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Abstract

The presence of wide distribution of fine and coarse particles in the slurry transporting
through pipeline critically influence the flow behaviours such as pressure drop. In the
past decades, a number of techniques capable of reducing pressure drop either by altering
the rheological properties or by reducing the impact of adverse flow properties of the
slurries, have been investigated. Determining these complex flow behaviours through
experiments become very difficult and expensive. Hence, numerous mathematical expres-
sions of varying complexity and form have been proposed in the past. Many of these
equations available in literature are developed based on limited data and their applica-
bility is also limited. For these reasons, computational fluid dynamics (CFD) based sim-
ulations offers a relatively easy alternative and is becoming increasingly attractive due
to recent advances in numerical models. Based on these notions, the following works
have been carried out.

In the first stage of present work, the effects of non-chemical additives on the rheo-
logical properties of coal ash slurries have been studied using advanced computerized
rotational rheometer. Solid bottom ash (BA) was added in the fly ash (FA) slurry and
solid FA was used as additive in the BA slurry at various solid concentrations and
mixing proportions. The investigation showed the FA slurries with and without the
addition of BA behave as Bingham plastic and substantial reduction in yield stress was
observed up 30% additive. On the other hand, the BA slurries with and without the
addition of FA behave as Newtonian fluids at all concentrations and additive propor-
tions. Furthermore, the viscosity increases with increasing the concentrations as well as
the proportion of FA.

Likewise, the influence of chemical agents, namely quick lime (QL), hydrated lime
(HL), sodium hexametaphosphate (SHMP) and Acti-Gel, on the rheological behaviors

of iron ore slurries at different solid concentrations and additives dosages have been



investigated. Moreover, based on the rheological data the impact of these chemical agents
on the pressure drop along slurry pipeline were analyzed using numerical model. The
investigation showed that the minimum shear stress and viscosity were obtained at 2%
dosage of QL for 18.8% and the minimum flow behaviour index was obtained at 25.8%
with 2% additive dosage. The addition of HL markedly increases all the rheological
parameters. When SHMP is used, the minimum shear stress and viscosity were obtained
at dosage of 1.5%, 2% and 2% for 50%, 55% and 60% respectively. Acti-Gel resulted
higher values of yield stress and flow behaviour indices at all solid concentrations. It is
also indicated that QL was more effective in reducing the friction factor than HL, SHMP
and Acti-Gel. At high flow velocities and low dosages, SHMP yiclded the minimum
friction factors. But, the addition of Acti-Gel yielded larger results than the rest.

In the second stage of present work, a new empirical model has been developed for
the viscosity of multi-sized Bingham plastic as a function of solid volume fraction, the
maximum solid volume fraction, intrinsic viscosity, median particle diameter, and coef-
ficient of uniformity using optimization and nonlinear least square curve fitting tech-
niques. A bench scale test was carried out to obtain the rheological properties of the
slurries at high solid concentrations. Additional data have also been collected from open
literature. The predicted viscosity based on the proposed model was compared with these
data and found to be much better than the previously developed models over the entire
range of volume fraction.

Similarly a new approach for predicting the pressure drop multi-sized slurry flow
along slurry pipeline has been proposed. Prior to this, the accuracy and applicability of
the existing explicit friction factor correlations developed for smooth pipes have been
examined. Nine models developed for different flow regimes were chosen and the com-
parisons of the selected equations with the experimental data were expressed through

MARE, RMSE, 6, S, AIC and MSC. The analyses showed that the Wilson-Thomas
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(1985) and Morrison (2013) models are the best fit models for the Reynolds number up
to 40000 but beyond this value the Morrison model showed better predictions. Hence,
this model can be used as an alternative to the Moody chart and other implicit formulae
developed for smooth pipes. Furthermore, new simplified approaches were adopted to
improve the Wasp model for predicting the pressure drops of multi-sized slurry flowing
through pipeline. The two implemented approaches are the physico-rheological approach
that takes into account the particle size distribution as well as slurry viscosity and the
multiphase flow modelling approach that considers the different flow regimes. Extensive
experiments were carried out to measure the physical properties, rheological behaviours
and pressure drops at various solid concentrations. Moreover, additional data were col-
lected from open literature. The predicted pressure drops obtained by the proposed ap-
proach were compared with model of Williamson and Kaushal & Tomita. It is concluded
that the current approach provides an improved results over previously available models
and is also broader in scope of considering wider range of solid concentrations.

