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ABSTRACT

THE EFFECT OF PARTICLE SHAPE ON JUST-SUSPENDED SPEED OF
MIXTURES OF SOLIDS AT HIGH CONCENTRATIONS

Kiitiikcii, Basak
M. Sc., Department of Chemical Engineering

Supervisor: Asst. Prof. Dr. inci Ayranci

June 2017, 103 pages

Solid-liquid mixing is a common application in the chemical industry. For solid-liquid
mixing operations, it is important to determine the impeller speed which provides the
maximum contact surface between the phases at minimum power consumption. This
impeller speed is called just suspended speed, Njs. Njs can be determined
experimentally by visual observation or pressure gauge measurement method. If the
mixing system is at the design stage or if it is not possible to apply experimental
methods, the correlations in literature are used to predict Njs. Most of the studies on
this subject have been done with unimodal slurries of spherical particles at low solids
concentrations, and some with mixed slurries of spherical particles at high
concentrations. But industrial applications generally consist of mixtures containing
many solid phases and irregularly shaped particles at high concentrations.

In this study, the aim was to test the applicability of the correlations in literature for
mixed slurries that have non-spherical particles at high concentrations and to test the
applicability of pressure gauge measurement method at conditions that are different
than literature conditions.

First, the suspension behaviour of mixed slurries with non-spherical particles was
investigated. The results showed that spherical particles are harder to suspend. To

investigate whether a correction is required in correlations, the Njs predictions of
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Ayranci’s correlation were compared for the unimodal slurries with spherical and non-
spherical particles. Ayranci’s correlation was chosen because the most accurate Njs
predictions were obtained with this correlation compared to the other correlations in
literature without any shape consideration. It was seen that the predictions with
Ayranci’s correlation are at almost the same accuracy for both spherical and non-
spherical particles. Nevertheless, to obtain more accurate results for non-spherical
particles, the performance of aspect ratio, circularity, convexity, Wadell’s sphericity
and Corey’s shape factor was compared to incorporate particle shape mathematically.
It was decided that Wadell’s sphericity is the most convenient factor to represent the
effect of particle shape on solids suspension in stirred tanks. With this, the standard

deviations in the predictions decreased.

The mixed slurry Njs was measured experimentally and these results were compared
with the predictions using the power model. A correction on the power model was
recommended for the slurries that show networking effect. This correction allowed for
the prediction data to follow the experimental data more closely. When the correction
for the particle shape in Ayranci’s correlation was introduces, the standard deviations

in the prediction of mixed slurries decreased.

Finally, the applicability of pressure gauge measurement method was tested at
conditions that are beyond the limits that it was developed initially. The problems
encountered with collection and analysis of data at these out-of-limit applications and
the solutions to overcome them are reported. Also, the visual observation method and
the pressure gauge measurement method were compared with a large data set for the

first time, in this study.

Keywords: Solids suspension, just suspended speed, particle shape, pressure gauge

measurement method, high concentrations, stirred tanks, mixing
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YUKSEK KONSANTRASYONLU KATI SIVI KARISIMLARINDA
PARTIKUL SEKLININ MINIMUM KARISTIRMA HIZINA ETKIiSi

Kiitiikcii, Basak
Yiiksek Lisans, Kimya Miihendisligi Boliimii

Tez Yéneticisi: Yrd. Dog. Dr. inci Ayranci

Haziran 2017, 103 sayfa

Kati-s1vi karigtirma kimya endiistrisinde sik¢a karsilasilan bir uygulamadir. Kati-sivi
Karistirma operasyonlarinda minimum gii¢ tiiketiminde, fazlar arasindaki maksimum
temas ylizeyini saglayan karistirici hizin1 belirlemek 6nemlidir. Bu hiz minimum
karigtirma hizi, Njs, olarak adlandirilir. Njs deneysel olarak gorsel 6l¢limler veya basing
fark: 6l¢timii yontemi ile belirlenebilir. Karistirma sistemi tasarim asamasindaysa ya
da deneysel yontemleri uygulamak miimkiin degil ise Njs tahmini i¢in literatiirde yer
alan korelasyonlar kullanilmaktadir. Bu konu hakkinda yapilan akademik ¢aligsmalarin
cogu diisiik konsantrasyonlarda tek kati faz iceren ve kiiresel partikiillii karigimlar ile,
bir kismi ise yiiksek konsantrasyonlarda iki kat1 faz igeren kiiresel partikiillii karisimlar
ile yapilmistir. Ancak endiistriyel uygulamalar gesitli sekillerdeki ¢ok sayidaki kati

fazin1 yliksek konsantrasyonlarda i¢eren karisimlardan olugsmaktadir.

Bu calismada yiiksek konsantrasyonda kiiresel olmayan partikiillerden olusan iki kati
fazli kati-siv1 karigimlar igin literatiirdeki korelasyonlarin uygulanabilirliginin ve
basing Ol¢iimii yonteminin literatiirde yer alan kosullardan farkli kosullarda

uygulanabilirliginin test edilmesi amaglanmistir.

Oncelikle, kiiresel olmayan partikiillerden olusan iki kati fazli karigimlarin

siispansiyon davranisi incelenmistir. Sonuglar kiiresel partikiillerin daha zor siispanse
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olduklarini gostermistir. Tek kati fazli kati-sivi karigimlari i¢in  Ayranci’nin
korelasyonunun kiiresel ve kiiresel olmayan partikiiller ile verdigi sonuglar
karsilastirilmistir. Ayranci’nin korelasyonunun her iki partikiil tipi i¢in de neredeyse
ayni dogrulukta tahminler verdigi goriilmiistiir. Ayranci’nin korelasyonu’nun
secilmesinin sebebi herhangi bir sekil diizenlemesi yapilmadan literatiirde tek kati fazli
kati-s1vi karisimlari igin yer alan diger korelasyonlara kiyasla en iyi sonucu vermesidir.
Yine de kiiresel olmayan partikiiller i¢in daha iyi bir tahmin saglamak i¢in, en boy
orani, dairesellik, dis biikeylik, Wadell’in kiireselligi ve Corey’in sekil faktoriiniin
partikiil seklini matematiksel olarak ifade etme performansi karsilastirilmistir.
Karigtirmali tanklarda partikiil seklini ifade eden en uygun faktoriin Wadell’in
kiireselligi olduguna karar verilmistir. Bu diizeltme ile Ayranci’nin korelasyonu ile

yapilan tahminlerdeki standart sapma azalmaistir.

Iki kat1 fazl1 karisimlari Njs’leri deneysel olarak 6l¢iilmiis ve bu sonuglar gii¢ modeli
kullanilarak elde edilen Njs tahminleri ile karsilastirilmistir. Ag etkisi gdsteren kati-
stvi karisimlarinin Njs tahminleri i¢in giic modeline bir diizeltme Onerilmistir. Bu
diizeltme kati-s1vi karigimlarinin Njs tahminlerinin deneysel verileri takip edebilmesini
saglamistir. Ayranci’nin korelasyonundaki sekil diizeltmesi ile birlikte iki katili kati-

stv1 karigimlarinin Njs tahminlerinin standart sapmasi diigmiistiir.

Son olarak, basing farki 6l¢limii yonteminin, gelistirildigi kosullardan daha genis
kosullarda uygulanabilirligi test edilmistir. Yontemin limitleri disinda yapilan bu
calismada, veri toplarken ve analiz edilirken karsilasilan problemler ve ¢oziim
onerileri rapor edilmistir. Ayn1 zamanda ilk defa bu caligma ile gorsel yontem ve

basing farki 6l¢limii yontemi karsilastirilmasi genis bir veri seti ile yapilmistir.

Anahtar kelimeler: Kati siispansiyonlart, minimum karistirma hizi, partikil sekli,

basing farki 6l¢iimii yontemi, yiiksek konsantrasyon, karistirmali tank, karigtirma
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v: kinematic viscosity of liquid (m?/s)

v': turbulent eddy fluctuation velocity in vicinity of solid surface (m/s)
emf. Voidage at minimum fludization velocity

d: constant used in Equation (1.5)

v: constant used in Equation (1.5)

B: constant used in Equation (1.5)

a: dimensionless energy damping constant in Equation (1.3)

T: torque acting on particle (N.m)

¢: Shape factor

¢c: Corey’s shape factor

ow: Wadell’s sphericity

oH: Heywood’s shape factor

ov: Volumetric shape factor
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CHAPTER 1

INTRODUCTION

1.1 Definition of Mixing

Mixing can be defined as reduction of inhomogeneity to achieve desired process
results (Atiemo-Obeng and Penney, 2004). The inhomogeneities can correspond to
concentration, phase or temperature distribution, and they can affect the process

objectives such as mass transfer rate, reaction yield or properties of products.

The research about industrial mixing is critical because setting up a mixing process,
reaching products which have desired properties and maintaining an efficient process
is only possible with the development of fundamental understanding of mixing

processes, which can be done through research.

In the development step of a process which includes mixing operations, if mixing

scale-up fails to produce the required product quality or production yield:;
e the cost of production can increase significantly,

¢ selling of the product can be delayed or canceled because of insufficient time and
cost to correct the mixing problem.

The cost of appropriate evaluation and solving the mixing issues at the process
development stage is less than the cost associated with these problems. Even if the
mixing requirements are scaled up correctly, some new methods and alternative
mixing designs for critical applications may need to be developed for more complex

problems.



Single phase mixing has no applications, but multiphase mixing is common operation
in the chemical industry. The aim, examples and significance of mixing can be

explained as follows for most common types of industrial multiphase mixing.

Gas-Liquid Contacting: There are many processes which are based on the mass

transfer between gas and liquid phase. In these processes, absorption and desorption
are the main transfer mechanisms. An example of the gas-liquid reaction is the
chlorination of liquid benzene and other hydrocarbons with gaseous chlorine
(Levenspiel, 1998). In this example, gas chlorine absorbs into the liquid phase to react
with hydrocarbons. According to reaction kinetics, short or long contact time can be
necessary for efficient operation. This means that a careful design of a mixing system

is critical.

Immiscible Liquid-Liquid Mixing: These systems contain two or more mutually

insoluble liquids as separate phases. These phases are the dispersed — or drop — phase
and the continuous — or matrix — phase. Some examples of these systems are
emulsification, nitration, sulfonation, alkylation, hydrogenation, and halogenation.
The rate of chemical reactions is often mass transfer controlled and affected by
interfacial area. Therefore, the total area of drop phase affects mass transfer and the
rate of chemical reactions. For example; in stirred vessels drop size distribution and
resultant average drop size can be controlled by selection of the impeller type, the

position of the impeller and impeller speed (Atiemo-Obeng and Penney, 2004).

Rotor—stator mixers, static mixers, decanters, settlers, centrifuges, homogenizers,
extraction columns, and electrostatic coalescers are the other examples of industrial

process equipment used to contact liquid—liquid systems.

Solid-Liquid Mixing: Solids can be settling or floating in industrial applications. The

highly concentrated solid-liquid suspensions are called as slurry. The main aim of

creating a suspension is to promote the maximum rate of mass transfer.

Solids suspension operations are typically carried out in stirred tanks. Pumped liquid
jets and static mixers are also being used to suspend low concentrations of relatively
slow settling solids and to disperse fine solids into polymers (Atiemo-Obeng and
Penney, 2004).



In this study, suspension of settling solids was investigated. In the next section, some
information was given about operations based on solid-liquid mixing, types of

suspension and critical parameters to design a mixing system for solids suspension.

1.2 Solid-Liquid Mixing

Industrial processes have many unit operations based on solid-liquid mixing.
Dispersion of solids, crystallization and precipitation, solid catalyzed reactions,
dissolution and leaching, absorption, desorption and ion exchange, suspension and
polymerization are examples of solid-liquid mixing operations. The objective of the
process is often to provide maximum mass transfer. To satisfy this objective the
surface area between the solid and liquid phases should be maximum, and this
objective should be achieved at minimum power consumption for an efficient

operation (Atiemo-Obeng and Penney, 2004).

The requirement of maximizing the contact surface for an efficient operation can be
better understood with some more detailed descriptions of operations mentioned
above. For example, in a dispersion process the aim is to suspend and disperse solid
particles and aggregates by an agitator in the fluid and to maintain a uniform
suspension. In a dissolution process, the solid particles become smaller and finally
disappear as a solute in the liquid phase. Leaching means extracting some chemicals
from the solid particles by taking advantage of solubility of the chemicals in the liquid.
Similarly, in desorption and absorption, there are mass transfer phenomena from the
solid to the liquid and vice versa. In solid catalyzed reaction operations, the reaction
occurs at the surface of the catalyst so reactants should absorb to surfaces and products
should be desorbed from the surfaces; therefore, it is important to maintain a uniform
suspension for uniform distribution of reactants and products and maximum mass
transfer area between solid and liquid phases. Precipitation and crystallization starts
with only liquid phase and then solid particles form and grow. During these operations,
the most important things are to minimize particle breakage or attrition and to control

the particle size distribution and uniformity of mixture.

The solid-liquid mixing operations are often carried out in agitated tanks. The state of

suspension can be characterized experimentally by visual or pressure measurement



based methods. The degree of solids suspension is categorized into three groups: on-
bottom motion or partial suspension, complete off-bottom suspension and uniform

suspension. These are illustrated in Figure 1.

At the state of on-bottom motion suspension, the particles are in motion, but they are
not fully suspended. Most particles are in constant contact with the tank base. On-
bottom motion suspension is often used for dissolution of solids. If the solids used can

dissolve in the liquid phase easily, this suspension state is ideal.

At uniform suspension, particle size distribution and particle concentration are uniform
at every point of the tank. If the process objective requires a uniform distribution as in
crystallization reactions, this is the suspension state that should be maintained.

At complete off-bottom suspension, the particles are just-suspended of the bottom of
the tank, allowing for the interaction of the entire surface area of the solids with liquid.
If the process objective is mass transfer only, then the complete off-bottom suspension
should be maintained. This state is the most commonly used state of suspension for
solid-liquid mixing operations in industrial applications (Atiemo-Obeng and Penney
2004).

N<st N:st N>st

Figure 1. (a) On-Bottom Motion Suspension or Partial Suspension, (b) Complete
Off-Bottom Suspension, (c) Uniform Suspension



The state of complete suspension is generally characterized by Zwietering criterion:
when no particle remains stationary on the tank bottom for more than 1 to 2 s, the
complete off-bottom suspension is achieved. The impeller speed for this condition is

defined as just suspended speed, Njs (Zwietering, 1958).

