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Abstract of Thesis

In this thesis, particle resolved direct numerical simulations are used to study the hindered settling of
monodisperse spheres. The main objective is to study the effects of Reynolds number (Re) and solid volume
fraction (p) on settling characteristics. The range of Reynolds number varies from 0.1 to 50 for dense suspension
and up to 300 for dilute suspension. The solid volume fraction varied up to 0.4.

Before performing the actual simulations for hindered settling, extensive benchmarking studies are
performed with the literature results for fixed spheres. Fixed spheres are relatively easy to study for the
selection of parameters like grid resolution, domain size, flow direction and ensemble averaging. In the
benchmarking study, particular emphasis is given to the average drag force. The behavior of average drag force
with Reynolds number and different solid volume fraction is studied. It is observed that for all the solid volume
fractions and non-Stokes regime (Re>1), average drag force has linear relationship with the Reynolds number.
However, this linear relationship changes its slope at about Reynolds number equal to 200. It is observed in the
contour plot of vortices that this change of slope is due to the early vortex shedding around close particles
clusters. A mathematical relationship is proposed for average drag force which can be used in mesoscopic
simulations.

After the benchmarking study, simulations are performed for hindered settling for the Reynolds number
up to 50. The characteristics which are studied by the present thesis are average settling velocity, velocity
fluctuations and particle structure formations during settling. It is observed that the average settling velocity
obtained by the present simulations deviates from the well-known power law by Richardson and Zaki for the low
solid volume fractions (0.002 < ¢ < 0.1) and moderate Reynolds number (1 < Re < 50). By studying the particle
structure formation using pair distribution function, radial distribution function and cluster analysis, it is
observed that it is due to the two body hydrodynamic interactions or Drafting-Kissing-Tumbling (DKT). For low
solid volume fraction (0.002 < ¢ <0.1) and moderate Reynolds number (1 < Re <50), the strong two body
hydrodynamic interactions lead to horizontally separated particles. It is known that that horizontally separated
particles experience larger drag force. Thus the average settling velocity decrease.

In the study of moderate Reynolds number (1 < Re < 50), it is observed that dilute regime shows deviation
from the power law by Richardson and Zaki. Thus dilute regime (0.005 < ¢ < 0.05) is further investigated for
higher Reynolds number (Re < 300). It is observed that in the higher Reynolds number range (175 < Re < 300),
particles form elongated column like clusters for about ¢ < 0.01. This cluster formation increases the average
settling velocity and velocity fluctuations during settling. The increase in the settling velocity is due to the
entrapment of particles in the strong wakes where particles experience lower drag thus the average settling
velocity increases. It was found that the velocity fluctuations of fluid increase due to vortex shedding from

particle clusters which are not present in the case of moderate Reynolds number (1 < Re < 50).
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AL, KT« PRASIRFAFE R T ORFEIREBR RO L €T /LD DI E'E L 2 D REIIER T TORLFH#ED
THILREERICE B L, TEILMRE O BEREREER LR LA 0V ZBIRIENE, B X AU RAE 3R BE & it
NGORIEE DO BEEZN LT 52 2 A E L THEEBIEMT 21T > TofRE2 E LD b0TH S, kP T
O HL R T O T-HEREZE 2 I b TR Y | MARASG ORISR I DA BB R E, K7 HEOEB) O
HEICITHRERENAVLN TS, TOERBEEZ L FICRT,

L BHIES B LT o & ARE CHEE S AR 7-RE 20 & 5 W i OBUEMAT 247V BRI LA/ b X¥8 1000 F
TOFPIZKRT L TARIFIETH O S BB AR L O R 2 — FORIEEITo TV 5, R T-BECE < Wiis
DIEAEFRHATHE R BIT D 0ERO MBI & DO LRI L 0 ARG RFEROBEMEZ AT & & b, KRR DR
HOMBEREZREL TN D,

2. BIT LA JIVREEA 0.1 225 50, B X OBEIRRFEERN 0. 4 £ TORMICH L CTFHILBEOKMMEN 21TV, T3
WREHE ORI LA WV AEEBE L OBEEEEREREEZED L EBICHBERXEAREL TWD, Z0/RRIE, kT
LA 2 VREDR 1 UL ER X OHBRAEREEREREO LA BN T, THREEE O EN 2 HEXTH D
Richardson—Zaki OG- 2 2 TUWILFEHE D O DBEE R T 2R Lic, THUTK LT, RO BRSO 5y
.o b r28Bo0@l827hn, TORRMFEAERF CoOR+0 ZKBMEAEERTH D
DKT (Drafting—Kissing-Tumbling) BRRIZH D Z L Z/RIEL TV 5,

3. PRERAORIR Ik B S e TR R B D BERE A AL ORI T L A L AR AT R S B D T (REE
BREOSEMICH LT, B LA VRN 300 FTOHFEZIT-oTWD, TOMR, K LA/ VREHR 175
PLEDOFMTITRTRIEZ Y T AZ =% L, BT LA IV ZERMRNEA & 1301C Richardson-Zaki ORI
NEZHHOL0 G TWRBEEENEMT L2 2H LN LTS,

PLED X912 AGRSUTEELAEARATIZ & 0 B3 BCR ORLF-HE O TR BN RE T B R ERER R VA /v
ZEMEAFECBE L TAM A2 TR Y . £ OMROFMAY R L O T2RMIE &,
Lo TRMIH LR E LTMiEH 2 b D ERD D,




