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ABSTRACT

EXPERIMENTAL INVESTIGATION OF AGITATION HYDRODYNAMICS
AND MIXING-TIME OF NON-NEWTONIAN SOLUTIONS

Sen, Begiim
M.Sc. Department of Chemical Engineering

Supervisor: Assoc. Prof. Dr. Yusuf Uludag

December 2011, 75 pages

Mixing is a crucial process for many large scale and small scale applications from
food industry to cosmetics, from drug industry to petrochemical processes, etc.
Changes in parameters (temperature, viscosity, velocity distribution, etc.) during the
mixing affect the production process and the end product quality and the cost. Thus,
these parameters, mostly the hydrodynamic parameters, should be monitored closely
during the process. In order to ensure good and efficient mixing in the solution, high
degree of turbulence is maintained while dead zones in the tank should be avoided.

In chemical industry, the mixing processes generally involve complex solutions that
exhibit non-Newtonian flow behavior that merits a study on the agitation
hydrodynamics and mixing time. Thus, in this study agitation of carboxymethyl
cellulose (CMC) solution in a laboratory scale mixing tank is investigated. The
effects of CMC concentration and agitation speed on the hydrodynamics of the
solution and mixing time are studied in detail. CMC concentrations studied are 0.5



wit%, 1 wt% and 2 wt%. Impeller speeds, on the other hand, are set as 150 rpm, 300
rpm and 600 rpm.

The hydrodynamics of mixing can be studied easily by Ultrasound Doppler
Velocimetry (UDV) which is a fast, non-invasive measuring technique in fluid
dynamics. Also, the mixing time measurements were carried out through electrical

conductivity of the agitated solution.

UDV results show that the flow field has a typical pattern produced by the Rushton
turbine. The main characteristics of the flow are that, in the impeller region radial
components of the flow dominate. Near the wall flow occurs mainly in the axial

direction towards the top and bottom of the tank.

Mixing time measurements reveal that mixing time increases with decreasing
impeller speed and with increasing solution concentration (i.e. viscosity). Typical
mixing time values are in the range of 250-2600 seconds for different impeller

speeds and CMC concentrations.

KEYWORDS: Agitation Hydrodynamics, Ultrasound Doppler Velocimeter, Mixing
Time, Non-Newtonian Fluids
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NEWTONUMSU OLMAYAN AKISKANLARIN KARISTIRMA
HIDRODINAMIGININ VE KARISIM ZAMANININ DENEYSEL OLARAK
INCELENMESI

Sen, Begiim
Yuksek Lisans, Kimya Miihendisligi Bolumu

Tez Yoneticisi: Assoc. Dr. Yusuf Uludag

Aralik 2011, 75 sayfa

Karistirma hem biiyiikk hem kiiciik Olgekli siireclerin 6nemli bir parcasidir ve
gidadan kozmetige, ilagtan petrokimyaya, v.b. birgok Uretim surecinde
kullanilmaktadir. Karistirma sirasindaki parametrelerdeki degisiklikler (sicaklik,
viskozite, hiz dagilimi, v.b.) iiretim siirecini ve son iriiniin kalite ve fiyatim
etkilemektedir. Bu ylizden, bu parametreler, 6zellikle hidrodinamige bagl olanlar,
siire¢ boyunca yakindan takip edilmelidir. Iyi ve etkili bir karistirmay: saglamak

i¢in, tanktaki “6lii noktalardan” kaginmak igin ileri derecede tirbilans tercih edilir.

Kimya sanayinde, karistirma prosesleri genelde Newtonumsu olmayan kompleks
cozeltileri icermektedir ki bu g¢ozeltilerin karistirma hidrodinamigi ve zamani
lizerine calismalar yapilmalidir. Bu nedenle, bu calismada, karboksimetil seliiloz
(CMC) ¢ozeltilerinin karistirllmast laboratuvar ol¢ekli bir karistirma tankinda
incelenmistir. CMC derisiminin ve karigtirma hizinin, ¢6zeltinin hidrodinamigi ve

karistima zamani tizerindeki etkileri detayli olarak calisilmistir. Calismada kiitlece

Vi



yiizde 0.5, 1 ve 2’lik ¢ozeltiler kullanilmistir. Pervane hizlari 150 rpm, 300 rpm ve
600 rpm arasinda degistirilmistir.

Karistirma olaymnin hidrodinamigi akiskanlar dinamiginde hizli ve tahribatsiz bir
dl¢iim teknigi olarak kullanilan Ultrasonik Dopler Hiz Ol¢iim (UDV) cihaz ile elde
edilmistir. Ayrica, karistirmanin tamamlanma siiresi de ¢ozeltinin iletkenlik ve

derisimine bagli bir korelasyon kullanilarak incelenmistir.

UDV sonuglari, akisin Rushton tiirbini ile olusturulmus tipik bir modele sahip
oldugunu gostermektedir. Akisin ana 6zelliklerine gore, pervane yakininda radiyal
bilesenler daha gii¢liiddiir. Tank duvarlar1 yakinindaki akis, temel olarak eksenel

yonde tank tabani ve iist bolimlerine dogrudur.

Karigtirma zamani dl¢timleri, karistirmanin tamamlanma siiresi azalan pervane hizi
ve artan ¢ozelti derisimi (bir anlamda viskozite) ile arttigini1 gostermektedir. Farkli
pervane hizlar1 ve CMC derisimleri igin tipik karigtirma siireleri 250-2600 saniye

araligindadir.

ANAHTAR KELIMELER: Karistirma Hidrodinamigi, Ultrasonik Doppler Hiz

Olgiim Cihazi, Karistirma Siiresi, Newtonumsu Olmayan Akiskanlar
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CHAPTER 1

INTRODUCTION

Mixing is a phenomenon benefited not only for large scale applications (industrial
vessels) but also for small scale applications (kitchen pots). It is very crucial in
many of the important processes such as cosmetics, pharmaceuticals, food,

petrochemicals, etc.

The parameters defined for mixing processes can radically change the production
processes and the quality of the final products. Hydrodynamics in the mixing vessel,
geometry of the vessel, type and position of the impeller, mixing duration and power
consumption of the impeller are the parameters identifying the mixing
characteristics and requirements of any mixing system. Keeping track of these
parameters during the production processes involving mixing is a critical subject to
be investigated deeply.

There are two types of mixing: laminar and turbulent. Although laminar mixing has
its difficulties and has been studied in the past [1] by many authors, in most
industrial applications where large scale stirring vessels are used, turbulence is
predominant. Turbulent flows are far more complicated and it is a challenging task

to predict due to their chaotic nature.