Considering studies about solid-liquid mixing so far, the parameters which affect Njs

can be listed as:

e Densities of solid and liquid phase,

o Particle size,

e Diameter of the tank and the impeller,
o Impeller type,

e Off-bottom clearance,

o Baffle width,

e Solids loadings,

e Shape of tank bottom,

Liquid height.

The most commonly used state of suspension is complete off-bottom suspension so
studies are generally based on this state of suspension. In the next section, the methods

to determine just suspended speed are explained.

1.3 The Methods to Determine the Just Suspended Speed

The just suspended speed is either determined by experimentally for a small scale of
the industrial system and then scaled-up, or by using the correlations available in the
literature. In this section first the experimental methods, and then the correlations are

explained in detail.



1.3.1 Experimental Methods

Njs is most commonly measured by observing the bottom of the tank which is in line
with Zwietering’s definition. This method; however, has some drawbacks. It is
observer-dependent. The results may vary between observers. (Atiemo-Obeng and
Penney, 2004). The accuracy of the measured Njs ranges from 7 % to 38 % between
observers, depending on the particle types in the slurry, the colour contrast between

particles and the liquid phase is important (Ayranci and Kresta, 2011).

Another visual observation method is based on measurement of cloud height of the
suspension as defined by Einenkel and Mersmann (1977). When solids are suspended,
interface forms between the clear liquid at the top of the tank and the solids rich
volume, just below. Einenkel and Mersmann (1977) proposed that the impeller speed
that provides a cloud height of approximately 90% of the total liquid height is the just
suspended. This visual method does not appear more reliable than Zwietering’s
method. First of all, it considers the particle motion in the axial position in the tank,
rather than the bottom of the tank. The bottom view clearly gives more information
about the suspension state. Even if the particles may seem suspended when observed
from the side, the bottom view can show that most are still stationary at the tank base.
Second, if the suspension contains various sizes of particles, the easy to suspend
particles can reach the top of the tank easily although some hard to suspend particles
are still on the bottom of the tank. Because of these, the cloud height method is

unreliable, and cannot be used to accurately determine the just suspended speed.

These visual methods are very simple; however, they are required the use of
transparent tanks. It is possible to use transparent tanks in laboratory scale equipment,
but it is not practical for larger-scale tanks (Kasat and Pandit 2005). These methods

are also observer-dependent.

These drawbacks revealed the need for new measurement methods which are
independent of the observer, and applicable to any type of tank. Micale (2002)
proposed pressure gauge measurement method. This method is based on the
measurement of changes in the pressure at the bottom of the tank, while the impeller
speed is increasing. When the impeller is running, the fluid motion causes the pressure

at the bottom of the tank to increase. The vertical forces due to force exchange between



impeller and fluid or friction on the vessel lateral and baffles contribute to bottom

pressure are called as dynamic head effects.

When particles are suspended in liquid, the forces acting on the base become greater
with respect to the state when there are no particles. This is because the distribution of
the particles into the liquid phase changes the apparent density of the fluid and
increases pressure captured by a sensor placed at the bottom of the tank (Micale et al.
2002). As shown in Figure 2 while the apparent density of fluid increases, pressure
increase would have a greater gradient. For instance, the apparent density of water
increases from 1000 to 1060 kg/m?® for the mixture which includes 10 wt % glass, from
1000 to 1200 kg/m?3 for the mixture which includes 30 wt % glass. Once all the particles
are suspended in the liquid, the pressure increase is only due to the dynamic head
effects. After the complete suspension of all particles pressure increase becomes only
dependent on kinetic energy transferred from the impeller to the slurry, therefore the
pressure increase becomes proportional to the square of the impeller speed and the
pressure data can be represented by a second-order parabola. This parabola helps to
determine pressure differences at just suspension condition, the pressure increase due
to the dynamic head effects at each impeller speed and the Njs. The detailed
information about the application of pressure gauge measurement method is given in
Chapters 3 and 4.
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Figure 2. A typical plot of pressure change at the bottom of the tank with increasing
impeller speeds. The second order parabola that represents the cases at and above Nijs

is also shown.



The pressure gauge measurement method is observer independent. This is a major
advantage compared to the other methods available in the literature. This method was
used in three studies in the literature, all of which were limited to single solid phase
slurries with low Njs values. The method was not tested for high solids concentrations
- therefore high Njs - slurries, and slurries with more than one solid phase. The
application of the method to these extreme conditions is tested in this thesis.

1.3.2 Correlations

Experimental methods can be used to determine just suspended speed during the

operation. In design stage of a mixing system, the need for empirical correlation arises.

Zwietering (1958) proposed a correlation to calculate Njs using a very large data set
that he collected for several impellers and tank geometries. Equation (1.1) was
obtained via dimensional analysis, except for the kinematic viscosity and density
terms. After all the exponents for the rest of the terms were found, experiments were
conducted with five different impellers to find the exponent of kinematic viscosity and

density term:
( _ ) 0.45
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Here ps and pi are densities of solid and liquid phases, g is acceleration of gravity, v is
kinematic viscosity, X is solids loading term, d, is diameter of particles, D is diameter
of impeller and S is the geometry-related term which depends on the ratios of the
impeller to tank diameter (D/T), clearance to tank diameter (C/T) and type of impeller.
Zwietering’s correlation has been used as design equation for mixing processes since
it was developed, but recently some critical analysis of this correlation showed its
deficiencies, and new correlations were proposed that can be applied to slurries that

show properties similar to the industrial cases.



Main deficiencies of the Zwietering correlation are summarized as follows (Ayranci
and Kresta 2014):

e The Zwietering constant does not only depend on impeller type, impeller size,
clearance but also the shape of the tank bottom, geometry of baffles and particle
type. It also cannot express the effects of impeller type, impeller size, clearance

correctly.

e There is a viscosity term in the Zwietering correlation, but this term is arguable

because of lack of experiments that are conducted with a wide viscosity range.

e Solids concentration term leads to unreasonable results when solids concentration

is too low and its exponent cannot represent all range of solids concentration.

The studies to solve these problems which restrict the use of Zwietering’s correlation

are listed below.
The effect of geometry and scale cannot be expressed with Zwietering constant, S:

Ayranci et al. (2012) stated that effect of geometry and scale could not be represented
with Zwietering’s constant, S. If the mixing systems with the same geometry but
different scales are compared, the difference between Njs values of these two systems
cannot be predicted with only D%8. The mechanism of solids suspension should be

further investigated to predict the effect of scale-up on Njs (Ayranci et al., 2012).

As mentioned above, the impeller type, impeller size and clearance affect the
Zwietering constant. Wong et al. (2015) stated that some impellers like pitched blade
turbines and propellers can create double loop flow which causes a significant increase
in Njs at systems that have larger C/D ratio than 0.75. Zwietering’s correlation did not
consider such effects. Also, the new impeller types that work better for solids
suspension were developed afterwards; therefore, the impellers used by Zwietering are
different from those used today (Wong et al. 2015).

Ibrahim et al. (2015) reached the conclusion that the Zwietering constant deviates less
than 20 % from the result of correlation in the condition that C/D ratio is lower than
0.25 and solids loading is lower than 20 wt %. At higher solids loadings and C/D ratio,
deviation of S values can reach up to 70 %. Also, it was observed that deviation of



Zwietering constant is affected more by off-bottom clearance and solids loading when
using certain types of impellers. It can be understood from these inferences that
Zwietering constant is not sufficient to predict Njs of mixtures at wide concentration

and clearance ranges accurately.

The viscosity term is not reliable for mixtures which have fluids more viscous than

water:

Ibrahim and Nienow (1994) found that the Zweitering’s correlation is likely to fail,
with an error as large as 90 % when a high viscosity liquid than 1 Pa.s is used.
Zwietering’s experiments contain liquids which have viscosities between 0.31x107
and 9.3x10° Pa.s. the viscosity range is not wide enough to determine an exponent on
the viscosity term that can represent the effect of viscosity for fluids larger than 1 Pa.s
viscosity. Solids suspension has applications for high viscosity fluids with varying
rheological properties. The effect of viscosity and rheology should be considered for
solids suspension applications. When there is a large amount of dispersed fine particles
in suspension, it causes shear-thinning non-Newtonian behaviour. In such a situation
suspension of coarse particles are affected by the non-Newtonian flow of the fluid+fine
solids (Wu et al. 2001).

The solids loading term may cause non-physical results:

Myers et al. (2013) conducted experiments for different particle types with about 25
particles of each type, separately. They observed that Njs of 25 particles is 72 % of Njs
of 1 wt% solids. This is a significant Njs; however, the correlation predicts zero Njs.
This shows that the solids loading term may give non-physical results.

At high concentrations, the Zwietering correlation fails to represent experimental

data:

The particle-particle interaction is not only effective for the mixtures that contain solid
components which have varying sizes and densities but also for unimodal slurries at
high solids loading. Myers et al. (2013) determined three new exponents for
Zwietering’s solids loading. According to their findings, the exponent of X should be
0.097 at low solids loadings (0<X<b5) to 0.22 at intermediate loadings (5<X<25) and
0.34 for the high loadings (25<X<67). Also, Ayranci and Kresta (2014) proposed new

10



exponents: 0.17, 0.23 and 0.32 for solids loading term for the entire solids
concentration range they tested. Their exponents are grouped according to particle

type.

In addition to critical studies mentioned above, there have been some other studies that
proposed a new correlation to predict Njs. Baldi et al. (1978) proposed a theory based
correlation to predict Njs. Their correlation is based on an energy balance that the
required potential energy to lift a particle from the bottom of the tank is equal to the
turbulent Kinetic energy transferred to the particle, and the turbulent kinetic energy
should be the energy of the turbulent eddies with similar sizes as the particle. They
finally obtained Equation (1.2). Z values were obtained experimentally and given in
graphs. Z values approach 1 for mixtures at concentrations higher than 2 wt %,

therefore; Njs becomes independent from solid concentration.

1
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Davies (1986) wrote a force balance around one isolated particle and proposed another
theory based correlation. According to his hypothesis, while a particle becomes
suspended, the gravitational force of a particle is balanced by turbulent eddy forces
acting on it. When he wrote the force balance, he used Baldi’s hypothesis, so he
assumed that eddy’s size equal to particle diameter at the just suspended condition.
Unlike Baldi’s correlation, there is a concentration term in Davies’ correlation. This
term comes from the assumption that suspended particles distribute energy around

them and this energy causes a decrease of turbulence. When he used turbulent velocity

). o is

dimensionless energy damping constant, Cy is the concentration at near bottom of the

V,

(1+aCy

in his equations, he assumed that they are reduced locally to (

tank. Cy can be taken as equal to solids concentration at the state of just-suspended.
The equation which is obtained with these assumptions is given in Equation (1.3), n

depends on particle size.
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Davies observed that Cy, term can give compatible results with experimental data in
the range of 0.08<C<0.1. Their data were not tested with the mixtures at concentrations
higher than Cp=0.1.

Ayranci and Kresta (2014) examined Zwietering’s correlation and determined its
limits of applicability. They also aimed to propose a correlation considering
Zwietering’s findings and Baldi’s hypothesis. When relationships between Njs and the
parameters which are given by Zwietering is examined, it can be said that terms of
density, particle size and viscosity are expressed partially correctly but experimental

data is required to determine how the terms of clearance and solids loading should be.

Ayranci et al. (2012) found that the dominant mechanism for suspension of solids is
the turbulent eddies for an impeller of T/3 diameter. This is in line with Baldi’s
hypothesis; therefore, to take account for his hypothesis, they used his exponents for
dp, D, T and Np in their correlation. Then, they used experimental data to obtain a

representative concentration term.

After the arrangements and data analysis, they found that Zwietering’s constant (S)
does not only depend on geometry, it is also a function of physical properties of fluid
and particles and scale of the mixing system. It is stated that power per mass is constant
for systems which are at different scale but have the same ratio of C/T and D/T.
However, the amount of power per mass is affected by density and size of particles,
density and viscosity of fluid, diameter and type of impeller. A’ constant which can
express these effects is found and given in Equation (1.4), after the modification of S.
The condition of constant power per mass is ensured with A’ so Equation (1.4) can be

used on scale-up.

1 1 1
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Ayranci and Kresta (2014) found three possible n values 0.17, 0.23 and 0.32 which
will be used in Equation (1.4) as the exponent of solids loading term. The exponent of
0.23 is the average exponent that represents the entire data set. Ayranci’s correlation

gives accurate results up to 35 wt % solids.
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Grenville et al. (2016) proposed another correlation known as GMB. This correlation
satisfies the rule of constant power per mass on scale up. First, they stated that required
potential energy which particle has when it is lifted from the tank bottom is equal to
turbulent kinetic energy transferred to the particle. Turbulent Kkinetic energy is a
function of energy dissipation rate and length of the eddies. They accepted the truth of
Baldi’s hypothesis and assumed that length of eddies is equal to particle diameter.
Then they obtained an equation that includes Reynolds number of turbulent eddies and

Archimedes number.

The relationship between Reg and Ar is examined with the experimental data. It was
seen that there are two regimes: Ree is proportional to Ar*2 and Ar'®. Particle size
causes the formation of these regimes. The regimes show where turbulent eddies and
particles interact. If they interact in inertial sub-range Reg is proportional to Ar*? but
if they interact in viscous sub-range Ree is proportional to ArY®, They analyzed
experimental data taken from regime which particles and eddies interact in inertial sub-
range. Finally, Equation (1.5) is obtained and constants y and d are determined with
regressions. The experiments conducted using the particles which have various sizes

and densities, different clearances at various concentrations.

Reg _ BXY (E)S (1.5)

The other exponents in Equation (1.6) taken from Davies’ correlation directly. Z is
1.528 for pitch blade turbines and 1.213 hydrofoil impellers.

