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CHAPTER |

INTRODUCTION

1.1 Background:

The flow of liquids through pipelines is a common process in industsiegll as
the households. The supply of water for household purposes involves the trarfisport
water through pipes which have small diameters. In industriesdtex and other fluids
supply is done through pipelines with comparatively larger diam&ber.mechanics of
the flow of fluids depends on the properties of the fluids being traeshorhese fluid
properties include density, viscosity and surface tension. Tlebanis of fluid flow is
simpler when there is only one phase. Complexities in the flow are introduced wheen m
than one number of phases is participating in the flow. The flowhiohamore than one
phases is flowing together is known as multiphase flow. Exangflesultiphase flow
can be bubble or droplet flow, slug flow, pneumatic transport, hydrotranspshtirry
flows. The multiphase flow of solid particles with liquids such tha presence of solid
particles in the flow is considerable is termed slurry flow

Multiphase flows are complex flows and their complexity caatirébuted to the
interaction between the participating phases. Apart from this, taerde other sources

which contribute to the complexity of the flow. These may includepthssical aspects



like transition between different flow regimes, turbulent flawd ahe presence of some
disturbed interface such as surface waves on a film to nanve. énféhe case of slurry
flows liquid- particle interaction and turbulent characteristit$he flow are the factors
which require special attention. In industrial applications, alonky sittigle phase flows,
there are many multiphase flows in the form of particles lapdd flowing together.
Most of the pharmaceutical and petrochemical industries involverdnsportation of
slurries through pipes using different type of pumping devicessdlslurries have a
complex composition consisting of chemical particles flowing in ogganiinorganic
solutions. The methods or the processes applied in the handling ofsskhaeld be
effective and efficient. The current research focus is to déstiar sampling techniques
for measuring these chemical slurries used for industrial pespdsis study aims at
providing a new methodology for the analysis of complex samples undastiial
conditions. In the current study the flow of some specificriglsirhas been simulated
using a CFD commercial software package.

1.2 Importance of computational methods: Experimental methods have always found
wide applications in order to visualize the flow fields and tlauie which are of real
concern. Some of the flows can be very well described using expéginmaethods.
However, it could be difficult to set up a multiphase flow experimetit the necessary
degree of control. Such situations arise, for example, in theotdise breakup of a drop
in a turbulent flow or precise characterization of the bubble or desp dstribution.
There are many experimental techniques that can be eaplnmanted for single phase
flows while multiphase flow systems poses severe difficultes.example, bubbly flow

may become opaqgue resulting in poor visualization even at low voluctefs The



clustering of particles suspended in a slurry flow depends on the small gedkewdeich
are difficult to be resolved through experiments. In all thesgatgons, numerical
simulation stands out as an important tool for the study of multiphasesystems.
Computation techniques may be the best tools in some conditions. Thes®osmday
be attributed to the presence of forces of gravity and surfat®ote In case of
experimental techniques, these aspects may be immeasunatile. dase of multiphase
flows, there is always a requirement of reduced descriptiomaddeling which is given
sometimes through averaged equations. Thus such reduced modetatyebgnefitted

from the computational techniques.

1.3 Fluent and Gambit as CFD tools:As discussed in the preceding paragraphs
computational methods have an edge over experimental techniques not @nlyebet
the ease of obtaining the end results but also because theyoaoenéal compared to
the experimental set ups. In the present study, Fluent has beeoyethms the
commercial software package in order to facilitate theyarsabf chemical slurry flow
through pipes with FTIR (Fourier transformed infrared reflectppeebes. Gambit has
been used as the preprocessor used to construct and mesh the pipsharasgembly.
The meshed geometry is exported to Fluent for the actual analysispipe Reynolds
number for the flow is of the order of 100,000. The mixture model hars émployed as
the multiphase flow model while K- model has been used to account for the turbulence
effects of the flow. Two different types of slurries have beenidered for analysis. The
first one is the flow of ADP particles in Xylene as the ligail another is the Calcium

Carbonate particles in water as the flowing liquid.



1.4 Aims and objectives to accomplishThe present study aims at the following tasks:
- To apply CFD to visualize the flow over and through the sensing gap of the FTIR probe.
- To determine the volume fraction profiles of the particlewithg through the sensing

gap.

- To determine the velocity profiles of the particles flowing through tharggnap.



CHAPTER II

REVIEW OF LITERATURE

2.1 Introduction:

This chapter deals with the studies and investigations done byadesesaand
scientists around the world in the field of Computational Fluid Dyoa (CFD). The
discussion in the current study will be focusing on the multiphasedbnsisting of solid
particles and liquid fluids with turbulent characteristics. Thiapter will also deal with a
little discussion about the Fourier transformed infrared spectpas studies. In the
current study the area to be given attention is the CFD siondabf turbulent slurry
flows through pipe, hence major stress has been given on these keylmsore this
chapter includes the review of most relevant literature @bvail In the first part of the
chapter, studies related to the CFD have been covered whilegh@dat deals in brief
about Fourier transformed spectroscopic studies and some of their applications.

2.2 Numerical simulation studies in two phase flow:As the present study deals with
the flow of ADP patrticles with Xylene as the liquid fluid hentcés necessary that the
particles should remain in suspension with the liquid while during the. fiVarious

studies have been conducted in order to determine the factors that are resppnslie t

the particles flow with the liquid fluid. This section will covéetprevious studies and



researches made in order to discuss the effects of governiameiars on the flow
characteristics and its behavior in a two phase flow. These paranaee particle size,
particle concentration and particle velocities to name a few.eKal. (2004) have
conducted numerical simulations in order to simulate the flow of bgtidogen particles
in liquid helium. They concluded that the flow must be turbulent elsehylieogen

particles will form a sliding layer over the helium layeheTconcentration profiles of
hydrogen particles have been found to be dependent upon the sizeidégathe

velocity of flow and the inlet volume fraction of the hydrogen particles.

Similarly Oey et al. (2001) have simulated the flow of gas-iGnd solid flow in
an internal loop airlift reactor. They have made use of thepfase flow approach in
order to simulate a three phase mixture of solid, liquid and gagdtyng the airlift loop
as two phase system i.e. a gas-liquid two phase system. Thewlerto detect different
flow regimes by varying the gas flow rate. They also conclaldadturbulent dispersion
of the solid particles is needed in order to prevent them $etting down at the dead
corners. The solid particle distribution is found to be smooth with higilame fraction
of solids in the lower part of the lower comers when the turbulepedsion is taken into
consideration. When turbulent dispersion is taken into account equilibritwedre
settling and dispersion is found.

Kasat et al. (2008) developed a CFD model in order to evaluateothplex
interaction between the solid particles and the liquid phase miwrirgg stirred slurry
reactor. They studied the characteristic behavior of mixing tin¢he solid liquid
suspension as a function of the impeller speed. According to thenmixing time

increases with the increment in impeller speed and then reachagimum value and



further increment in impeller speed brings a gradual decigag® mixing time. They
have attributed the delayed mixing of the solid and liquid phastte tow velocities in
the upper clear liquid region in the reactor. Their CFD modebeansed for large scale

industrial studies which involve the suspension and mixing of solid particles into liquids.

2.3 Studies of two phase slurries in pipesn this portion of the chapter, discussion is
primarily focused on studies involving solid-liquid flow through pipelines.

Brown (1999) studied the abrasive nature of a slurry consisting ofitbaux
particles flowing with caustic liquid by predicting the erositaking place in the
pipelines. He developed a three dimensional CFD model bases on ii=uteuiarian
continuum approach. He has usedkKmodel to account for the turbulence effects at the
Tee section. A swirling inlet flow condition has been preferrebdetased to accurately
predict the accumulation of particles and the position of accumulaiibay have
employed a multiphase model with the help of which a solutiorhforetosion problem
has been obtained. The problem of erosion has been found to be debreaset) a
pivoted elbow design in place of a Tee junction. They have shown thty alfi
applications of CFD to the industrial problems which occur due to erosion phenomenon.

It has been observed that deposition critical velocity playspartant role in the
design of the pipelines made for the slurry flows. It is themtade of minimum flow
velocity at which the flow of slurries can remain suspendeddrptpeline. It has been
found that the deposition velocity of flow depends on several factdusling the size of
the particles, the density of particles, the diameter of pipletlze solid concentration of

the slurries. Kaushal et al. (2002) have conducted experiments #&sureethe



concentration at the pipe bottom at deposition velocity. They haveedtilize data
studied by Kaushal et al. (1995), Mukhtar et al. (1991), Seshadti €t9%%5) and
Seshadri et al. (1980) with variable size iron ore patrticles, cogpergs and zinc
tailings slurries flowing through pipes. The diameters of the mpipsliwhich were
considered are 55 mm and 105 mm. They have made modificationsaioekés model
(1977) on the basis of their studies. The original Karabela’'s naetermines the solid
concentration profiles in a slurry consisting of multisized pagiovith help of an
equation. The Karabela’s equation take into account the particleidiffushe particle
size, and settling velocity. There are two assumptions involve@tearmining the solid
concentration profiles in Karabela’s model. Firstly, the dimensgmneddy diffusivity is
taken constant and is independent of space coordinates and solid ctiocer@scond,
the solid concentration is assumed to depend only on vertical coordinates been
found that the overall concentration profiles predicted by the neddiiarabelas model
for 30 sets of experimental data holds good agreement for almost #lem. The
original Karabelas model gives large deviations particulotyhigher concentrations.
Thus it has been concluded that the modified Karabelas model isacmreate. This is
due to incorporating the solid concentration effects on settlingadicles and the
turbulent eddy diffusivity. Thus it has been proved that turbulencéeasted by solid
concentration. Further, the deposition velocity can be obtained using theofat
concentration at the bottom and static settled concentration. Apexsitien takes place
when solid concentration at the bottom becomes equal to three times the produgkof effl

concentration and static settled concentration.



Deposition critical velocity plays an important role in the flofaslurries through
pipelines. However designing a pipeline also requires lot of parawetéch needs to be
considered. Pressure drop through the pipeline is one of the impaxttmtsfthat should
be given importance. In order to design a pipeline carrying etuitiis necessary to
know the pressure drop. Also it helps to choose the power of the pumeuce.
Kaushal et al. (2005) made an attempt to measure the pressurandrgpncentration
profiles in horizontal, vertical and 2fclined planes including the axis of the pipe. The
diameter of the pipe was 54.9 mm. The concentration profiles werenedbthy
traversing isokinetic sampling probes. They have used two typesss bead particles

with mean diameters 440m and 125 uxm respectivelly. They have developed the

experimental set up as shown in the figure 2.1.
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(a) Plan view (all the dimensions are in mm)

1. Slurry Pump 2. Electomagnetic flow meter 3. Isokinematic sampling probe
<. Pressure tapings 5. Differential pressure transducer 6. Observation chamber
7. Slurry Tank 8. Mixer 9. Valve 10, Water Tank

(b} Schematic diagram

Fig. 2.1 Test loop used by Kaushal et al. (2005)

Pipe diameter is 54.9 mm while the rig has a 22 m long reatiogl pipe loop with
slurry tank having capacity of 200 L. It also consists of 150 laci&pwater tank along
with a centrifugal pump to maintain the flow of slurry. The sypmi slurry is done

through tank 7 (Fig. 2.1) where proper mixing of water and solid patade done



mechanically using an electric mixer. It is ensured with lilegp of the mixer that
distribution of particles should be homogenous. The outlet of the tartkasesi at 10 cm
above the bottom i.e. almost 10 cm below the impeller. There is amadtivater tank
10 (as shown in Fig. 2.1) connected in parallel with the slurry tankhwimas been
employed to reduce the variation of mixture level in the tankaat sp and shut down.
The circulation of slurry in the loop is done with a centrifugal pwwaith the operating
conditions of — 15 kW with a rate of 0.6 cubic meters per min at 2#&ad. Slurry
volumetric flow rate is measured with the help of an electrowiag flow meter 2 (as
shown in Fig. 2.1). A sampling probe 3 (as shown in Fig. 2.1) is usecasure the
concentration profiles. It has a rectangular slot of area 5xnimm which is 3 mm
above the end. Samples were collected in horizontal, vertical aridclifed planes at
different locations ensuring the slurry flow is uniform and uninterdip@n the basis of
their results they have concluded that variation in flow velocitysdo& bring any
significant variation in the concentration in horizontal plane. Theye habtained a

unique change of concentration profile for 440n particles which indicated a sliding

bed regime. They also found that high frictional losses asecaged with narrow
grading patrticles (small diameter) and broad grading pasti¢arger diameter) have low
frictional losses at higher concentrations.

In another study, Kaushal et al. (2002) have modified the modelotass
concentration profiles and composites proposed by Kaushal and Tomita (206%).
have included the effect of particle size and efflux concentratigraxicle diffusivity.
They have calculated the ratio of homogeneously distributed concamtrand

heterogeneously distributed concentration for each size of particdsent in the slurry.
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They have calculated the total pressure drop in the pipe by addingréssure drop
through the homogenously distributed and heterogeneously distributed poftelhthe
particle sizes. They have also done the experiments to caldhiatpressure drop to
validate the results. These pressure drop results obtained are dobedrtore accurate
than those obtained by previous researchers and were found to be in gmodeagrwith
the experimental results. They calculated the mean squareeddée values between
predicted and experimental values and have expressed as perceihthg measured
value. Their comparison statistics have shown the variatiaifferent models as Wasp
et al. (1977) with 5-21.8%, Gillies model (1991) with 6-9.2 %, Kaushal andit&
model (2002) with 1.7-3.5 % and the proposed model with just 1.6-2.0 %.