Up to now, the hydrodynamics of mixing phenomena have been under investigation
using different methods. Some of the methods used to determine the velocity profile
of a system are Laser Doppler Velocimetry (LDV), Ultrasound Doppler Velocimeter
(UDV), Nuclear Magnetic Resonance (NMR) and image processing techniques. To

be able to use some of these methods, one has to accomplish many specific

1



requirements: working with a transparent medium/vessel, disturbing the medium
under investigation, adding tracers, long analysis durations, etc. However, working
on transparent medium, accompanied with a transparent vessel, is not always
possible. Especially, in industry, one has to get the results quickly and should not
disturb the system. One of the mentioned methods, Ultrasound Doppler
Velocimeter, is very promising in raising the amount of the studies on
hydrodynamics because this technique can be applied to both transparent and opaque
vessels, it can provide the results quickly and the system can be analyzed without

disturbances [1].

Furthermore, most of the fluids used in the industry have non-Newtonian
characteristics: the world is not ideal, many of the data obtained in this area
empirical rather than theoretical. Rheological properties of this kind of fluids sharply
affect the hydrodynamics of agitation. However, the studies on the agitation of non-
Newtonian fluids are not enough yet because there are lots of parameters to be

investigated deeply.

Since reaching turbulent conditions especially for high-viscosity solutions is not an
easy task, it is difficult to increase mixing efficiency. Thus, scientists are trying
different kinds of impeller to increase the efficiency [2]. Also, to follow the mixing
completion time is necessary for time and energy efficiency of the processes. For

mixing time of non-Newtonian solutions, more studies are required [3], [4].

Due to reasons explained above, the objective of this study is to investigate the
agitation hydrodynamics and the mixing time of a shear-thinning non-Newtonian
solution, in an agitated tank via Ultrasound Doppler Velocimeter and a technique
based on the conductance of solution.



CHAPTER 2

LITERATURE SURVEY

Velocity profile distribution gives the opportunity to identify characteristics of any
flow. The scientists for many years tried to find better methods to visualize the flow.
There are several studies investigating the velocity field in agitated tanks. In Figure
2.1, an example of velocity vector field obtained using a computational method is
given [5].

Figure 2.1 Mean Velocity Vector Plot in Disc Center-plane [5]
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Turbulence is important for efficient mixing, especially to prevent the formation of
the dead-zones. Jaafar et al. have investigated the velocity and turbulence
characteristics of a pipe system containing water with impurities via Ultrasound
Pulse Doppler Velocimetry. The result was that there is a good agreement between

experimental velocity profiles and theoretical models [6].

Hui has studied hydrodynamics of pulp suspensions in a cylindrical vessel with axial

flow impellers. He demonstrated that UDV is applicable to opaque pulp suspensions

[7]1

Pfund and his coworkers have focused on the capabilities of UDV in a pipe flow of
carbopol. This study shows that UDV is a non-invasive technique and it does not

interrupt the process. Also, it can supply continuous output [8].

Dogan has investigated polydimethylsiloxane melt in a pipe system via UDV. This
study showed that when velocity resolution better, the minimum shear rate to be

accurately measured is lower [9].

Uludag and his coworkers worked on a pipe system containing xanthan gum via
UDV. According to the results of this study, better results can be obtained at higher
flow rates. Using UDV, viscosity can be obtained in a wide range of shear rates in a

few minutes [1].

The investigation of opaque liquids is still under development. In 1987, Takeda has
showed that UDV is useful for low temperature melts of metals [10]. However, it
should be noted that even UDV does not provide very reliable results for high
temperature melts of metals [11].

Laser Doppler Velocimetry (LDV) is a technique based on the optical determination
of the velocity. LDV is also called Laser Doppler Anemometry (LDA). LDV is
developed by Yeh et al. [12] in 1964 and it has been used in several studies to study
the hydrodynamics. In this technique, the Doppler shift of the laser radiations, which
are scattered by the moving particles, is measured and processed via signal
processing equipments in order to calculate the velocity of the particles. LDV does

not disturb the process under investigation. It is applicable to either gas or liquid



media. However, it requires transparent media due to optical concerns which is an

important drawback compared to UDV.

Operation parameters of industrial scale processes are sometimes too complex to be
obtained in laboratory scale experiments. Also, sometimes simulating the
experiment in laboratory is too expensive. Computational techniques can
significantly reduce the cost of simulating the experiments to investigate the
necessary characteristics. However, to accept the computational results as reliable
enough to influence design decisions, the computational model must be validated
through experimental data [13].

In 2009, Broniarz and his coworkers have studied mixing time of polymer solutions
such as CMC, guar gum and polyacrylamide via conductometric methods. They
have concluded that there are differences in interactions of anionic and non-ionic

polymers for mixing time due to macromolecular configurations in the solution [14].

Khopkar et al. has worked on CMC and glucose solutions using discoloration
method. This study showed that for shear thinning fluids, the mixer has difficulties

in achieving complete homogeneity around the central shaft [2].

Another study on the mixing time of polymer solutions is carried by Montante et al.
They have compared CFD results with conductometric measurements for water,
polyvinylpyrolidine and carbomer solutions. Their studied proposed that exact

location of probes and tracer injection is not significant [3].

In industrial mixing applications, the power consumption per unit volume of fluid is
used extensively for scaling and design. In spite of its widespread use, the
dependence of power consumption on impeller and tank geometry is designed only
in general terms. This situation stems from both the difficulty of obtaining accurate
torque measurements on small scale and partly from the predictive limitations of
drag theory [15].

A non-Newtonian fluid is a fluid whose flow properties differ dramatically from
those of Newtonian fluids. Generally, the viscosity of non-Newtonian fluids is not

independent of shear rate or shear rate history.



Many salt solutions and molten polymers are non-Newtonian fluids such as ketchup,
custard, toothpaste, starch suspensions, paint, blood, and shampoo. In a Newtonian
fluid, the relation between the shear stress and the shear rate is linear, and the
constant of proportionality being the coefficient of viscosity. In a non-Newtonian
fluid, the relation between the shear stress and the shear rate is different, and can
even be time-dependent. Therefore, a constant coefficient of viscosity cannot be
defined.

Carboxymethyl cellulose (CMC) is widely used in the scientific studies since it
forms has harmless and cheap non-Newtonian solutions with water. Broniarz et al.
studied the heat transfer characteristics in non-Newtonian media using CMC
solutions [16]. They determined the friction factor in boundary layer and the

distribution of heat transfer coefficient in CMC solutions.

