amp) became 

nonlinear. This was confirmed in separate experiment using thermocouples, 

where the noise signal from frequency inverter corrupted the signal such that it 

was necessary to use shielded thermocouples in order to obtain meaningful 

data.

Another problem was that current signal contained very high peaks, which 

were observed and analyzed using an oscilloscope. The peaks lasted 5 

milliseconds, and the acquisition system could not sample faster than 300 Hz. 

This limitation resulted in insufficient number of points for analysis.

A “Hewlett Packard” multimeter HP34401A (item 11 Figure 3.5.1) was 

also used in an attempt to obtain true RMS current readings. It has the capability 

to sample up to 50,000 samples for a given period of time (maximum 10 sec), but 

even it was affected by the noise signal from the frequency inverter.

Finally, it was decided to use “visual” averaging from an analog RMS 

Wattmeter. It appeared that the inertia of the analog wattmeter significantly 

“filtered” noise. The results are presented in Appendix A. Readings from the 

multimeter were consistent with “visual” averaging obtained from the Wattmeter 

in a way that the consistency of the readings from the Wattmeter were observed 

throughout the entire experiment.
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LINE IN 
120VAC. 15A

LINE OUT 
120VAC, 15A

120 VAC, 15 A, VOLTAGE AND CURRENT ISOLATION UNIT. (FOR DR. LATTO)

McMASTER U. Dept, of Meeh. Eng.

Joe Verhaeghe 1 of 1

Figure 3.5.2. Power Measurement Unit Schematic
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CHAPTER 4

EXPERIMENTS AND RESULTS ANALYSIS

4.1. EXPERIMENT SETUP

The objective of this research was primarily to investigate the effects of 

slurry concentration on the force and power consumption required by an orifice 

plate type vortex ring generator. The experiments were run with 10 different 

diameters of generator plate in 5 different concentrations of water/CaCO3 slurry 

at 3 different plate oscillating frequencies. The primary variables are presented 

in Table 4.1.1.

Generator plate 
(<|>D x 4>d)

15” x 10” (38.1 cm x 25.4cmj~ 
15” x 7.5” (38.1cm x 18cm) 

12” x 7” (30.48cm x 17.78cm) 
12” x 8” (30.48cm x 20.32cm) 
9” x 4.5” (22.86cm x 11.43cm) 

9” x 5.25” (22.86cm x 13.34cm) 
9” x 6” (22.86cm x 15.24cm) 
6” x 4” (15.24cm x 10.16cm) 
6” x 3” (15.24cm x 7.62cm)

6” x 3.5” (15.24cm x 8.89cm)

Slurry cone, 
(volume %)

19.80
11.00 
7.94
4.24
2.12

Generator plate 
frequency (Hz)

1
1.5 
2

Table 4.1.1. Experimental Setup Data
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The experimental setup was such to provide sufficient data for 

performance analysis. Data that were collected during each test run were:

- displacement, measured by the displacement transducer mounted on 

the system;

- force, measured by the output from the load cell mounted on the drive 

rod and

- power consumed by system, by “visual” averaging from the wattmeter.

The signals were processed and recorded using LabTech Notebook 

version 5.1 data acquisition software.

A frequency inverter was used to control the drive motor and therefore the 

oscillating frequency of the generator plate. However, the sensitivity of the 

displacement transducer limited the maximum chosen oscillating frequency to 2 

Hz. It was found that the signal was distorted above this value of 2 Hz, see 

Graph 4.1.1. and consequently, for convenience three oscillating frequencies of 

the generator plate of 1, 1.5 and 2 Hz were investigated.
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Graph 4.1.1. Signal distortion from displacement transducer for generator 
plate oscillating frequency of 3 Hz

As mentioned before, Latto recommended that £ should be in the range 

0.5<£<3.5 with an optimal value 2.8. However this may only be true for certain 

displacement profiles of a vortex ring generator plate.

In general, when a plate moves down on the downstroke, a relatively low 

pressure field is created behind the plate and relatively high pressure field exists 

in front of the plate. This pressure distribution results in the generation of vortex 

ring on downstroke.

When the plate suddenly stops, as in case of trapezoidal displacement 

profile, fluid that travels behind the plate continues moving and encounters the 

plate. Because of the new relatively high pressure field created behind the plate,
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flow passes through the orifice to create a secondary vortex ring. It is therefore 

expected that for trapezoidal displacement profile, four vortex rings are 

generated per cycle of the plate as shown in Figure 4.1.1.