Kumar et al (2003) have also conducted studies with varied rangélut
concentration and particle size through slurry pipelines carfigngl solid flows. They
have measured the pressure drop and distribution of solid concentiétiey.have
measured the particle size effects on pressure drop ngiltae solid distribution in the
pipe. They have employed an integral flow model to determine tihawptparticle size
for which the specific energy consumption is minimum. They have tiigeintegral flow
model for predicting pressure drop and solid particle concentratiory. Adnee proved
that there can be an optimum size of particles for which thegenequired for
transportation of slurry having that particle size will be lesser thaertbey required for
slurry having even smaller particle size. They have also letded that modified
Karabela’s model is able to predict the solid concentration with good accuracy.

Ling et al. (2001) have used a horizontal pipeline having a fidixeloped solid

liquid flow in order to perform the numerical investigations. Thayehemployed an
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algebraic slip model (ASM) in order to model two phase flow and RN& model for
accurately modeling the turbulence effects. They have used an tunrgtdugrid in order
to discretize the flow domain. Finite volume method is used for therrdming the
solution of the governing equations. The pipeline used in the studyléagth of 1.4 m
with a diameter of 0.0221 m. They have used silica sand anohzrsand particles with
densities of 2380 Kg per cubic meter and 4223 Kg per cubic nmesgpectively. They
have displayed various slurry characteristics which include ysldansity, volume
fraction variations, slip velocity magnitude, slurry mean velog#yiations and skin
friction variation. Their results vary significantly for sdi@and zirconia sand particles as
they have different densities. Their results have been found in goeenagmt with the
experimental data when the slurry mean velocity has a magnitglerithan the critical
deposition velocity. Their results are also found to match the sesiilained in current
research which are presented in Results and Discussion setteaffécts of density of
particles are clearly visible in the results obtained.

Lin et al (2007) have studied the developing slurry flow in theaaoé region of
a horizontal pipe. They have also used algebraic slip model (ASyler to model two
phase flow and RNG ke model for modeling the turbulence effects. They have used an
unstructured grid with 67200 cells. The turbulence intensity level usethain
computations as a boundary condition is 4%. They have plotted the prffiles
comparison of volume fraction, density distribution, mean velocity psofiled mean
skin friction coefficients. They have also shown the variation afimel fraction in the
vertical central plane of the pipe’s cross section for voluraetibons 0.172414 and

0.20689. This is shown in Fig. 2.2. The results obtained in the currexdrehsfor
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velocity profiles along the vertical axis in the entranceore@f the pipe slurry flow are
compared with those obtained by Lin et al in chapter 4. The sestilLin et al. for
velocity profiles of slurry are shown in Fig. 2.3. They have conclutatl tolume
fraction and mean density will be lower in the upper part comparémver part of the
pipe in the entrance region. In the fully developed region, in the uppeofpaipe, the
solid liquid density will be almost equal to primary fluid densibd the volume fraction

will be almost zero.
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Fig. 2.2 Evolution of volume fraction of silica sand at the vertal central plane of
the pipe’s cross section (Source: Lin et al (2007))

Hossain et al (2003) have used the multiphase mixture model availdHleent
in order to study the particle deposition and suspension in a horipy¢aflow. They
have considered the diameter of particle, density of fluid anccitelof fluid as the
decisive factors for the deposition of particles in the pipe flomil& to the current
research, they have also considered the gravitational forceslasswiydrodynamic drag
forces on the particles. They have quantified the gravitatiortéihgetelocities and free
flight velocities. It has been concluded on the basis of same thatl#rger particles that
have gravitational settling velocity more than twice thedefflight velocities will be
more likely to settle. Similarly, smaller particles kvgravitational settling velocities less

than half of their free flight velocities will be have dominaon€¢urbulent diffusion and
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hence are dispersed along the cross section of the pipe. The obtailted in the current

research are compared with findings expressed by Hossain et al. in ¢hapter
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Fig. 2.3 Velocity profiles of single and double speciekigy flow along the vertical
centerline from the entrance region to fully developedlsrry flow region (volume
fraction=20%, particle diameter =100 microns, pipe diameter =0.0221m (Source:
Lin et al (2007))

Eesa et al. (2008) have conducted similar studies and have used iankuler
Eulerian Computational fluid dynamics approach for investigating the @dbwoarse
particles in a horizontal or vertical pipe. They also conducted iexpetal measurements
in order to validate the results predicted through modeling. The positrigsien particle
technique (PEPT) has been utilized for the experimental veidiicalhe results of the
previous studies have been used in the validation of the pressure drop clomguTdte
particles employed in the study can be considered neutrally budyze solid and liquid

phase velocities, pressure drop and particle concentration profgdefoand to be
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dependent upon the particle diameter and their concentration, meareftmityvand the
rheological properties that the carrier fluid possesses. Digrde particle diameters,
asymmetry is found to arise in the solid as well as liquid vglqmiofiles. Pseudo-
homogeneous flow takes place for smaller particles while dheemtration profiles are
distorted for particles with larger diameters as largengbastare more likely to settle
during the flow. Higher solid concentrations result in increase in pressure dropétiong
more uniform radial distribution of particles. The non-dimensional swidiliquid phase
velocities and particle concentration profiles were not dependent qrattiele diameter
and their concentrations.

Kaushal et al. (2002) have studied the concentration profiles aldthgthe
pressure drop through a pipe of diameter 105 mm for a zinc tailingy $low
consisting of more than one size particle. The particle sizieeirslturry ranges from 38

umto 739 um. It has been observed that many researchers have made sitethgt

direction of prediction of pressure drop along with Wasp et al. (19Doron et al.,
(1987), Gillies et al. (1991), Sundqvist et al (1996), Mishra €t18D8), Ghanta and
Purohit, (1999), Wilson et al. (2002), to name some of them. Out of, tthese
approaches and models proposed by Wasp et al. (1977) and Gidlle§1€91) are more
accurate. Kaushal et al. (2002) have made an attempt to modify \Valsis évo layer
model. They have also modified the Karabelas (1977) empirical nfodetolid
concentration profiles. They have conducted the experiments wéh thfferent flow
velocity magnitudes of 2m/s, 2.75m/s and 3.5m/s. The efflux concentratioeath
velocity magnitude ranges from 4% to 26 % by volume. Like a#szarchers, they also

observed that the solid concentration profiles were functions diclpasize, flow
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velocity and particle efflux concentration of slurry. In case ofsguee drop
measurements flow velocities ranged between 1.2m/s to 4m/s. téthetflux
concentration ranging between 4% to 26% by volume.

Kaushal et al. (2002) have compared the results obtained for sanlictles
concentration profiles with those predicted by the Karebelas (I1@@dgl. It has been
observed that the model predicts accurately for the fine8tlpasize but as the particle
size increase the results predicted vary such that it ovaedss the concentration at the
bottom of pipe while underestimating the same at the top of the @ipéhe other hand,
comparison of the experimental data for pressure drop with thosetpceticthe Wasp
model shows good agreement when the efflux concentration is laivvatlues of flow
velocities. Exceptions are found when the efflux concentration wasatogly with high
flow velocities. The predictions made by Gillies et al’ s (19849 layer model were
found to be in good agreement with the experimental results. Kausdlal(2002) have
made changes by modifying some of the limiting assumptions uskd Katrebelas and
Wasp models. It has been observed that the modified Karebela&/asm models are
capable enough to predict accurate results which establishedcdiagensus with
experiments.

2.4 Other studies focusing on two phaséhis portion will discuss some other studies
in which flow is taking place through any other geometry except the pipe.

Wei et al. (2002) have developed askT model in order to predict the flow
characteristics of dense liquid —solid flows. They have used fluid &mbkinetic energy
and turbulent dissipation rate to describe the turbulent flow of fldidthe other hand

they used turbulent kinetic energy, dissipation rate and pseudo themadrature to
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describe the random motion of particles. They have explained that ranelocity
associated with collection of particles is characterizethbyturbulent kinetic energy of

the particles. In case of an individual particle the random velatagnitude is defined

by the pseudo thermal temperature. They have designed thevétgnatcedure required

to solve the equations involved in the modeling. Their simulation results were found to be
in good agreement with the literature. They have concludedrisaiteopy dominates in

two phase flows.

As discussed in the above paragraphs, Xu et al's (2004) resganspired from
the working of atomic hydrogen propellant feed systems in whiclsahd hydrogen
particles may be transported to engines by using the cduridrih the form of liquid
helium. They have made use of three dimensional two phase mmage! in order to
simulate the flow of the solid hydrogen particles and liquid helitiney utilized the K-
& mixture turbulence model which plays a crucial role in the turbutering of the
solid particles and liquid fluid. They indicated that the slurry flohydrogen-helium
has a high Reynolds number. The Stokes number which is defined estithef the
particle response time to the fluid response time also plays\ortant role. When its
value is less than one the particle motion will be tightly coupligtl fluid motion. It has
been observed that the Stokes number for this two phase flow sgdts® than or equal
to one which is mandatory in order for the hydrogen particlestttonathe near
equilibrium velocities so that the particles can remain in suspengith the liquid.
Different test cases have been discussed on the basis of thaiggvactors and their

influences on the dispersion of hydrogen particles in liquid heliumgdterning factors

17



include the hydrogen particle size, inlet velocities and theé pa#icle volume fraction.

Table 2.2 shows the cases as identified by Xu et al. (2004),

Test Case #| Inlet velocity | Inlet particle volume Particle diameter (mm
(m/s) fraction (%)
1 1.0 19.0 1.00
2 1.0 19.0 0.10
3 1.0 19.0 0.01
4 3.0 19.0 0.01
5 3.0 30.0 0.01
6 3.0 10.0 0.01
7 5.0 19.0 0.01

Table 2.1 Cases as identified by Xu et al. (2004)

Effect of particle size Considering the case 1, 2 and 3 in the above table, contours of
particle volume fraction have been obtained as shown in Fig. 2.4 foBcedech have

the smallest particle diameter of 0.01 mm, show the best re$wtsthe three cases for

the dispersion of hydrogen particles with a very small amouptuicles accumulating

at the top which is less than the cases 1 and 2.
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Case 3, de — 0.01 mmom
—1.0 m

—(1.5
Fig. 2.4.Contour of particle volume fraction in the channeldor different particle

sizes at elapsed tim&=2 s. (Influx particle volume fraction a,0=19.0%, flow
velocity v = 1.0) (Source : Xu et al. (2004))

Also, they have plotted the normalized particle volume fraction cuakesy a channel
parallel to the axis at the intersection of y=0.01m and z=0 plankegyi 2.5 It has been
realized that the closer the normalized particle volume @nagt to 1 that much better

will be the dispersion of hydrogen particles. Fig. 2.5 also suppuogtdact that small

particle size is a better choice for better degree of particle disper
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Fig. 2.5 Particle volume fraction at intersection of surfacey=0.01 m andz=0 m for
different particle sizes at elapsed timé&2 s. (Influx particle volume fraction
050=19.0%, flow velocity " = = 1.0 m/s.) (Source: Xu et al. (2004))

Effect of Inlet velocities In Table 2.1, consider the cases 3, 4 and 7 where all the

parameters are constant except the influx velocities. The Tcagéh inlet velocity as
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5m/s. which is the highest of the three cases is found to hawr Hetpersion. Thus,
higher the inlet velocity better the particle dispersion achieved.

Effect of inlet particle volume fraction: Here case 4, 5 and 6 from Table 2.1 with
respectively 19%, 30% and 10% volume fraction have been discussed. lehds ol
that higher the influx volume fraction the better the particle distributiomeirflow.