Dapia et al. has focused on the rheological behavior and solubility of CMC
solutions. They concluded that molar mass is related to total degree of substitution
[17].

CMC solutions have very high viscosities even at small percentages. Figure 2.2 is
taken from the study of Yang et al. [18]. This study investigates deeply the
properties of CMC solutions. Temperature and concentration dependence of
viscosity of CMC solutions is clearly proved in this study. Also, this figure shows
high viscosity of even small percentage CMC solutions and shear-thinning behavior.

100000 -
—1—1%
—o—3%
Z 10000 4
g
Z. 1000
.:i 100 C
=
10 | | |
0.1 1 10 100 1000

Shear rate (s™!)

Figure 2.2 Dependence of viscosity of CMC solution upon shear rate at 1, 3, 5 %
concentration and 20°C [18]
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CHAPTER 3

MIXING IN AGITATED TANKS

Agitation is defined in the dictionaries as the act of moving, shaking or disturbing
something vigorously. In the case of fluid agitation, Mansour Jahangiri defines it as
“introduction of mechanical energy into the vessel by means of a rotating impeller

and converting this energy into hydrodynamic motion” [19].

Mixing may be required due to several reasons. It can be classified in five agitation
operations [20]:

e homogenization, i.e. equalization of concentration and temperature
differences within the system;

¢ intensification of heat transfer between a liquid and a heat transfer surface;

e suspension (and possible dissolution) of a solid in a liquid or slurry
formation;

e dispersion (or emulsification) of two immiscible liquids in each other;

e dispersion (or sparging) of a gas in a liquid (gas-liquid contacting).

Mixing may seem to be a macro-scale operation. However, there are micro-scale

events during the mixing operation. These events are:

e Convection: Fluid moves through the different parts of vessel, preventing
stratification.

e Macro-mixing: Separates bulk of fluid into smaller elements.

e Laminar shear: Below the scale of macro mixing fluid elements are further

dispersed by laminar shearing.



e Micro-mixing: Diffusion of reactants takes place and it is driven only by

concentration gradient.

The dimensions of the agitation tank and the dimensions and arrangement of
impellers, baffles and other internals influences mixing extent, mixing quality and
the amount of energy required for achieving a required degree of agitation. The
internal arrangements depend on the objectives of the operation.

Agitation Impellers

Axial flow impellers are efficient for liquid blending and solids suspension, while

radial flow impellers are best used for gas dispersion.

Radial flow impellers include flat blade impeller, disk turbine (Rushton) and hollow
blade turbine. They produce two circulating loops, one below and one above the
impeller. Mixing occurs not only between these two loops but also more slowly
within each loop.

Compared to axial flow impellers, radial flow impellers provide higher shear and
higher turbulence levels using lower pumping capacity. Radial flow impellers

discharge fluid radially outward to the vessel wall (Figure 3.1).

Figure 3.1 Flow patterns in a baffled tank, generated by A) axial-flow propeller and
B) radial-flow turbine stirrer [20]
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Figure 3.2 shows types of impellers according to the predominant flow pattern that

they produce, and to the range of viscosities over which they can be effectively used

[20].

Liquid viscosity [m Pa s]
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Figure 3.2 Classification of Impellers [20]

Impeller size depends on the impeller type and the operating conditions defined by
Reynolds, Froude and Power number. For example, the ratio of impeller and tank

diameters should be between 0.3-0.6. Lower diameter ratios are preferred for higher

impeller speeds.

Rushton turbine is one of the mostly used impeller type to form radial flow.

Generally, it consists of a disk and 4 to 6 blades connected perpendicularly to this



disk. The disk part of the Rushton turbine does not affect agitation: it is the blades
that support the agitation for this impeller.

Agitation Vessel Geometry

A conventional agitation tank consists of a vessel equipped with a stirrer. The vessel
is generally a vertical cylindrical tank. The stirrer has several parts: an impeller, a
shaft, a gearbox and a motor drive (Figure 3.3).

The shape of agitation tanks can be designed as cylindrical or rectangular. They
may have round or flat bottom considering the application area. Although round

bottom tanks may require less power than flat bottom tanks.

When a single impeller will be used in an agitation tank, the optimum tank diameter

is equal to liquid level with the impeller located at the center for the system.

Except some special cases, which may require pilot plant testing, some general rules
have been developed with which mixing equipment can be designed efficiently up to

some degree.

--» SHAFT
| -
S
—| > BAFFLE
C X = --» TMPELLER
> FLUD .

Figure 3.3 Simple Agitation Tank Configuration
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When fluids with low viscosity are agitated in cylindrical tanks with a centrally
attached impeller, baffles are often fitted to inside wall of the tank in order to
prevent solid body rotation and vortices. The baffles provide the axial mixing
between the top and bottom of the fluid in the tank. They also enhance the turbulent

behavior in the agitation system.

In general, four baffles are used in agitation tanks. Their width is often chosen as

equal to one tenth of the tank diameter.

Reynolds Number

Reynolds Number (Re) is a dimensionless number used in fluid mechanics. It gives
a measure of the ratio of inertial forces to viscous forces to determine the flow

regime. It helps to identify the flow as laminar, transitional or turbulent.

For stirred tanks, flow is laminar when Re is lower than 50. Flow is transitional

between 50 and 5000, and flow is considered turbulent when Re is higher than 5000.

Reynold’s number for non-Newtonian fluids which obey Power Law can be
calculated using the below equations 1 to 4:

N2-mp;?
Re = (B*)1-m —— "

@

y=B""N
()

n=n-y"?

©)

B* =4n
(4)
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Froude Number

Froude Number is a dimensionless number describing the formation of surface
vortices. The Froude number is important when gravitational effects are significant,

as in vortex formation; its influence is hardly detectable in baffled tanks.

()

Power Number

Power Number is a dimensionless number used in fluid mechanics. It is defined as
the ratio of the forces on the impeller to the inertial forces. It is one of the most
widely used design specifications for mixing processes. It depends on impeller size

and position in the tank, tank geometry (size and baffles) and Reynolds Number.

N. = P

(6)

Figure 3.4 shows the relation between Power Number and Reynolds Number for
different types of turbine impellers. If the impeller type and dimensions are specified
and Reynolds number is calculated, one can estimate the power required using the

curves given in the figure.
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Figure 3.4 Dimensionless Power Number in Stirred Tanks [22]
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CHAPTER 4

MEASUREMENT TECHNIQUES

In this study, two measurement techniques are adopted. First one is Ultrasound
Doppler Velocimetry. It is used to get the velocity profile data inside the agitation
tank. The second one is used for mixing time measurement with the help of

conductivitymeter.