Primary Vortex Ring Secondary Vortex Ring

Secondary Vortex Ring Primary Vortex Ring

Figure 4.1.1. Vortex ring generation for the trapezoidal displacement 
profile

In the present case, the motion of generator plate is sinusoidal and the 

generator plate slows down relatively slowly. It is hypothesized that a very weak 

secondary vortex ring may be created and may combine with a primary ring. 

Therefore, it may be assumed that only two vortex rings are created per cycle 

when the generator plate moves in sinusoidal manner and for these experiments 

an optimal £ would be 2.8/2=1.4. However, this has not been proven 

quantitatively.
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Ideally £ should be kept constant for various disk diameters. However it is 

difficult to comply with this criteria when D/d is reduced. This is because as D/d 

reduces, required stroke s becomes excessively large for most of the systems 

need to be considered. For this reason it was decided to keep stroke constant 

and thus vary The system design allowed maximum stroke of 5” (12.5 cm).

Using equation

c s(D}2 (4.1.1)

the following table was developed for specific operating conditions:

generator plate 
(<|>D x <|>d)

£ generator plate 
(4>D x <|)d)

£

15” x 10” (38.1cm x 25.4cm) 1.13 9” x 5.25” (22.86cm x 13.34cm) 2.80
15” x 7.5” (38.1cm x 18cm) 2.67 9” x 6” (22.86cm x 15.24cm) 1.88

12” x 7” (30.48cm x 17.78cm) 1.10 6” x 4” (15.24cm x 10.16cm) 2.81
12” x 8” (30.48cm x 20.32cm) 1.4 6” x 3” (15.24cm x 7.62cm) 6.67
9” x 4.5” (22.86cm x 11.43cm) 4.44 6” x 3.5” (15.24cm x 8.89cm) 4.20

Table 4.1.2. Generator Plate £

From the data in Table 4.1.2. it could be concluded that for an £ opt of 1.4 

a generator plate with diameter D of 12” (30.48 cm) and an orifice diameter of 8” 

(20.32 cm) and a stroke of 5” (12.5 cm) would give the best mixing results.

For a particular D/d ratio the s vs. d relation plot is easily obtained. In the 

case of D/d=1.5, this relation is presented in Graph 4.1.2. Using equation (4.1.1) 

and substituting £=1.4 and D/d=1.5 the simple function is derived: s=0.622d.
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Graph 4.1.2. s versus d for D/d=1.5 and £=1.4.

Graph 4.1.2. presents the optimal stroke for given d for £=1.4 and for 

available generator plates for this experiment with D/d=1.5, the optimal stroke 

was calculated and is presented in Table 4.1.3.

Table 4.1.3. Optimal stroke for D/d=1.5 generator plates

4)15” x 4)10” (38.1 cm x 25.4cm) sopt=6.22” (15.80 cm)

4>9” x 4>6” (22.86cm x 15.24cmj Sopt=3.73” (9.47 cm)

4>6” x 4>4” (15.24cm x 10.16cm) sopt=2.49” (6.32 cm)
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4.2. MEASUREMENT SETUP

In order to eliminate the drag effects of the bearings and drive elements, 

the system including the generator plates was first run freely, “in the air”, to 

obtain the system behavior characteristics and record inertial forces and 

frictional losses. Typical data are presented in Graphs 4.2.1 through 4.2.2. 

When graphically analyzing the force on the generator plate on low operating 

frequency it was noted that generated signal contained some noise that can be 

explained as being due to the sensitivity of load cell, friction in the mechanism, 

and vibration of generator plate at the lowest and the highest point of a cycle, 

when it changes direction of movement. At higher running oscillating frequencies 

these signals were dampened.

The next step in the experiments was to obtain data when the vortex ring 

generator was immersed in water and then in the CaCO3 slurry. Each size of 

generator plate was run at three different oscillating frequencies in 5 different 

slurry concentrations. The total force reading was plotted and compared with 

force data obtained by running generator plates in “free air” at three different 

oscillating frequencies. Previously recorded force data, which included inertial 

forces and frictional loses of the mechanism were then subtracted from force 

reading obtained by running the system in the slurry. The resultant force was 

consequently the drag force due to a given slurry. The average drag force Fd 

was analyzed and used to calculate all relevant parameters.
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1.5 Hz1Hz

Graph 4.2.1. Displacement Profile

Graph 4.2.2. Load Profile

56



A given slurry concentration was mixed for 10 minutes before each test to 

ensure homogeneity of the slurry for all of the test runs for a given concentration. 