0.1
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These new correlations are significant developments for industrial operations based on
solid-liquid mixing. But these can predict only Njs of slurries which include single

phase.
When there are two or more solid phases, how Njs should be calculated is uncertain:

The industrial operations are composed of mixtures of solids with varying densities
and particle sizes at high concentrations. The interaction between particles has an

important impact on just suspended speed for the mixtures which contain two or more
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solid phases and high concentrations. Montante and Magelli (2007) carried out a
computational study which includes mixtures that have two solid phases. In order to
decide if there is any interaction between solid phases which can affect the Njs of
mixtures, they compared the sum of suspended solid mass measured for unimodal and
mixed slurries at various impeller speeds. According to their results, the presence of
second solid phase does not affect the Njs because the sum of suspended solid mass for
each unimodal slurry is equal to the solid mass of mixed slurry at certain impeller
speeds. Thus, it can be said that Njs of binary mixtures is equal to Njs of unimodal
slurry which is higher than other but their study includes mixtures at low solids
concentrations (<5 wt %). Ayranci et al. (2013a) conducted a study to determine the
accuracy of this inference for high concentrations - up to 35 wt % - and they proved
that interactions between solid phases are so important that they affect Njs. These
interactions become even more important for concentrations higher than 20 wt %.
They proposed to use the momentum or power model to predict Njs of mixtures. These
models based on the hypothesis that the required momentum or power to suspend
mixture is equal to the sum of momentum or power of each solid phases. While
momentum model generally gives results higher than experimental data, the results of
power model are more accurate and acceptable. Power model which obtained by
Ayranci et al. (2013) is given in Equation (1.7). Bao et al. (2013) conducted another
experimental study to decide whether the visual Njs is equal to Njs calculated from the
sum of power required to suspend each solid phase. According to their results, this
theory is valid for binary and ternary solid mixtures but Njs obtained from the sum of
power is 10 % higher than measured Njs for low-density (<1500 kg/m?) solid mixtures

and high density (>2400 kg/m®) solid mixtures.

Y
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Ayranci and Kresta (2011) investigated particle-particle interactions and its effect on
just suspended speed. Njs of mixtures generally increases when the solids loading
increases except for conditions that the less dense component is smaller than or similar
to the more dense component. In their study, it was observed that small and less dense
particles create a network which enables denser and larger particle to be suspended

more easily. Such suspension mechanism which includes the formation of a network
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is called networking mechanism. Power model can be applied with a standard
deviation of 9 % except in cases involving network mechanism. In such cases, when
solids concentration is higher than 20 wt %, an increase of concentration causes a

decrease of Njs. Power model cannot calculate Njs mix correctly in such situations.

Some explanations and correlations were given to account for the parameters that
affect solids suspension. Another parameter that has not yet been considered, but
requires attention is particle shape. In research, often spherical particles are used;

however, such particle shapes do not represent the slurries dealt with in the industry.

1.3 Motivation of Thesis

The industrial mixing applications involve both concentrated and mixed slurries with
non-spherical or irregularly shaped particles. In literature, there are investigations
about concentrated and mixed slurries but the effect of particle shape on Njs of
unimodal and mixed slurries have not been expressed in correlations even if differently
shaped particles were used for some of the tests. The aim of this study was to
investigate how the Njs is affected by the particle shape and to represent the effect of
particle shape in the prediction of Njs of unimodal and mixed slurries. Also, the visual
method to measure the Njs of unimodal and mixed slurries is observer dependent. PGM
method was used in this study with the aim of testing the applicability of PGM method

to industrial applications with a large data set for mixed slurries at high concentrations.
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CHAPTER 2

LITERATURE SURVEY

2.1 Behaviour of Non-Spherical Particles in Different Applications

The shape of the particle can affect the difficulty of lifting a particle from the bottom
of the tank because it influences motion on the bottom, the interaction between the
particles and fluid drag forces on the particles (Thorpe and Stevenson 2003).

There are some studies about the behaviour of non-spherical particles conducted in
stirred tanks, pipes and fluidized bed reactors. The critical design parameter tested is
the just suspended speed in stirred tanks, the deposition velocity — minimum velocity
required to transport a slurry — in pipes, the minimum fluidization velocity in fluidized
bed reactors. There are studies in the literature that show the relationship between the
sphericity and drag coefficient or drag force. They are useful to comment on the

behaviour of particles in applications mentioned above.

Leith (1987) studied to expand the range of use of Stoke’s law which defines the drag
force for spherical particles in a creeping flow. When he used an extension to Stoke’s
law, it was seen that as objects become less spherical, the surrounding flow field
becomes less compared to around a sphere, causing drag on non-spherical objects to
be higher than predicted. This result means that reduction of sphericity causes
facilitating the drift.

Loth (2008) examined the relationship between the particle Reynolds number and drag
coefficient (Cp) with the help of his experimental studies. In his study, it was observed
that the particles which have the larger surface area than the surface area of the sphere
which has the same volume as the particle, they have higher drag coefficient. The
larger surface means less sphericity. When the value of drag coefficient becomes

higher, particle settling velocity would be smaller. Equation (2.1) shows the formula
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of settling velocity and the relationship between settling velocity and drag coefficient
is seen in this equation. As illustrated in Table 1, Oldshue (1983) categorized the
mixing problems according to the settling velocity value that they have. For particles
which have a free settling velocity of 0.1 to 6.0 ft/min, the power required for complete
suspension and total uniformity is two and four times and a free settling velocity of 4
to 8 ft/min, the power ratios are 3 and 9 for complete suspension and total uniformity,

according to this.

U = 4gd, (ps — p1) 2.1)
¢ 3 p Cp '

Therefore, it can be considered that when sphericity decreases, Cp increases and this
situation leads to the fact that the particles have lower settling velocity and less energy

input for the state of complete suspension.

Table 1. The relationship between settling velocity of particle and required power to
achieve suspension criteria (Oldshue, 1983, Atiemo-Obeng and Penney, 2004)

Suspension Power ratio at Power ratio at Power ratio at
Criteria settling velocity | settling velocity of | settling velocity
of 16-60 ft/min 4-8 ft/min of 0.1-0.6 ft/min
On-bottom motion 1 1 1
Complete off- 5 3 2
bottom suspension
Total uniformity 25 9 4

As the settling velocity of particle decreases, to achieve

complete off-bottom suspension is required less power

»
»
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Ditl and Nauman (1992) conducted an experimental study with thin plate and disc
shaped particles and concluded that thickness of the particles is the controlling
dimension on Njs, their shape or major dimensions are not important. They observed
that as the thickness of a particle increases, Njs increases. After a certain thickness, Njs

is not affected by increasing thickness and remains constant.

Lambert and Smith (1996) conducted some experiments with buttons, tiddly winks
and other, thicker, plastic disks in a stirred tank. They compared the visual Njs of the
particles and the Zwietering prediction with their volume equivalent diameters. The
measured data was higher than predicted data for non-spherical particles, but these
data were equal to each other for spherical particles; therefore, they stated that Njs of
non-spherical particles is higher than spherical particles. But they did not compare to
visual Njs of spherical and non-spherical particles directly. They also stated that the
friction force between the particle and bottom of the tank is much larger for flat
particles compared to spherical particles. The spherical particles can roll easily.

The higher friction force between the particles and the bottom of the tank can have a
negative effect on getting suspend of particles, but the flow direction area of a particle
is also an important parameter for drag force on the particle. The larger flow direction
area and the higher drag force can cause lower Njs value. It can be related to individual
mass whether the drag force or friction force is important for a mixture. When the
particles have bigger individual mass, friction force can become more important than

drag force.

Hilton et al. (2010) specified that pressure drop obtained in fluidized beds with non-
spherical particles are higher than in beds with volume equivalent spherical particles.
The reasons for these situations are the reduced voidage and larger flow direction area
of the non-spherical ones. They argued that the reduced voidage arises from that the
face-on-face inter-particle contact is more likely for non-spherical particles. Also, they
showed that fluidization velocities of non-spherical particles are lower than the

velocities of spherical particles.

When all the particles are at rest on the bottom of the tank of a stirred tank, the reduced
voidage can cause friction force between particles, and between particles and the

bottom of the tank; therefore, the non-spherical particles may require higher Nis.
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However, larger flow direction area of non-spherical particles can cause larger drag

force and lower Njs values.

Parveen et al. (2013) have examined the effect of agglomerate shape on the stability
in a fluidized bed. They proposed that spherical agglomerates are more stable than
cylindrical agglomerates as spherical ones are exposed to less shear from bed

turbulence. The torque acting on the particle is calculated as follows:
T = rFsinf (2.2)

where F is the force and r is the distance between where the force is applied and where
the torque is measured. For cylindrical agglomerates, most of the acting forces create
90° angles with the breakage plane, while for spherical agglomerates, the forces do not
create 90° angles, shown in Figure 3. This reduces the magnitude of the torque acting
on the breakage plane of spherical agglomerates. This explains why spherical

agglomerates were more stable than non-spherical ones (Parveen et al. 2013).

90°

Figure 3. The comparison of forces acting on spherical and non-spherical particles
adopted from Parveen et al. 2013.

If this situation is reviewed for an agitated tank, the high torque acting on the non-
spherical particle lead to easier moving and lifting from the bottom of the tank, and
this is desirable for an efficient solids suspension operation thus complete suspension

can be obtained at lower stirrer speed.

Liu et al. (2008) conducted an experimental study providing information on the
relationship between the minimum fluidization velocity and sphericity. Their results
showed that equivalent spherical particles have higher minimum fluidization velocity.
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Schaan et al. (1997) conducted an experimental study to determine the effect of particle
shape on pipeline friction. They used three types of particle shape and they observed
that as the angularity of particles increases, the velocity of particles with the fluid
decreases. They stated that it is more difficult to convey particles which have higher
sphericities with the fluid; because non-spherical particles cause higher force due to
friction with the wall of the pipe.

Henthorn and Curtis (2005) observed that as the sphericity of particle in conveyed
mixture becomes higher, pressure drop at vertical gas-solids pneumatic conveying line
decreases. They stated that it is because the projection area of the particle affects the
drag coefficient. The conveying of the spherical particles from the bottom to the top is
more difficult than the conveying of the non-spherical particles so when they measured
the pressure difference between the bottom and the top of the pipeline, it was lower

for spherical particles.

Kruggel-Emden and Oschmann (2014) investigated the effect of particle shape on rope
formation and dispersion in the pipeline during pneumatic conveying. In Figure 4, rope
formation and dispersion are shown. The non-spherical particles which have larger
projection area accelerated stronger at horizontal pipe section, but spherical particles
have the lowest maximum velocity before entering the bend. On the other hand, the
particles which have higher sphericities have the faster rope dispersion because of
strong particle-fluid interaction, particle-particle collisions and large bend exit
velocities. According to the result of this study, the non-spherical particles can drift
with higher average velocity than the average velocity of spherical particles. On the
other hand, the spherical particles do not slow down at the bend region because of the

interaction with fluid and each other.
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Figure 4. Schematic diagram of the simulation set-up adopted from Kruggel-Emden
and Oschmann, 2014

2.2 Mathematical Definition of Particle Shape

In this study, suspension of non-spherical particles in a stirred tank is studied. The Njs
correlations in the literature were evaluated to account for the effect of non-sphericity.
This reveals the need for a factor which can express the particle shape numerically.
Based on the literature, particle shape can be defined in terms of several different
factors. These factors can be divided into three groups; 2D, 3D and measurement based

shape factors.

2.2.1 2D Shape Factors

2D shape factors are preferable since only the images of the particles are required for
their calculation. There are image analysis programs that enable to measure sizes of
particles or calculate some ratios which identify their shape, so it becomes easy to
determine 2D shape factors. The shape factors considered in the group of 2D shape

factors are listed and explained below:

a) Aspect Ratio: It is introduced by Schneiderhéhn and defined as the ratio of minor
axis to major axis of a particle which are perpendicular to each other. If the shape

of the particle is indented, an ellipse can be fitted and axis can be measured from
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b)

representative ellipse (Liu et al. 2008). This factor gives information about
elongation, but it cannot distinguish some shapes, e. g. square and circle
(Bouwman et al. 2004).

AR = (2.3)

d
b
Elongation: It is defined as the ratio of the distance between two farthest points of
the particle to the shortest side of a rectangle which has equal perimeter and area
to projected area of the particle (Saad et al. 2011). The definition of this factor is
also shown in Figure 5.

El = (2.4)

L
R
Another definition of the elongation is given in Equation (2.5) a/b is the ratio of
the minor axis to the major axis of the ellipse that has the same center as projected
area of the particle (Emara and Ahmed 2009).

El = log2 (2.5)

a
b
Circularity: Circularity was first described by Cox; therefore it is also called Cox’s
roundness. Circularity is defined as a ratio that involves projected area and
perimeter of this area ( Radoici¢ et al. 2014). The definition is given in Equation
(2.6). The measurements required to calculate circularity are significantly affected
by the scale of measurement and the resolution of the image. This problem is often

referred as the Coastline of Britain Problem (Bouwman et al. 2004).

4mA

= (2.6)

Circularity =

Another definition of circularity is that the ratio of the perimeter of projected area
to perimeter of a circle which has an equivalent area (Saad et al. 2011). The

definition is given visually in Figure 5.

Circularity = (2.7)

P
2VTA
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d)

f)

9)

Projection shape factor: This factor is a modified version of circularity which is
given in Equation (2.6). The aim of modification is to decrease the dependence of
shape factor to the scale of measurement and resolution of the image. When
perimeter is measured, lines from the center to the periphery are drawn at 5°
intervals and points that intersect the outer boundary and lines are merged in order
to obtain perimeter which is smoother than the real perimeter (Bouwman et al.
2004).

4mA
Projection Shape Factor = ——— (2.8)

smooth
Convexity: It is a factor that gives information about indentation of particles.
Convexity can be defined as in Equation (2.9). It is a ratio that includes the
projected area of the real particle and the area of the imaginary particle that has the
smallest possible perimeter in which the indentations are not present. The
definition is given visually in Figure 5. As the particles become concave, convexity
decreases (Saad et al. 2011).

A (2.9)
A+ A,

Convexity =

Complexity: It gives information about angularity of a particle. An ellipse that is
the least squares fit to the measured area is required to determine complexity.
Complexity can be described as the ratio of the perimeter of projected area to
perimeter of the fitted ellipse (Liu et al. 2008).

Complexity = (2.10)

ellipse
Compactness: This factor is defined as the ratio of projected area to the area of the
rectangle surrounding this area. It is a measure of the deviation from rectangle or
square of particle shape (Saad et al. 2011). The definition is given visually in
Figure 5.
A

C t =
ompactness = o

(2.11)
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Figure 5. Schematic representation of shape factors: a. Elongation, b. Circularity,
c. Convexity and d. Compactness (adopted from Saad et al. 2011).

h) Roughness factor: Roughness of a particle has an influence on drag force, but it is
not easy to measure the importance of this influence. It is thought that particle
shape is more effective and important. The increase of the roughness of a particle
causes the decrease of drag coefficient at low Reynolds number, but roughness

becomes less important at high turbulence intensities (Loth 2008).