4.1. Ultrasound Doppler Velocimetry

Ultrasound Doppler Velocimetry is one of the very fast, non-intrusive, and easy to
operate methods in order to define flow characteristics.

First appearance of Ultrasound Doppler Velocimeter technique has not been actually
in fluid dynamics. In 1980’s, UDV techniques is used in medical industry.
Combining UDV with pulsed emissions has extended the application area of this

technique to other fields and also to fluid dynamics.

One of the significant advantages of UDV is its applicability to both opaque and
transparent media. Furthermore, materials from gases to soft solids can be

investigated easily in both continuous and batch systems.

Figure 4.1.1 shows the schematic for transducer of UDV system, ultrasonic beam
and the particle position.
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Transducer

Figure 4.1.1 Moving Particle and Transducer Position [23]

Using the time delay T4 between the emitted burst and the echo reflecting back from

the particle, the depth p of the mentioned particle can be calculated as:

()

In this equation, ¢ symbolizes the sound velocity of the ultrasonic wave in the liquid.
Considering that the particle is moving with an angle 6 with respect to the axis of the
ultrasonic beam, its velocity can be measured using the variation of the particle’s

depth between two emissions having time difference Tyt [23]:

C
P,—P =V-Tprf-cos(9=§-(T2—T1)
(8)
The time difference T,-T; is generally lower than a microsecond. Replacing this

time difference by a measurement of the phase shift of the received echo will be

easier. So, with fe is the emitting frequency,

0 =2n-f.(T, —Ty)
9)
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Then, it can be shown that the velocity of the particle is [23]:

_ c-o ¢ fy
_4u-fe-cose-Tprf_2-fe-cose

\%

(10)

Ultrasound Doppler is capable of providing spatial information associated to
velocity values. However, since the data obtained is periodical, UDV technique has
the disadvantages stemming from the Nyquist theorem. This means that a maximum

velocity exists for each pulse repetition frequency:

c
V.. =
A 4+ Type e fo - cos O

(11)

This situation causes a limitation in UDV technique: the velocity is limited
depending on the pulse repetition frequency. In addition to the velocity limitation,
there is also a depth limitation. The ultrasonic burst travels in the liquid at a velocity
depending on the physical properties of the liquid. The pulse repetition frequency
gives the maximum time allowed to the burst to travel to the particle and back to the
transducer [23]. The relation between the maximum measurable depth and pulse
repetition frequency is:
Tore - C

Pm ax 2

(12)

Thus, maximum measurable depth is related to maximum allowable velocity with

the equation:

C2

Pmaxvmax - 8'f 'COSO
e

(13)
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In this case, although highest emitting frequency gives the best spatial resolution,
it may not allow measuring the desired maximum velocity at the maximum depth.
So, choosing the optimum emitting frequency should be the first thing before using
the UDV technique. Then, the probe diameter should be selected (APPENDIX A).
While choosing the optimum diameter, it should be noted that smaller diameter
means a less sensitive probe and larger diameter means a less diverging beam, i.e. a

smaller sampling volume [23].

2MHz 8 mm
600 - 2 GO0 —
Half angle {£dB) = 2.95°
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400 400
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Figure 4.1.2 Beam and attenuation plots of 2 MHz and 8 mm probe [23]

Figure 4.1.2 shows the probe specifications used in the study. Depth and width
relation of the ultrasonic beam is given. Also, the relation between the attenuation of
the beam and penetration depth is given. This plots shows that when the penetration

depth increases, volume of the beam also increases causing higher attenuation.

4.1. Conductivity Measurements

Conductance method is one of the mostly applied methods to get the mixing time of
the agitated systems. It depends on measuring the conductance of the solution after
adding a conductance changing tracer to the initial solution. A conductivitymeter is

17



used for this kind of measurements. It is important that the instrument gives and

records the time dependency of the conductance.

After obtaining the conductance data, it should be combined with conductance and
tracer concentration plots. Using these plots, the time for reaching the equilibrium
concentration of tracer gives the mixing time of the solution. Generally, 95% of the

equilibrium tracer concentration is accepted as the achievement of complete mixing.
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CHAPTER 5

EXPERIMENTAL PROCEDURE

The experiments have started with the preliminary viscosity measurements for
different concentrations of carboxymethyl cellulose solutions.

5.1. Materials

e Carboxymethyl cellulose (CMC) is the main chemical used throughout this
study. It is a cellulose derivative with pseudoplastic (shear thinning)
property. It has variable molecular weight and formula (Figure 5.1.1). It is
often used as its sodium salt, sodium carboxymethyl cellulose. CMC is
preferred because it is non-toxic, non-allergenic, environmentally friendly
chemical and constituent of many non-food products: toothpaste, artificial

eye-drops, water-based paints, detergents, paper products, etc.

RO
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— —n

Figure 5.1.1 Structure of CMC [24]
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CMC is non-toxic, non-allergenic, environmentally friendly chemical. It can be
biodegraded aerobically and anaerobically by bacteria commonly found in the

environment.

In food industry, CMC is known as E466 and used as viscosity modifier/ thickener
or emulsion stabilizer. It is also a constituent of many non-food products: toothpaste,
artificial eye-drops, water-based paints, detergents, paper products, building material
additives, printing inks, coatings etc as water retention agent, gelling, emulsifying,
suspending, absorbing, stabilizing, bonding and film forming agent. For this study,
high viscosity Na-CMC salt obtained from Sigma-Aldrich is used.

Sodium chloride is another chemical used in this study. It is used as the electrolytic
tracer during the conductivity measurements. The obtained conductivity versus NaCl
concentration plots are used to calculate the concentration of NaCl in the

viscoelastic solution.

All the measurements have been performed in a cylindrical tank made of plexiglas
with a free-surface. The tank included four equally spaced baffles. The tank is filled
with CMC solution up to height H.

The impeller is a six-blade Rushton turbine with D= D¢2 (Figure 5.1.3). The
turbine was located with a clearance of H/3 from the bottom of the tank. The

impeller is driven by a variable speed electric motor shown in Figure 5.1.2.
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Figure 5.1.2 Servodyne Mixer Controller and Motor Head

The dimensions of the set-up are given in Table 5.1.1.