After each test, a sample of slurry was collected in order to measure the 

concentration. To determine the concentration of a given slurry, a given volume 

of the slurry was weighed. Each sample was measured three times and the 

average was used to determine concentration. The concentration was calculated 

using following equation: 

PTmr=pTmi +pTm2 

PTmT=PTp1 Vi +PTP2V2 

PTmT=PTPl XVt+PtP2 yVT 

PT=XpH2O+yPCaCO3 

PT=(1 -y)pH2O+yPCaCO3

Z^CaCO3 Z^T
y = 1 - --------- - ------- ; volume concentration of CaCO3 in slurry

PcaCO3 Ph2O

VT=const.=250mL sample volume

Ph2o=970.68 kg/m3 for given atmospheric conditions

Pcaco3=2000 kg/m3

Concentration 1: mTi=293.62 g pT1=1174.48 kg/m3 y! =0.1980

Concentration 2: mT2=270.97 g pT2=1083.88 kg/m3 y2=0.1100

Concentration 3: mT3=263.10 g PT3=1052.40 kg/m3 y3=0.0794

Concentration 4: mT4=253.57 g pT4=1014.28 kg/m3 y4=0.0424

Concentration 5: mT5=248.13 g Pt5=992.52 kg/m3 y5=0.0212
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4.3. ANALYSIS OF VISCOSITY MEASUREMENTS

The viscosity was measured using a “Wells-Brookfield” synchro-lectric 

viscometer model LVF. Each measurement shaft has a designated viscosity 

coefficient corresponding to a rotational speed. The viscosity thus measured is a 

product of the instrument reading and appropriate shaft coefficient (see 

Appendix B). The resulting data are presented in Graphs 4.3.1 and 4.3.2.

Graph 4.3.1 Viscosity vs. Shear Rate for 19.8%, 11.0% and 7.94% 
concentrations of CaCO3 in slurry
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Graph 4.3.2 Viscosity vs. Shear Rate for 4.24% and 2.12% 
concentrations of CaC03 in slurry

From Graphs 4.3.1 and 4.3.2 it can be seen that the CaCO3 slurries used 

are shear thinning.

Graphs 4.3.3 through 4.3.12 present flow curves of the shear rate versus 

the shear stress and the viscosity versus the shear stress for aqueous CaCO3 

slurry and given concentrations. Comparing the CaCO3 data with that for a 

Bingham Plastic Graph 4.3.13., it is apparent that it exhibits similar 

characteristics. The flow curve is characterized by a rate of shear that is linearly 

dependent on the shear stress above some given yield value t0- When the 

ordinate is shifted to t0, the viscosity defined by Newton’s Law is called the 

plastic viscosity, The rheological equation of state for this material is:
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The plastic viscosity value p.‘ was used to calculate a representative 

Reynolds number (Re) when considering the drag data.

Some of the materials that can be approximated by this equation are 

suspensions of thorium dioxide, clay, and talc, some paints, printing inks, 

toothpaste, and drilling muds. In order to overcome the required yield stress to 

these materials may require higher power input to initiate mixing.

Graph 4.3.3. Shear Rate vs. Shear Stress for 19.8% concentration of 
CaCO3 in slurry
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Graph 4.3.4. Viscosity vs. Shear Stress for 19.8% concentration of 
CaCO3 in slurry

Graph 4.3.5. Shear Rate vs. Shear Stress for 11% concentration of 
CaCO3 in slurry
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Graph 4.3.6. Viscosity vs. Shear Stress for 11.0% concentration of 
CaC03 in slurry

Graph 4.3.7. Shear Rate vs. Shear Stress for 7.94% concentration of 
CaCO3 in slurry
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Graph 4,3.8. Viscosity vs. Shear Stress for 7.94% concentration of 
CaCO3 in slurry

Graph 4.3.9. Shear Rate vs. Shear Stress for 4.24% concentration of 
CaCO3 in slurry
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Graph 4.3.10. Viscosity vs. Shear Stress for 4.24% concentration of 
CaCO3 in slurry

Graph 4.3.11. Shear Rate vs. Shear Stress for 2.12% concentration of 
CaCO3 in slurry

64



Vi
sc

os
ity

 [P
a s

]

Graph 4.3.12. Viscosity vs. Shear Stress for 2.12% concentration of
CaCO3 in slurry

Graph 4.3.13. Flow Curves for Bingham Plastic
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Graph 4.3.14. represents plastic viscosity vs. CaCOs concentration in 

slurry, measured during experiments.