The definition of roughness factor involves the ratio of the smoothed perimeter to
the rough perimeter. Smoothed perimeter is obtained like in definition of projection
shape factor. Unlike smoothed perimeter, the rough perimeter is obtained by
drawing lines from center to periphery are drawn at 1° intervals (Bouwman et al.
2004).

P
Roughnes =1 — smooth (2.12)
rough

2.2.2 3D Shape Factors

3D shape factors are factors that require knowledge of each dimension, surface area or
volume of the particles. These can give more representative results, especially for flat
particles when compared to 2D shape factors because there is a dimension that is not
considered in the calculation of 2D shape factors. However, if this dimension is too

small or too large, 2D shape factors can give misleading results.
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a)

b)

d)

Wadell’s Sphericity: It is a 3D shape factor that is used commonly and is the most
representative shape factor in fluid-particle systems (Radoici¢ et al. 2014). It is
defined as the ratio of the area of a sphere which has the same volume as the real

particle to the area of the real particle.

ASq

== 2.13
AS, (2.13)

Pw
Zingg Factor: This factor is introduced by Zingg and also known as dynamic shape
factor. It is defined as the ratio of the elongation to the flatness. It provides
representative results to be used in fluidization applications (Liu et al., 2008).
Unlike sphericity, this factor can distinguish some shape differences. For example,
an elongated cylinder and a square plate can have same sphericity but their shape
is different and Zingg factor gives different results for these particle shapes. This
difference leads to different behaviour in fluidized bed so it can be said that Zingg
factor is a good approach to use in fluidized bed for non-spherical particles
(Kruggel-Emden and Vollmari, 2016). Re is elongation ratio, Rr is flatness ratio,

L, B and H are the length, breadth and height of particle, respectively.

Rg  LH (2.14)
“TRe B
Fl

If a particle is cylindrical or rod type F, >1, if it is a plate or disc-shaped F.<1.

Heywood’s shape factor: It is defined as the ratio of the volume of the particle to
the cube of projected diameter. Heywood’s shape factor is equal to 0.524 for a
sphere and its value decreases, as the flatness of particle increases (Daniel 1988).
Projected area is obtained by the multiplication of the two main dimensions of the
particle (Nikku et al. 2014).

Y . 4(LH)\*® (2.15)
Py = d}g)roj proj — T

Volumetric Shape Factor: It has a close definition to Heywood’s shape factor.
Volumetric shape factor defined as the ratio of the particle volume to the cube of
the diameter of a sphere which has same projected area as the area of particle
(Nikku et al. 2014, Mande and Rosendahl, 2010).

26



e)

\% 2.16
Py =73 ( )

3
dp
Corey’s shape factor: It requires three lengths of particle perpendicular to each
other and defined as the ratio of the minimum size of the particle to the geometrical
mean of the maximum and medium sizes. It is a factor that is equal to 1 for cube
and sphere. Although it is quite difficult to measure three dimensions of the

particle, this factor is often used in fluidization applications (Nikku et al. 2014).

dmin (2-17)

Pe=—FT7F7
V dmeddmax

Loth (2008) stated that it is the best factor to describe particle shape and suggested

to be used instead of sphericity.

2.2.3 Measurement Based Shape Factors

There are some shape factors based on measurements of mass, surface area, settling

velocity of particles, pressure drop or voidage in a fluidized bed. These factors can

give information about movement properties of particles in a fluid with experimental

data, but they are thought to be time-consuming methods to determine shape factor

according to 2D and 3D methods (Bouwman et al. 2004).

a)

b)

Mass shape factor: It is the ratio of the diameter of the sphere which has the same
mass as the particle to the diameter of the circle which has the same projected area

as particle. Projected area can be measured from an image of the particle.

3 [6Mpe]iet d-mass
mass / DTl Pmass dproj ( )

Stokes’ shape factor: This factor is based on the comparison of the sedimentation

velocity (us) and theoretical settling velocity. Sedimentation velocity of a particle
can be measured in a viscous liquid and it is used to calculate Stoke’s shape factor.

Stokes shape factor can be calculated as:
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c)

d)

18 p ug
(ps - pl) g d%nass

Pstokes = (2.19)

Sphericity obtained from measurement of pressure drop: The pressure drop is
measured throughout the fluidized bed. It also can be calculated with the Ergun
equation and Wadell’s sphericity (¢ow) can be obtained from this equation with the

use of experimental pressure measurements (Radoicic et al., 2014).

dp 1-¢)? 1-
BT Gl N I G N

dz € @ € @y

U2 (2.20)

Sphericity obtained from settling velocity measurement: The following equation is
obtained a force balance around a particle and it shows that settling velocity is a

function of the drag coefficient.

U = 4gd, (ps — p1) 2.1)
‘ 3p Cp '

Drag coefficient is a function of sphericity. It can be expressed in different
correlations which are given in Table 2. Approximately 100 experiments are

required to obtain a representative settling velocity (Radoi¢ic¢ et al., 2014).
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Table 2. The drag coefficient correlations that depend on sphericity

Cp = f(ow)
4
: Cp = 1+ 8.716 Re-0964-0:5565 4.0655
Haiderand | ° ~ Reter [ ©t exp( Pw)] 221
Levenspiel: N 73.69Re, exp(—5.0748¢,,) '
Reier + 5.378 exp(6.2122¢,,)
Cp 24
— =————[1+0.1118 (ReK;K,)65¢7
Kz ReterKlKZ [ + ( €terlq 2) ]
Ganser: + 04305 (2.22)
1 + 3305/Re o K1K5
K1 and K> are the shape-related factors.
Chien: Cp = S + 67.289 exp(—5.03¢,) (2.23)
ter
Uy = K(Ut)sphere (2.24)
Geldart: . .
Ky and K3 are the constants which depend on sphericity and they can
be found in the literature.

e) Sphericity obtained from measurement of voidage at minimum fluidization: There
are some empirical correlations proposed to determine sphericity which require the
knowledge of voidage at minimum fluidization. They are shown in Table 3.
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Table 3. The correlations used to calculate voidage at minimum fluidization

Pw = f(gmf)
0.5
14 1—¢
Wen & Yu: L ou=— I @y= ( Bmf> (2.25)
€t 11 g
0.768 — ¢
Narsimhan: _ 7 “mf 2.26
Pw 0.42 (2.26)
1/0.376
Limas-Ballestrores: Py = (E) (2.27)
Emf

2.2.4 Selection of Shape Factors to Use in Njs Equations

Five shape factors were chosen to assess from listed factors above for using in Njs
correlations to take account of particle shape effect on Njs. They are aspect ratio,
circularity, convexity, Wadell’s sphericity and Corey’s shape factor. The following

two criteria are taken into consideration during the selection of these factors.

e Being easy to measure: The shape factor which will be used for mixtures that
have irregularly shaped particles so measurements should be repeated many of
times to reach a representative shape factor. The factors easy to measure for

irregular solid particles were chosen.

e Having the value smaller than 1: In experimental results, it was observed that
Njs decreases as the shapes of particles deviate from the sphere, therefore; a
shape factor which is maximum for sphere and decreases when the shape of
particles begin to deviate from spherical is convenient for using in Njs

correlation.
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CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1 Experimental Set-up

The experiments were conducted in a cylindrical, flat-bottom tank with a diameter (T)
of 24 cm shown in Figure 6. There were four equally spaced baffles in the tank. The
width of the baffles (W) was 1/10 of the tank diameter. A down pumping pitched blade
turbine (PBT) with a diameter (D) of T/3 was used as impeller. The impeller was
placed at the center of the tank and its clearance (C) was set to T/3. The liquid height

was constant in all experiments and it was equal to the diameter of the tank.

W
A

O > Hole

Figure 6. The plot of the cylindrical tank a. Front view b. Bottom view

A mirror was placed below the tank to observe the tank bottom and determine Nijs
visually. As shown in Figure 6b there was a hole at the tank bottom to place a pressure

sensor to apply the pressure gauge measurement method. The overall view of the
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experimental setup can be seen in Figure 7. The hole was located on a mid-baffle
plane, at a radial location midway between the axis and the sidewall. The pressure
sensor used for the measurements was MESENS MPS530 with 0-100 mBar

measurement range and accuracy + % 0.5 of the full scale.

Figure 7. Front view of experimental setup

3.2 Particles Used in Experiments

Twelve different types of particles with various densities, sizes and shapes were used
in the experiments. A Malvern Mastersizer 3000 instrument was used for size analysis
of the particles smaller than 1 mm. The sizes of the particles whose dimensions that
can easily be seen were measured with a ruler. The list of the particles and their
physical properties are given in Table 4 and Figure 8 shows their images. The
dimensions for the large particles given in Table 4 -BG, TPE, ABS, Akulon, Rod Cp,

32



Plt Cp- are the maximum dimensions. The minimum dimensions of ABS, Akulon, Rod
Cp and Plt Cp are 1500, 1500, 500 and 100 pum, respectively.

Table 4. Physical properties of particles used in experiments

. Density
Particle Name Shape Size (um)
(kg/m?3)
Small Aluminum Oxide )
Grit 90 3600
(SAl)
Large Aluminum Oxide )
Grit 244 3600
(LAI)
Grit Steel (Grit St) Grit 329 7000
Spherical Steel (Sph St) Sphere 175 7650
Small Glass (SG) Sphere 85 2500
Large Glass (LG) Sphere 714 2500
Big Glass (BG) Sphere 2000 2500
Thermoplastic Elastomer
Sphere 3000 1165
(TPE)
Acrylonitrile Butadiene )
Cylinder 3000 1263
Styrene (ABS)
Akulon (Aku) Ellipsoid 2200 1175
Rod Copper (Rod Cp) Cylinder 3000 8000
Plate Copper (PIt Cp) Plate 3000 8000
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h. BG, TPE, ABS and Akulon

Figure 8. Images of the particles
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Table 5. Properties of mixtures used in experiments

More Dense | Less Dense Particle _ _
Mixture Particle Particle Density I?arnele_ Particle
Ratio Size Ratio Shape
(wt %) (Wt %)
Grit St SG ]
. Grit
' ~3 387 Spherical
(1.5-1.1) (1.5-55)
Grit St SAI
2 ~2:1 3.65 Grit Grit
(1.5-1.1) (1.5-55)
Spherical St SG Spherical
’ 3 217 Spherical
(1.5-1.1) (1.5-55)
Spherical St SAl ]
4 21 205 | Srencal
(1.5-1.2) (1.5-55)
Plate Cp LG Slate
° ~3d 4.2 Spherical
(1.5-1.2) (1.5-50)
Plate Cp LAI
6 ~2:1 12 Plate Grit
(1.5-1.2) (1.5-50)
7 Rod Cp LG ~3:1 49 Cylindrical
(1.5-1.2) (1.5-50) Spherical
Rod Cp LAl . Cylindrical
° 2l 12 Grit
(1.5-1.2) (1.5-50)
9 56 Akulon ~2:1 11 Spherical
(1.5-1.2) (1.5-30) Ellipsoid
10 56 ABS ~2:1 15 Spherical
(1.5-1.2) (1.5-30) Cylindrical
11 56 TPE ~2:1 15 Spherical
(15-1.2) (1.5-30) Spherical
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The results of the analysis with the Mastersizer device to determine the particle size
distribution and particle size of the particles smaller than 1 mm are given in Appendix
A. For grit shaped particles maximum and minimum sizes were measured with an
image analysis program, Image J. The measurements were repeated for 50 different
particles of each particle type: LAI, SAl and Grit St and the average for these 50
measurements was accepted as size of the particle. The minimum sizes of LAI, SAl
and Grit Stare 191, 61 and 167 um and their maximum sizes are 310,122 and 385 pum,

respectively.

The eleven mixtures given in Table 5 were used to investigate the effect of particle
shape on suspension behaviour. In the experiments, the mass of the more dense phase
was kept constant. In Table 5 the wt % of the more dense phase decreases slightly.
This is due to the increase in the mass of the less dense phase for the same volume of
the slurry. The visual Njs values of the mixtures which include particles have close
densities and sizes but different shapes were compared.

3.3 Experimental Methods

3.3.1 Zwietering’s Visual Observation Method
The complete off bottom suspension was characterized by Zwietering’s “1 or 2
seconds” criterion. The bottom of the tank was observed and the impeller speed at

which no particles remain motionless for more than 1-2 seconds was determined.

The impeller speed was increased with 100 rpm intervals up to a speed at which the
bulk of the solids was suspended, and some remained at the back of the baffles only.
At this point the just suspended speed is relatively closer; therefore, after this speed
smaller increments were applied. The increments were as small as 1 rpm as the

suspension approached Nijs.

All experiments were repeated three times and averages were reported as Njs values.

The results of experiments do not differ more than 1 % compared to the average value.
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3.3.2 Pressure Gauge Measurement (PGM) Method

The pressure gauge measurement method was proposed by Micale et al. (2002) to
remove the disadvantages of Zwietering’s visual observation method. This method is
based on the relationship between the pressure increase and mass of suspended solids.
This relationship is shown with a representative plot in Figure 9. As the impeller speed
increases, some of the particles get suspended and cause an increase in pressure at the
bottom of the tank.

N=0 N>0

M, M, + M,
13 Iz -
M, [T ™, - M, B
a b.

Figure 9. Particle mass distribution in a mixing tank. a. Particles lay on the bottom
when N=0. b. Some of the particles are in motion when N>0. The measured pressure

for a. is higher than b.

Mt is the total mass of the solid particles, M is the mass of liquid phase, Ms is the mass
of the suspended solids. As the impeller speed is increased some of the solids - that
were counted within M initially - get suspended, and are now a part of the moving

side, and counted within Ms.

The solids and liquid in the tank apply a force to the tank bottom as expressed in
Equation (3.1) for both N=0 and N>0 (Micale et al. 2002):

Fiotal = (M} + Mp)g (3.1)

The total force can be considered as the sum of the force due to direct contact of solid

particles and the force due to the pressure exerted by the amounts of liquid and solid
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phases at height of H (Micale et al. 2002). These two contributions to the total force
vary with increasing impeller speed while the total force is constant. The force due to
direct contact can be written as Equations (3.2) and (3.3) for N=0 and N>O0,
respectively. As can be seen in Equation (3.2), the force due to direct contact is a result

of the apparent mass of solids. Because of buoyant force of water, the mass of solids
equals to (1 — pl/ps)g . While the impeller speed increases, the mass of solids which
lay on the bottom decreases. The mass of solids at the bottom at N>0 is expressed as:

(M, — Mg)(1 - pl/ps) and used in Equation (3.3)

P1
Fdirect contact = Mt (1 - —) g (3.2)
N=0 Ps
Fai =(M—M)(1—&)g
1recI'EI§c())ntact t s 0s (3.3)

The force due to the pressure exerted by the amounts of liquid and solid phases can be
calculated by subtracting Fairect contact from Frotar. They are written in Equations (3.4) and
(3.5).

