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Abstract

Granular materials have their wide presence on earth, almost all raw materials for daily
usage and industrial applications come in the form of solid granular material. Clustering
of particles has also found to play an important role in industries involving food-
pharmaceutical processing, mineral extraction via froth flotation, waste water treatment,
construction material production, catalyst generation etc. While in waste water treatment
and froth floatation enough particle clusters are essential to the method, controlled
agglomeration is found to give better physical properties like flowability, porosity
enhancement, lower abrasion to the food and manufacturing processes, where excessive
agglomeration can lead to just the opposite namely lumping. Thus, clustering of particles
in wet granulates can also be considered to have a significant role in altering the
rheological and physical characteristics of the material and it is essential not only to
understand why and how these clusters are formed but it is equally important to
understand the behavior of these clusters upon shear. Study of wet granulates under shear
flow is required for improving several commercial processes and design. Wet granulates
may be present in the form of a lump (single big cluster) or as a disperse phase. The wet
granulates can as well be polydisperse in nature. The present thesis has been aimed to
understand the effect of shear on these wet granulates under different assembly. The
behavior of a single cluster aggregate made up of sticky wet granulates inside a Couette
cell under constant shear has been numerically studied with the help of a Lattice
Boltzmann model. Cluster composition and ratio of shear to capillary force (Fs/Fb)

present in the clusters have been found to be the two important factors in determining



cluster behavior. Clusters having size below a critical value are found to exhibit rigid
translational and rotational movement; above this critical value, the cluster breaks. Two
broad failure regimes have been identified based on the relative magnitude of shear and
capillary forces. For low values of the force ratio, the clusters are seen to undergo ductile
failure either by thinning at the middle or from the peripheral area of the cluster due to
severe coiling-recoiling action. At very high force ratios the clusters cannot withstand
any shear and almost immediately break to form debris-like structures. Failure in these
clusters is found to bring down the stress levels in the fluid. The increase in mass, less
hysteresis in capillary forces, shear thinning base fluid and intrinsic voidage present in
the clusters are found to make cluster-aggregates more susceptible to breakage.
Monodisperse phase wet granulates under shear have been studied to understand the non-
Newtonian rheological characteristics these granulates bring to the underlying flow
system which otherwise is Newtonian in nature. Shear helps the dispersed particles to
come together and form clusters. As the force ratio increases the dispersed phase particles
are seen to form multiple clusters with lower cluster size, which leads to a shear thinning
behavior. A moderate force ratio leads to shear banding phenomenon where the clusters
are seen to agglomerate near the top and bottom wall in the form of a layered structure.
Two kinds of shear banding phenomena were observed; for higher masses loose disperse
phase banding was observed where with increased shear led to lower cluster sizes as in
the case of lower force ratio but they were now confined to the said layers. In
agglomerated banding found for lower masses, the cluster size increased and formed
layered chain structures. At very high force ratio the dispersed particles in the absence of

any strong capillary force were found unable to form clusters and remained dispersed



even upon shearing. Polydispersity in the system based on size or density was found to
decrease the average cluster size and thereby was found to lower the fluid behavioral
index. This could be attributed to the presence of various masses in the system which

induced a very high moment of inertia and made the clusters prone to breakage.
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stresses developed in the liquid (internal labels A-E) are because of the orientations effects,
sudden peak value in stress leads to complete collapse of the void area, leaving a compact
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high stresses and (D) void opening and (G) cluster breakage decreases the stress level in the fluid.

Figure 32: Master curve exhibiting a variation of a critical number of particles as a function of
the shear force to capillary bridge force for clusters with and without voidage. Physical
parameters considered are Fb=0.29, MP=0.1043. The clusters with voidage were found more
prone to breakage and ShOWS €arly fraClUre. ........coceeveiieciericeee e 71

Figure 33: Single cluster aggregate under shear flow at mid of two walls. The physical
parameters considered in the simulations are N=37, Fb=0.71, Re=0.30, MP =0.1043. The
contours shown here depict the x-component of velocity of the underlying fluid at non-
dimensional time steps G x T: A. 0.001538, B. 50.76, C. 52.30, D. 86.15, E. 87.49, F. 123.07, G.
153.84 and H. 200.00 reSPECHIVEIY. ....cveieeeieeeeieeeeee ettt et ssae e 72