Graph 4.3.14. Plastic viscosity p.‘ vs. y [%] CaCOs concentration in slurry

4.4. ANALYSIS OF DRAG FORCE MEASUREMENTS

The drag force Fd was measured and plotted with respect to the slurry 

concentrations for each generator plate size and oscillating frequency (Graphs 

4.4.1. through 4.4.10.). It was noted that the concentration had little effect on 

drag force for a given oscillating frequency and generator plate size for various 

concentrations. This was especially the case for the larger generator plates and 

at higher oscillating frequencies, where the fluctuation of data was smaller than 

the data fluctuation for the smaller generator plates. This could be explained by 

the output error and sensitivity of the load cell on the smaller loads.
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Graph 4.4.1. Drag Force Fd vs. concentration for given oscillating 
frequency for disk <j> 15”x<|)10” (38.1 cm x 25.4cm)

Graph 4.4.2. Drag Force Fd vs. concentration for given oscillating 
frequency for disk 4>15”x<|)7.5” (38.1cm x 18cm)
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Graph 4.4.3. Drag Force Fd vs. concentration for given oscillating 
frequency for disk <|)12”x<|)7” (30.48cm x 17.78cm)

Graph 4.4.4. Drag Force Fd vs. concentration for given oscillating 
frequency for disk 4>12”x(|)8” (30.48cm x 20.32cm)
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Graph 4.4.5. Drag Force Fd vs. concentration for given oscillating 
frequency for disk <|)9”x(|)4.5” (22.86cm x 11,43cm)

Graph 4.4.6. Drag Force Fd vs. concentration for given oscillating 
frequency for disk <j>9”x<|)5.25” (22.86cm x 13.43cm)
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Graph 4.4.7. Drag Force Fd vs. concentration for given oscillating 
frequency for disk 4>9”x<|)6” (22.86cm x 15.24cm)

Graph 4.4.8. Drag Force Fd vs. concentration for given oscillating 
frequency for disk <|)6”x(|)4” (15.24cm x 10.16cm)
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Graph 4.4.9. Drag Force Fd vs. concentration for given oscillating 
frequency for disk <|)6”x<|>3” (15.24cm x 7.62cm)

Graph 4.4.10. Drag Force Fd vs. concentration for given oscillating 
frequency for disk <|)6MX(|)3.5” (15.24cm x 8.89cm)
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The collected data were also used to determine the effect of the orifice 

diameter size d on the drag force for given D/d ratios and different oscillating 

frequencies. The resulting data are presented in Graphs 4.4.11. through 4.4.13. 

As expected, the drag force was smaller for smaller areas of generator plate. Fd 

was not simple function of the generator plate area for given oscillating 

frequency, since flow around plate creates complex pressure field, which, in turn, 

defines Fd.

Graph 4.4.11. Drag Force Fd vs. d for different D/d ratios for generator 
plate oscillating frequency of 1 Hz
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Graph 4.4.12. Drag Force Fd vs. d for different D/d ratios for generator 
plate oscillating frequency of 1.5 Hz

Graph 4.4.13. Drag Force Fd vs. d for different D/d ratios for generator 
plate oscillating frequency of 2 Hz
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The drag force data obtained for water (Graphs 4.4.14 through 4.4.16) did 

not differ significantly to the CaCOa slurry (Graphs 4.4.11 through 4.4.13). This 

confirms the previous statement that within the range of concentrations used the 

concentration of the slurry appeared to have no significant affect on the drag 

force.