Logos et al. (1995) have made an attempt to study the coal \wate¥ssin terms
of their rheological behavior. The rheological properties wetabkshed to be the
functions of solid coal particle size, concentration, and the parsiade distribution.
These slurries have been formed by mixing water with coaicleartwith size of the

order of 45 m. For lower concentration of coal particles, slurries exhibit tideian

fluid properties while for higher concentration they have viscoplastitshear thinning
effects. Their methods involved the mixing of coarser coal pestiln the already
existing fine coal particles slurry. In the first step theyehased the size of coarser coal
particles of the order of 208-278 m for mixing with the fine coal slurry keeping the
solid particle concentration constant. This has resulted in a deciaathe slurry
viscosity. Furthermore with a ratio of 40% -60% of coarse to d¢wed particles in the
slurry , slurry viscosity becomes almost five times smalian that of the slurry with just
fine particles with the same solid concentration. Another loskigfysviscosity by 50%
has been observed on adding the coarse coal particles witlsgzeg between 279-325
um. They have explained this behavior owing to the effect of spatatangement of
the solid particles and an apparent dilution effect. Their rekailte proved that a coal-
water slurry can be formed with a high solid concentration bth wailower slurry

Viscosity.
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Fan et al. (2005) have used an improved inner outer iterative mettowder to
simulate the two phase solid liquid turbulent flows making use ofdsle particles
instead of the regular spherical one. The inner outer approach mentiereshas been
proposed by Brucato et al. (1998) and was later modified by Wanlj €002). The
improved inner outer approach has been explained later in the discokSuang et al.
(2002). The set up used in their modeling process consists of a tarfkvalsi¢he stirrer
in the form of a Rushton turbine. They have employed the standardtutbulence
model. Since the slender particles differ with the sphericaicfestin the fact that they
are dependent on the orientation hence a comparison has been mada tetwesults
obtained using the slender particles with those obtained usingcgphparticles. They
have also conducted solid liquid two phase flow experiments in thedbadihk using the
digital particle image velocimetry technique. This has beenefulustep in order to
validate the results obtained from simulation. They have comparecekbaty profiles
in the experimental and the simulation results following the cytatl coordinate

system. Fig. 2.6 shows the velocity profile of the two results.
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Fig. 2.6 (a) Experimental velocity profile (b) Simulation veabcity profile. Both are in
r-z plane. (Source: Fan et al. (2005))
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They have studied the orientation of slender particles andfda ef impeller speed on
the orientation. They used three different speeds i.e. at 200, 300 arr@rdQff the
impeller. It has been observed that the radial and axial velocitiesllaasithe fluctuation
velocities are increased due to increase in impeller speed thikile is a decrease in the
solid concentration in the center of the tank owing to the fatthiglh impeller speeds
result in better and uniform dispersion of particles in the taskhAre is increase in the
impeller speed the orientation of the slender particles inathee§ion from the impeller
is not affected. In the near region the orientation decreaghsiwerease in impeller
speed due to the particles following the direction of the impelién large speed.
Comparison has been made on the basis of three different vetoaiyonents of the
flow in case of slender particles and spherical particfesqual volume. Fig. 2.7 shows

the comparison curve obtained.
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Fig. 2.7 Comparison of simulated velocity between sphericabnd slender
particles. (Source: Fan et al. (2005))

It can be inferred that the velocity components for two typepaoficles are
similar. This can be explained using the fact that due to the higlellen speed,

turbulence effects dominate over the particle shape characteristics.
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Wang et al. (2003) have also studied the dispersion of solid partickesolid-
liquid baffled stirred vessel with a Rushton impeller. They haw® altilized the
improved inner outer iterative procedure. They have made an atterdptermine the
recirculation below the impeller. They have also used: Kurbulence model for
simulations. According to Wang et al. the main problems encountergchidation of
flow field in stirred vessels involving multiphase flow are thaaxepresentation of the
impeller action, the interactions between the participating phasdsthe turbulent
guantities. They have intended to extend this work as a base fodetdign and
modification of solid liquid mixing vessels by numerical simwaatiThe modified inner
outer approach as mentioned earlier subdivides the whole computatiorsahdoto two
zones which are partially overlapping. Fig. 2.8 shows the two zoribe afodified inner

outer iterative method.
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Fig. 2.8.Inner and outer zones in modified inner outer iterdve method.
(Source: Wang et al. (2003))

The inner zone has the impeller while the outer zone consists wfathbaffles. In the

computational process, first the inner domain is simulated in tleeerefe frame that
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rotates with the impeller using the arbitrary boundary conditionsdteimposed on
surface > 2. This will result in the first trial flow field to be obtaihén the impeller
region inclusive of the flow parameters distribution on surface The flow parameters
distribution obtained on the surfagel is used in the form of the boundary conditions to
simulate the flow on the outer domain. The flow parameters have eotdveraged and
hence the information available represents the whole of the caimpatadomain which
fortunately also includes flow parameters on the boundary sufia2e Further the
parameters on the surfag¢e2 are used for the second inner simulation as the boundary
condition. This will continue until a satisfactory numerical solutis obtained by
convergence. Fig. 2.9 shows the computational grid used. It has 36 x 36 x 80mailile
Wang et al. have compared their grid with those used in the previoilarstudies by
Gosman et al. (1992) with 20 x 15 x 27 nodes and Altway et al. (2001) wkl62k 45

nodes. They have used a better and denser grid comparatively.
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Fig. 2.9 Computational grid of ‘inner’ and ‘outer’ domains. (Souce: Wang et
al. (2003))
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The study conducted by Wang et al. (2003) can be used for the syaftewlid-liquid
flows where the solid loading can be as high as 20%. They hadiiexd the inner-outer
approach which can be applied to other systems also where tlareimavailability of

the experimental data for the initial boundary conditions.

2.5 Fourier Transformed Infrared (FTIR) spectroscopy: Fourier transform
spectroscopy can be defined as a technique used for measuranvemth the time
dependent coherence of a radiative source is measured in orddlettt the spectra.
These spectra are required for the study of the material xtunaicharacteristics.
Infrared spectroscopy is the spectroscopy technique that défalhevinfrared region of
the electromagnetic spectrum. The Fourier transform spectrosdogry combined with
infrared spectroscopy brings the Fourier Transformed Infréf€tR) spectroscopy into
existence. An FTIR method consists of collecting an interfenograth the help of
interferometer and then it is Fourier transformed to get gpectra. The FTIR
spectrometer is used to digitize the interferogram and teeBdurier transformation to
yield the spectrum. Either near infrared or far infrared spex@n be obtained by a FTIR
spectrometer. The FTIR spectrometer offers advantageglofspectral resolution, the
capability of working with weak signals, high spectral accyrajuick acquisition of
spectra with high signal to noise ratio (S/N ratio) and the capability to witiikinfrared.
FTIR spectroscopy has a wide range of applications. In the cwstady, FTIR/NIR
probes are considered for applications to a turbulent slurry flowhign section an

attempt has been made to review some of the applications of FTIR/NIR methods.
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2.5.1 Studies related to FTIR/NIR spectroscopy:

Abebe et al. (2007) have conducted experiments that indicate thatrfteaed
spectroscopy is a very good tool while dealing with slurries.oAting to them the
manufacturing processes that involve solid particulates pose a hdggree of
difficulties in various chemical, nuclear and pharmaceutical inedssas compared to
single phase liquids and gases. Lack of effective measurembntgees contributes a
lot to the difficulties resulting in optimization and precision maatufiang of particulate
solid products. Their experiments demonstrate that NIR speatraes@al rich and
important information about the concentration of solution, solid concentratidiglga
size and the crystal structure. They have stated that @édhigue has a wide potential
for simultaneous measurements of multiple number of solids assvétjuid properties.
They have carried out their experiments using a 500 ml padlglass reactor. They have
used distilled water as the liquid while the chemicals theg leanployed are L-glutamic
acid (-GA). They have used two different forms of L-glutamic acid ngmeand S
forms. The experimental set up is shown in Fig. 2.10. The glas®reansistof a
retreat curve impeller, a temperature control bath, a Platreaistance thermometer (PT
100), a glass condenser and the NIR transflectance probe having 12 roal path
length. A 2m silica fiber optics cable is used to transmihaigo the FT-NIR

spectrometer.
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Fig. 2.10.Experimental set up. 1 Personal computer, 2 NIR itrament, 3 Fiber
optics cable, 4 Transflectance probe, 5 Stirrer motor, 6, Tengvature probe, 7
Reactor temperature control, 8 Stirrer, 9 glass jacketed redor (500 ml), 10
Condenser

The slurries were made for battandp crystals and at different solid concentrations, and
over the six particle size ranges for each polymofie effect of crystal size on
absorbance was explained using the raw spectra plots of thesslasrighown in Fig.
2.11. On the other hand, they have explained the effect of solid conicentrsing Fig.
2.12. It has been observed that higher the solid concentration the laligbe \the
baseline shift. The greater solid concentration results in mateesng of radiation and
hence less light reaching the detector ultimately resultingoaseline shift at all
wavelengths. They have concluded that near infrared radiationerenuch effective
in predicting the slurry characteristics like particleesiand concentration unlike mid
infrareds. NIR spectroscopy can be used as an effective ¢eehnn chemical,
agricultural and environmental applications owing to the propertigs asiability to use
fiber-optics for rapid data transmission, good accuracy in meashath low and high

concentrations of solutions, and simple in operation.
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Fig. 2.11. Raw NIR spectra of slurries ofx-form L-GA crystals of different particle
sizes, under fixed temperature and solid concentration.

1.6 |
1.4 3 w - =
1.2
L
= 4
i + From bottom to top in
= | the arow direction are
o 0.8 | specira of  saturated
o j Solution, shewies  with
=T solid concentrations of
0.6 I 4,2,3, 4,5 6 7, 8.9,
I 10, 11, 12 g of solids
I
0.4 I*
1
I
0.2 1
1
D Il 'l 1 Il
S 5 RSS2 SECSE28ER 2
=R — = M~ = O > W 1y =F =f
=1
Wawve number (cm™ )

Fig. 2.12 e-form spectra at varied solid concentrations but fixed paticle size
(70 pm) and temperature (40 °C)

It has been observed that the indoor concentrations of substances like
formaldehyde (HCHO) and nitrogen dioxide (Nj(have increased compared to that
outside and these concentrations obviously are capable of producingeabarits. The
guantitative measurement for such substances is a must to enderegbelity of

ambience though it is not possible to do this accurately with ctiomah methods. In
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such a circumstance FTIR spectroscopy techniques prove to beaaph@rd. Chen et al.
(1999) have studied the quality of the indoor air in a simulated kitahdnence. They
have measured concentrations of major combustion products like carbon doaxin
monoxide and nitric oxide in a room where a conventional natural gas rajEplis
operated. They have employed FTIR extractive technique in oodeneiasure the
combustion products. A comparison has been made further with the rddalteed by
FTIR technique and those which were obtained from conventional technidue&TIR
technique was proven to be better. On the other hand they have alsbaddrthe CFD
simulations which helped in designing the experimental set up alibhgnterpreting the
experimental data. The experimental set up is shown belowgin EiL3. It has a room
with a conventional four burner stove gas cook top system. The copkadpces a blue
flame during the experiments. Air has been taken out using an éflawghile fresh air
is made to enter using a meshed vent. Three different experiassg were considered
on the basis of different ventilation rates of 2.4, 4.3 and 6.6 air chapgé®ur (ACH).
The total heat generating rate was 3.92kW meter per hour. Symitaile in the CFD

simulations three different cases were considered. The grid used for mdaeliagme

Fig. 2.13.Experimental set up with the measurement locatienand cook ups at S1,
S2, S3 and S4(Source: Chen et al. (1999))
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dimensions as that of the testing room. It has 29 x 32 x 34 cellseirdirection

coordinates. The combustion source is modeled on the box shaped ol@¥fa@ehas

been used as the CFD package which uses the finite volume methctsving the

conservation equations that govern the problem. A Kxodel with buoyancy correction
has been utilized. The simulation results can be depicted as shdle Fig. 2.14. The
results obtained using CFD simulations were able to predict siqukditative results as
obtained by the experiments. The confirmation of stratificatiorteafperature and
combustion products concentration has been made. High flow ratebettepredicted
guantitatively than lower flow rates. This may be due to theofiseless sophisticated
turbulence model. Hence, Reynolds flux model can be used. It hagphmed that a
high flow rate system needs to be positioned above the source i éxt¢ranajor part of

pollutants.

[£: 7]

Fig. 2.14. Predicted velocity vectors and C@Omass fraction contours at the
centrey plane for an air flow rate of 2.4 ACH. (Source: Chen et al. (1999))

FTIR spectroscopy can be combined with other techniques to obtameddesi

solutions. Fabbri et al. (2000) have combined the mid infrared fibersaoptavelength
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ranging between 1100 nm to 2500 nm) technique with FTIR in order toedevisethod
with the help of which a non-invasive reflectance measurementsecperformed. It has
a wider area of application in the field of non-invasive analysmesthetic works. With
this techniqgue measurements can be done with paintings and polychroptaresulith
the view to analyze the composition of painted layers without samgilmg technique
uses portable FTIR spectrophotometer using mid infrared fiber aphick enables it to
be used on site, i.e., without even moving objects from their places. They hadedett
two terms: Surface reflection {Rand volume reflection (R Surface reflections are the
radiations that have not entered the sample and have sufferglé sir multiple
reflections on the upper surface of the particles of the sample wdlume reflections
are those radiations that enter the sample and are reflectedfbacsuffering internal
partial refractions getting transmitted by the particles.

Friesen (1996) have used an online fiber optic probe in order tatclespectra
of a slurry flowing through a pipe. An attempt has been made to \tbeaffeasibility of
the NIR spectroscopy method for developing a reliable method forgsiageof oil sand
slurries in oil sand extraction plants. They have gathered datadontinuous period of
nine hours for which there has been a regular variation of theofype and the slurry
water content. They have utilized a near infrared rifteze analysis (NIRA) technique.
They have used an NIR spectrometer installed at a point downstrenthe tumbler
which is used to mix hot water and sodium hydroxide with oil sanide first step of hot
water extraction. The spectrometer with a protective cover has b®unted on a
vibration isolation platform placed on steel table close to tresorement point. A probe

with 1m long fiber optic bundle has been inserted into the pipeline havengrobe
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diameter of 25mm such the window was flush with inside surfdceneo pipe. The
window material is made of sapphire due to high resistance rdcqageenst abrasion due
to sand. This method is used as an efficient method for chazaujetihe appropriate
samples owing to its advantages of being prompt and non destrucativeigtee.
Following this method, if there is any need for sample prdparat a specific case, it
requires very small amount of sample preparation. This maethode used to analyze
large samples.

Switalski et al. (1998) have also tried to investigate the neaared (NIR)
diffuse reflectance spectroscopy as a processing method. Diffflsetance carries the
merit of analyzing powders having as high as 40% volatilityriskirconsisting of as
much as 40% solid concentration and emulsions as well. Diffusetegitecspectroscopy
has the capability to examine both the solid and liquid phases on triaragbhdn this
study efforts have been made by researchers to monitor thestrydator that is used
for the simulation of production rotary dryer in the laboratory. Thexe lmentioned the
examples from the industry using NIR diffuse reflectance spgmipy in monitoring the
chemical industry processes of mixing, drying and polymorphi¢rasd are indicative of
the fact that many of the other processes can be monitored using this technique.