Fpressure = (Ml + Mt&) g (3.4)
N=0 Ps

Fpressure = (M} + My) g — (M — M) (1 a &> & (33)
N>0 Ps

The pressure force difference due to increase of impeller speed can be calculated
theoretically by subtracting Equation (3.4) from Equation (3.5) and the following
equation is obtained:

P1
AFpressure = Ms (1 - p_) 8 (3.6)

S

Based on Equation (3.6), the pressure increase at the tank bottom due to solid

suspension for N>0 can be written as:
(3.7)

From this derivation, it can be understood that the pressure measured at the tank

bottom increases in proportion to Ms and (ps - pr). When the impeller speed reaches the
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just suspended speed, there are no particles remaining at the bottom and corresponding
AP is called as APjs: the pressure change at just suspended conditions. At impeller
speeds higher than Njs, the pressure increase at the tank bottom is only due to the fluid
motion. The effects of fluid motion may be axial force exchange between impeller and
fluid or vertical friction forces on the tank lateral wall and baffles and they can be
defined as dynamic head effects (Micale et al. 2002). The dynamic head effects cause
pressure increase proportional to Kinetic energy transferred from the impeller to the
mixture, and it is proportional to the square of impeller speed. After the pressure data
is collected, the pressure increase due to dynamic head effects can be determined for
each impeller speed with the help of N?- pressure relationship and just suspended speed

can be determined. The steps of applying the method are given below in detail:

e The pressure change is measured per second over 2-3 minutes at an impeller
speed. The speed is then increased gradually. The measurements were repeated
three times and the average value of pressure data is calculated for each
impeller speed. The change in pressure with respect to increasing impeller
speed is plotted. Thus, total pressure data is obtained. A representative data
is shown in Figure 10.

e Itis necessary to take pressure data for the impeller speeds up to speeds above
N;js to apply this method. To decide whether the impeller speed is sufficiently
high, the following two criteria must be considered: The pressure curve should
look like S-shaped curve (it should have two turning points) and there should
be enough data points to fit a second-order parabola after the second turning
point as shown in Figure 10. The second-order parabola was fitted on the last
three or four points of pressure data.

e The equation of the parabola must be in the form of AP = aN? + b. It gives
information about both dynamic head effects and APjs. As shown in Figure 10,
intercept of the parabola, b, equals to APjs and the difference between APjs and
the parabola equals to dynamic head effects for each impeller speed.

e The APjs also can be calculated from Equation (3.7) theoretically. The
experimental APjs which is obtained with the second-order parabola and
theoretical APjs can give different results. It was observed in this study that

experimental APjs values are up to 20 % higher than theoretical ones.

39



e When the pressure increase originating from dynamic head effects is
substracted from total pressure data, the corrected pressure curve is obtained.
This curve expresses the pressure increase only due to the amount of suspended
solids; therefore, when all particles get suspended, the corrected pressure
equals to APjs. Thus, the intersection of the corrected pressure curve and the
APjs line is just suspended point and corresponding impeller speed to this point

IS Njs as shown in Figure 10.

7
Second
6 turning L
point
5 -
-
= « Total Pressure
B 4] :
= - — Fitted Parabola
= 3 ®*| Dynamic
A Head Effects
< First ® APJS
2 1 turning .
o th . —Corrected Pressure
0 * - - T NIS T
0 500 1000
N (rpm)

Figure 10. Representative graph of pressure versus impeller speed. The arrows show

first and second turning points of the total pressure curve.

In this study, this method was applied to slurries that are more concentrated than the
ones used in the literature. Therefore, the required impeller speeds are higher. Some
issues related to these high impeller speeds were faced in the data analysis. These
issues and how some applications of the method is modified is explained in Section
4.3.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Suspension Behaviour of Mixed Slurries with Spherical and Non-Spherical
Particles

In this part, the effect of particle shape on the suspension behaviour and Njs of mixed
slurries were investigated. The experiments included slurries that have two solid
phases: a more dense and a less dense phase. In naming of the slurries in the text, the
first one is the more dense and the second one is the less dense phase. For example in
the mixed slurry of BG-TPE, the BG has a higher density; therefore, it is the more
dense phase, and the TPE has a lower density; therefore, it is the less dense phase. The
effect of particle shape was investigated by comparing mixed slurries that are
composed of particles with the same/similar density and size, but different shapes.

In Figure 11 two slurries with the same more dense phase, BG, but different less dense
phases, TPE and ABS, were compared. As the solids concentration of the less dense
phase is increased mixed slurry Njs increases for both slurries. This increase is more
pronounced above 15 wt % solids as seen with the larger slope for both slurries in the
figure. However, this slope is significantly larger for the BG-TPE slurry compared to
the BG-ABS slurry. At 30 wt % solids BG-TPE slurry Njs is 12 % higher than that of
BG-ABS slurry. This shows that it is more difficult to suspend spherical particles than
non-spherical particles. It is important to note that the sphericity and size of the two
particles are in fact only slightly different. The height of the cylindrical ABS particles
is equal to the diameter of the TPE particles, which is 3 mm. This shows that even a
small difference in sphericity like this can have an effect on the suspension of the
slurry. It is also important to note that the effect of particle shape is more visible when
combined with the effect of increasing solids concentration.
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Figure 11. Comparison of mixed slurry Njs of BG and cylindrical ABS or spherical
TPE at varying concentrations of ABS and TPE.

Figure 12 shows the effect of particle shape of more dense phase on Njs. The mass of
the differently shaped steel particles was kept constant and the increase of solids
concentration was provided with spherical SG. The steel particles are either spherical
or grit shaped. Grit St is about two times larger than the Sph St; however, the Sph St
needs 4 to 15 % higher Njs. The same conclusion is reached from this comparison:

spherical particles are harder to suspend.

A comparison of the general trends of Figure 11 and Figure 12 shows that the Njs of
slurries increase in Figure 11, but decrease in Figure 12 with increasing concentrations
of less dense phase. While it is known that for most mixed slurries and for all unimodal
slurries Njs increases with increasing solids concentration, Ayranci and Kresta (2011)
reported a decrease in Njs for some mixed slurries. They proposed a networking
mechanism for solids suspension for these cases. When the diameter of less dense solid
phase is smaller than the more dense solid phase in a mixed slurry, the less dense and
small particles are suspended at impeller speeds lower than large and more dense ones.

Once they are suspended, these particles gain momentum with increasing impeller
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speeds. They collide with each other and with the more dense particles more
frequently. Finally, the less dense and small particles form a network that prevents the
more dense particles to contact with the tank bottom. This causes a drop in Njs of the
mixed slurry. This decrease is more pronounced at higher solids concentrations. This
is identical with the observation in this study: as the concentration of the less dense
phase, SG, was increased, Njs of the mixture decreases.
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Figure 12. Comparison of Njs of Grit and Sph St in the presence of the less dense

phase of spherical SG at varying concentrations.

The total decrease of Njs values from 1.5 to 55 wt % SG is 32 % for the slurry with
Grit St and 26 % for the slurry with Sph St. This shows that the networking mechanism
is more effective when the more dense solid phase is non-spherical. This highlights the

importance of the particle shape for solids suspension.

A similar comparison is shown in Figure 13 for two mixed slurries in which grit shaped
SAl is used as the less dense phase, and Grit and Sph St are used as the more dense
phase. Once again, the Grit St was suspended at Njs values lower than that of Sph St.

The Njs difference between the two slurries can reach up to 12 %.
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As seen in Figure 13, the networking mechanism is more effective for the Grit St - SAl
slurry where the two solid phases are grit shaped. This is shown with a total of 29 vs
26 % of drop in Njs with increasing concentrations of SAI. This is more likely a result
of the possibility of the larger number of collisions between the Grit St and SAI
compared to that of Sph St and SAI due to the larger projected area of Grit St. The SAIl
may also be getting under the steel particles more easily, taking advantage of the grit
shape of the steel particles and therefore easing the suspension. Because of this, Grit
St-SG mixture also has more effective mechanism than Sph St-SG mixture in Figure
12.
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Figure 13. Comparison of Njs of Grit and Sph St in the presence of grit shaped less

dense phase of SAI at varying concentrations

In Figure 14 two mixed slurries with the more dense phase of Sph St, and the less
dense phase of SG and SAI are compared. It is surprising that the two data sets give
very similar results. The density of aluminum oxide is 1.5 times of the density of glass.
According to the most commonly used correlations in literature, Njs is proportional to

ps 4 or ps 9. Based on this relation 20 % higher Njs is expected when the less dense
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phase is SAIl. However; the data for the two slurries almost overlap. This is a result of
the fact that the grit shape overcomes the effect of larger density and eases suspension.
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Figure 14. Comparison of Njs of Sph St with grit SAIl or spherical SG at varying

concentrations

In Figure 14 the grit shape of SAl also affects the networking mechanism. Both slurries
are exposed to the networking mechanism: as the concentration of the less dense phase
increases, the Njs of the mixture drops. The drop in Njs is almost identical at ~26 % for
the two slurries. As SAI particles are more dense than SG they are expected to move
slower in the liquid phase and collide with Sph St particles less frequently. This should
cause a less effective network for Sph St-SAIl mixture. The data; however, proves
otherwise. Because of their shape, the SAI particles have larger surface area, and

therefore drag coefficient, and they move faster.

In Figure 15, unlike the previous comparisons, two non-spherical particles which have
different shapes were compared. The mixture with PIt Cp has lower Njs values. The
difference between Njs of Rod and PIt Cp mixtures is maximum 9 % which is at 10 wt
% solids. The difference decreases significantly at higher concentrations. When the
surface area of copper particles are compared, it was seen that the surface area of Plt
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Cp per unit volume is larger than the area of Rod Cp per unit volume; therefore, the
PIt Cp has smaller sphericity. The drag force is one source that facilitates the
suspension of particles. This force is proportional to drag coefficient. The drag
coefficient increases as sphericity decreases. When a particle has larger drag
coefficient, it is exposed to a larger drag force. Loth (2008) stated that the drag force
of a non-spherical particle is higher than the drag force of a sphere which has the same
volume as the non-spherical particle. It means that the drag force increases with surface
area per volume because the surface area per volume of the non-spherical particle is
higher than the surface area per volume of the sphere. In comparison of Rod and PIt
Cp, plate shaped particles have larger surface area and higher drag force. Based on this
information it is estimated that Njs of the PIt Cp slurry should be lower. The data in
Figure 15 agrees with this estimation.

In Figure 15 when the trend of Njs at varying concentrations was examined, a
significant increase is seen at concentrations of LAI higher than 20 wt %. Above 20
wt % the mass of the LAI present in the tank becomes much more significant;
therefore, larger energy is required to suspend the solids. This results in an increase in

the slope of Njs — concentration data.
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Figure 15. Comparison of Njs of Plt and Rod Cp with LAl at varying concentrations
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Part of the mechanism observed in PIt and Rod Cp-LAI mixtures was seen in Ayranci
et al. (2011) for the mixture of Nickel-SG. At the total slurry concentrations from 1.5
to 35 wt %, it was reported that the Njs of the mixture remained nearly constant with
the addition of the second solid phase. This reported behaviour corresponds to our
range of 0-20 wt % and it is seen more clearly for the Rod Cp-LAI mixture.

When the behaviour of mixtures in Figure 12 - Figure 14 and Figure 15 are compared,
it was seen that their trends of Njs change with concentration are different. The
difference results from density and size difference between less and more dense solid
phases. LAI particles cannot form a network that prevents the copper particles to
contact with the tank bottom.

In Figure 16 slurries of Plt and Rod Cp in the presence of LG particles were compared.
It can be seen that the suspension behaviour was similar to mixtures of PIt Cp-LAl and
Rod Cp-LAl. There are again two regions which are different in terms of slope of Njs
change with concentration. Njs is increasing with a larger slope for concentrations
larger than 20 wt %. The shapes of copper particles in the presence of LG particles
caused 8 % difference in measured Njs, but again at higher concentrations this

difference decreased.
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Figure 16. Comparison of Njs of PIt and Rod Cp with LG at varying concentrations
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Prediction of Njs can be necessary for the design of a mixing system or for the
applications that do not have an observable tank bottom. There are some equations to
predict Njs in literature but these equations were obtained from experimental studies
with spherical particles. Non-spherical particles are mostly used in industrial
applications. In this section, it was seen that the shape of the particles has an effect on
the suspension behaviour of the slurry. This shows the need to investigate whether a
correction is required in the correlations for unimodal and mixed slurry Njs to take the

effect of particle shape into account.

4.2 Assessment of Correlations in Literature

In this section, the correlations used for Njs predictions were tested with experimental
data obtained in this study. First, the most commonly used correlations to predict Njs
in literature, which were mentioned in Chapter 2, were assessed for unimodal slurries
and the one that predicts Njs most accurately was determined. Then the results of the
best correlation were examined in detail for the data in this study. Second, the mixture
Nijs data was analyzed. A concentration related factor was suggested to improve power
model to obtain correct results for slurries with networking mechanism. Then the shape
factors chosen in Chapter 2 were compared to determine which one represents the

effect of particle shape on Njs.

4.2.1 Determination of the the Most Accurate Correlation

In this part, the correlations to be used for Njs prediction are compared with
experimental Njs data. The Njs of unimodal slurries of particles listed in Table 4 at
concentrations varying from 1.5 to 55 wt % was determined with visual observation
method. The impeller speeds required to suspend steel and copper particles at
increasing concentrations were too high for the current motor; therefore, these tests
were run at only 1.5 wt % concentration for these two particles. After the determination
of experimental Njs values, the corresponding predicted Njs values were calculated with
the five correlations given in Section 1.3.2. These correlations are given below again:
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Figure 17 shows the comparison of measured and predicted Njs for these five
correlations. At solids concentrations lower than 5 wt % - which correspond to the
lowest Njs values - Zwietering, Davies and Ayranci’s correlations can predict Njs
within or close to the £20 % lines. As concentration is increased, at about 20 wt %
solids and higher, Zwietering and Davies correlations begin to under-predict Njs. GMB
and Baldi’s correlations under-predict Njs for nearly all concentrations. Ayranci’s
correlation, on the other hand, predicts Njs close to the parity line for the full range of

concentrations for all the tested slurries.