Graph 4.4.14. Drag Force Fd vs. d for different D/d ratios for generator
plate oscillating frequency of 1 Hz (water)
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Graph 4.4.15. Drag Force Fd vs. d for different D/d ratios for generator 
plate oscillating frequency of 1.5 Hz (water)

Graph 4.4.16. Drag Force Fd vs. d for different D/d ratios for generator 
plate oscillating frequency of 2 Hz (water)
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The collected data were organized and arranged to obtain the 

relationship between the drag force Fd and the generator plate operating 

frequency and the orifice diameter d for given D/d ratio. The results are 

presented in Graphs 4.4.17. through 4.4.19.

It was noted that as the orifice diameter increases the Fd vs. oscillating 

frequency curve becomes steeper.

Graph 4.4.17. Drag Force Fd vs. oscillating frequency of generator plate 
for different d of generator plate for D/d=1.5

76



Graph 4.4.18. Drag Force Fd vs. oscillating frequency of generator plate 
for different d of generator plate for D/d=1.71

Graph 4.4.19. Drag Force Fd vs. oscillating frequency of generator plate 
for different d of generator plate for D/d=2
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4.5. ANALYSIS OF DRAG DATA

Since the drag force was not significantly affected by the concentration of 

CaCO3 slurry for a given oscillating frequency, it could be concluded that Cd, for 

a given generator plate size and oscillating frequency, was only a function of 

density of the slurry. A typical curve Cd vs. concentration is presented in Graph 

4.5.1.

Graph 4.5.1. Cd vs. concentration for a disk (typical)

In order to generalize the data, the drag coefficient was plotted against 

the Re number, shown in Graphs 4.5.2. through 4.5.6. Graphs for given D/d 

ratios and different slurry concentrations.
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The Reynolds number was defined by formula Re=pvd/|j.‘. The orifice 

diameter d was chosen as the characteristic dimension, since it is one of the 

major parameters in formation of the vortex rings, and also a primary geometrical 

characteristic of the generator plate.

As previously stated, at the lower oscillating frequencies there was a 

larger error in the smaller disks loads reading, which was amplified and resulted 

in a bigger scatter in the Cd vs. Re curves for small Re numbers.

It can be observed that all curves had the same trend for larger Re 

numbers, that is, the drag coefficient increased as D/d increased and 

approached the same narrow range of Cd for same D/d ratio for different 

concentrations of slurry. Namely, for D/d=2 Cd«13-14, for D/d=1.71 Cd«12-13 

and for D/d=1.5 Cd«10-11. This could be useful while sizing the drive shaft, in a 

way that if sizing were done for the region of Re numbers where Cd was 

constant for D/d=2 , the shaft would be sufficient for a range of concentrations, 

flow characteristics and smaller D/d ratios. However, the effect of vibration of the 

shaft should also be considered.
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Graph 4.5.2. Drag Coefficient Cd vs. Re Number for different D/d ratios 
of vortex generator disks for 19.8% concentration of 
CaCOa in slurry (p-0.324 Pa s)

Graph 4.5.3. Drag Coefficient Cd vs. Re Number for different D/d ratios 
of vortex generator disks for 11 % concentration of CaC03 
in slurry (|i‘=0.259 Pas)
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Graph 4.5.4. Drag Coefficient Cd vs. Re Number for different D/d ratios 
of vortex generator disks for 7.94% concentration of 
CaCO3 in slurry (g‘=0.077 Pas)

Graph 4.5.5. Drag Coefficient Cd vs. Re Number for different D/d ratios 
of vortex generator disks for 4.24% concentration of 
CaCO3 in slurry (g-0.006 Pa s)
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Graph 4.5.6. Drag Coefficient Cd vs. Re Number for different D/d ratios 
of vortex generator disks for 2.12% concentration of 
CaCO3 in slurry (p-0.002 Pa s)

4.6. ANALYSIS OF POWER MEASUREMENTS

As previously mentioned, the majority of published research refer to rotary 

mixers and there is only limited information available on vortex ring mixers, 

mostly due to their only recent introduction. One of the most common 

characteristics for different types of rotary mixers described in the literature, is 

the Power Number (Np). This dimensionless group is presented by the following 

equation (Sterbachek and Tausk):

Np=Ap/pv2 4.6.1.
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The power number expresses power relations in the system and is 

important for determining the power input.

The Power number may be also written in the form:

Np = Fd/p^A 4.6.2.

A plot of Np vs. Re number for different CaCO3 slurry concentrations for 

given D/d ratio is presented in Graphs 4.6.1. through 4.6.3.

Extensive data on different types of rotary mixers can be found in 

literature and some of the experimental data includes effects of different slurries. 