3 Conclusions:

Thus, from the above discussion some of the points that are elmiateact our
attention include the dependence of multiphase solid-liquid flows onotltk article
inlet concentrations, inlet velocities of the solid and liquid phaseshengarticle shape
and size. It has been observed that smaller the particle didmeétier will be the particle

dispersion. Spherical particle shapes are likely to disperse timamethe slender ones.
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Higher inlet velocity and high inlet volume fraction contributes ttiebedispersion of
solid particles. It was also observed that in order for the flogobdl particles with the
liquid fluids the velocity of the solid particles should be just alibeedeposition critical
velocity. In order to achieve such a velocity or more prectgefgaintain the particles in
suspension in the flow the phenomenon of turbulence is a must. Turbuterg plays a
vital role for the particle dispersion. In order to simulate tiulent flows K¢
turbulence model is most preferred. Turbulents Kmodel has been found to be the
widely used turbulence model. It can be used efficiently in botheddatwell as dense
solid liquid flows.

FTIR methods have also been used as efficient technique for nonsnvas
measurements as well as in the analysis of liquid slurry clesistics. Being a non-
destructive technique, it requires little or no sample preparatiormpfical probe can be
employed which can be used for the detection of the substances. Thus in the pregent stud
all these considerations have been taken in to account in ordeinuzephe quality of

obtained results.
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CHAPTER IlI

NUMERICAL APPROACH

3.1 Introduction

Computational Fluid Dynamics (CFD) is classified as a branch of fluithaméxcs
which deals with the numerical solution of flow of fluids by employing thepdational
power of modern computers. Computational Fluid Dynamics solves the governing
differential equations that are characteristic to the flow. Thesemjageequations
consist of the equations of continuity, conservation of momentum also known as Navier
Stokes equations and equation of conservation of energy. On the other hand, in case of
inviscid flow the Euler equations are momentum equations which govern the flow. In the
present study we are dealing with the viscous flow. So the prime concern will be the
solution of Continuity and Navier Stokes equation. Some of the advantages of using
CFD methods are considered to be the accuracy and reliability of the end tesglts
cost of application of CFD compared to the expensive experimental methods, aiailabil
of software and graphical tools to visualize the flow without actually makinfiuildeto
flow which results in accurate predictions. In addition, the study of dangeroussspeatie

be performed without any risk.
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In CFD, a continuous fluid is discretized by considering the flowain to be
constituted of very small units called cells. This cell strictur the flow volume is
known as mesh or grid. These cells are used for the analytsis 6w problem. When
proceeding with the cell-based analysis approach, a preprocessmegjuised. For
preprocessing, the geometry of the problem should be understood. Mesb bas t
constructed in the region where the fluid is going to flow. Further, one should becdware
the governing equations on which the flow properties are dependent. Tdweseaigg
equations may also include some equations which are specific poaitlem or type of
fluid. Furthermore, the boundary conditions of the flow problem play a majerin
determining the accuracy of the simulation process and have to Ibeagigation during
the preprocessing of the flow problem. Boundary conditions specify lind f
characteristics at the flow boundaries and the specific prepeofi viscosity, surface
tension that the fluid has.

Computational Fluid Dynamics can be used to model flow with loywn8&lds
number as well as those with high Reynolds number. Various turbulentimgodad
simulation techniques like Direct Numerical Simulation (DNS)geaEddy Simulation
(LES), Reynolds stress model, K-Epsilon model, K-Omega model, &pdlaaras
model are available and each one of them can be efficientlyimisleeir specific areas of
applications. These will be covered in some detail later indépter. In the present
study wall bounded turbulent flows have been modeled and the K-Epsilon wmithiel
near wall treatment has been employed.

CFD techniques are suitable for the areas of single phaseafiowell as

multiphase flow. A multiphase phase flow will have the flow comsgstf gas-solid,
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solid-liquid, gas-liquid phases, liquid-liquid phases or even more thamphases. The
point to be considered is that the phases must be non-reacting chweirigw. The
complexity in the flow arises due to the mutual interaction dferdint phases.
Experimental methods are not capable in every case to compéetalyze the flow.
Currently, our area of consideration is the flow of solid (parfickesl liquid phases
where even the clustering of suspended particles depends upon thescales| of
turbulence to be resolved. This is very difficult using experimeaetiniques. Hence
numerical simulation plays an important role for the analysis of multiphasednt haw
problems. Using the computational techniques the role of some cphgisical factors
including the effect of gravity and surface tension can be alswatedl in the flow
problems.

As it has been mentioned earlier that CFD requires computationair pdw
modern computers in order to give useful results, hence it reqoiitasase application
codes in order to do the computational work. Many CFD softwarecapphs are
available that can be used on the basis of the advantages thew afifiterent fields of
applications. In the current research, Fluent has been used as tit@isimsoftware
package and Gambit has been utilized as the preprocessor. As we mentioned thgt meshi
of flow geometry needs to be done before simulating the flow, Gambiged for the
construction and meshing of the flow geometry. In this case, flow gepims a pipe with
a Fourier Transformed Infrared Reflectance (FTIR) probe glatéalf of the length of
the pipe inserted through the upper wall of the pipe. The constructiamestdng of the

probe and pipe geometry are considered later in this chapter.
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3.2 Governing Equations
The governing equations are nothing but the mathematical reprtesentat

the principles that controls the flow behavior in a particulardflproblem. These
principles are the conservation of mass, momentum, and energy. Foeseatpstudy,
one has to deal with the equations of continuity which representsotiservation of
mass principle and Navier Stokes equations in three different co@dimas which
respectively represent the momentum conservation principles idirdations of X, Y
and Z. Following are the equations as discussed in the precedingTiheegquation of

continuity or conservation of mass in three dimensional coordinate systexpsassed.

(3.1)

Where u, v, w are the velocity components in X, Y and Z directions.iJ his

the continuity equation for incompressible flow. The Navier stokes equation is seghres

p(d—v | v-?v) = —Vp+ uViv +f.

ot (3.2)

This is the basic form of Navier Stokes equations where eathhas its

own meaning which is explained as
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Unsteady acceleration gradient ty body
acceleration forces (3.3)

Thus, the terms on the left represents the acceleration ofuilenfhile the
terms on the right hand side stand for the forces acting on theThedabove equation
holds good when talking about incompressible constant viscosity flow. HwerN
Stokes equation is a form of conservation of momentum which is expléioed
Newton’s second law of motion and the equation

F=ma (3.4)

is justified as the Navier Stokes equation has acceleratios @mone side
and all the existing forces on the other side. The Navier Stokegien in the Cartesian
form for three different coordinate axes for incompressible andamngiscosity flow

yields,

(du du  Qu 31::) dp (821:: dFu qu)
=-—o- T U + POy

ot T T ey V)T o Mg Tap T a2 (3.5)

(dv v Ov 61}): dp (8211 v 9%

Plact e Ty ez T oy T 8:c9+3y2+8z2)+% (3.6)

(r‘;hu dw ow 310) _ Op (Bzw Fu  Pw

a ax 'Ud—y wa —a_z‘|‘ 3;1:2 + ayz + azz) + P9 (37)
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3.3 Numerical methods in CFD

In the old days when CFD was discovered, experimental techniques were
considered to be advantageous. Nowadays, due to the promptness and accilmacy of
computational power, CFD is widely used. The solution of flow problems are obtained by
discretizing and then solving the differential equations goverregflow. There is
availability of several types of numerical methods for tatson of governing equations
such as finite difference, finite volume, and finite elementhoad. For our area of

concern all these three are of interest.

Finite difference method This method uses the Taylor series approximation at any

general point x Thus any term of the PDE can be expressed as,

=3,
>.C,f,, (3.8)

d" 1
f(x )z —
)= s

dx

Where Ax represents the mesh size in the grid under consideration and is
taken constanty fepresents the value of the function f(x) @t Xkaylor's expansion gives
the value of coefficients £J; and J are the integers which are related with the order n
and the desired degree of accuracy. Thus following the above sdineffirsttand second

order derivatives can be represented as follows.

df (Xi): fi+1_ fi—l (3 9)
dx —  2AX '

(Here n=1 and); =1 and d =1 i.e. first order derivative with first order

accurate scheme). And

d*f(x) _ fia—2f + iy A
dx? AX? *

In:

oo (3.10)
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(Here n=2 and) =1 and d=1 i.e. second order derivative with first order
accurate scheme).

For higher order derivatives the value of n will increase andhiginer
degree of accuracy the difference betweeandl J goes on increasing. Similar equations
are used while discretizing the time derivatives having the timerval At. In finite
difference method systems of governing differential equatiorsgected to a system of

algebraic equations in terms of the value of function f at different nodes of the mesh.

Finite element method In this method the flow domain is discretized by dividing it into
smaller divisions or elements and each element is considered déweloping the
solution using the basis functions. Thus the solution is obtained elensenirwtierms of
the basis functions. As the solution is constructed in terms afptinafic basis functions,

it explains better about the solution as compared to the finiereiite and finite volume
methods. But there are always complications in choosing the basitsohs which also
brings ambiguity in determining the boundary conditions. This methodledywsed for
structural mechanics problems. It is also applied in arefisidfstudies. One more area
of concern is that it requires more memory for computation comparativelysim#éthod

a weighted residual equation is obtained which is represented as

R; = / / / W,Q dV*
(3.11)
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Where R is the equation residual at an element vertex i, Q represents
conservation equation expressed on an element bakis, thé weight factor and ®is
the element volume.
Finite volume method In this method the flow volume is constituted of a number of
small volumes and the discretization is based upon the integral dbriine partial
differential equations (governing equations). The governing equations ssmetidied
such that they can be solved for every volume. The resulting equati@isedbtonsist
of fluxes of conserved variables. This method uses the conserf@tineof governing
equations for discretization which ensures that the fluxes throughvwedeme remain
conserved. This method is useful for the fact that there is ntatiom of using only a

structured grid.

Comparison of the three methodsAll the three methods have found wide applications
in their respective areas on the basis of the ease of appticabihite element method
provides an end to end continuous solution but it requires lots of progranskiiisg
Similarly finite volume methods are known to provide conservativetisakl Thus on
the basis of the qualities and limitations of the three methogsctre be chosen to be
applied to a given problem. In the current work, Fluent is used easrthlysis and
simulation software package which is based upon the finite voluntbotheThe
discretization in Fluent/Gambit takes place by dividing the flouw@ into a number of
cells and each has their own volume. Thus the finite volume method aamgscture.

Since the finite volume approach uses the integral form of consereuations, the
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equation of continuity expressed in the integral form for a steadyincompressible

flow will be,
/ V. hdS =0
S

Where S andhare the surface of the cell or control volume and the normal to
the surface respectively. The above equation represents the nehfovd out of the
control volume will be zero. For better interpretation it willdbgood idea to look at the

following figure.

— A —
: (u4!V4) :
' face 4 '
T face 1 face 3
Ay o
l (u.v,) S~ (u,.v,)
T T T - face 2 Cell center
ty
(u,.v,)
X

Fig. 3.1 Rectangular cell control volume (Source: CFD Introduction,
Bhaskaran and Collins)

The velocity on any face can be expressed as

— -~

Vi=wii+ v (3.13)
Applying the conservation of mass on the cell control volume will result in

another equation expressed as,
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—u Ay — 1Az + usAy + vyAz =0 (3.14)

This equation is the equation of continuity applied to a single tell. |
explains that the net mass flow in the cell adds to zero. Thes/ak the cell centers are
obtained by inverting the discrete system. The valueg @f w, v, are obtained by using
the interpolation technique on the cell center values at the adpadmntin this way the
discrete equations for momentum and energy conservation can amdtitba. This is
how Fluent incorporates finite volume analysis.

3.4 Selection of turbulence model

A model is defined as a mathematical formulation of the physcal
chemical aspects which define the process or product. This doexluakei the solution
of these mathematical formulations. Simulations on the other hemdree of the
activities that can be performed with the models. It involves solipgoblem using an
appropriate model. The observation of turbulent flows is a common phenomenon in
various scientific processes that involve fluid motion. Turbulent floawse characteristic
velocities that do not have stable behavior rather they are flunguat nature. These
fluctuating velocities have a vital role to play in the continuilgmentum and energy
transport equations. These quantities depict fluctuating charactevigtich may vary in
magnitude and frequency of fluctuations. Due to the variable natues ajuantities it
demands a lot of computational power for calculation of these quanfyecalculating
fluctuating quantities shorter length scales of turbulence caesmdved but it becomes
extremely expensive in practical problems due to the amount of catiomal power
needed. Such models are the Direct Numerical Simulation (DN&)Larmge Eddy

Simulation (LES) models. On the other hand, Reynolds averaged Nawlers models
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(RANS) calculate average quantities. RANS models do not resdiitbe turbulence
scales. Fig. 3.2 shows the extent of modeling and resolvingrih@ence scales in case

of different modeling approaches.