The main reason for the deviation between the correlations in Figure 17 is the
difference in the concentration term in the equations. Table 6 gives the solids
concentration terms used in each correlation, the solids concentration limits of
applicability of each correlation and the testing range of solids concentration in this
study corresponding to each solids concentration term. It is seen that range of solids
concentrations used in this study is larger than the previous studies. The correlations
which were developed for low concentrations failed to predict Njs for the higher
concentration values. Ayranci’s correlation, however, seems to be able to predict Njs

even for solids concentrations above its limits of applicability.
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Figure 17. Comparison of predicted and measured Njs for five correlations. The data
is for unimodal slurries of SG, SAI, LG, LAI, BG, TPE, ABS and Akulon particles at

concentrations in the range of 1.5-55 wt % solids.

Table 6. The limits of correlations and concentration ranges used in this study

Correlation Concentration Limits Limits of this
term study
Zwietering X 0.5-20 1.5-122
Baldi X 0.002-0.02 1.5-122
Davies Cob 0.08-0.10 0.02-0.32
Ayranci X 0.1-54 1.5-122
GMB Xv 0.04-20.2 2-32

This analysis was done for both spherical and non-spherical particles. In correlations

the diameter of particles given in Table 4 was used as the particle size term. The

normalized standard deviation of correlations was calculated with Equation (4.1) and

results are given in Table 7.
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Table 7. Normalized standard deviation of predictions from measured Njs

) Standard Deviation from
Correlation
Measured Njs (%)

Zwietering 28.3

Baldi 914

Davies 27.8

Ayranci 10.5

GMB 45.6

The minimum standard deviation was obtained with Ayranci’s correlation as 10.5 %.
This is in line with the conclusions obtained by visual inspection of Figure 17.
Therefore, this correlation was chosen as the correlation which can make the most

accurate prediction.

Ayranci and Kresta (2014) proposed three possible exponents for the concentration
term: 0.17, 0.23 and 0.32 for different particle groups. The exponent of 0.23 was
proposed as the average exponent for all particle types tested. In the analysis up to
now, the exponents that give the best fit were used for each particle type among three
exponents in Ayranci’s correlation. The values of these best exponents and how they

are grouped are explained below.

The measured Njs is compared with the predictions using the three possible exponents
for three different particles in Figure 18 a-c. The test particles can be divided into three
groups regarding the particle size as given in Table 8. In the figure, three particles were
chosen to represent these three groups. For SAl, LG and TPE the best fits were
obtained with an exponent of 0.17, 0.23 and 0.32, respectively. Similar analyses were
done for SG, LAI, and Akulon and ABS, and the exponents were found as 0.17, 0.23
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and 0.32; respectively. It was observed that as particle size increases, the required
exponents on concentration term increase. The reason for this increase can be the
settling velocity. For particles used in this study, the larger particle size causes larger
settling velocity. Settling velocity values of particles in the descending order is Vi s
> Vi, aBs™> Vi, TP > Vi, akulon > Vi, LG > Vi, Lal > Vi sal > Vi sc. The particles which have
larger settling velocity require more energy to be suspended and the increase in the
concentration of these particles causes more energy need than the particles that have
lower settling velocity. In Figure 18, the slope of the visual Njs curves of SAI, LG and
TPE are different from each other because the increase in concentration affects Njs
values differently according to their settling velocities.

Table 8. Particle groups regarding the particle size

Particle group Diameter range (um) Type of particle
Small 85-90 SG, SAI

Large 240-1000 LG, LAI

Very Large >1000 TPE, ABS, Akulon

Also, it is seen from Figure 18 that Njs predictions follow the experimental data closely
up to 35 wt % for TPE (X=54) and 55 wt % for SG and LAl (X=122). The
concentrations of SG and LAl is above the given upper limit of the correlation. This
shows that the correlation is in fact applicable over a wider range of solids
concentrations than developed initially.

Ayranci and Kresta (2014) stated that the three exponents proposed can be used
whether the solids concentration is defined in terms of the Zwietering solids loading
(X), weight percent (Xw) or volume percent (Xv). Zwietering’s solids loading, X, takes
the inertia of particle and the probability of particle-particle interactions into
consideration. Xy is easy to use and includes the inertia of particles. Xy gives
information about the distance between the particles. Since this study showed that
Ayranci’s correlation can be used at concentrations above 35 wt %, a test of whether
the three concentration terms can still be used interchangeably is required. Figure 19
and Figure 20 shows the results for Xw and Xy, respectively. The results up to 35 wt %
(X=54 and X,=25-32) agree with Ayranci and Kresta (2014): any one of the solids
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concentration terms can be used with the given exponents. However, as the solids
concentration is increased, this observation does not hold true. A larger exponent is
required for the larger Xw and Xy values. The average representative exponent is 0.26
for Xw and 0.27 for Xy for these three particles. Since Zwietering solids loading, X,
represents the entire solids concentration range with one exponent, it is recommended

to use this term in the correlation as the solids concentration term.
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4.2.2 Comparison of the Measured and Predicted Njs of Mixed Slurries
In this section, the improvements on the predictions of Njs of binary mixtures are given.
These improvements are obtained by taking the effect of networking mechanism and

particle shape into account in the power model.

4.2.2.1 The Networking Mechanism in Power Model

As mentioned in the literature survey the power model cannot predict Njs of mixed
slurries for which the networking mechanism is observed. These slurries are Sph St-
SAIl, Sph St-SG, Grit St-SAl and Grit St-SG. It was also seen for the mixture of Bronze-
SG in Ayranci and Kresta (2011). The comparison of measured and predicted Njs of
mixed slurries is shown in Figure 21. For these predictions, the unimodal slurry Njs in
the power model was obtained experimentally. As seen in Figure 21, mixture Njs of
the slurries for which the networking mechanism is active does not follow the parity
line. The networking mechanism causes a drop in Njs as the solids concentration is
increased. The data shows that the measured Njs drops while the power model

predictions continue to increase.
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Figure 21. The parity plot of predicted and measured Njs of mixed slurries. Njs of
unimodal slurries obtained experimentally. The slurries with networking mechanism

are circled.
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Table 9. The experimental and predicted Njs data for mixture of Grit St- SG at solids

concentrations of less dense solid phase, SG, varying from 1.5 to 55 wt %

Xw,lessdense | Xwlessdense | Njsmeasured | Njspredicted | Njsmeasured
(Wt %) Xwmore dense (rpm) (rpm) Njs predicted

1.5 1 1168 1059 11

5 3 1085 1076 1

10 6 1015 1090 0.93

20 13 929 1107 0.83

30 20 899 1122 0.80

40 26 863 1138 0.75

55 36 802 1169 0.68

The measured Njs of the mixtures for which the networking mechanism is observed
decreases in proportion to the concentration ratio of the less and more dense solid
phases. This is seen for Sph St-SAl, Sph St-SG, Grit St-SAl, Grit St-SG and Bronze-
SG mixtures. The data of these five mixtures were analyzed and a relationship was
found between the concentration ratio of solid phases and ratio of measured and
predicted Njs. A representative data is shown in Table 9 for Grit St-SG. For example,
IT Xw, tess dense / Xw, more dense 1S 20, Njs, measured 1S 80 % Of Njs predictea. While the amount
of less dense and smaller particles increases, the possibility of more dense particles
sitting at the bottom of the tank decreases because of the network formed by the less
dense particles. This results in a decrease in Njs. The power model was modified with
the given correction factor to account for the drop in Njs due to the networking

mechanism as following:

1
psl,1Nj35,1 + psl,zNj35,2 3
st,mix =

psl,mix

(4.2)

X
C = (100 — —essdense 5 /109 (4.3)

more dense

Figure 22 shows the use of Equation (4.2) and (4.3). A significant improvement was
obtained compared to Figure 21. The data now follows the parity line.
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Figure 22. The modified power model predictions. Unimodal Njs within the power

model is experimental data.

Up to now, the unimodal slurry Njs in power model was the measured Njs. For the full
prediction of mixture Njs, the unimodal slurry Njs should also be predicted using
correlations. Figure 23 a and b show the mixed slurry Njs predictions with the use of
experimental and predicted unimodal slurry Njs in power model, respectively. The
modified version of the power model was used when necessary. The data in Figure
23a is closer to parity line compared to Figure 23b. It seems that there are three groups
of mixtures. The first group consists of BG-TPE, ABS, Akulon mixtures whose data
is above the parity line and have similar trends. The second group is Grit St - SG, Sph
St- SG, Grit St - SAl and Sph St — SAl whose data was corrected to take the networking
mechanism into consideration. The third group consists of PIt Cp - LG, Rod Cp - LG,
PIt Cp - LAl and Rod Cp — LAI mixtures whose data at low concentrations is above
the parity line, but as the solids concentration increases it passes below the parity line.
The standard deviations of these groups in Figure 23a are 10.3 % for BG-TPE, ABS,
Akulon mixtures, 6.05 % for Grit St - SG, Sph St - SG, Grit St - SAl and Sph St - SAI
mixtures and 5.95 % for PIt Cp - LG, Rod Cp - LG, PIt Cp - LAl and Rod Cp - LAl
mixtures. The deviations of these three mixture groups are 24.1 %, 10.4 % and 18.3

%, respectively for the data shown in Figure 23b. As a result, it can be said that using

59



the correlation to determine unimodal Njs in power model causes some increase in

deviations from measured Njs of mixed slurries, which is expected.
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Figure 23. Mixed slurry Njs predictions using power model and the modified power
model when necessary. a. Unimodal Njs obtained experimentally b. Unimodal Njs

obtained from Ayranci’s correlation
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As mentioned above, Njs predictions of mixtures which contain TPE, ABS and Akulon
show largest deviations from measured Njs values. Measured Njs of these slurries are
close to measured Njs of unimodal BG slurry at concentrations lower than 15 wt %.
When the mixed slurry Njs is calculated from power model, the contributions which
come from power required to suspend less dense phases - ABS, TPE, Akulon- cause
high predictions. The same tendency was seen in slurries that include copper particles
because their mixed slurry Njs is also close to Njs of unimodal Plt or Rod Cp slurry for
concentrations of less dense phase lower than 15 wt % where the less dense phase is
LAl or LG.

The high predictions of power model mentioned above do not cause significant
standard deviations. The largest standard deviation is obtained as 24.1 % for mixtures
of BG with TPE, ABS or Akulon, when unimodal Njs values in power model are
determined with the use of Ayranci’s correlation.

While the correction for the networking effect made the predictions much better, there
is still some deviations from the parity line. The data shown in Figure 23b was
predicted by use of particle sizes in Table 4 and the effect of particle shape was not
considered. As the next step, the effect of particle shape on Njs was analyzed to

improve the predictions.

4.2.2.2 Particle Shape Factors

In this section, the prediction of Njs of unimodal and mixed slurries which include non-
spherical particles is analyzed in terms of the effect of particle shape. As mentioned in
section 4.2.1, Ayranci’s correlation predicts Njs of unimodal slurries of all particles
used in this study with 10.5 % standard deviation. For this calculation, particle sizes
given in Table 4 were used as dp, and the exponent of 0.17 on the concentration term
was used for SG and SAl, 0.23 was used for LG and LA, and 0.32 was used for TPE,
Akulon and ABS. The data was shown in Figure 17 among with the other five
correlations. In Figure 24a and b it is shown separately for spherical and non-spherical
particles, respectively. This separate analysis showed that the standard deviation for
spherical particles is 9.7 % and for non-spherical particles is 11.7 %. The accuracy of
Ayranci’s correlation is almost the same for both spherical and non-spherical particles.

It should, however, be noted that the same accuracy for non-spherical particles as
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spherical ones was obtained with the use of particle sizes in Table 4. The use of
different sizes of non-spherical particles could give different results.
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Figure 24. The comparison of measured and predicted Njs for unimodal slurries a.

spherical particles b. non-spherical particles
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The choice of dimension to use as the particle diameter in correlations is simple when
spherical solids are used: it is the one and only length, the particle diameter. The choice
of representative dp is much more complicated for a non-spherical particle: there is
possibly a largest and a smallest dimension one of which might be the thickness of the

particle.

Ditl and Naumann (1992) stated that the controlling dimension is the thickness of the
plate and disc-shaped particles and largest dimension has no effect. This inference
should not be interpreted as a suggestion of using the smallest size as dp in correlations
because all correlations are based on experimental data with spherical particles. When
the smallest size — the thickness — of a plate is used as the size term in the correlation,
the result would be the Njs of a sphere which has a diameter equal to the thickness of
the plate shaped particle. When the individual mass of the plate and a sphere with a
diameter of the thickness of the plate are compared, the difference is significant.
Individual mass of a particle is an indication of the suspension characteristic of the
particle; therefore, Njs calculated by using the smallest size of a particle would likely

give inaccurate results, possibly too low Njs.

Figure 25 shows the Njs predictions when the smallest dimension of the non-spherical
particles was used as dp. The minimum and maximum sizes of particles are given in
Chapter 3. Njs of the slurries of the plate and rod-shaped copper particles are under-
predicted in both Figures 25 a and b. In Figure 25a the most noticeable deviation is the
data of PIt Cp: its prediction is 23 % lower than measured. The thickness cannot be
used as dp, but it can be controlling dimension for thin particles because thickness
affects the definition of particle shape. As the thickness of a plate increases, its surface
area per unit volume and sphericity increases. In fact, these properties of particles may
affect Njs directly.
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64



2500

“LAl  ~SAl
2000 - .
— /9’.. @ <
£
e ) - ABS « Aku
= 1500 | »
T 5 -
% 1000 - * Grit St = Rod Cp
z <
500 - > Plate Cp
0 T T T
0 500 1000 1500 2000 2500
st, measured (rpm)
a.
2500 -
. % Sph St-SAl  + Grit St-SG
’ 55
R0 o
2000 - £ C e &
7~ o
i / + BG-Aku BG-ABS
H
= 1500 1 O O O
E » =
£ 000 Py s PItCp-LG  * Rod Cp-LG
- — ' L
Z.
500 - Plt Cp-LAl = Rod Cp-LAl
|:| hd —— -
0 T T
0 1000 2000
st, measured (rpm)
b.
Figure 26. The parity plot of predicted Njs with the use of maximum dimension in

Ayranci’s correlation a. Unimodal slurries b. Mixed slurries

65



Another option is to use the maximum diameter of a non-spherical particle as dp.
Figure 26a and b shows the predictions with this approach. The use of maximum
dimension of non-spherical particles causes very large Njs for copper particles in both
unimodal and mixed slurries because the correlation predicts Njs of a sphere which has
a diameter equal to the maximum dimension of non-spherical particle and this
imaginary spherical particle has larger individual mass and volume than the real non-

spherical particle.