Plot of Power number vs. Re number for a turbine impeller under non-baffled 

and baffled condition in CaCO3 and MgCO3 slurries is presented in Graphs 

4.6.4. and 4.6.5. respectively (Nagata).

There is some similarity between the nature of the Np vs. Re curve in 

Graphs 4.6.1. through 4.6.3. compared with the Np vs. Re curve in Graph 4.6.5. 

found in the literature. However, no direct comparison should be made since 

Graph 4.6.5. refers to different flow characteristics, that is, constant speed and 

simpler geometry.
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Graph 4.6.1. Power number Np vs. Re Number for different 
concentrations of CaCO3 in slurry for D/d=1.5

Re-pvd/p’, D/d«1.71

Graph 4.6.2. Power number Np vs. Re Number for different 
concentrations of CaC03 in slurry for D/d=1.71
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Graph 4.6.3. Power number Np vs. Re Number for different 
concentrations of CaC03 in slurry for D/d=2

Graph 4.6.4. Power number vs. Re number for turbine impellers under 
non-baffled conditions for CaCO3 (Nagata)
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Graph 4.6.5. Power number vs. Re number for turbine impellers under 
baffled conditions for CaCO3 (Nagata)

Analyzing Np vs. Re curves for given D/d ratio following could be 

observed:

For higher Re numbers Np vs. Re tends to approach the constant value 

for all concentrations, for the same D/d ratio. Therefore with a constant geometry 

and oscillating frequencies of the generator plate any change in viscosity 

requires same power input. This means it is possible to use an electric motor 

sized for any condition in the given range of Re numbers without risking 

overloading of the drive motor. The opposite situation occurs for the Re numbers 

where Np vs. Re curve has minimum. Consequently a VRM with an electric
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motor sized for the minimum operating condition will overload if it departs from 

minimum condition.

The power that was required was also calculated using an EXCEL 5.1 

spreadsheet using following formula:

P = Fd*v 4.6.3.

Velocity v is calculated as: 

y = ---- = ---------
^2— 4.6.4.

where 5, is the displacement taken as data provided from displacement 

transducer.

The calculated values are presented in Appendix A. When analyzing 

power consumed by the mixing process and comparing it to the total power 

consumed by the mixing system, it can be seen that the power ranges from 1% 

of total power for the smallest generator plate running at 1 Hz, to 19% of total 

power for the largest generator plate running at 2 Hz.

The power consumption was calculated using the drag force. The drag 

force was not significantly affected by the level of slurry concentration and 

therefore neither was the power consumption (Graph 4.6.6.).
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The most contributing factors for power consumption were the generator 

plate size and the oscillating frequency that were used. A plot power vs. 

oscillating frequency of the generator plate for different orifice diameter for given 

D/d ratio is presented on Graphs 4.6.7. through 4.6.9. These graphs would be 

useful for optimizing the mixing process when used in conjunction with the 

mixing time and quality of mixing.

Graph 4.6.6. Power P vs. concentration for given oscillating frequency (typical)
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D/d-1.5

Graph 4.6.7. Power vs. oscillating frequency of the generator plate 
different orifice diameters d for D/d=1.5

for

D/d-1.71

Graph 4.6.8. Power vs. oscillating frequency of the generator plate 
different orifice diameters d for D/d=1.71

for
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D/d-2

Graph 4.6.9. Power vs. oscillating frequency of the generator plate for 
different orifice diameters d for D/d=2
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CHAPTER 5

CONCLUSIONS

A system for analysis of drag force and power consumption for an AC 

motor driven vortex ring mixing mechanism was developed.

Ten sizes of vortex ring generator plates were tested at three oscillating 

frequencies of generator plate in five aqueous CaCO3 slurry concentrations. 

Collected data included displacement, force, concentration, viscosity and power 

measurements. The results of the study can be summarized as follows:

Firstly, rheology analysis revealed that tested CaCO3 slurry exhibits 

Bingham plastic properties with shear thinning. Thus, the power requirement for 

a VRM may be higher for initiation of mixing for this type of slurry.