Figure 34: Single cluster aggregate under shear flow located near to the top wall. The physical
parameters considered in the simulations are N=37, Fb=0.71, Re=0.30, MP=0.1043. The
contours shown here depict the x-component of velocity of the underlying fluid at non-
dimensional time steps G x T: A. 0.001538, B. 50.76, C. 52.30, D. 86.15, E. 87.49, F. 123.07, G.
153.84 and H. 200.00 respectively. The cluster is located near to the top wall, which feels high
moments across the cluster, it further breaks into smaller clusters. This shows aggregation,
agglomeration and further breakage under the ductile regime. ..........cccooireiininienieeeeeee, 73

Figure 35: Single cluster aggregate under shear flow located near to the bottom wall. The
physical parameters considered in the simulations are N=37, Fb=0.71, Re=0.30, MP=0.1043.
The contours shown here depict the x-component of velocity of the underlying fluid at non-

XV



dimensional time steps G X T: A. 0.001538, B. 50.76, C. 52.30, D. 86.15, E. 87.49, F. 123.07, G.
153.84 and H. 200.00 respectively. The cluster is located near to the bottom wall, which feels
high moments across the cluster, it further breaks into smaller clusters. This shows aggregation,
agglomeration and further breakage under the ductile regime. ........cccceoeorninenencncneeeeee, 74

Figure 36: Figure Al and B1 in a top row represent the stress distribution profile for a Single
cluster aggregate under shear flow before breaking the cluster and the same Figure A2 and B2 in
bottom row show the profile after breaking the cluster. The single cluster was kept at a different
position, i.e. Mid of the walls, near to the top wall and near to the bottom wall. The following
physical parameters considered in the simulations i.e N=37, Fb=0.71, Re=0.30, MP=0.1043.... 76

Figure 37 (A) Profile of clusters (B) Stress Vs. Y-direction). The physical parameters considered
in the simulations are: N=62 particles, Fb=0.71, Re=0.3023, MP =0.1043, G=1.985, G X T
=96.92 and diameter of particles Was 13 IU. ......coeouiiueeeiiiicieiceeeeee et 81

Figure 38: (A) Profile of clusters (B) Strain Vs. Y-direction). The physical parameters considered
in the simulations are: N=62 particles, Fb=0.71, Re=0.3023, MP =0.1043, G=1.985, G X T
=96.92 and diameter of Particles Was 13 [U. ........coeverieieieininereeeeee s 82

Figure 39: Stress Vs. Strain curve fitting using Power Law model. The physical parameters
considered in the simulations are: N=62 particles, Fb=0.71, Re=0.3023, MP=0.1043, G=1.985,
G x T =96.92 and diameter of particles Was 13 [U .....cccocveveriireeciereceecceeere e 84

Figure 40: Disperse phase particles under shear flow. The physical parameters considered in the
simulations are: N=62 particles, Dry limit of system = 12%, Fb=0.71, Re=0.61, MP=0.3023,
(G=1.985 and diameter of particles was 13 lu. The contours shown here depict the x-component
of velocity of the underlying fluid at non-dimensional time steps G x T A. 1.538, B. 15.38, C.
30.76, D. 76.92, E. 96.92, F. 138.46, G. 184.61 and H 200.0 respectively. At initial time steps,
the disperse phase particles were seen (A-C). Particles start agglomerations and form bigger
clusters (D-F), finally, the agglomerated clusters are fractured into many smaller clusters (Figure

Figure 41: The Figure Shows average particle distribution over Y axis for a Re=0.0755, 0.1511,
0.3021, 0.4534 and 0.6046. The lower Re=0.0755 shows the disperse phase particles throughout
the geometry and higher one depicts the particles segregations. The physical parameters
considered in the simulations are: N=62 particles, Dry limit of system = 12%, Fb=0.71,
MP=0.1023, and diameter of particles Was 13 IU. ......ccccorieiiiririeiieee e 87
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Figure 42: The contours shown here depict the x-component of velocity of the fluid after
completing the 100 revolutions of length of box for various Reynolds’s number, Re=0.2015,
0.4031, 0.6046 and 0.8062 for N=58 (dry limit is 20%), 2=0.10, Fb=1.57 and MP=1.043. ...... 88