The use of the minimum dimensions caused predictions lower than and the use of the
maximum dimensions caused predictions higher than measured Njs, but these results
are within £20 % lines. For more accurate prediction, however, the particle shape
should be taken into account.

In
Figure 27 the particle shapes which have different projected areas but the same

maximum dimensions are given. As their particle shape definition becomes different
from a sphere, their projected areas become smaller. Drag force acting on a particle
depends on its projected area (Henthorn et al., 2005). This relationship may be
important to predict Njs. With this thought, it can be considered that maximum
dimension of non-spherical particles should be used as d in the correlation but a
correction should be done according to the shape of the particle. This way a
representative size that is smaller than the maximum size, but larger than minimum

size can be obtained.

Figure 27. The different projected areas of particles. a. Spherical, b. Ellipsoid, c. Grit
d. Rod shaped
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To express this relationship mathematically, a shape factor term, ¢, was added to
Ayranci’s correlation and its effect was represented exponentially as for the rest of the

terms. The modified form of the correlation is given in Equation (4.4).

1
g(pS - pl)>05 dp 6Xn I (4. 4)
P N;/3D2/3 D

Njs = (PmAI<

The selected shape factors among the ones found in the literature were calculated for
non-spherical particles. Table 10 shows these factors for all the non-spherical particles
tested.

Table 10. The values of shape factors of non-spherical particles

Name of non- Corey’s
Wadell’ s
spherical AR Circularity | Convexity shape
Sphericity
particle factor
Grit St 0.52 0.56 0.462 0.52 -
SAl 0.65 0.69 0.479 0.65 -
LAI 0.7 0.72 0.482 0.7 -
Rod Cp 0.268 0.48 0.5 0.66 0.13
Plt Cp 0.811 0.73 0.5 0.23 0.033
ABS 0.819 0.76 0.5 0.82 0.67
Akulon 0.818 0.86 0.5 0.95 0.5

Aspect ratio, AR, and circularity were calculated with the help of Image J software for
all particles. Convexity was calculated with the help of Image J for only concave
particles: Grit St, SAl and LAI. Convexity value of the already convex particles is 0.5
based on the definition of convexity. These particles are Plt Cp, Rod Cp, ABS
andAkulon. This definition does not allow for taking the differences in shapes into
account for these particles. Corey’s shape factor requires the measurement of all three

dimensions, minimum, maximum and medium, of the particle. It was not possible to
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measure these for the small particles; therefore, these factors were calculated only for
particles of dp >1 mm for which a ruler could be used in measuring all three
dimensions. Similarly, Wadell’s sphericity could also be calculated for only dp>1 mm

particles. However, this issue was overcomed by using Image J program.

Image J provides roundness values which is defined as (n x Major axis?)/(4 x Area).
We proposed that roundness can be used as the Wadell’s sphericity. The analysis
showed that with the assumption that the surface area of a sphere, which has the same
volume as particle, equals to 7 x (Major axis)? and the surface area of particle equals
to 4 x (Area), the roundness gave similar results as the Wadell’s sphericity. Image J
can analyze images of particles only in 2D; therefore, it cannot give any volume related
results. The assumption of roundness being equivalent to Wadell’s sphericity for non-
spherical particles was verified by comparing the results with the results of Hua et al.
(2015) which used a different method. Hua et al. (2015) conducted an experiment in a
fluidized bed with alumina particles which have the same shape as SAI particles used
in this study as shown in Appendix B. In the experiments, the pressure drop along the
bed was measured. Then the sphericity of the particles was determined by using the
Ergun equation. They determined sphericity of the alumina particles as 0.625. This
value is close to the value of 0.65 determined by using the roundness in Image J for
SAI particles; therefore, the assumption that roundness and sphericity give the same

results can be accepted.

The shape factors given in Table 10 were placed in Equation (4.4) to calculate
unimodal slurry Njs, and then the mixed slurry Njs were calculated by using the power
model. The performance of shape factors to account for the effect of particle shape on
Njs was analyzed by comparing the measured and predicted Njs values. The standard
deviation of predictions from measured Njs was calculated for each shape factor using
different m values. The changes of standard deviations with m for the five shape factors
are given in Figure 28a and b for unimodal and mixed slurries, respectively. The
optimum m values which give minimum standard deviations were determined for all
five shape factors. The value of m which can give the most representative results for
each shape factor and minimum standard deviations of predictions from measured Njs
are given in Table 11 and Table 12. The parity plots of predicted Njs with the use of
each of the five shape factors using the optimum m values that provide minimum

standard deviations from experimental Njs are given in Figure 29-Figure 33.
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Table 11. The minimum standard deviations of unimodal slurry Nis, predicted from

Nijs,measured With the use of minimum and maximum dimension, and shape factors.

Optimum exponents (m) are given for the five shape factors.

(0] m Standard Deviation (%)
Minimum 1 11.79
Maximum 1 12.07

AR 0.24 9.23
Circularity 0.3 8.94
Convexity 0.14 8.54

Wadell 0.24 9.37
Corey 0.08 9.12

Table 12. The minimum standard deviations of mixed slurry Njs, predicted from

Nijsmeasured With the use of minimum and maximum dimension, and shape factors.

Optimum exponents (m) are given for the five shape factors.

0] m Standard Deviation (%0)
Minimum 1 15.76
Maximum 1 19.27

AR 0.2 16.64
Circularity 0.42 15.28
Convexity 0.32 12.01

Wadell 0.2 13.84
Corey 0.12 15.64
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The use of five shape factors; AR, circularity, convexity, Wadell’s sphericity and
Corey’s shape factor, gave lower standard deviations for unimodal slurries compared
to mixed slurries because using one more correlation, power model, to determine Njs
causes an increase in deviations. Thus, the standard deviation of mixed slurries is
higher than unimodal slurries independent of the effect of particle shape. The use of
minimum dimension, maximum dimension or the five shape factors results in standard
deviations varying from 8.5 to 12 % for unimodal slurries and 12 to 19 % for mixed

slurries.

It was found that the use of convexity minimizes the standard deviation for both
unimodal and mixed slurries but as mentioned above convexity is not distinctive for
convex non-spherical particles. Similarly, Corey’s shape factor is not distinctive for
particles whose all three dimensions cannot be measured separately. It could be
calculated for only very large (dp>1mm) particles. AR and circularity lead to lower
standard deviations compared to Wadell’s sphericity and Corey’s shape factor for
unimodal slurries, but they cause higher standard deviations for mixed slurries because
they cannot represent the shape of copper particles in the correlation correctly. This
can be seen in Figure 29b and Figure 30b for PIt Cp more clearly. Njs predictions of
slurries of PIt Cp-LG and PIt Cp-LAl are close to +20 % line due to AR and circularity
values of Plt Cp. Wadell’s sphericity is the most convenient factor which can reduce
the deviations originated from particle shape. Determining Wadell’s sphericity is
possible and Njs predictions with the use of this factor are reasonable, for all particles.

Wadell’s sphericity is a ratio related to volume and surface area of a particle. In section
4.1 the conclusion is reached that as the surface area per volume of particle increases,
drag force acting on the particle increases and Njs decreases; therefore, a factor which
contains information of volume and surface area of the particle like Wadell’s sphericity
may be used to interpret behaviour of particles in solid suspension applications. Based
on the analyses done in this section, the use of Wadell’s sphericity as the shape factor
in Equation (4.4) with exponents of 0.24 for unimodal and 0.2 for mixed slurries is
recommended. Figure 34 shows parity plots of unimodal and mixed slurries for all
particles — spherical ones, and non-spherical ones with shape modification. The
modified power model was used when necessary. The standard deviation values are
9.4 % and 15.6 %, respectively.
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4.3 Application of Pressure Gauge Measurement Method to Determine Njs
Experimentally

In this study, the application limits of PGM method was different than the limits in the
literature regarding the range of impeller speeds, solids concentration, particle size and
density of solids. Njs was also measured for both unimodal and mixed slurries in this
work, but in literature all the reported data was for only unimodal slurries. Thus, the
application of PGM was tested for slurries that are close to industrial applications
regarding the number of solid phases. The conditions of previous studies and this study
are compared in Table 13. This shows that in this study PGM method was applied
beyond its limits of application in the literature. Some difficulties were encountered
with the collection and analysis of data at these out-of-limit applications. These
difficulties are seen at high impeller speeds and at low concentrations. In this section,
how to overcome these problems are reported. Then, the PGM data was compared with
the visual data and correlation results to test the accuracy and applicability of the

method.

Table 13. Comparison of the test system conditions for PGM method in literature and

this study
Impeller Density Viscosity | Particle
Slurry Xw of . .
Study speed . of Liquid Size
Type (wt %) (rpm) Solids (Pas) (um)
P (kg/m?) | a
Micale et . 180-
al., 2002 Unimodal | 3.77-33.8 0-800 2500 1 1000
Selima et
al., Unimodal 6-10 0-350 2650 1 74-300
2008
Lassaigne 500-
etal., Unimodal 10-35 0-800 2500 1-4 3000
2016
. Unimodal
This and 1540 | 01700 | ‘2% 1 85-3000
study . 8000
Mixed
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4.3.1 Applying PGM to Slurries at High Impeller Speeds

Figure 35 shows the increase in pressure with increasing impeller speeds for three
replications for the same slurry. The results are the same for all of the tests up to 900
rpm. At impeller speeds higher than 900 rpm, fluctuations are observed. At these

speeds, the repeated experiments begin to deviate up to 11 % from the average.

The pressure data in Figure 35 is the average of the pressure data taken during a time
period of 2-3 min for each impeller speed. In Figure 36a and Figure 36b, the raw
pressure data is shown for low and high impeller speeds, respectively. The pressure
change in Figure 36a at smaller impeller speeds, the pressure data is more smooth and
the points at which impeller speed is increased can be identified more easily. In Figure
36b; however, the fluctuations in pressure prevent the observation of increase of
pressure with impeller speed. For especially slurries at solids loadings lower than 20
wt %, the pressure measurements are noisy at high impeller speeds as seen in Figure
36b. When this data is averaged over time, the fluctuations at high impeller speeds in
Figure 35 are obtained. These fluctuations prevent fitting a meaningful second order
parabola to the pressure data. A meaningful parabola gives a APjs value close to the
theoretical one. If it is much larger or much smaller than the theoretical APjs an
accurate prediction of Njs is not possible. This is why the fluctuations in the pressure

data should be smoothed.

-e-Test 1

-e-Test 2

Test 3

AP (mBar)

—Mean

0 500 1000 1500
N (rpm)

Figure 35. Reproducibility tests for the pressure measurements of the mixture of 1.5
wt % Sph St and 5 wt % SG
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Figure 36. Effect of impeller speed on fluctuations of pressure with time. Data is
taken for the mixture of 1.5 wt% Sph St and 5 wt % SG a. For 200-700 rpm b. For
800-1000 rpm

The smoothing was obtained by filtering the pressure data using Savitzky-Golay filter
which is a function in Matlab. The filter applies a regression with the least squares
method to small data groups. When it was used, a smoothed pressure increase was
obtained like in Figure 37. Other filter algorithms in Matlab were also tested, but the
Savitzky-Golay filter represented the data most closely. Figure 37 shows the smoothed

pressure curve for the same slurry in Figure 35 and Figure 36.

The literature studies listed in Table 13 were in the lower range of impeller speeds;
therefore, a post-processing was not required. This study shows that the PGM method
can be applied beyond its limits of development by applying a filter to the data.
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4.3.2 Applying PGM to Slurries at Concentrations Lower and Higher than
Previous Studies

Micale et al. (2002) stated that dynamic head effects are the major source of
uncertainties of the PGM method. They anticipated that the ratio of pressure increase
due to dynamic head effects to the pressure increase due to the mass of suspended solid
particles will increase in the case of higher solids loadings, denser solid phases or

larger tanks than the ones they used.

The experiments in this study were conducted with both higher and lower solids
loadings, denser solid phases and in a larger tank than the ones used in Micale et al.
(2002). In this section, first, the effect of concentration on the dynamic head effects
was investigated. Second, findings about the application of the PGM method to mixed
slurries were given. Third, the effect of settling velocity on dynamic head effects at

low solids concentrations was expressed.
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4.3.2.1 The Effect of Concentration on Dynamic Head Effects
As the impeller speed is increased in solid-liquid mixtures, the measured pressure
increases due to the dynamic head effects and the mass of suspended solids. Figure 38

shows the determination of Njs graphs for mixture of Sph St and SAIl at varying

concentrations.
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Figure 38. Effect of solids loading on dynamic head effects for the mixture of 1.5 wt
% Sph St with varying concentrations of SAI: a. 1.5 wt %, b. 10 wt %, c. 20 wt %, d.
40 wt %
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It was seen that the pressure increase due to dynamic head effects is higher at lower
concentrations. This finding confirms Micale’s anticipation mentioned above. In
Figure 38, it is seen that the ratio of pressure change due to the dynamic head effects
to total pressure change decreases as solids loading increases. The ratios are 27, 12, 6
and 2.5 % for the slurries with SAl concentrations of 1.5, 10, 20 and 40 wt %;
respectively.

The relationship between dynamic head effects and concentration is analyzed in terms
of raw pressure data in Figure 39. The figure shows pressure change with time for two
slurries at different solids concentrations at the same impeller speed. The variation of
pressure is generally in =1 mbar for the concentrated mixture, while the pressure of
low concentration slurry shows larger fluctuations, up to £3 mbar. It should be noted
that these fluctuations are observed only at high impeller speeds like explained in

Section 4.3.1.
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Figure 39. Effect of solids concentration on fluctuations of pressure with time. Data
is taken at 1300 rpm for the mixture of 1.5 wt % Sph St and SAI concentration of:

a.55wt%b. 1.5wt%
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These fluctuations are a result of fluid motion and the interactions between the solid
and the fluid phases. The fluid, which moves axially towards the bottom of the tank
due to pumping of the impeller, causes fluctuations inversely proportional to the
concentration of particles: the larger the solids concentration, the smaller the
fluctuations. Kinetic energy, that is transferred from the rotation of the impeller to the
fluid provides energy for the particles motion and collisions (Ayranci et al. 2013b).
When a larger number of particles exist at unit volume, the energy of the fluid is
transferred to the particles more; therefore, the velocity of slurry would be lower. The
force applied to the bottom of the tank varies with velocity of slurries and this force is
low for high concentration slurries because the kinetic energy transferred from the

impeller to the fluid does not lead to high slurry velocity.