. Injection

il N Of energy s Dissipation of
T\Q\ ) . - energy
i ) ' / { o /
| ' ( Yo
/,r I'L___'_'__/'- o " .
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|gedrﬂm -2 - eddies |
L lo= L/Re™
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0 Gk e -
LES Ays
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Fig. 3.2 Extent of resolution of turbulence scales and modeling different
turbulence models. (Source: BELL, BTurbulent flow cases, Fluent Inc. 2003)

The selection of a turbulence model for a specific flow probletvaged on
dynamics involved in the problem, the computational power availabléinteeavailable
for simulations, the particular practices prevalent for the kind aiflpm, and also the
level of accuracy required. Fluent offers a wide variety of turtmélemodels and

depending on the suitability of the model to the type of flow beogidered, it can be
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chosen to obtain the solution of the flow problem. The RANS modeld-bhant offers
consist of Spalart-Allmaras, K- and its variations, K-omega and its variations and
Reynolds stress models (RSM). Fluent also offers the LES af8l idodels but the
current study does not necessitate talking about those modeisgét.|In the current
study we have used K-model and its variations which is a two equation model (K and
€ equations) which ensures that turbulent velocities and lengtls sszalebe determined
independently. The assumptions used behind the model are that the flow shfulig be
turbulent and the molecular viscosity does not play a significaatimothe flow. There

are two other variations of this model namely RNGeKnodel and realizable K- The
RNG K- € and realizable K- models have some modifications compared to standard
K- € . To name a few, the RNG Ke model accounts for swirling effects on turbulence
and has an extra term for rapidly strained flows in thesquation. Similarly the
Realizable K-& model has an improved formulation for turbulent viscosity and a new

equation for dissipation raée

3.5 Modeling the multiphase flow: A phase can be defined as a particular
distinguishable class of material that exhibits unique indoghlavior when interacting
with the flow. A multiphase flow has more than one phase in the dlowain. In the
present study liquid—solid flow is a concern. Some examples of {gplid are slurry
flow, hydrotransport, sedimentation etc. The concentration in this sgualy the slurry
flows. There are two approaches with the help of which multiphagecthn be modeled.
They are Euler-Lagrangian approach and Euler-Euler approach. Elérapproach is

of relevance in the present issue.
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Euler-Euler approach: It is a fact that a phase cannot occupy the volume or content of
another phase. Owing to this fact, in this approach the concept of védaatiens of
different phases has been introduced. The phases are consideredteErgenetrating
mathematically. Each phase has a volume fraction and the outcdimee axldition of all
volume fractions is unity. These volume fractions are considered contifwai®ns of
space and time and are spatially and temporally dependent. Consep@igtions for
each phase are obtained to form a set of equations which is solugdcaastitutive
relations. There are three different models under Euler-EuleoagprThey are Volume
of fluid (VOF) model, Mixture model and Eulerian model. They are ri@esat in more
detail in the following paragraphs.

Volume of fluid (VOF) model: VOF model is generally used for two fluids that rarely
mix with each other or rather are immiscible. The VOF modehfitaites a common set
of momentum equations for all the fluids while each fluid hagfardnt volume fraction
equation and the volume fraction is calculated at each cell. Tloe aglications of this
model are involved in motion of large bubbles, steady or unsteadyngaakihe liquid-

gas interface, prediction of jet break up, etc.

Mixture model: The mixture model is an Eulerian multiphase model which talsei
for the modeling of mainly solid particles and liquid fluids flowitogjether. The solid
and liquid should be in strong coupling with each other. The mixture neochs at
solving the momentum equations for the mixture. This model can modghtmses
which are moving with different velocities and hence slip vefooiimes into existence.

It uses the relative velocities to describe the secondary perded phases. Mixture
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model has an advantage that it is independent of the number of phasgsapag in the
flow i.e. it can model any number of phases present in the flovhidmtodel one can
select granular phases also and it enables us to find the propérgemnular phases.
Since in the current study particles are being dealt with fireré¢ makes the mixture
model most suitable to be used as a multiphase model for the pvesdntAll the
related equations and concepts of the mixture multiphase model vdittgssed in the

next section.

Eulerian model: This model aims at solving different set of continuity and momentum
equations for each phase involved in the flow. The coupling between tkesplsa
obtained by using the pressure and interphase exchange coeffitleatsiduces higher
degrees of complexities in this model. The granular and non-granulsesphee treated
differently and in case of granular phases kinetic theory is osgetérmine the granular
properties. For handling the momentum exchange between the phasesgefisen
functions are employed. Using the Eulerian model any number of ptesé® modeled
but one thing to be considered is the availability of sufficient argmApplications of

this model include fluidized bed, particle suspension to name a few.

3.5.1 Modeling with Mixture multiphase model: As has already been mentioned the
mixture model uses only one set of continuity and momentum equatiorie foritture
as a whole and hence it uses less memory. Along with the roétite mixture model
there have been some limitations also. Just for example, whilg mskture model one

cannot use the density solvers in Fluent. Before moving to the goyexguations used
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in the mixture model it should be realized that apart from uswmmnwn set of
continuity, momentum and energy equations for the mixture, it solves the volume fraction
equation for the secondary phases and algebraic expressions whagtsgterthe relative
velocities if the phases are moving with different velocities.

3.5.2 Equations used in mixture modelThe equations that are solved in the mixture

model are the following.

Continuity equation-

2n) v p,)=0 (3.15)

Wherev_m' and p, represent the mass averaged velocity mixture density such that,

. zakpkvk
v o= (3.16
Pm
And Pm = Zakpk. (3.17)
k=1

For «, being the volume fraction of'kphase.

Momentum equations The set of momentum equations solved in the mixture model are

written as,

a(,Oamtvm) +V(pm\Z\7n;j = —Vp+V.[;4n(V\Tm +Vv?)]+ pmé +F +V(Z% &‘am) (3.18)
k=1

Heren,F and u,,, are the number of phases, total body force angifitesity of

mixture respectively andd—w> is the drift velocity such that,
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Uy = Zak,uk (3.19)
k=1

—_— —_—

And Var =V — Vi, (3.20)

Energy equation: The energy equation is given as,

a0 n _ N . ]
= Z':”M-]kEA-:' +V- Z':”kfklll”kEk +pl) = V- (kgVT)+ Sg
i = (3.21)

Where first and the second terms on the right tsahel account for heat transfer owing to
conduction and miscellaneous volumetric heat seurespectively.

And
Kot :(zak(kk +kt)) (3.22)
is the effective conductivity. Subscript t in thenductivity k, stands for the turbulence

and it is the turbulent conductivity and its vatlepends on the turbulence model.

Slip velocity: In the mixture model the phases participating nieve different
velocities hence an algebraic slip formulation nspiyed in Fluent. So the expression

for the relative velocity is given as,

—_— - —

V., =V, —V (3.23)

pq p q
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Wherev, andy, are velocities of primary and secondary phaseesely.

The expression for drift velocity is states]

n

Fdl‘.p - l.i‘_rpq - Z "“klfl‘qli'-
k=1

(3.24)
Wherec, is the mass fraction of any phase k expressed as,
ke Pk
."'k ju—
Pm (3.25)

Studies reveal that slip velocity is a fuoctof drag function, relaxation time, and

acceleration of the particles of secondary pheﬁs)s When the flow is turbulent, slip
velocity will also depend upon the dispersion doehe dispersed phase. Hence Fluent

accounts for this by adding a diffusion term in éx@ression for slip velocity as shown,

~ (pp — f’m:'“ri ~ Vm
Upg = === a— Vag
lb“@fdrag CEpd

(3.26)

Where,

v,, = Turbulent viscosity of mixture.

f4., = Drag function.

drag
o o= Prandlt dispersion coefficient.

In Fluent, there are several choiceslalks for the drag functions.
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Volume fraction equation for the secondary phase:Volume fraction equations have
been obtained from the continuity equation for $eeondary phase. It is expressed as
follows,

( ; . . n . .

5 (00rp) + ¥+ (apptin) = =V - (Ogppiaes) + . (1tgp = Ttg)

q=1
(3.27)

3.5.3 Limitations and assumptions of Mixture model: Along with the simplicity
and ease of using the mixture model it has cerianitations also. Some of these
limitations include the use of only the pressuredoasolver but not the density based
one, inability for modeling inviscid flows and tH®ws involving solidification and
melting. Mixture model cannot be used with somepthodels available in Fluent which
include LES Turbulence model, shell conduction nhoaeltiple reference frame (MRF)
model (for relative velocity formulation) and Diste Phase Model (when particles are
tracked simultaneously). The mixture model is iratdp for modeling streamwise
periodic flows with constant mass flow rate andwloconsisting of more than one
compressible ideal gases. The mixture model usesshumption of a local equilibrium
between the participating phases in order to caleuhe relative velocity between the
participating phases. This local equilibrium istamed to be limited to short length scales
only.

Apart from the mixture model being used in the entrstudy, Eulerian model can
also be a good simulation model. It can also béiegppo the current problem. Eulerian
model is the most complex multiphase flow model aghall the three multiphase flow
models. Eulerian model employs as many sets of mameand continuity equations as

the number of phases participating in the flowtHe current case there has been a wide
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distribution of particles in the slurry. Owing tbig fact, mixture model becomes more
feasible over the Eulerian model. The disadvanthgeEulerian model carries is that it
demands a lot of computational power. This is alse of the reasons for preferring the

mixture model over the Eulerian model.

3.5.4 K-& Equations used in mixture model:K- & turbulence mixture model has been
used which is by default employed in Fluent whentipliase flow is combined with
turbulence. It is suitable for stratified flowsollewing are the K and equations used in

capturing the relevant characteristics,

4 L Htm
a(ﬁ'm;ﬂj +V- [f)m?-'m'{fj =V- ( ;k T-'El) + Gk,m — Pmt

(3.28)
And
5] . _ o C Mem £ .
Ttlr,ﬂm” +V- lr,,f-"m'f-'m“'J =V ( - "‘_"‘) + Eﬁcrle(—?ﬁ'__m — ':’—-?Ee,f-jmfj
' e (3.29)
Where,
N
P = Z Ckg [
i=1 , (3.30)
N
Z’-’l‘if?ﬁﬁ;
= i=1
Uy = f'v—
Zﬂ'z‘ﬁ‘i
i=1 (331)
Turbulent viscosity,
.ﬁ‘g
Hem — Pm *r;:__
- (3.32)
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And turbulent kinetic energy production igemn by,

o Swiry (73 Ty, P
Gk,m = ﬂt_.m[‘r'f m T+ [T'f m;l ]J : Viim (3.33)

3.6 Incorporation of sensor and pipe geometry using Gambit meskgn and

formulation:

FTIR probe description: The Fourier Transformed Infrared Reflectance @Tprobe
consists of a cylindrical section with a gap ot $lwough its curved surface. The sensing
is performed across this slot. The sketch of tlabgris shown in the Fig. 3.3. All the
dimensions are shown in the figure except one whidws the variable part of the probe

whose dimension can be varied in order to varystbedimensions.

Fig. 3.3 Fourier Transformed Infrared Reflectance probe

The pipe that has been considered for differenteés 7.112 m in length and
0.1016 m in diameteiThe probe is placed at distance of 4.064m frominbet and is

3.048m before the outlethe Reynolds number of the flow is of the orde24®,000.
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In order to design the probe and pipe assemblyaimitét, coordinates of vertices
have to be entered using Operation->Geometry->t&sti After entering the vertices,
edges have to be constructed through Operation+s@&egp->Edge by using two or more
vertices. These edges can be linear, circular@rrarther edges created will be used for
making faces of the assembly design through OperatGeometry-> Face. And at last
by using Operation-> Geometry->Volume, faces atkeeistitched or swept to obtain
three dimensional geometries. It should be poirteat Stitch and Swept are two
command options in Gambit used to make a volumestiighing multiple faces or
sweeping one single face in a direction perpendicth it and the swept region is
converted to volume. For the current case the pgsebeen designed in three volumes in
inlet, outlet and probe regions.

The next step which is the most important step hef tlesign is the mesh
generation or grid formation in the constructed mgety. For the current design
Operation-> Mesh-> Mesh volumes have been usedvdluene in the probe region has
been meshed using the tetrahedral grid meshingthétlnterval count of the grid points
on the faces being 10. The inlet and outlet voluegions have been meshed using
hexagonal cooper meshing scheme available in Gasmbitan interval count of 40. The
total number of cell volumes formed after meshing @68 million. A plain pipe is also
designed in order to determine the results of fdiyeloped flow. It has been meshed
using the hexagonal cooper scheme and intervalt @ds®.

The last step of the design process is the spatidit of boundary conditions.

Following Operation->Zones->Specify Boundary Typdssired boundary conditions
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can be specified in Gambit. The boundary typesiBedan the current case are Velocity

inlet, Pressureutlet,Wall. Figure shows the boundaries specified.

[’ GAMEIT  Solver: FLUENT 5/6 ID: 101 tryout ‘LE‘I x|
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Fig. 3.4 Boundary types shown in Gambit

After when all the above steps are successfullylempnted we can expect a meshed

geometry similar to as shown in the Fig. 3.5
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Fig. 3.5 The meshed pipe and probe assembly in Gambit.
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The meshed geometry is then saved using File-->e.Saurther, the meshed
geometry will have to be exported using File-> BxpoMesh to Fluent where the actual
analysis will take place. This will saverash file in the Gambit working folder.