Figure 43 : Figure A depicts the fractional average coverage of each cluster with Force ratio
(Fs/Fp) for the different ratio of the length of the simulation box to the diameter of the particle,
L/Dp=10, 15 and 20. Figure B depicts the Fractional average coverage of each cluster with Force
ratio (Fs/Fp) for different capillary bridge force, Fb=0.2857, 0.7142, 1.5714. Figure C depicts the
Fractional average coverage of each cluster with Force ratio (Fs/F,) for various relaxation
parameters, Q=0.10, 0.20 and 0.323. ....cooiiiiiiiiiieiiee et sae e sebe e saes 88

Figure 44: The fluid behavioral index (n) and number of clusters with respect to non-
dimensional time steps G x T for same physical parameters as used in Figure 40, at initial time
steps the particles are not interacting with each other, it shows lower fluid behavioral index, the
agglomeration shows higher value of the fluid behavioral index, Further extensive agglomeration
shows bigger size clusters formations and much higher value of the fluid behavioral index, which
depicts shear thickening characteristics Of @ fluid. ..........ccooeeirireniniiiee 90

Figure 45: Figure A Shows the Fluid behavioral index variations with respect to the force ratio,
MP=1.043 shows the lower value of the fluid behavioral index than MP=0.1043, this is because
of more number of smaller cluster formations for higher mass which impart more shearing action
over the fluid. Figure B Shows the Average cluster size variations with respect to force ratio, The
average cluster size is smaller for higher mas (MP=1.043) as a high mass depicts higher moments
of inertia and makes cluster prone to breakage. The following physical parameters were
considered for above mentioned plots N=62 particles, dry limit of system = 12%, Fb=0.71,
MP=0.1043, MP=1.043, and diameter of particles was 13 lU..........cccccerrreeverieceeiiceececreeee, 91

Figure 46 : The physical parameters used in the simulations are: N=62 particles, Dry limit of
system = 12%, Fb=0.71, MP=0.1043, MP=1.043, and diameter of particles was 13 lu. The
contours shown here depict the x-component of velocity of the underlying fluid. Figure Al, B1,
C1, D1 corresponds to mass, MP=1.043 and A2, B2, C2, D2 corresponds to mass, MP=0.1043,
after completion of 100 revolutions at a Reynolds’s number, Re=0.2015, 0.4031, 0.6046 and
0.80B2. ..c.veeieeeeeeteeeteste ettt ettt ettt s et e et e st et e st b entete e R et e R e aaeRe et e st e seneete st ese st eteneetaneas 92

Figure 47: Figure A Shows the Fluid behavioral index variations with respect to the force ratio.
Figure B Shows the Average cluster size variations with respect to the force ratio. The following
physical parameters were considered for above-mentioned plots, N=62 particles, dry limit of
system was 12%, Fb=0.71, Re=0.2015 0.4031, 0.6046, 0.8062 and 1.003, MP =0.1043, the
diameter Of @ PArtiCle Was 13 IU....cc.ecveiieeieieseeee ettt sttt e 94
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Figure 48: : Physical parameters considered in the simulations are: N=62, F,=0.71, M»=0.1043, hysteresis
is 85% and 0%. The contours shown here depict the x-component of the velocity of the underlying fluid at
iteration levels Al. B1. C1, D1 for hysteresis of 85%, and A2. B2. C2. and D2 for Hysteresis of 0%
respectively, after completion of 100 revolutions at Reynolds’s number, Re=0.2015, 0.4031, 0.6046 and
0.8062 95

Figure 49 : Figure A Shows the Fluid behavioral index variations with respect to the force ratio
for a dry limit of 12%, 17%, 23% and 28%, the lower magnitude of dry limit shows a lower value
of the fluid behavioral and higher magnitude of dry limit shows relatively higher value of the
fluid behavioral index (n>1, Shear thickening zone), fluid behavioral index continuously decrease
as the force ratio increases. Figure B Shows the average cluster size variations with respect to the
force ratio for a dry limit of 12%, 17%, 23% and 28%. The average cluster size is continuously
increasing as the dry limit increases. The average cluster size has continuously decreased as the
force ratio increases. The following physical parameters were used for this study, Dry limit of
system was= 5% to 30%, Fb=0.71, Re=0.2015, 0.4031, 0.6046, 0.8062 and 1.003, MP=0.1043,
the diameter of a Particle Was 13 IU. .....ccueovveiiiiicieiceeeeeeeeee ettt s 96