4.3.2.2 The Effect of Concentration of Less Dense Phase on the Application of
PGM for Mixed Slurries
The PGM method was applied to both unimodal and mixed slurries in this study. In

this part, the pressure curves of mixed slurries are analyzed.

In Figure 40, the total pressure curves of mixtures of Sph St and SAI at varying
concentrations and two curves of unimodal SAl are given. The curves at concentrations
of 1.5, 5 and 10 wt % SAI are different from S-shaped curves of unimodal slurries:
they include two waves because the two solid phases are suspended at different
impeller speeds. Thus, the total pressure curves of mixed slurries at concentrations
lower than 20 wt % give information about the suspensions of each solid phases and
at concentrations higher than 20 wt % the total pressure curves become similar to the
standard S-shaped. For instance, the total pressure curve of the slurry of Sph St-SAl
which includes 30 wt % SAl is standard S-shaped. It is because the suspension of SAl
begins at quite low impeller speeds and is completed at a large impeller speed. The
suspension of Sph St particles begins before the suspension of SAIl particles is
completed. Although the Njs of the unimodal slurry of 30 wt % SAI is measured as 960
rpm, the Njs of the unimodal slurry that contains 1.5 wt % Sph St is measured as 1233
rpm. The total pressure curve of the slurry is S-shaped because of the overlap of
suspensions mentioned above: a portion of the Sph St particles are suspended before

all the SAI particles are suspended.

84



12 - O o

1.5 Sph St-40 SAl

1.5 Sph St-30 SAl

8 ~1.5 Sph St-20 SAl
A
b 1.5 Sph St-10 SAl
=a)
£ ~1.5 Sph St-5 SAl
N
= 4 ~1.5 Sph St-1.5 SAI
---30 SAI Unimodal
--10 SAIl Unimodal
0+ . ‘
0 500 1000 1500
N (rpm)

Figure 40. The total pressure curves of Sph St and SAI mixed slurries at varying

concentrations and SAI unimodal slurries at 10 and 30 wt %

At low concentrations of mixed slurries where two waves are observed in the total
pressure data, the Njs of the less dense solid phase can be approximated using the PGM
method. Figure 41 shows an example of this for the Sph St-SAI mixture. Since the
suspension of SAIl is much easier compared to the much denser steel particles, initially
the SAI particles are suspended. The suspension of the SAI particles corresponds to
the first S-shaped curve. The pressure data after the first S-shaped curve correlates
with the square of the impeller speed. This allows for the application of the PGM
method to determine Njs of SAI. The Njs was found as 650 rpm. When the PGM method
is applied to 10 wt % SAI only, the Njs was found as 690 rpm. The two data are very

close.
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Figure 41. Njs of less dense solid alone and mixture can be determined with PGM
method at low concentrations. The slurry is the mixture of 1.5 wt % Sph St and 10 wt
% SAI

4.3.2.3 The Effect of Settling Velocity on the Application of PGM Method at Low
Concentrations

According to the definition of the PGM method, pressure increase should be
proportional to N2 for impeller speeds higher than Njs; therefore, a second-order
parabola can be fitted to the pressure data. Figure 42 shows an example of a case for
which this procedure is not valid for the full range of pressure data above Njs. In this
study it was observed that when the PGM method was used for unimodal slurries of
particles which have settling velocities lower than 0.15 m/s and solids concentrations
lower than 5 wt %, a second-order parabola could not represent the total pressure curve
for N values higher than Njs. Instead, the pressure increase becomes a larger function
of N. Figure 42 shows an example of this pressure increase for a unimodal TPE slurry
at a solids concentration of 5 wt %. To determine Njs with PGM, a second-order
parabola was fitted to data which corresponds to 450-600 rpm, but this parabola could
not represent the total pressure data at impeller speeds higher than 600 rpm. If a
parabola is fitted to the higher impeller speeds -that is N>600 rpm- the intercept which

corresponds to APjs would be negative. This is physically not meaningful. This trend
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was seen for ABS, TPE, Akulon, LAI, LG, SAIl and SG particles. When the data for
all these particles was analyzed it was seen that this unexpected sudden increase began

once N become 20 % larger than Njs.
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Sudden total pressure increase above Njs for the unimodal slurry of 5 wt %

TPE. The arrow shows the onset of sudden pressure increase.

In order to investigate this trend, the trend of the total pressure curve with no solids in

the tank was examined in the range of 0-2000 rpm. Figure 43 shows this data. The

increase of AP is similar to the data in Figure 42 which is for low solids concentrations

of low settling velocity solids. This shows that the presence of these solids does not

affect the flow of the fluid. For the conditions at which this sudden pressure increase

trend is seen, the dynamic head effects in the axial direction are larger than for the rest

of the conditions. But this situation was not observed for mixed slurries because the

presence of a second denser solid phase affects the flow of the fluid.
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As aresult, the PGM method can be used to determine Njs of slurries with low settling

velocity particles at low solids concentrations if the second-order parabola is fitted to
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Figure 43. Pressure increase when there are no solids in the tank

total pressure data before the onset of sudden pressure increase.

4.3.3 Comparisons of PGM with Visual Method and Correlations

In this section, the PGM method was compared with the more commonly used visual
observation method and with the correlation results. In Figure 44, the comparison of
PGM method with the visual method is seen for all the mixed slurries used in this study

at solids concentrations varying between 1.5 and 40 wt %. These two experimental

methods give similar Njs results with 11.2 % standard deviation.
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Figure 44. Comparison of Njs obtained with visual and PGM methods for mixed

slurries. The data shows with £20 % lines.

In Figure 44 it is seen that as visual Njs increases, PGM N;js remains constant for
mixtures of Plt Cp-LAl, Sph St-SG and Sph St-SAl for subsequent 2 or 3 data points
among which the solids concentration varies with small increments. The visual
observation method is a more sensitive method in comparison with PGM about
distinguishing small differences in Njs. According to the PGM method, the increase of
apparent density of slurry affects the pressure measured at the bottom of the tank. To
observe the changes due to small differences in the apparent density due to small
increments in solids concentration, the precision of the pressure sensor should be
sufficiently high. The sensor used in the experiments cannot measure these small
differences in Njs of mixtures. This deficiency of PGM method can be eliminated by
increasing the sensitivity of the pressure sensor. It should; however, be noted that the
visual method may be sensitive to capture these small changes only based on the

observer.

The comparison of visual and PGM N;s for all the unimodal slurries is given in Figure

45. The N;js values obtained with the two methods are again similar with 12.8 %
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standard deviation. A similar observation can be made for some of the data: Njs pcm
remains constant even though visual Njs increases because Njs of mixed slurries is close
to each other at increasing concentrations up to 15 wt %. As can be seen in Figure 13-
Figure 15 at low concentrations of less dense solid phase, Njs of the mixture does not
change more than 50 rpm for slurries of Plt Cp-LAl, Sph St-SG and Sph St-SAl.

The fact that this trend is seen more in the data for mixed slurries could be thought to
relate this behaviour to the number of solid phases present; however, the PGM method
is based on the pressure increase and it should be proportional to N2 for impeller speeds
higher than Njs regardless of the number of solid phases present. The data given in
Figure 45 helps proving this theory right, because the accuracy of this data is very
close to the accuracy of the data of mixed slurries. Figure 44 and Figure 45 show that
PGM method can be applied confidently to unimodal and mixed slurries at solids

concentrations of 1.5 % to 40 wt % with a maximum deviation of 12.8 %.
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Figure 45. Comparison of Njs obtained with visual and PGM methods for unimodal

slurries. The data shows with £20 % lines.
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If visual observation method cannot be used in a solid suspension application, Njs can
be determined with correlations or PGM method. In Figure 46, the mixture Njs
obtained from power model in which modified Ayranci’s correlation was used for
unimodal slurry Njs, and from PGM was compared. For some slurries, the data follows
the parity line but for most it does not. However, most of the data lies between +25 %
lines, which is an indication that the correlations and PGM method provide similar

results. The standard deviation from the parity line is found as 16.7 %.
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Figure 46. Comparison of Njs obtained with PGM method and obtained from
correlations for mixed slurries. In power model predictions Ayranci’s correlation was

used for unimodal slurry Njs. The data shows with £25 % lines.

Figure 47 shows the comparison of Njs, predicted and Njs, pom for unimodal slurries. At the
lowest concentrations of unimodal slurries, there are predictions outside the £25 %
lines. But in general, Njs, predicted @and Njs, pem are compatible. The standard deviation
from the parity line is 19.1 %. The conclusion is reached that when Njs is determined

by PGM experimentally, Ayranci can predict within 25 % lines.

The results in this section show that PGM method can be applied beyond the limits

that it was developed for. The conditions in this study are closer to industrial
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applications, thus the applicability of the PGM was tested for these conditions. As a

result, PGM method which can eliminate the error based on the observer was
recommended to use in industrial mixing systems.
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Figure 47. Comparison of Njs obtained with PGM method and obtained from

Ayranci’s correlation for unimodal slurries. The data shows with £25 % lines.
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CHAPTER 5

CONCLUSIONS

For efficient operation of industrial applications of solids suspension, the maximum
surface area between solid and liquid phases should be provided with minimum power
consumption. The impeller speed that would provide this condition, Njs, for an
application can be found experimentally, or by using correlations. The correlations in
literature are empirical equations that are based on experiments conducted with
spherical particles; however, the slurries include non-spherical and irregular shaped
particles in actual industrial applications. Industrial applications also include mixed
slurries at high concentrations. The aim of this study is to test the applicability of
correlations for Njs prediction of concentrated mixed slurries in presence of non-
spherical particles. To test the applicability of correlations at these conditions, Njs was
determined by use of visual observation method. Then, another experimental method
to determine Njs, PGM method, was tested. This method is an observer-independent

and new method compared to visual observation method.
In this thesis following outcomes were obtained:

e When suspension behaviour of particles was examined by comparing solid
phases which have similar size and density but different shapes it was seen that
less spherical particles are easier to suspend.

e The mainly used five correlations for prediction of Njs in literature were
compared with experimental Njs data. According to the result of the
comparison, Ayranci’s correlation (Ayranci and Kresta, 2014) was the most
accurate because it gave the smallest standard deviation — 10.5 % —for slurries
with spherical and non-spherical particles.

e The experimental data that Ayranci’s correlation was based on was up to 35 wt
% solids. The analysis of the data in this study showed that the correlation in

fact provides reliable results (within + 20 % error) up to 55 wt %.
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Njs of mixed slurries can be calculated with power model (Ayranci et al. 2013a,
Bao et al. 2013 ). The power model, however, cannot take networking effect
into consideration. To overcome this problem a factor, C was recommended

based on the ratio of concentrations of solid phases:

L 4.2
N _ (psl,legs,l + psl,ZNj35,2> /s (4.2)
js,mix —
Psl,mix
XWZ
C = (100 —5*5)/100 (4.3)

w1l

After this modification the prediction of Njs of the slurries which show
networking mechanism is improved significantly.

It was found that Ayranci’s correlation can predict Njs of slurries with spherical
and non-spherical particles with similar accuracy. To obtain more accurate
predictions for non-spherical particles, a particle shape term was added to
Ayranci’s correlation. Five different shape factors - AR, circularity, convexity,
Wadell’s sphericity and Corey’s shape factor- were compared to define particle
shape mathematically in the Ayranci’s correlation. Wadell’s sphericity was
found as most convenient shape factor to take into account the effect of particle
shape on Njs.

After the modification of power model to account for networking mechanism
and modification of Ayranci’s correlation to account for particle shape, it was
seen that Njs predictions are compatible with measurements with a deviation of
9.4 % for unimodal slurries and 15.6 % for mixed slurries.

The PGM method was applied at conditions that are significantly different than
literature conditions. The slurries resembled industrial applications in terms of
solids concentration and the number of solid phases, and the required impeller
speeds to suspend particles were higher than used in literature.

The impeller speeds higher than 900 rpm caused fluctuations in pressure data.
The PGM method could not be applied because of these fluctuations. This
problem was solved by data filtering using Savitzky Golay filter.

With increasing solids concentrations it was observed that the ratio of pressure
increase due to the dynamic head effects to total pressure change decreased.
But it is still possible to apply PGM method to slurries at concentrations up to
40 wt %.
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When PGM method was applied to mixed slurries, if the density difference
between the solid phases is sufficiently high, the shape of the pressure-impeller
speed curve gave information about the Njs of each solid component up to the
concentration at which the interactions between the solid phases intensify.
The total pressure data of the slurries which include particles that have settling
velocity lower than 0.15 m/s showed a sudden increase at impeller speeds
higher than 20 % of their Njs. But it is still possible to apply PGM method to
these slurries if the second order parabola is fitted to data points before that
sudden increase.

When the results of visual measurements and PGM measurements were
compared, it was seen that measurements are similar with 12.8 % maximum
standard deviation for unimodal and mixed slurries. As a result, this study
demonstrates that the pressure measurement method is also a reliable method

for mixed slurries and at high impeller speeds — if the pressure data is filtered.
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APPENDIX

A. Particle Size Distribution

Table A 1. Sizes of particles determined by Malvern Mastersizer 3000

Sample Same D (10) D (50) D (90) D [3,2] D [4,3]
SG 62.6 83.3 109 81.1 84.5
LG 552 701 890 692 714
Grit St 174 310 519 256 329
Sph St 88.6 168 276 109 175
S Al 53.5 87.4 139 81.3 92.3
L Al 166 238 335 228 244

Size Classes (um)

@

Size Classes (um)

[4] Average of ‘Basak Kutukcu_glass |

Figure A 2. Particle size distribution of LG
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Figure A 5. Particle size distribution of SAI
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Figure A 6. Particle size distribution of LAl
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B. Image Comparison

Figure B 2. SEM images of LAI particles used in this study
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