Table 5.1.1 Agitation Tank and Impeller Dimensions

Diameter of the mixing tank 100 mm
Water height 100 mm
Length of the baffles 120 mm
Thickness of the baffles 2mm
Width of the baffles 10 mm
Diameter of the mixer shaft 9mm
Impeller clearance 33 mm
Impeller diameter (2”) 51 mm
Disc diameter 30 mm
Disc thickness 2mm
Bore diameter (34”) 10 mm
Blade length 10 mm
Blade thickness 2mm
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Figure 5.1.3 Rushton Turbine and the Impeller

The cylindrical vessel is placed in water-filled square tank made of plexiglass to
prevent the attenuation of ultrasonic beams. Twenty five holes are drilled on the
square tank’s surface in order to place the UDV probe. The set-up is showed in
Figure 5.1.4, Figure 5.1.5 and Figure 5.1.6.

Figure 5.1.4 The Parts of the Tank Set-up: Rushton turbine with the shaft,

cylindrical tank with baffles, square tank with holes (from left to right)
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Figure 5.1.5 Arrangement of the Tank Set-up with Sectional Views
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Figure 5.1.6 Grid Prepared for Probe Positions

5.2. Methodology

Solution Preparation

Solutions are prepared by mixing distilled water and carboxymethyl cellulose at
different percentages. After addition of CMC in distilled water, the mixture is stirred
vigorously until the homogeneity is achieved. Then, solutions are used for viscosity

measurement, velocity profiling and mixing time measurements.

Viscosity Measurements

The viscosities of the CMC solutions prepared with different concentrations have
been measured with Brookfield DVIII Ultra rheometer in terms of the shear rates
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(Figure 5.2.1). Spindle number 34 (accessory of the mentioned rheometer) has been
used during the experiments. The viscosity measurements have been performed at
20°C.

Figure 5.2.1 Brookfield DV-11I Ultra Rheometer

Velocity Profile Measurements

To find the velocity profile in the cylindrical tank, DOP2000 Ultrasound Doppler
Velocimeter (designed by Signal Processing SA) has been used (Figure 5.2.2). To
complement the velocimeter, the 2 MHz transducer with 8 mm diameter has been
chosen and used (Figure 5.2.3). 128 profiles have been recorded for each point on

the measurement grid.

Before the probe is placed in the holes of the grid, its piezoelectric tip is covered
with ultrasonic gel to enhance the contact surface. Furthermore, carboxymethyl
cellulose solution is filled between the inner cylindrical tank and outer rectangular
tank as a coupling solution. Obtained raw data is analyzed after mean velocities are

computed.
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Figure 5.2.3 UDV Probe
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Mixing Time Measurements

Mixing time measurements were carried out by adding NaCl solution
instantaneously and monitoring the conductance of the mixture in the tank at a
certain location using a conductivity probe. 0.1 M salt solution (NaCl) is used as the
tracer. 8 ml (corresponding to 0.1% of the volume of CMC solution in the tank) of
the NaCl solution was injected inside the tank near the shaft. The mixing time was
calculated as the time required for the salt concentration to reach 95% of the
equilibrium salt concentration corresponding to the final conductance of the

solution.

Power Consumption

In industrial mixing applications, following the power consumption of agitation
systems is very important. In spite of its widespread use, the dependence of power
consumption on impeller and tank geometry can be defined only in the most general
terms. This is partly due to the difficulty of obtaining accurate torque measurements
on the small scale and partly due to the predictive limitations of drag theory,
particularly for the recirculating three dimensional flows [26].

Correlations for Power Number and Reynolds Number are used to calculate power
consumption of the systems under investigation. An efficient impeller in terms of

power consumption should have a small mixing time and a small power number.

Power consumption of the system can be computed according to the equations given
below [14].

Np pN3D5
(14)
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CHAPTER 6

RESULTS AND DISCUSSION

The results have been evaluated in several sub-sections. Viscosity measurement,
velocity profile characterization, effect of various parameters on velocity profile,

mixing time and power consumption are analyzed separately.

6.1. Viscosity Characterization of the CMC Solutions

CMC solutions with varying concentrations have been prepared and their viscosities
have been measured via the rheometer. At the end, it is seen that 0.5 wt %, 1 wt%
and 2 wt% CMC solutions will be enough for the remaining part of the study. In
Figure 6.1.1, the shear thinning nature of the prepared CMC-water solutions is easy
to notice. As expected, viscosity decreases with increasing shear rate. This situation
is due to the disentanglements of the long molecule chains under pressure. Also,

even with very low percentages, high viscosities can be reached.
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Figure 6.1.1 Viscosity of CMC solutions

6.2. Effects of Salt Concentration on Solution Viscosity

Figure 6.2.1 and Figure 6.2.2 show the effect of electrolytic tracer on the solution
viscosity. It is observed that electrolytic tracer decreases the viscosity.
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Figure 6.2.1 Effect of Electrolyte Addition on the Viscosity of CMC Solution

From the Figure 6.2.1, we can see that NaCl addition decreases the viscosity of
CMC solution approximately 24%.
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Figure 6.2.2 Effect of Electrolyte Addition on the Viscosity of CMC Solution
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Figure 6.2.2 shows also the Power Law indices of shear-thinning for 0.5wt% CMC

solution:

(19)

logn =logn+ (m—1)logy
(20)

logn = —0.7821 — 0.16711logy  (without NaCl)

— n=0.1652 Pa.s™ m=0.8329

logn = —1.0026 — 0.1106logy  (with NaCl)

— n=0.0994 Pa.s™ m=0.8894

Table 6.2.1 shows the calculated Power Law indices of the CMC solutions used in

the experiments with different concentrations.

Table 6.2.1 Power Law Indices

CONCENTRATION EQUATION n(Pas™) | m
0.5 Wt % CMC logn =-0.1671logy-0.7821 | 0.1652 | 0.8329
1wt % CMC logn =-0.2372logy +0.228 | 1.6904 | 0.7628
2 Wt % CMC logn =-0.2396 logy + 0.9166 | 8.2528 | 0.7604
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6.3. Effect of Position on Velocity Profile

Twenty five positions on the grid have been used for velocity measurements. The
probe of UDV is used to obtain the spatial velocity distribution along the

measurement axis.
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Figure 6.3.1 Sample Velocity Measurement along the z-axis for 1 wt% CMC
Solution at 150 rpm at 100 mm away from Probe Tip
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Figure 6.3.1 shows a sample measurement along the z-axis changing probe location
from B1 (top of the tank) up to B5 (bottom of the tank). In this figure and also in the
velocity results presented in this section, dimensionless distances are used to give
the velocity component. These are defined below with respect to impeller tip

velocity and tank height:

Vr*: Vr/Ut|p

Vt*: Vi Utip

z =z/(H*1000)