Figure 50 : Figure depicts the Fractional average coverage of each cluster with a force ratio
(Fs/Fv) for capillary bridge forces, Fb =0.28, Fb =0.71 and Fb =1.57, different relaxation
parameters, Q=0.10, 0.20 and 0.323. .....cociiiiereeeerie et ae e 97

Figure 51 : Average cluster size variation with respect to force ratio (Fs/Fp) for a dry limit of 10%,
20% and 30% with particle Reynolds number varied from Re=0.2015 to 1.31, mass of the
particles, MP=0.052 and MP=1.043, diameter of particle, Dp=13 lu and Q=0.10, 0.20 and
01 722 TSRO 98

Figure 52: The contours shown here depict the x-component of velocity of the fluid at different
non-dimensional time steps G X T, 66.66, 200, 266.66 and 433.33. Simulation parameters
considered are, Re=0.36, N=28 particles (dry limit is 10%), MP=1.043, Q=0.10 and Fb=1.57.. 99

Figure 53: The physical parameters considered in the simulations are: N=28 particles, dry limit of
system = 10%, Fb=1.57, MP=1.043, Q=0.10 and, diameter of particles was 13 lu. The contours
shown here depict the x-component of velocity of the underlying fluid. Figure A, B, C, D
corresponds to morphology of clusters after 100 revolutions at a Reynolds’s number, Re=0.0552,
0.1658, 0.2764 aNd 0.3593. .....oovirieiiieiirieirieiee ettt sttt be et b ettt ne it 100

Figure 54: Figure Shows average particle distribution over Y axis for various wall velocities for a
Dry limit of 10%, 20% and 30% having Reynolds’s number, Re=0.2764, 0.3317. The higher
Reynolds’s number (2764, 0.3317) shows the formation of banded structures which are mainly
located near to the upper and lower wall without any significant agglomeration in the form of
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layered structure. The physical parameters considered in the simulations are: Re=0.2764, 0.3317,
Fb=1.57, MP=1.043, Q=0.10 and diameter of particles was 13 IU........cccccecererererenerirennene. 100

Figure 55 : Average cluster size variation with respect to force ratio (Fs/Fp) for a dry limit of 10%
and 20% with particle Reynolds’s number, Re=0.0552 0.1658, 0.2764 and 0.3593, Fb=1.57,
MP=1.043, Q=0.10 and diameter of particles Was 13 lU.........cccevireeverieveericeece e 102

Figure 56: The contours shown here depict the x-component of velocity of the fluid at different
non-dimensional time steps G X T, 66.66, 200, 266.66 and 433.33. Simulation parameters
considered are, Re=0.36, N=58 particles (dry limit is 20%), MP=0.0521, ©=0.10 and Fb=1.57.

Figure 57: The contours shown here depict the x-component of the velocity of the fluid after
completing the 100 revolutions of the length of the box for various Reynolds number are. Al.
0.0552, B1. 0.1658, C1. 0.2764, D1. 0.3593 for N=28 (dry limit is 10%), MP=0.0522, Q=0.10
and Fb=1.57.. A2. 0.0552, B2. 0.1658, C2. 0.2764, D2. 0.3593 for N=58 (dry limit is 20%),
MP=0.0522, Q=0.10 and Fb=1.57. At lower Reynolds number (Re=0.0552) the particles are
dispersed throughout the simulation box, the moderate Reynolds number (Re=0.1658) Shows the
formation of multiple smaller size clusters and higher Reynolds number (Re=0.2764 and 0.3593)
and ) Shows the Shear banding formation which depicts increment in the average cluster size and
layered structure which resides near to top and bottom wall. .........cccceeveeeiinieveciceeeeeee, 104

Figure 58 : Average cluster size variation with respect to force ratio (Fs/Fp) for a dry limit of 10%,
20% and 30% having particle Reynolds’s number, Re=0.3317, 0.3594, MP=0.0522, Fb=1.57,
diameter of particle, Dp=13 lu and Q=0.10, 0.20 and 0.323.......c.cceeverierrerrreerrrere e 105