3.7 Simulations in Fluent: Proceeding with the next stage of the work don&ambit,
click on the Fluent icon to open Fluent. While apgnFluent, 3ddp (Three dimensional
double precision) version has to be selected ihdtulation mode. First, thensh file
exported in Gambit is imported in Fluent using Fil®ead-> Case. Next the Grid has to
be checked for discrepancies, if any. This is dasmg Grid-> Check. Further the
problem is set in Fluent by defining the models epait values of the relevant variables.
Using the Define panel solver being used, the mphdtse model employed and the
turbulence model are specified as Define-> ModelSolver, Define-> Models->
Multiphase and Define-> Models-> Viscous respedyivEor the present study, pressure
based solver, multiphase mixture model and turlméldf-c models have been utilized.
When mixture model is selected, the user has toifype number of phases involved in
the flow, slip velocity computation if required amahy implicit body forces if acting
during the flow. The current study makes use ohlslip velocity as well as implicit
body force which is gravity in this case. Movingeald the solid and liquid phase
materials which are being used in simulation pre@e selected using Define panel as
Define-> Materials. Generally all the materials available in Fluent database but user
can input the materials by adding the name of rnatalong with the required properties.
In this case the Table 3.1 shows the input vallieseoliquids and solid particles. There

are two different cases for which two differentsseft materials are used.
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MATERIAL DENSITY VISCOSITY (in Kg per
(in kg per cubic second meter)
meter)
CASE |
2-Amino-4,6-
dimethylpyrimidine (ADP) 1480 -
particles.
Xylene (Liquid) 870 6.2e-04

CASE I

Calcium carbonate particles. 2800 1.72e-05

Water 998.2 1.003e-03
Table 3.1 Input materials in Fluent
MATERIAL PHASE

CASE |

2-Amino-4,6-dimethylpyrimidine

(ADP) particles Secondary
Xylene Primary
CASE I
Calcium carbonate particles. Secondary
Water Primary

Table 3.2 Input materials phase in Fluent
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Using Define-> Phase, one has to define the primad/secondary phases along
with their state. Table 3.2 above indicates thesphad the materials used.

For the secondary phase, granular characterisage lheen chosen in all the
present cases. Further through the Define panetanehoose to select the interactions
between the phases which include specifying thg finactions, slip velocities etc. Using
the Define panel, Operating conditions and Boundasgditions are provided using
Define-> Models-> Operating conditions and DefinBoundary conditions respectively.
In the Operating conditions panel the gravity chieck has to be selected and its value is
given in Y direction as -9.81m/sedn the Boundary conditionsanel different input
values have to be provided at different boundailieble 3.3 gives a better explanation of
the input variables and their values in the curoaise. The turbulent intensity of the flow
is calculated using the following formula which deds upon Reynolds number

_ »,.—1/8
T.I.=0.16 x Re (3.34)

The backflow turbulent intensity is one of the graeters that need to be input.
Backflow turbulent intensity refers to the integsaf turbulence if there is any flow
taking place in the reverse direction. Backflowgmaeters are used by Fluent if
any backflow occurs during the iterations, otheeatisey are not used. A good guess of
these parameters will help the solution to runlstétbackflow occurs, a bad guess can

cause divergence also.
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Boundary

Primary phase

Secondary phase

Mixture input

types input values. input values. values
Specification
Flow velocity of method
Flow velocity of particle phase (Turbulent

Inlet (Velocity

liquid phase =1.5m/sec. and | intensity= 3.5%.
inlet)
=2m/sec. volume fraction and hydraulic
=04 diameter
=0.1016m)
Specification
method (Back
flow Turbulent
Outlet (Pressure Backflow volume intensity=
None.
outlet) fraction =0.4 0.001%. and
hydraulic
diameter
=0.1016m)
Wall None None. Default values
Rotation axis
Fluid None None

direction Z=1.

Table 3.3 Input variables and their magnitudes.
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Further the solution parameters are provided udiegSolve panel. Solve-> Controls-
>Solution controls is used to open the Solutiont@is panel where the under-relaxation
factors, pressure-velocity coupling types and eiszation laws are specified. For the
current problem as the geometry is complex duerésgmce of the probe in the flow,
hence first order upwind discretization is prefdrfer all the quantities. One can play
with the underrelaxation factors in order to govéra convergence of the residuals. The
next step involves the solution initialization ugirBolve -> Initialize-> Solution
initialization. In the current case solution isti@ized from inlet. In the next step,
convergence criteria are mentioned for all the aldes using Solve -> Monitors->
Residuals. Generally it is set at 1e-5 or smalé&3o one has to activate the plot option to
enable Fluent to plot residuals. Next step is the m which iteration parameters like
time step size, numbers of time steps, numbertei@tions per time step are specified for
a transient flow problem. This is done using Solvdterate-> Iterate. For the present
work the time step size has been taken of the @fl@érl. Then iterations are performed
to achieve convergence of residuals.

Fluent follows an iterative scheme to find theusioh of the flow problem. All
the governing equations are solved for each andydirae step. This is done until the
convergence is achieved in every time step. Oneedmvergence is obtained in a time
step the solution is increased by one time steps Gén be expressed as shown in Fig.
3.6. This scheme also considers the non-lineareatuthe governing equations as well

as the inter-relation between the equations.
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Fig. 3.6 Solution strategy in Fluent (Source: Fluent 6.3 user guide)

Fluent offers versatile post processing toolyigualize and analyze the flow.
These tools include XY plots, contour plots, vestdisplays etc which can be found
under the Display and Plot panels. Post processasgoeen done and fairly good results

have been obtained which have been dealt withaméxt chapter.
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CHAPTER IV

Results and Discussion

4.1 Brief recapitulation:

It has been discussed in the preceding chaptens Goaputational Fluid
Dynamics is playing an important role in predictihg characteristics of the multiphase
flow involving liquid and solid particles. In theizent study CFD has been applied to the
flow of a chemical slurry in which 2-Amino-4, 6-dathylpyrimidine (ADP) is used as
particles and Xylene is the liquid. In a differarase, calcium carbonate particles were
made to flow through water forming calcium carberatter slurry. The flow has taken
place through pipes with the ratio of length tonader being 70. The modeled Fourier
Transform Infrared reflectance probe is placed sihett its distance from the inlet is
more than that from the outlet of the pipe verticah the upper surface. The probe is at
a distance 40 times the diameter from the inletZhtmes the diameter from the outlet.

This chapter aims at presenting the importantirigsl of the current research. It
has been mentioned that the current research foomsethe application of CFD to
visualize the flow over and through the sensing gfaine FTIR/NIR probe. It also aims
to determine the profiles of solid particle concatibn and velocity through the sensing
gap of the probe. The post processing tools ofrftlbave been utilized in order to ensure

self explanatory and descriptive visualization ohet flow. In addition,
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Tecplot 260 has been employed for plotting the eatration profiles and velocity
profiles of slurry flowing through the sensing gafpthe probe. The results obtained by
using ADP particles and Xylene are compared witbs¢hwith the calcium carbonate
particles and water. In all the plots shown altahses are in meters andgative sign
on Z velocities represents direction as the slurry is floiwg in the negative Z
direction.

4.2 Flow of Xylene (WITHOUT particles) in 7.112m length pipein this section, the
results obtained by the flow of xylene in a plaipep(pipe with no probe) are presented.
The inlet velocity is 2m/sec. The profiles of Z »elty of xylene have been plotted along
different axes. The velocity profiles clearly depichat fluid flow shows the fully
developed behavior.

-Z velocity variation along the centerline:

The pipe coordinate system is shown in Fig. 4.1f&. 4.1(b) shows the Z velocity
variation. The centerline Z-velocity increases las fluid flow takes place further the
inlet. Then it decrease and gradually becomes annsThis shows that the flow has

become fully developed.

(@)
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Fig. 4.1 (a) Pipe coordinate system (plain pipe) (b) Z velocity of Xgthe varying
along centerline of the pipe
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-Z velocity profiles along the vertical axis along Y direction:

Fig. 4.2 Pipe section showing the location of planes and thespective axes along
which Z velocity are plotted. Inlet (hown in blue) is ear Z= -1 plane and oulet
(shown in red )lies near to Z= -7 plane. Flow direction siwn by arrow.
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05

different cross sectional planes normal to the akithe pipe. The profiles shown in (a)

(b), (c), (d) and (e) are all symmetric with redpgeche centerline which is at y/R=0.

dimensional velocity profiles is shown in Fig. 4)3{The inlet velocity is 1.5m/sec. The
profile in blue is obtained from Fluent while theeoin red is the power law profile. The

power law index is 7. The agreement of the profgess shown in Fig. 4.3(f). The power

05

The comparison of power law profile for a turbulefain pipe flow with the non

-1 2155
Z velocity (m/s)

(d)

-1 =575
Z velocity (m/s)

(e)

Fig. 4.3 Z velocity profiles along vertical axes in (a) Z= -1 (Z/D=9.84}) Z=-2
(2/D=19.685), (c) Z= -3.5 (Z/D=34.45), (d) Z= -5 (Z/D=49.2) and (e) Z%(Z/D=
68.89) cross sectional planes as shown.

Fig. 4.3 shows the Z velocity profiles of Xylenereg the vertical axes lying in

law index has been taken from Schlichting (1968).
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4.3 (f) Comparison of velocity profile in radial direction with power law profile

(n=7) shown in red with the fluent profile in blue at Z/D=35.
Z velocity profile along the centerline of a plain pipe WITH patrticles:
Fig. 4.4 shows the particle Z velocity profile afptne centerline of the plain pipe. The
particle diameter is 100 microns. Thus in the pneseof particles the flow gains fully
developed characteristics at around Z/D= -35. Heslaeing the probe at Z/D=-40 is

worthwhile in order to mount the probe in fully édeped flow region.
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Fig. 4.4 Particle Z velocity profile along centerline of the plain ype.
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4.3 Flow of ADP particles with Xylene in 7.112m (L/D=70) length pipe:

In this section, the data obtained by the simutatd the flow of ADP particles and
Xylene have been presented. The data has beemi@se the form of plots, contours
and vectors of different physical quantities. Thgsantities are Z-velocity and volume
fraction of particles. In order to study the vaoat of these quantities in particular
directions, different lines and planes have beemvdrusing Fluent post processing tools
and then the corresponding physical quantity has Ipdotted against that line/plane. The
pipe dimensions can be expressed in terms of aydi@dcoordinates R) and Z where R
is the radius of pipé) being the angular distance and Z being the pipeatresponding
to the length of the pipe. In the current case Regdrom -0.0508 m to 0.0508hyvaries
from O to 360 degrees and Z varies from -3.048 m.@%4 m. Hence the geometry is
asymmetrical with respect to Z coordinate. The gowsiof origin is shown in Fig. 4.5(a)

as (0,0,0).
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4.3.1 Plots of velocity profiles:Velocities have been plotted along the axial (ZADy
radial (y/R) directions and the conclusions havenbdrawn. The pipe length ranges from
inlet at Z/D=40 and outlet at Z/D= -30 (negativediZection) with probe at Z/D=0. Y
coordinate varies from y/R= -1 to +1. The axes @larnich the velocity profiles have
been plotted are shown in the adjacent figures.

-Particle Z velocity vs. axis (centerline):The axial velocity (Z velocity) has been
plotted along the centerline or the axis of theepgs shown in Figs 4.5. Fig. 4.5(a2)
shows the axis along which the velocity has beettqd. Fig. 4.5(b) depicts the variation
of Z velocity of particles along the centerline tbie pipe. The negative sign on the
velocity is indicative of the direction of flow ake flow is in negative Z direction. The
particle Z velocity at injection is -1.5 m/sec whisuddenly reaches to -1.73 m/sec when
comes in contact with the liquid Xylene which hagial velocity of -2m/sec. Thus -1.73
m/sec is the initial velocity of the slurry. Therpele Z velocity increases and then comes
down to the previous magnitude of -1.73 m/sec adltdw progresses after the inlet. The
flow is smooth and the particle Z velocity remagmstant till it reaches the vicinity of
probe where major fluctuations in the particle Zoeey are observed as shown in Fig.
4.5(c). The particle Z velocity in the probe regishows a zigzag variation. This is
attributed to the divergence of the flow in thegamce of probe. The fluctuations in Z
velocity may be observed owing to 3D flow in y d@itien (increment in Y component of
velocity) as the particles will have the tendenoyflow downwards as the probe is
approached. After the probe region the particlgairethe same velocity magnitude. As
the flow approaches the outlet there is a verlgldecrease in the particle Z velocity. At

the outlet the particle Z velocity has the samemitade of -1.73m/sec.

68



(@2)

1
-Z20

1
Z20

-30

zZ/D
(b)
69

=20

40

)

0 0y N = n

N 4 o
(/1) Ayyaoja Z 2joiued

O



%

z.s
= =
E - L
= £
8 g \/\’Jf/r
@-1.5 —
== =
~ =
= C
= [
= -1 [
(=]
< :

o =

[ 1 L 1 1 1 | 1 L 1 L L | 1 L L L 1
Y T = 8 == - -5
Z/D
(©)

Fig. 4.5 (al) Probe and pipe assembly with the directional coordinasystem (a2)
Axis of the pipe (b) Particle phase Z velocity variation @ng the centerline (c)Flow
along the probe vicinity shown between parallel lines.