Figure 6.3.2 illustrates the radial velocity distribution sample at 60 mm away from
the probe tip (i.e. impeller region). From this figure, it can be concluded that error
bars are in the range of 3-7% of the average values. The errors for velocity profiles
at the top and bottom of the tank are greater than the errors for velocity profiles near
the impeller region. However, for all the study, maximum error ranges were not
greater than 7% of the average values. Thus, the velocity profile characterization

identified in this study gives repeatable results.
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Figure 6.3.2 Velocity Distribution at B Line for 1 wt% CMC Solution at 150 rpm at 60 mm away from Probe Tip
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Figure 6.3.3 Velocity Distribution at B Line for 1 wt% CMC Solution with 150 rpm

Figure 6.3.3 shows the radial velocity distribution in the 1 wt% CMC solution along
the z-axis at B line direction with impeller speed at 150 rpm at different positions
with respect to distance to probe tip. The velocity is given at different lines in terms
of their distance to probe. The line named as “30” is the nearest point and the line
named “100” is the most far point with respect to the probe tip. The shaft of the
impeller is between the lines “60” and *“70”. The impeller is placed at the point 0.3
axially. Thus, we can conclude from this figure that radial velocity reaches the
highest value near the impeller region and it is also higher around walls of the tank.
Around the axial point “0.7”, the radial velocity reaches its minimum, and then it
increases a little bit. This situation may be due to the “two compartments”

phenomena occurring with radial flow impellers.
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Figure 6.3.4 Velocity Distribution at B Line for 1 wt% CMC Solution with 150 rpm

Figure 6.3.4 shows the tangential velocity distribution in the 1 wt% CMC solution
along the z-axis at B line direction with impeller speed at 150 rpm. The velocity is
given at different lines in terms of their distance to probe tip. The impeller is placed
at the point 0.3 axially. Thus, we can conclude from this figure that tangential
velocity reaches the highest value near the impeller region and it is also higher
around impeller shaft. The theoretical value of tip velocity of the impeller is 400
mm/s. The figure shows that measured tip velocity around the impeller is almost
62.5% (250 mm/s) of the theoretical value. This difference may be due to losses
stemming from the viscous forces. Around the axial point “0.7”, the tangential
velocity reaches its minimum, and then it increases. This situation may be due to the

“two compartment” phenomena occurring with radial flow impellers.
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The velocity measurements for the other probe positions and conditions are given in
APPENDIX B. Considering all the results presented in this section, velocity is
higher in the regions around the impeller and it is lower around walls, at the tank of
the bottom and at the top of the tank. As expected, increasing CMC solution
concentration decreases the ratio of the measured speed to theoretical speed due to
increasing viscosity. However, it can be said that shear-thinning nature of the CMC
solutions affects the ratio of measured velocity to theoretical velocity: when the

impeller speed gets higher, this ratio seems to increase.
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Figure 6.3.5 Velocity Distribution at B Line for 0.5 wt% CMC Solution with 600

rpm

Figure 6.3.5 shows the radial velocity distribution in the 0.5 wt% CMC solution
along the z-axis at B line direction with impeller speed at 600 rpm. The velocity is
given at different lines in terms of their distance to probe. We can conclude from

this figure that radial velocity reaches the highest value near the impeller region and

38



it is also higher around walls of the tank. Around the axial point “0.7”, the radial
velocity reaches its minimum, and then it increases a little bit. This situation may be

due to the “two compartments” phenomena occurring with radial flow impellers.
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Figure 6.3.6 Velocity Distribution at B Line for 0.5 wt% CMC Solution with 600

rpm

Figure 6.3.6 shows the tangential velocity distribution in the 0.5 wt% CMC solution
along the z-axis at B line direction with impeller speed at 600 rpm. The velocity is
given at different lines in terms of their distance to probe tip. The figure shows that
tangential velocity reaches the highest value near the impeller region and it is also
higher around impeller shaft. The theoretical value of tip velocity of the impeller is
1600 mm/s. The figure shows that measured tip velocity around the impeller is

52.2% of the theoretical value (835 mm/s). This difference may be due to losses
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stemming from the viscous forces. Around the axial point “0.7”, the tangential

velocity reaches its minimum, and then it increases.
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Figure 6.3.7 Velocity Distribution at B Line for 2 wt% CMC Solution with 300 rpm

Figure 6.3.7 shows the radial velocity distribution in the 2 wt% CMC solution along
the z-axis at B line direction with impeller speed at 300 rpm. We can conclude from
this figure that radial velocity reaches the highest value near the impeller region and
it is also higher around walls of the tank. Around the axial point “0.7”, the radial

velocity reaches its minimum, and then it increases a little bit.
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Figure 6.3.8 Velocity Distribution at B Line for 2 wt% CMC Solution with 300 rpm

Figure 6.3.8 shows the tangential velocity distribution in the 2 wt% CMC solution
along the z-axis at B line direction with impeller speed at 300 rpm. The theoretical
value of tip velocity of the impeller is 800 mm/s. The figure shows that measured tip

velocity around the impeller is 58.8% of the theoretical value (470 mm/s).
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6.4. Effect of Impeller Speed on Velocity Profile
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Figure 6.4.1 Effect of Impeller Speed on Velocity Distribution

Figure 6.4.1 shows the radial velocity distribution in the 1 wt% CMC solution along
the z-axis at B line direction at different impeller speeds. The impeller is placed at
the point 0.3 axially for each case. It can be concluded from this figure that radial
velocity reaches the highest value near the impeller region for all three impeller
speeds and it is also higher around walls of the tank. Around the axial point “0.7”,
the radial velocity reaches its minimum. Also, it can be observed that velocity is

higher for 300 rpm than 150 rpm.
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Figure 6.4.2 Effect of Impeller Speed on Velocity Distribution

Figure 6.4.2 shows the tangential velocity distribution in the 1 wt% CMC solution
along the z-axis at B line direction at different impeller speeds. The impeller is
placed at the point 0.3 axially for each case. Thus, we can conclude from this figure
that tangential velocity reaches the highest value near the impeller region and it is
also higher around impeller shaft for each case. The figure shows that measured tip
velocity around the impeller is approximately 60% of the theoretical value for 150
rpm, 75% of the theoretical value for 300 rpm and 69% of the theoretical value for
600 rpm. Also, velocity is highest for 600 rpm case and it is lowest for 150 rpm case

as expected.
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Figure 6.4.3 Effect of Impeller Speed on Velocity Distribution