Figure 59: The figure Shows average particle distribution over Y axis for various wall velocities.
The figure shows the data for Particle Reynolds number, Re =0.3317 0.3594. The higher
Reynolds number (Re=0.3317 and 0.3594) shows the formation of banded structures which are
mainly located near to the upper and lower wall which depicts increment in the average cluster
size and layered structure formation. The physical parameters considered in the simulations are:
N=28 particles, Dry limit of system was= 10%, Fb=1.57, Re =0.0553 to 0.3594, MP=0.0522,
Q=0.10 and Dp=L3 U, .eeeeeeiieieiicteetese ettt ettt e et et e s e e beste e e ebesseesesseessessessaensens 106

Figure 60: The figure Shows average particle distribution over Y axis for various wall velocities.
The figure shows the data for Particle Reynolds number, Re =0.3317 0.3594. The higher
Reynolds number (Re=0.3317 and 0.3594) shows the formation of banded structures which are
mainly located near to the upper and lower wall which depicts increment in the average cluster
size and layered structure formation. The physical parameters considered in the simulations are:
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N=58 particles, Dry limit of system was= 20%, Fb=1.57, Re =0.0553 to 0.3594, MP=0.0522,
Q=0.10 aNd Dp=L3 TU. c.eeiieiiriieieteeeee ettt st ene s 106

Figure 61: The figure Shows average particle distribution over Y axis for various wall velocities.
The figure shows the data for Particle Reynolds number, Re =0.3317, 0.3594. The higher
Reynolds number (Re=0.3317 and 0.3594) shows the formation of banded structures which are
mainly located near to the upper and lower wall which depicts increment in the average cluster
size and layered structure formation. The physical parameters considered in the simulations are:
N=86 particles, Dry limit of system was= 30%, Fb=1.57, Re =0.0553 to 0.3594, MP=0.0522,
Q=0.10 aNd Dp=L3 TU. c.eeoiieiiriiiteeee ettt et eae s 107

Figure 62 : Figure A, B, and C represent the fractional average coverage of each cluster with
force ratio (Fs/Fy) for L/D,=10, 15 and 20, Fh=0.2857, 0.7143 and 1.5714 and ©=0.10, 0.20 and
0.323. Figure D Shows the fluid behavioral index variations with respect to force ratio. The
following physical parameters were considered for above mentioned plots, N=58 particles, Dry
limit of system was= 20%, Fb=0.2857, with a variation in particle Reynolds’s number, from
Re=0.0553 to 0.3594, MP=0.0522 and diameter of a particle was 13 IU.......c..cccovererrerieenennens 108

Figure 63: Fractional average coverage of each cluster with respect to force ratio (Fs/Fp) for (A):
Mass of particle MP=0.0522 and MP=1.043 (Dry limit=20%). B): Hysteresis of Capillary bridge
force 0% and 85% (Dry limit=20%). (C): Dry limit of 10% and 30% (MP=0.0522). Other
parameters are, diameter of particle, Dp=13 lu, Fb=0.2857 and Q=0.10, and having variations in
Reynolds’s number from Re=0.0553 10 0.3594. ........cocirviiriiniiriirieeeereesee e 110

Figure 64: The contours shown here depict the x-component of the velocity of the fluid after
completing the 100 revolutions of the length of the box for various Reynolds’s number. Al.
Re=0.0553, B1. Re=0.1659, C1l. Re=0.2764, D1. Re=0.3317 for N=58 (dry limit is 20%),
MP=0.0522, Q=0.10 and Fb=0.2857 and A2. Re=0.0553, B2. Re=0.1659, C2. Re=0.2764, D2.
Re=0.3317 for N=58 (dry limit is 20%), MP=1.043, Q=0.10 and Fb=0.2857........ceccesuerururuen. 111

Figure 65: Average particle distribution over Y axis for various masses, MP =0.0522 and
MP=1.043 for ©=0.10, Fb=0.2857, aNd Dp=13 U. ..cecveuerirrrreriirrciiirriccereeceseecee s 111

Figure 66: The contours shown here depict the x-component of the velocity of the fluid after
completing the 100 revolutions of the length of the box for various Reynolds’s number. Al.
Re=0.0553, B1. Re=0.1659, C1. Re=0.2764, D1. Re=0.3317 for hysteresis of (Capillary bridge
force) 0%, N=58 (dry limit is 20%), MP=0.0522, Q=0.10, Fb=0.2857. A2. Re=0.0553, B2.
Re=0.1659, C2. Re=0.2764, D2. Re=0.3317 for hysteresis of (Capillary bridge force) 85%,
N=58 (dry limit is 20%), MP=0.0522, Q=0.10 and Fb=0.2857. .....ccccesvrerrerererirerrerieireenenne 112
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Figure 67: The Figure Shows average particle distribution over Y axis for various percentage of
hysteresis 0% and 85% for MP=0.0522, Q=0.10, Fb=0.2857, and. Dp=13 lU.....cceseruerrrurerne. 113