-Particle Z velocity vs. axis parallel to the centerline anghassing through the middle

of probe slot: Fig. 4.6 shows the variation of the particle Z w#p along the axis
parallel to the centerline and passing throughntingdle of the probe slot as shown in
Fig. 4.6(a). The negative sign on the velocityndicative of the direction of flow as the
flow is in negative Z direction. Along this axissemilar behavior of particles is observed
as along the centerline but as the flow progre$sma inlet the particle Z velocity
undergo a little decrease in the magnitude and bleeomes uniform until it reaches the
vicinity of probe slot. Again the major fluctuati®im velocity of particles are observed in
the probe slot vicinity which is shown in Fig. £B(After the probe slot vicinity the
particle Z velocity starts climbing up to regair threvious velocity. Unlike the variation
along the centerline of the pipe, the particlegdfanore distance in the pipe to regain the
same velocity as shown in Fig. 4.6(c). As the flagproaches the outlet the particle Z

velocity decreases and ends up at a magnitudé&uoif/dec.
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Fig. 4.6 (a) Axis (b) Particle phase Z velocity variation alonthe axis parallel to the
centerline. (c)Flow along the probe vicinity shown betweeparallel lines.
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-Particle Z velocity vs. axis parallel to the centerline and g@ssing through the lower
solid part of probe: Fig. 4.7 shows the variation of particle Z veloc#png an axis
parallel to the axis of the pipe but passing thiotlge lower solid end of the probe. The
particle Z velocity before reaching the probe reglmehaves similar to the velocity
observed along the centerline of the pipe. Wheeathes the vicinity of lower solid end

of the probe there is immediate drop in velocityittl value due to the presence of
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Fig. 4.7(a) Axis. (b) Particle phase Z velocity variation alonghe axis parallel to the
centerline but passing through the lower solid end athe probe. (c)Flow along the
probe vicinity shown between parallel lines.

stagnation point as shown by the curve. Furthemdgtneam, the particles attain the usual
velocity again which is of the order of -1.73m/s€&he patrticle Z velocity fall gradually
and then becomes uniform as the outlet is approbatishown.

In all the three cases of variation of particlev@&ocity (Figs. 4.5(b), 4.6(b),
4.7(b)) it can be noticed that the velocity profitethe region before the probe (Entrance
region of pipe) is similar to the profile in thetemce region of the plain pipe with
particles (Fig. 4.4) except in the above three £aseform velocity is achieved earlier
Z/D value.

-Particle Z velocity along Y axis (i.e. Along the line throgh the center of the probe
slot circular section and the lines to the left and to theight of it as shown in the Fig.
(a)): The variation of particle Z velocity is shown ingFi4.8 (b) along the line through
the center of the probe slot circular section ughmgy purplen. The negative sign just

indicates the direction of flow. The probe slosslieetween y/R= 0.5 to y/R=0.75 with
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center of slot at y/R=0.625. The points shown darptlaat the velocity of the particles is
zero at the upper and lower surface of the probe 3he particle Z velocity profile
resembles a parabola along the axis through thercehthe probe slot.

Fig. 4.8(b) also shows the variation of particleefocity along the axis parallel to
the Y axis but to the left of it. It is expressesl green triangle. There are small

variations in the particle Z velocity near the endf the probe slot as shown by the

points near the center. They exhibit very smalbeiy difference.
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Fig. 4.8(a) Axes in Y direction and along the lines to the ke&nd to the right of it
(b)Particle Z velocity vs. Y axis (Along the line through thecenter of the probe slot
circular section, along the lines to the left and to the right of it

The variation of particle Z velocity along the sxparallel to the Y axis but to the
right of it is also depicted in Fig. 4.8 (b) usiblye A. The velocity at the lower and
upper walls of probe slot is zero. In this case,dllse variation resembles a parabola but
this time density of velocity points is more nele ttenter of the probe slot. Here the
profile defines more curvature near the center @eg to the profile obtained for the
axis on the left.

4.3.2 Plots of particle volume fraction:This section will focus on the variation of the
volume fraction of the particle phase along differaxes. This information can be used

to predict the particle concentration profiles tigh the probe slot.
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- Particle volume fraction along Y direction (i.e. Along the Ine through the center of
the probe slot circular section and the lines to the lefaind to the right of it as shown

in the Fig. (a)): Fig. 4.9 (b) shows the variation of particle volufnaction along the
lines through the center of the probe slot circgkection in Y direction and axes to the
left and to the right of it as shown in the Fig). (Bhe Y axis shows the axis considered
with specification as non-dimensional distance wRile the X axis has the particle

volume fraction.

Left (@) Right
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Fig. 4.9(a) Axes in Y direction and along the lines to thefteand to the right of it (b)
Particle volume fraction vs. Y axis (Along the line through thecenter of the probe
slot circular section, along the lines to the left and to the right af.

The variation in volume fraction is of the order10° which can be neglected.
Hencethe volume fraction of particles can be consideredstant along the considered
axis. Even though the particle volume fraction amstant, of the three cases the profile
obtained for the axis considered on the ‘axis tghoyrobe slot left’ accounts for
maximum variation.

- Particle volume fraction along an axis parallel to Y direction but behindt:

The axis is shown in Fig. 4.10 (a) with a red lifkeg. 4.10(b) shows the variation of
volume fraction along the axis parallel to Y axig behind it as shown by the red line in
Fig. 4.10(a). It can be inferred that volume fractidecreases as we move from upper

wall of the probe slot (y/R=0.75) to lower wall R#0.5). But the magnitude of variation
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is of the order of 0.001 hence it can be said wbaime fraction is nearly constant along

the considered axis.
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Fig. 4.10(a) Axes. (b) Particle volume fraction variation along the &
behind the Y axis through probe.
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- Particle volume fraction along an axis parallel to Y directionbut in front of it: Fig.

4.11 shows the variation of volume fraction alohg &xis parallel to Y axis but in front
of it as shown by the green line in Fig. 4.10(&)cdn be inferred that volume fraction
decreases more steeply in the center of slot anawe from upper wall of the probe slot
(y/R=0.75) to lower wall (y/R=0.5). But the magrdauof variation is small and is of the
order of 0.001. Hence it can be said that volunagtion is nearly constant along the

considered axis.
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Fig. 4.11 Particle volume fraction variation along the axis infront of Y axis
through probe. The axis is shown in Fig. 4.10 (a).

-Comparison of particle volume fraction along the axes shown in Fig. 4.10(a):

Fig. 4.12 shows the comparison of variation of wadufraction along the three different
axes as shown by red, black and green lines in&ig)(a). Though by minute amount,
but for comparative study the volume fraction magpe is highest for the variation

along the axis to the front of Y axis (Shown byegren Fig. 4.10(a)). The volume
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fraction is lowest along the axis shown in red ig. .10 (a). This is because the axis
shown in red is nearest to the vertical wall amteiprobe slot has opening just opposite
to the wall so a three dimensional flow also taflese. Thus the axes farther from the

vertical wall of the probe slot have comparativelgre volume fraction magnitude.
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Fig. 4.12 Particle volume fraction variation along the axes shown iFig. 4.10 (a).

4.3.3 Z velocity of slurry/mixture along the vertical and horizontal (axial) axes.

-Z velocity of slurry/mixture along the vertical axes in Z=3, 2, 1,-1,-2 planes:

Fig. 4.13 shows the variation of particle Z velgctiong a vertical axis in Z=3 cross
sectional plane as shown by the blue circular gedn the probe and pipe assembly in
the Fig. 4.13 (a)The end points of the axis lies at y/R = -1 to w¥R. The curvilinear

profile obtained is asymmetric with respect to ¢baterline of the pipe which at y/R=0.
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Fig. 4.13(a) Probe and pipe assembly with the planes Z=3, 2, 1,-1]€dt(to right) (b)

Particle Z velocity along a vertical line in the cross stional plane Z=3,
Z/D=29.527
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Fig. 4.14 Particle Z velocity along a vertical line in the cross sectionglane Z=2,
Z/D=19.685.

Fig. 4.14 shows the variation of particle Z vetgalong a vertical axis in Z=2
cross sectional plane as shown by the violet @arcgkection in the probe and pipe
assembly in the Fig. 4.13(a).The end points ofatkis can beshown at y/R =-1to y/R =
1. Again the velocity distribution is asymmetrictivrespect to centerline of pipe which
is at point y/R=0. This may be due to the effeag@vity on particles.

Fig. 4.15 depicts the variation of particle Z \@tp along a vertical axis lying in
Z=1 cross sectional plane as shown by orange air@dction in Fig. 4.13 (a). The axis
lies along y/R = -1 to y/R = 1. The velocity dibution is less asymmetric with respect to
centerline of pipe (y/R=0) compared to the distiitms in the planes nearer to the inlet
shown in Figures 4.14 and 4.13(b). Also notice thatvelocity at centerline (y/R=0) is

about -1.75 m/sec.
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Fig. 4.15 Particle Z velocity along a vertical line in the cross sectionplane Z=1,
Z/D=9.84.

Fig. 4.16 shows the variation of particle Z vetgalong a vertical axis in Z= -1
cross sectional plane as shown by the green ciradation in the probe and pipe
assembly in Fig. 4.13(a). The end points of the aan beshown at y/R = -1 to y/R = 1.
The variation is found to be symmetric with respecthe centerline at point y/R=0. The
Z velocity is almost 1.75 m/sec. Since the velobig become constant, hence this marks
the presence of fully developed characteristichenflow. It can be seen that the above
results (Fig. 4.13- 4.16) are in agreement withfih@ings of Lin et al (2007). Here also,
the maximum velocity location is moving verticallp as we move downstream.

The variation of particle Z velocity along a vedi axis lying in Z= -2 cross
sectional plane is shown by white circular sectiorFig. 4.17. It is found that little
asymmetricity with respect to the centerline atnpgi/R=0 has been introduced. This
may be due to the presence of gravity. Again thesldcity at the centerline (y/R=0) is

found to be almost -1.75 m/sec which shows that @owelocity can be considered
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nearly constant along the centerline.
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Fig. 4.16 Particle Z velocity along a vertical line in the cross sectionglane Z=-1,
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Fig. 4.17 Particle Z velocity along a vertical line in the cross sectiohglane Z=-2,

Z/D = -19.685
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-Z velocity profiles along the axes parallel to Z direction passing throughrpbe slot:

Z velocity profiles along the lines through the Ipeoslot and parallel to Z
direction are shown in Figs 4.18. Lines 1, 2, 3aAd 5 are distributed from upper to
lower walls of the slot as shown in Fig. (a"). Henelocity variations along lines 1 and 5
are very close to zero as they are very near thieepwalls. Velocity variations along the
lines 2, 3 and 4 which are away from the wallslarger in magnitude. Among all the
variations the highest velocity is found along line 3 (Fig. (c)) which is the centerline

of the probe slot and is farthest from the walls.
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Fig. 4.18(a’) Axes. Particle Z velocity profiles through probeslot along the axial slot
lines (a)Slot line 1, y/R= 0.74 (b) Slot line 2, y/R= 0.69(cjoEline 3, y/R= 0.625
(d) Slot line 4, y/R=0.56 (e) Slot line 5, y/R=0.51.
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-Particle volume fraction profiles along the lines parallelto Z direction and passing

through probe slot: Z velocity profiles along the lines through the Ipecslot and parallel

to Z direction are shown in Fig. 4.19. The volumefion variation along these lines are
of very small magnitudes and can be assumed neamistant. However, for comparative
study it can be found that the variation of volufrection along the lines which are
nearer to lower wall of probe slot is smaller. Tinay be due to the effect of gravity on
particles at higher elevation from lower wall. Thatwhy volume fraction decreases

along the axes which are away from lower wall afij@ slot.
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Fig. 4.19 Volume fraction profiles along the axial lines through probe slot

4.3.4 Visualization of the flow of ADP particles with Xylene:Post processing tools

available in Fluent have been utilized to visuatize flow of the slurry of ADP particles
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and Xylene over the probe. Vector and contour ptotscerning different quantities are

presented.

-Contours of Z velocity of slurry/mixture along the plane Y=0.02:

Fig. 4.20(a) Plane Y=0.02 (b) Contours of Z velocity of slurry alondné plane
Y=0.02, Y/R=0.39.

Fig. 4.20(b) shows the contours of Z velocity alahg horizontal plane that passes

through the lower solid portion of the probe asvamon Fig. 4.20(a). The contours of
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velocity show that the velocity is maximum on tiges of the probe while it is minimum

on the front and the back of the probe solid cyical portion.

- Contours of Z velocity of slurry/mixture along the plane Y=0.03:

Fig. 4.21(a) Plane Y=0.03(b) Contours of Z velocity of slurry along the gohe Y=0.03,
Y/R=0.59

Figure 4.21(b) shows the contours of Z velocityngldhe horizontal plane that passes

through solid portion of the probe at the solid seirtular part adjacent to slot of the

89



probe as shown in Fig. 4.21(a). Again the Z velo@t maximum on the sides of the
probe and minimum on the front and the back ofptiede solid portion as shown.
-Contours of Z velocity of slurry/mixture along the plane X=0:

Fig. 4.22 shows the contours of Z velocity of shaitong the vertical plane X=0 with far

view. The velocity starts to rise again in vertidakection after it crosses the probe. This

is shown with the dark blue flow contours.
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Fig. 4.22 Contours of velocity Z velocity of slurry along the plane X0 (X/R=0)
which the passes right in the middle through the probsection as well as the probe
slot.

A closer view of contours along the vertical plage0 is shown in Fig. 4.23. The
contours show the flow behavior such that afteissirtg the probe the velocity rises
vertically and then falls further downstream aapproaches the outlet of the pipe. The

dark blue velocity contours show this behavior.
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Fig. 4.23 Contours of Z velocity of slurry along the plane X=0 (closer view)

Fig. 4.24 depicts the Z velocity contours in thielqe slot vicinity. The contours
show that the velocity near the walls of the prelmel that of the pipe is zero. The
variation of contour colors in the probe vicinitgefohes the profiles of variation of Z
velocity in the probe region. The contours cleathpw that there is an abrupt increase in

Z velocity when the flow is about to enter the praiot region.

Fig. 4.24 Contours of velocity Z velocity of slurry along the planeX=0, closer
look of probe region.
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-Contours of Z velocity of slurry/mixture along the plane X=0 passg through the
probe slot: Velocity contours are considered for a plane thihotinge probe slot shown in

Fig. 4.26.The plane has been separately showrgidR25. The plane passes through the

slot of the probe and is shown in grey with thebygrehown in green.