Figure 6.4.3 shows the radial velocity distribution in the 1 wt% CMC solution along
the z-axis at B line direction at different impeller speeds. The impeller is placed at

the point 0.3 axially for each case. For both cases, velocity is higher around the

impeller. Also, velocity is higher for 300 rpm case than 150 rpm case.
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Figure 6.4.4 Effect of Impeller Speed on Velocity Distribution

Figure 6.4.4 shows the tangential velocity distribution in the 0.5 wt% CMC solution
along the z-axis at B line direction at different impeller speeds. The impeller is
placed at the point 0.3 axially for each case. Thus, we can conclude from this figure
that tangential velocity reaches the highest value near the impeller region and it is
also higher around impeller shaft for each case. The figure shows that measured tip
velocity around the impeller is approximately 43% of the theoretical value for 150
rpm, 80% of the theoretical value for 300 rpm and 51% of the theoretical value for
600 rpm. Also, velocity is highest for 600 rpm case and it is lowest for 150 rpm case

as expected.
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6.5. Effect of Concentration on Velocity Profile
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Figure 6.5.1 Effect of CMC Solution Concentration on Velocity Distribution at 150

rpm

Figure 6.5.1 shows the radial velocity distribution in the 0.5 and 1 wt% CMC
solution along the z-axis at B line direction with impeller speed at 150 rpm at two
different locations. In the figure, it is observed that the radial velocity for 1 wt%
CMC solution is higher than the radial velocity for 0.5 wt% CMC solution. Also,
interestingly, the velocities are lower near the impeller region than the ones near the

tank wall.
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Figure 6.5.2 Effect of CMC Solution Concentration on Velocity Distribution at 150

rpm

Figure 6.5.2 shows the tangential velocity distribution in the 0.5 wt% and 1 wt%
CMC solutions along the z-axis at B line direction with impeller speed at 150 rpm at
two different locations. The figure shows that the tangential velocity is higher near
the impeller (line “60”) than near the tank wall (line “30”).

Solution concentration has also an important effect on the Reynolds number of the
flow. Its effect combined with the impeller speed effect on Reynolds number is
presented in Figure 6.5.3 and Table 6.5.1.
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Figure 6.5.3 Effect of CMC Solution Concentration and Impeller Speed on
Reynolds Number

Table 6.5.1 Effect of CMC Solution Concentration and Impeller Speed on Reynolds

Number

CONCENTRATION | IMPELLER SPEED (rpm) Re
0.5 wt% CMC 150 70
0.5 wt% CMC 300 157
0.5 wt% CMC 600 353

1 wt% CMC 150 9

1 wt% CMC 300 21

1 wt% CMC 600 48

2 wt% CMC 150 2

2 wt% CMC 300 4

2 wt% CMC 600 10
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It can be observed that Reynolds number is increasing with increasing impeller
speed and decreasing solution concentration. The relations are almost linear. In most
of the cases, the flow is laminar. However, for 0.5 wt% CMC solution the flow

regime corresponds to transition region at impeller speeds 300 rpm and 600 rpm.

6.6. Effect of Concentration and Impeller Speed on Mixing Time

Figure 6.6.1 shows the typical mixing time versus concentration plot for 0.5 wt%
CMC solution agitated with 600 rpm. 95% of the concentration (which is accepted
as complete mixing) is reached in 250 seconds. The mixing time measurement
figures at the other impeller speeds and CMC concentrations are given in
APPENDIX C.
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c/C* /
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0.20
0.00
0 50 100 150 200 250 300 350
Time (s)

Figure 6.6.1 Mixing Time for 0.5 wt% CMC Solution at 600 rpm

The mixing time values for different CMC concentrations and impeller speeds are
listed in Table 6.6.1 and showed in Figure 6.6.2.
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Table 6.6.1 Mixing Time Values

CONCENTRATION IMPELLER SPEED MIXING TIME
0.5 wt % 600 rpm 250 s
0.5 wt % 300 rpm 485 s
0.5wt % 150 rpm 1300s
1wt% 600 rpm 230 s
1wt% 300 rpm 820 s
1wt% 150 rpm 2600 s
3000
% 2000 \
E
= =1 wt% CMC
2 Solution
£ 1000 —=-0.5 wt% CMC
\ Solution
0 i
0 200 400 600 800
Impeller Speed (rpm)

Figure 6.6.2 Mixing Time for 0.5 wt and 1 wt% CMC Solutions

Figure 6.6.2 shows the comparison of mixing time versus impeller speed plots for
CMC solutions. 95% of the concentration (which is accepted as complete mixing) is
reached in 2600 seconds for 1 wt% solution at 150 rpm. In this figure, it is observed
that mixing time for 1 wt% CMC solutions are higher than mixing time for 0.5 wt %

CMC solutions as expected. However, when the impeller speed is around 600 rpm,

the mixing time different concentrations get closer to each other.
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CHAPTER 7

CONCLUSIONS

To contribute to past and current studies on mixing, the hydrodynamics of
carboxymethyl cellulose solution, which is predicted to be non-Newtonian, is
studied in an agitated tank via Ultrasound Doppler Velocimeter and conductance
measurements. Based on the results of this study, it is possible to draw the following

conditions.

Some preliminary studies have been done in order to characterize rheological
properties of CMC solutions used in this study. Analyzing the viscosity results, two
important results have been identified: CMC solutions have shear-thinning property
with very high viscosities, so CMC solutions are non-Newtonian type. Furthermore,
salt addition to CMC solutions decreases the solution viscosity slightly up to 0.1 M

concentration. The viscosity changes significantly with increasing salt concentration.

To characterize the velocity profile in the agitated tank, many measurements have
been performed at several locations on the surface of the outer tank via UDV. The
effect of solution concentration (viscosity of solution, in some other saying),
impeller speed and probe location have been investigated. Concentrations studied
are 0.5 wt%, 1 wt% and 2 wt%. Impeller speed changed between 150 rpm, 300 rpm
and 600 rpm.

The results of UDV data analysis show that the measured tip velocity of the impeller
decreases with increasing solution concentration. The velocity decreases near the

walls of the tank and it reaches its maximum near the impeller tip as expected. In
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other words, flow around the impeller is characterized by strong tangential and

radial velocity components.

When the mixing time versus impeller speed plots for different concentrations of
CMC solutions are investigated, it is seen that the mixing time increases with
decreasing impeller speed and with increasing CMC solution concentration (i.e.
viscosity). As expected, higher impeller speeds favors faster mixing in the solution.
However, the dependence of mixing time on the impeller speed becomes weaker

especially at high impeller speeds.