Figure 68: The contours shown here depict the x-component of the velocity of the fluid after
completing the 100 revolutions of the length of the box for various Reynolds’s number. Al.
Re=0.0553, B1. Re=0.1659, C1. Re=0.2764, D1. Re=0.3317 for hysteresis of (Capillary bridge
force) 0%, N=58 (dry limit is 20%), MP=0.0522, Q=0.10, Fb=0.2857 and A2. Re=0.0553, B2.
Re=0.1659, C2. Re=0.2764, D2. Re=0.3317 for hysteresis of (Capillary bridge force) 0%,
N=85 (dry limit is 30%), MP=0.0522, Q=0.10 and Fb=0.2857. .......coccseevrrrrrrrrmrrrrerrrerrrenrrenres 114

Figure 69: The Figure Shows average particle distribution over Y axis for various percentage of
dry limit 20% and 30% for MP=0.0522, Q=0.10 and Fb=0.2857 and Dy=13 lu.......cccocu...... 114

Figure 70 : Polydisperse phase Morphology for a radius ratio of R2/R1=1.0 and 2.0. The
contours shown here depict the x-component of velocity of the underlying fluid in the Couette
geometry after completion of 100 revolution steps A. 1, B. 1, C. 1, D. 1 is for density based
Polydisperse (p1=1.50 # p2=37.50) system having a wall shear G=1, G=1.98, ¢=3.97 and
G=4.96. A.2,B.2,C.2,D.2 is for size based Polydisperse (p1=p2=1.50) system having a wall
shear G=1, G=1.98, G=3.97 and G=4.96. labels A. 1, B. 1, C. 1, D. 1 for “density based”
Polydispersity, and A. 2, B. 2, C. 2, D. 2 for “Size based” Polydispersity..........cccocceeeueeeun. 121

Figure 71: Figure A Shows the fluid behavioural index variations with respect to force ratio
(shear to bridge force) and Figure B Shows the average cluster size variations with respect to
force ratio for a particle size ratio of (R2/R1) of 2.0. The density of base case was kept constant
of, p=1.50, the mass of the particles other than the base case was adjusted according to the radius
and coNStaNt DASE AENSILY. ..ccveceeiriciieiecieece ettt et st a e be e e b e sbeeaaesteeraentens 125

Figure 72: Figure A Shows the fluid behavioural index variations with respect to force ratio
(Shear to Bridge force) and Figure B Shows the average cluster size variations with respect to
force ratio for a particle size ratio of (R2/R1) OF 0.76. ......ccccovvvrierieieereeeeceee e 126

Figure 73: Mono average and Polydisperse phase Morphology for a radius ratio of R2/R1=2.0.
The contours shown here depict the x-component of velocity of the underlying fluid in the
Couette geometry after completion of 100 revolution steps A. 1, B. 1, C. 1, D. 1 is for a Mono
average system having a wall shear of G=1,(G=1.98, G=3.97 and G=4.96,A.2,B.2,C.2,D.?2
is for Polydisperse phase having a wall shear of G=1, G=1.98, G=3.97 and G=4.9%............... 126
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Figure 74: Figure A Shows the fluid behavioural index variations with respect to force ratio (shear
to bridge force) and Figure B Shows the fractional average coverage of each cluster variations
with respect to force ratio for two different polydisperse cases, i.e R1=6.5 N1=31, mP1=0.1043,
R2=13.0, N2=8, mP2=0.4175 and R1=6.5 N1=31, mP1=0.1043, R2=13.0, N2=31, mP2=0.4175.
These systems have been extracted from case one and Case tWO. ........ccceveecerieeeereseeseeseeeene, 128