Fig. 4.25 Vertical plane passing through the probe slot showim grey with the
probe shown in green.

The velocity near the wall is zero which is showith red. Moving away from
the wall the velocity increases and is maximumhia tentral portion of the probe slot.
The central region of the probe slot having higheagnitudes of velocity decreases as the
flow reaches the end of the probe slot. This cashmvn clearly with the region in the
dotted box on the right which is less in heighttlize one on the left. This may be due to
the growth of the boundary layer on the upper ameet walls of the probe slot. It can be
seen in the portion marked inside the box in Fig74As the slot is open from one side
hence there will a three dimensional flow. This magult in the fall of Z velocity

magnitude.
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Fig. 4.26 Contours of velocity magnitude of slurry/mixture along the @ne X=0,
X/R=0 which passes right in the middle of the probe slot.

Contours of Z velocity of slurry/mixture along the plane Z=0 planepassing through
the probe slot:Fig. 4.27 shows the variation in Z velocity of sjuwith help of contours
along Z=0 plane (Z/D=0). The contours depict thgiae of maximum velocity away

from the wall region of the pipe and the probe.
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Fig. 4.27 Contours of Z velocity of slurry/mixture along the plane Z=0, Were
Z/D=0
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-Contours of particle volume fraction in the plane X=0:
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Fig. 4.28 Contours of velocity colored by particle volume fractiom the plane
X=0, where X/R=0.

Fig. 4.28 shows the distribution of particle volufmgction along the vertical plane X=0
which passes through the probe region. The digtabwf volume fraction is curvilinear

in nature. Later on as the flow moves away fromgtabe region the profiles of volume
fraction variation start losing the curvature amtd to become vertical and tend to

become normal to the centerline of the pipe.
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4.3.5 Comparison of Volume fraction profiles obtained for two diffeent particle
sizes:This portion presents the results obtained by udiffgrent particle size. Particles
of ADP with diameters 100 and 400 micrometers wevasidered. Volume fraction
profiles along the axes through the probe slotissudsed previously are plotted.
- Comparison of volume fraction along Y axis lying in the probe slot:

The volume fraction magnitude for 400 micron padescis slightly less than that
for 100 micron particles along the vertical axi$vieen the circular sections of the probe
slot. This can be easily inferred from Fig. 4.29akhis owing to more apparent weight

of 400 micron particles.
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Fig. 4.29 Comparison of volume fraction along Y axis lying in the pradslot.
Comparison of volume fraction along line parallel to Y axis lyingin the probe slot
but to the left of it: Fig. 4.30 show th&olume fraction magnitude along line parallel to

Y axis lying in the probe slot but to the left bfaor 100 and 400 micron particles. Again,
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the 400 micron particles exhibit lower volume frantthan 100 micron particles. This is

owing to more apparent weight of 400 micron pagtcl
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Fig. 4.30 Comparison of volume fraction alondine parallel to Y axis lying in the

probe slot but to the left of it.
Comparison of volume fraction along line parallel to Y axis lyingin the probe slot
but to the right of it: Fig. 4. 31 show thgolume fraction magnitude along line parallel
to Y axis lying in the probe slot but to the rigftit for 2100 and 400 micron patrticles.
The volume fraction for both the particles is canstalong the considered axis. This time
also, the 400 micron particles have lower volunagtion than 100 micron particles along
the considered axis. This is due to to more apparerght of 400 micron particles as

apparent weight of particles is directly proporabto their diameter.
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Fig. 4.31 Comparison of volume fraction alondine parallel to Y axis lying in the

probe slot but to the right of it.
- Particle volume fraction along axes parallel to Y direction bt are behind and in
front of it: Fig. 4.32(b) and (c) shows the comparison of vol@iraetion variation of 100
and 400 micron patrticles along the axis shown thared green respectively in Fig. 4.32
(a). In this case also, the physics of more appaserght of 400 micron particles than
100 micron particles holds good. Hence the volumaetion magnitude for 100 micron
particles is more than the 400 micron particlessoftere also the magnitude of volume

fraction can be considered constant along the stxesn in Figs 4.32.
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Fig. 4.32 (a) Axes along the probe slot (b) Comparison of volunfiaction along line
parallel to Y axis but behind it (shown by Red linen Fig. (a)). (c) Comparison
of volume fraction along line parallel to Y axis but in frontof it (shown by green
line in Fig. (a)).

--Comparison of particle volume fraction profiles along the lires parallel to Z

direction and passing through probe slot:Fig. 4.33(a) shows the axes A, B and C
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along which the volume fraction profiles for 100cman and 400 micron particles are
compared. The comparison is shown in Fig. 4.33 (())and (d). In each of the three
cases along the slot of the probe it can be obdehat volume fraction for 100 micron
particles are more than the volume fraction of #06ron particles. This is again due to
the larger diameter of 400 micron particles whielults in more apparent weight as
apparent weight = volume of particle x (density prticles-density of liquid) x

gravitational acceleration. In the current cadas,dnly thing that is different for the two
particles is the diameter on which the volume ddpeilence the particles with lesser

diameter have greater volume fraction (Providedstrae initial volume fraction).
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Fig. 4.33 (a) Axes. Comparison of volume fraction for different pdicle size along
(b) Slot line A, y/R=0.69 (c) Slot line B, y/R=0.625 (d) Slot line C, W#R.56.

It can be noticed that the results obtained fav thifferent particle sizes are in
good agreement with the findings of Hossain e{2003). They have discussed that the
larger particle size will impart more settling temdy. As observed here, the particles
with higher diameter shows lower volume fractiongmgudes along different axes in the

probe sensing region (slot).
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4.4 Comparison of the velocity profiles obtained for ADP and Xylea slurry to that

of calcium carbonate and water slurry: It has been discussed previously that in a
different case calcium carbonate particles wereemtadlow through water as the liquid
medium. The axial (z) velocity profiles have bed&tamed for the slurry mixture flowing
through the pipe of length 7.112m (L/D=70). A compan has been made for the
velocity profiles along different axes.
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Fig. 4.34 Comparison of ADP and CaCO03 particles Z velocity profilealong
centerline of the pipe. (Probe vicinity shown betweemparallel lines with 0.09 <
Z/D < 0.09)

The Z velocity along the centerline of the pipe $turry of ADP particles with
Xylene is compared with that of the slurry of cafoi carbonate particles in water as
shown in Fig. 4.34. The Z velocity profile for ADRrticles is shown above the calcium
carbonate particle profile. This shows that ADRipkas are flowing with higher velocity
along the centerline than the calcium carbonatégees even though all the conditions

are same. These conditions include the particle, sitet particle volume fraction, inlet

101



particle and liquid velocities. This behavior caa éxplained again by means of the
buoyancy force applicable on ADP and CaCO03 pasdidleis a fact that buoyancy force
results in the decrease in the actual weight ob@dylimmersed in a liquid. Buoyancy
force acting on the body, when subtracted from actweight of the body results in
apparent weight of the immersed body. Thus,

Apparent immersed weight = Actual weight-Buoyanascé

The actual weight and buoyancy force in this cased&ectly dependent on the
densities of particle and liquid (in which partiggeimmersed). The apparent weight will
be directly proportional to the difference in thendities of particle and the liquid
carrying it. In case of ADP and Xylene, differenck densities come out to be 610
kg/m*(1480-870) while in CaC03 and water case it is 1RGO (2800-1000). Thus
difference in densities is more for the case of Cx&nd water. Therefore they will have
more apparent weight. Due to this their Z velocitynponent will be suppressed. Hence

they have lower Z velocity.
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Fig. 4.35 Comparison of ADP and CaCO03 particles Z velocity profilalong the
axis parallel to the centerline and passing through the probe slatProbe vicinity
shown between parallel lines with 0.09 < Z/D < 0.09)
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In Fig. 4.35 the comparison of Z velocity profilabbng an axis parallel to the
centerline and passing through the probe slot @vaeh In this case also, a similar
observation can be seen and hence the same reafis good here also. Calcium

carbonate particles being heavier will have lowevefocity than ADP particles which

are lighter.
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Fig. 4.36 Comparison of Z velocity along the line through the center ofi¢  probe
slot circular section in Y direction. (Probe slot lying betwee 0.5<y/R<0.75

In Fig. 4.36, the Z velocity along the line throutfie center of the probe slot
circular section in Y direction has been shownA@P and calcium carbonate particles.
As discussed above similar trend has been obsernveldis case also with the same
reasoning.

The results of velocity profiles obtained by Linga¢ (2001) shows the effects of

density difference as they have used two differigpies of particles with different
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densities. Similar observations are observed feratbove velocity comparisons owing to

density difference. Thus the results show agreemvéhtthe findings in the literature.
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1 Summary:
In the current research, a chemical slurry comgjsiif liquid Xylene flowing with

ADP patrticles in a pipe has been considered priyna®iome cases of comparison of
slurries of ADP-Xylene and CaCO03-water are alsosmm®red. The length to diameter
ratio of the pipe is 70. A geometric model of anIR/NIR probe is mounted
asymmetrically on the wall of the pipe. Fluent (%) has been employed as the
simulation software to predict the end resultsihef low. The K¢ Turbulence model
and mixture multiphase model are employed for aislyParticle sizes of 100 and 400
microns are considered and a comparative studyne dased on variation in particle
size.
5.2 Conclusions:
The following conclusions are drawn on the basigestilts shown in the last chapter.

1. For the plain pipe flow in the pipe with L/D=70,etlprofiles of axial velocity

exhibit fully developed flow characteristicsaiout Z/D= 45.
2. The axial velocity profile for the slurry of AD&d Xylene is computed for pipe

with NO probe. It has been found that the centeréirial velocity becomes constant at
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about Z/D=35 and indicating fully developed flovkea place. Since fully developed
characteristics are achieved at Z/D= 35, hence avitlew to mount the probe/sensor
in fully developed region, it is a good idea to mbthe probe at a location of Z/D=
40.

3. The axial velocity profiles of ADP particlestime pipe with probe mounted at Z/D=
40 (from the entrance) are plotted along the cbnégran axis parallel to the
centerline and passing through the probe sensgigrr€siot) and the axis parallel to
centerline and passing through the probe solid part

a) Axial velocity profiles are found similar to the gfiles for the plain pipe
slurry flow in the entrance region of the pipe.

b) Fluctuations in the axial velocity are observedthe probe vicinity which
require further study.

4. Particle axial velocity and volume fractidorgg the axes through the probe sensing
region (slot) in vertical Y direction and paraltelY direction are analyzed.

a) Particle axial velocity magnitudes observed alomg &xis passing through
the probe slot (along y axis) are slightly higheaurt those for the axes from
top to bottom across the gap to the left and rafhthe probe Y axis in the
probe slot.

b) Volume fraction along these axes is very nearlystant.

5. Volume fractions are compared along the axdblerfront and behind the Y axis
passing through the probe sensing region (slot¢ &ts behind is near the probe
slot vertical wall. Volume fraction is found to beearly constant along the

considered axes.
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6. Particle axial velocity profiles along thertical axes at different axial locations
along the length of the pipe have been computeAfd?-Xylene slurry. The results
obtained show that the location of maximum velopitynt rises as we move further
downstream. The profiles are asymmetric. Theselteeshow agreement with the
results in literature.
7. Volume fraction profiles along the axes paraltelZ direction (axial direction)
and lying in the sensing region (slot) of the prabe computed for ADP and Xylene
slurry. The volume fraction variation is very smafid volume fraction along the
axial direction of probe sensing region (slot) nhhayconsidered constant.
8. The variation of volume fraction for twldferent particle sizes (100 and 400
microns) of ADP are compared along different ares, Y and Z directions in
the probe sensing region (slot).
a) The volume fraction magnitude is found to beuwally constant along all the
axes for both particle sizes.
b) The magnitude of volume fraction for 100 micrparticles is found to be
somewhat higher than the volume fraction magnitiesle400 micron particles.
This difference is believed to be due to the higledtling tendency of larger
diameter particles and is in agreement with tlezdiure.
9. Particle axial velocity profiles for the flogf slurry of ADP particle and Xylene
are compared with the flow of slurry of CaC03 anatev along the three different
axes. The magnitude of axial velocity profiles $turry of ADP and Xylene is found

higher than that for the flow of CaC03 and waterrsl along all the three axes. This
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is due to the higher density magnitude of CaCO8 thaP particles. This agrees with

the results in the literature.

5.3 Recommendations:

1. In order to mount in the fully developed floagion the probe can to be mounted at
Z/D= 40. Hence the pipe length after the probethercomputations can be reduced.
This will result in the decrease in the numberalf ¢olumes formed by meshing the

geometry. Hence less computational power will logiired for the analysis.

2. The influence of sphericity of the particle®sld also be modeled as all the particles

may not be of the spherical shapes.

3. The discrete phase flow of the slurry of AD&tigles and Xylene should be modeled

and the results of should be compared with mulspHiow modeling.
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APPENDIX

Snapshots taken from FLUENT 6.3

FLUENT [3d, dp, pbns, lam]
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Eile Grnd Define Solve Adapt Surface Display Plot BReport Parallel Help

Welcome to Fluent 6.3.26

Copyright 2886 Fluent Inc.
All Rights Reserved

Loading "C:\Fluent.Incifluentd.3.26%1ib%WfF1_s1119 . .dmp”
Done.

Main pull down menu of FLUENT. Version 3ddpreia for 3D-Double Precision.
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