Considering the torque was the same, for all concentrations, power consumptions
are 0.16 W for 150 rpm, 0.32 W for 300 rpm and 0.63 W for 600 rpm impeller

speeds.
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RECOMMENDATIONS

The aim of this study was to investigate experimentally the agitation hydrodynamics
and estimate the mixing time of non-Newtonian solutions. To enhance this work,

some recommendations can be done as below:

e The tank investigated in this study was a flat bottom tank. However, mostly
round bottom tanks are used in the industry. Thus, the same procedure may
be also applied for a round bottom tank also. The comparison of the results
would be useful.

e There are auxiliary equipments in the market for 3D visualization of the flow
by measuring with multiple probes connected to same UDV. Thus, they can
be helpful to get a very fast and complete velocity profiling.

e During the mixing time experiments, NaCl (electrolytic tracer added to
solution to observe the conductivity change) decreases the viscosity of CMC
solution. Another electrolytic tracer which will not decrease the viscosity can
be investigated.

e For torque measurements, a sensible torquemeter can be adapted.
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APPENDIX A

ULTRASOUND DOPPLER VELOCIMETER DATA

Table A.1 Maximum Depth and Velocity data for US probes

fo Pmax V max Pmax Vmax AV
(MHz) (mm) (mm/s) (mm?/s) (mm/s)

0.5 100 5476 547,600 43.1
750 730.1 547,600 5.7

1 100 2738 273,800 21.6
750 365.1 273,800 2.9

2 100 1369 136,900 10.8
750 182.5 136,900 1.4

4 100 684.5 68,450 5.4
750 91.3 68,450 0.7

8 100 342.3 34,225 2.7
750 45.6 34,225 0.4
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APPENDIX B

EFFECT OF POSITION ON VELOCITY PROFILE
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Figure B.1 Velocity Distribution at C Line for 1 wt% CMC Solution with 150 rpm
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Figure B.2 Velocity Distribution at C Line for 1 wt% CMC Solution with 150 rpm
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Figure B.3 Velocity Distribution at D Line for 1 wt% CMC Solution with 150 rpm
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Figure B.4 Velocity Distribution at D Line for 1 wt% CMC Solution with 150 rpm
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Figure B.5 Velocity Distribution at B Line for 1 wt% CMC Solution with 300 rpm
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Figure B.6 Velocity Distribution at B Line for 1 wt% CMC Solution with 300 rpm
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Figure B.7 Velocity Distribution at D Line for 1 wt% CMC Solution with 300 rpm
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Figure B.8 Velocity Distribution at D Line for 1 wt% CMC Solution with 300 rpm
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Figure B.9 Velocity Distribution at B Line for 1 wt% CMC Solution with 600 rpm
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Figure B.10 Velocity Distribution at B Line for 1 wt% CMC Solution with 600 rpm
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Figure B.11 Velocity Distribution at B Line for 0.5 wt% CMC Solution with 150
rpm
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Figure B.12 Velocity Distribution at B Line for 0.5 wt% CMC Solution with 150
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Figure B.14 Velocity Distribution at D Line for 0.5 wt% CMC Solution with 150

rpm
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Figure B.15 Velocity Distribution at D Line for 0.5 wt% CMC Solution with 150

rpm
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Figure B.16 Velocity Distribution at B Line for 0.5 wt% CMC Solution with 300

rpm
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Figure B.17 Velocity Distribution at B Line for 0.5 wt% CMC Solution with 300

rpm
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Figure B.18 Velocity Distribution at C Line for 0.5 wt% CMC Solution with 300

rpm
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Figure B.19 Velocity Distribution at C Line for 0.5 wt% CMC Solution with 300

rpm
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Figure B.20 Velocity Distribution at D Line for 0.5 wt% CMC Solution with 300

rpm
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Figure B.21 Velocity Distribution at D Line for 0.5 wt% CMC Solution with 300

rpm
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Figure B.22 Velocity Distribution at D Line for 0.5 wt% CMC Solution with 600

rpm
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Figure B.23 Velocity Distribution at D Line for 0.5 wt% CMC Solution with 600

rpm
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Figure B.24 Velocity Distribution at D Line for 2 wt% CMC Solution with 300 rpm
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Figure B.25 Velocity Distribution at D Line for 2 wt% CMC Solution with 300 rpm
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Figure B.26 Velocity Distribution at D Line for 2 wt% CMC Solution with 600 rpm
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Figure B.27 Velocity Distribution at D Line for 2 wt% CMC Solution with 600 rpm

Figure B.26 and Figure B.27 show the radial and the tangential velocity
distributions in the 2 wt% CMC solution along the z-axis at D line direction with
impeller speed at 600 rpm with respect to angular position. Line “2” and Line “3”
are near the top of the tank. Line “5” is at the bottom of the tank. These plots are just
to show how the raw data looks like. However, even with this raw data, it can be
concluded that velocity is higher near the impeller region than upper parts of the
tank. The tangential component of the measured velocity near the impeller is 70% of

the theoretical value of impeller tip velocity.
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APPENDIX C

EFFECT OF IMPELLER SPEED AND CONCENTRATION ON

MIXING TIME
0.5wt% 300rpm
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Figure C.1 Mixing Time for 0.5 wt% CMC Solution at 300 rpm

Figure C.1 shows the mixing time versus concentration plot for 0.5 wt% CMC
solution agitated with 300 rpm. 95% of the concentration (which is accepted as

complete mixing) is reached in 485 seconds.
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Figure C.2 Mixing Time for 0.5 wt% CMC Solution at 150 rpm

Figure C.2 shows the mixing time versus concentration plot for 0.5 wt% CMC
solution agitated with 150 rpm. 95% of the concentration (which is accepted as

complete mixing) is reached in 1300 seconds.

Figure C.3 shows the mixing time versus concentration plot for 1 wt% CMC
solution agitated with 600 rpm. 95% of the concentration (which is accepted as

complete mixing) is reached in 230 seconds.
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Figure C.3 Mixing Time for 1 wt% CMC Solution at 600 rpm
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Figure C.4 Mixing Time for 1 wt% CMC Solution at 300 rpm

Figure C.4 shows the mixing time versus concentration plot for 1 wt% CMC
solution agitated with 300 rpm. 95% of the concentration (which is accepted as
complete mixing) is reached in 820 seconds.
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Figure C.5 Mixing Time for 1 wt% CMC Solution at 150 rpm

Figure C.5 shows the mixing time versus concentration plot for 1 wt% CMC
solution agitated with 150 rpm. 95% of the concentration (which is accepted as

complete mixing) is reached in 2600 seconds.
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