Figure 75: The contours shown here depict the x-component of velocity of the fluid after
completing the 100 revolutions of length of box FIG. A. 1, B. 1, C. 1, D. 1 is for wall shear of,
G=1, G=1.98, G=3.97 and G=4.96 for R1=6.5 N1=31, m1=200, R2=13.0, N2=8, m2=800,
0=0.323 and F,=0.25. FIG. A. 2, B. 2, C. 2, D.2 is for wall shear of, G=1, G=1.98, ¢=3.97 and
G=4.96 for R1=6.5 N1=31, m1=200, R2=13.0, N2=31, m2=80, Q=0.323 and Fy=0.25.......... 129

Figure 76: Fluid behavioral index and average cluster size variation with force ratio (Fs/Fy) for a
radius ratio of R2/R1=1.0, and a density ratio of. p2/ p1=6.66. ........cccceeurververiirenererreieeeennens 133

Figure 77: Figure A Shows the fluid behavioural index variations with respect to the force ratio
(shear to bridge force) and Figure B Shows the fractional average coverage of each particle
variations with respect to force ratio for two different polydisperse systems, R1=6.5 N1=31,
mP1=0.1043, R2=6.5, N2=31, mP2=2.6172 and R1=6.5 N1=31, mP1=0.1043, R2=6.5, N2=5,
mP2=0.6924. These cases have been extracted from Case one and two of density based
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Figure 78: The contours shown here depict the x-component of the velocity of the fluid after
completing the 100 revolutions of the length of the box for various wall velocities. FIG. A. 1, B.
1, C. 1, D. 1 is for wall shear of, G=1, G=1.98, ¢G=3.97 and G =4.96 for R1=6.5 N1=31,
mP1=0.1043, R2=6.5, N2=31, mP2=2.6172. FIG. A. 2, B. 2, C. 2, D.2 is for wall shear of,
G =1, G=198, G=397 and G =4.96 for R1=6.5 N1=31, mP1=0.1043, R2=6.5, N2=5,
mP2=0.6924. Common parameters are as, Q=0.323 and Fb=0.7142.......c..ccccvevrvrvvivrrcvrercrernnne. 135

Figure 79: The contours shown here depict the x-component of velocity of the fluid after
completing the 100 revolutions of length of box for wall shear of, G=1, G=1.98, G=3.97 and
G=4.96 for Monoaverage and FIG. A. 2, B. 2, C. 2, D.2 is for wall shear of, G=1, G=1.98,
G=3.97 and G=4.96 for polydisperse phase as per case V in table V1. ......c.ccccoveeererienvneennnne. 137

Figure 80: Figure A Shows the fluid behavioural index variations with respect to the force ratio
(shear to bridge force) and Figure B Shows the average cluster size variations with respect to
force ratio for a particle size ratio of (R2/R1) of 2.0 having constant mass of particles
MPZ0.1043. ..ot bbbttt 138

XXii



List of symbols

F,: Induced shear force on the particles, mu.lu?

F,: Capillary bridge force between the particles, mu.lu?

p: Density of fluid, mu.lu

v: Kinematic viscosity of fluid, lu?.ts*

G: Applied Shear rate over the fluid due to wall movement, ts*
T: Relaxation parameter

Q : Inverse of Relaxation parameter (t:=1/ Q)

D: Diameter of particle in, lu

o Force per unit length, mu.lu

Fr: Repulsion force between the particles, mu.Lu

¢ 1s the depth of the potential well

g is the finite distance at which the inter particle potential is zero
i: Dynamic viscosity of fluid, mu.lu™ts?

L: Length of the simulation box, lu

Dp: Diameter of the particle, lu.

Re: Reynolds number
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Uy, - Wall velocity, lu.ts™

Mp .r: Reference mass of the particle, 1916 mlu

G rcr: Reference share rate, 0.0000775 ts?

Fy, - Reference capillary bridge force, 0.35 mu.lu?

Mp: Non dimensional mass i.e. ratio of mass of particle to the Reference mass of the

particle
G: Non dimensional share rate i.e. ratio of share rate to the Reference share rate

F,,: Non dimensional capillary bridge force i.e ratio of capillary bridge force to the

Reference capillary bridge force
Nc: Critical number of particles
G X T: Non-Dimensional time

p: Non-dimensional density of particles, i.e. Ratio of density of particle to the base

density of particles

A_f: Fractional average coverage area by particles i.e. ratio of Area covered by particles to

the total system’s dimensional area

M,: Non dimensional mass of the system i.e. Ratio of total mass of system to the

Reference mass of the particle
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