Secondly, it was concluded that the drag force and the power 

consumption appeared to be primarily a function of the generator plate outside 

diameter to orifice diameter ratio (D/d) and its oscillating frequency. Both drag 

force and power consumption increased as D/d ratio and oscillating frequency 

increased.
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Thirdly, the CaCO3 slurry concentrations tested in this study did not have 

any significant affect on the either the drag force or power consumption, but may 

have an affect on the power requirement during start-up, as previously stated.

Fourthly, for a particular mixing system the major efficiency penalty is in 

losses within drive system and only a fraction of the energy supplied, as high as 

19%, is being transferred to the fluid being mixed.

Furthermore, the drag coefficient increased with increasing D/d ratio for 

larger Re numbers and approached narrow range of Cd for the same D/d ratio 

as the Re number increased. This range was the same for all five CaCO3 

concentrations investigated.

The nature of the Np vs. Re curve for the VRM used in the experiments 

was found to be similar to the Np vs. Re curve for the turbine impeller under the 

baffled condition. However, due to the more complex geometry and oscillating 

motion of the VRM, no direct comparison could be made.

Lastly, the drive system used in these experiments appears to be 

acceptable for the mixing of slurries having a yield stress, since it is capable of 

varying the power that is put in a mixture.
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CHAPTER 6

RECOMMENDATIONS

This study showed that for a particular mixing system the major efficiency 

penalty is in losses within drive system and only a fraction of the energy 

supplied, as high as 19%, is being transferred to the fluid being mixed. It is 

therefore recommended that the design of the drive system be reviewed in order 

to asses the major areas of energy losses and a way of controlling them.

In order to reduce overhang load on a reducer output shaft, a coupler can 

be redesigned to stiffen the link between flywheel and output shaft as shown in 

Figure 6.1. Also, Scotch Yoke mechanism could be used as alternative to the 

currently used mechanism.

A problem that could occur during industrial application of this mixing 

system is related to the drive shaft length. With longer shafts there is tendency 

to bend caused by drag force which exaggerates unbalanced forces on the 

generator plate. Possible solution to this problem is to use the supporting 

structure for the shaft or to employ a conical shaped vortex ring generator.
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Since this study showed that for the CaCO3 slurry concentrations, drag 

force and power consumption were mainly affected by the size of the generator 

plate and its oscillating frequency, it is recommended that future research 

include mixing time and quality of mixing along with drag force and power 

measurements. Experiments may be applied to some frequently used industrial 

mixtures for determining the best combination of parameters. Eventually, with a 

design of highly efficient mixing mechanism different shapes of generator plates 

could be tested in order to reduce drag force.
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Figure 6.1. Mechanism Improvement - Coupler Redesign
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Stroke length s=5” (127 cm)

Disk 
(4>D x 4>d)

Disk 
speed 
(Hz)

Drag Force 
Power Pd 

(W)

Percentage of 
Total Power 

(%)

Total 
Power 

(W)

15”x10”
(38.1cm x 25.4cm)

1 3.63 5.2 70
1.5 11.57 11.6 100
2 24.62 16.4 150

15”x7.5”
(38.1cm x 18cm)

1 6.57 8.2 80
1.5 21.51 16.5 130
2 40.41 18.8 215

12” x 7” 
(30.48cm x 17.78cm)

1 2.53 3.6 70
1.5 7.65 8.5 90
2 19.13 15.0 127.5

12” x 8” 
(30.48cm x 20.32cm)

1 2.06 3.1 67.5
1.5 7.23 8.5 85
2 13.72 11.9 115

9” x 4.5” 
(22.86cm x 11.43cm)

1 1.05 1.6 67.5
1.5 4.68 5.7 82.5
2 12.23 11.4 107.5

9” x 5.25” 
(22.86cm x 13.34cm)

1 0.81 1.2 67.5
1.5 3.17 4 80
2 9.45 9.2 102.5

9”x6”
(22.86cm x 15.24cm)

1 0.71 1.1 65
1.5 2.40 3.1 77.5
2 7.41 7.6 97.5

6” x 4” 
(15.24cm x 10.16cm)

1 0.57 1.0 62.5
1.5 2.03 2.8 72.5
2 3.29 3.7 90

6” x 3” 
(15.24cm x 7.62cm)

1 0.86 1.4 62.5
1.5 2.51 3.5 72.5
2 3.81 4.1 92.5

6” x 3.5” 
(15.24cm x 8.89cm)

1 0.72 1.1 65
1.5 2.18 2.9 75
2 3.75 4.2 90
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