In the last stage of present work, the performance of Eulerian multiphase model
coupled with k-g turbulence closures along with its model alternatives based on the types
of secondary phase, near wall treatment and pipe roughness were evaluated using AN-
SYS FLUENT 14.0. The simulated results were compared with the experimental data
and with numerical equations chosen from open literature. If CPU memory storage and
computational time are not an issue, granular realizable model with standard wall func-
tion is capable of accurately simulating the slurry flow through pipeline. Finally, based
on the above findings, the CFD simulation of iron ore slurry flowing through horizontal
pipeline at various solid concentrations and flow velocities have been carried out. The
CFD predicted pressure drops were compared with own measured data and showed
maximum RMSE of 17.36% at all concentrations and flow velocities. Hence, it can be

concluded that the CFD predicted results were in good agreement with measured data.
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UTSUeTS & HIAH I & I a1 TR 31 SR HiC H0N & S [GaRur BT Jurfar
3919 §¢ & T H yarg IdeR & 1R T guifad #d § IfUsa gt §, farfers o
DI dgaH A1 Ol & Ufddd UaTg 0N & YU Bl HH Hdb Gald o1d bl HH H3- § J&H
B3 ADID! BI SIid BI T3 | ARN & HH ¥ 39 Sfcd Falg FagR! dI FuiRd B
95 81 Bio 3R HEMG | 3(d: 3fclid § Sifcear $iR U & fefdl & & o sifvefaaat
TRATad Bt 7T ¢ | e | Iuasd 37 THGIUN A ¥ $3 IHd ST & MR W fasRa
fru 7T § SR 3! vaiTar +f WA §1 37 FRUN ¥, YA g9 SHRHRT (uwma))
3T R riedhd T fadhed TeM ol § SR Weardd Aisd § gifern wifa
& BRUT Aol Y Ve Il o 81 & | 39 URUMSH b YR WR, 5 1 fbT MU 5|

I HTH & Ugd 9R01 B, DI &I AW & RIS RATATSIH0N IR RIS
H3 AIohd YHTd BT LT a1 71 § I9d Hesidd guil KAl Hiexd! ST HR | 319
I IRG (S10) TS U (THUY) & O | SileT T AT 3R 31 THU HI fAfvrs 31 Figdr 3R
f3a Srural R §iT Rl d S & U § AT foedn a1 1| S A §1¢ o Srarar fo
3R 3P SATAl THU UG [Hg@iied & U § FagR 3R U a9 | S
HUT 30% Ao <l AT 47| GIR] TR, THU & 3@l fomr iR fomr it wefior auft
igdT 3R HaSl ATl IR Yo R uerd & U § TagR R gl SqP 3ard,
TG 3R Y & THY & 3UTd | gig & A1y Fufoee §¢ S gl

4t e, faftra 31 Tigdr 3R F3 Ao QRIS R IMAHS Toiel, 3fdfq et I
(FU@), TRScS I (TIUE), AIfSTgH TRECHRpe (TUUHUA) ok Ufde-od, &
ROraToied TagR IR UHTE &t Oid &1 T & | 590 3faal, Raidioed sfids! & 3MUR
TR 1 MRS Toic] & YU B WRI arsudrs- & 1Y Gard oid R fa=eryor foar ot
S for SeTate Ared o1 IUTNT a1 TR ATl Siid § Ual 9d fob <gAad SRl a1d 3R
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ferafraTo 18.8% & folt RUA & 2% WRIH WR UG T a1 o7 3R YAdH UdTe TaeR

JADIDH 2% IS GRTH & 1Y 25.8% TR YT fobdT 7T 4TI ToUd o glg W) 9ot Raifers
WRifler 9gd €1 S TUUIuHGIST TN fhar offdT §, 99 <gdd HaRAl a1 3R
foraferaTT HHRE: 1.5%, 2% 3R 2% & AW 50%, 55% 3R 60% Bt QIS R U foar a1

7| Tfde-Sid = IUS o-1d & 3 Jod 3R oft 31 Figarsfl IR yarg TagR J@Hih! Bl
afurs e g | o T | fb gue TEed, THeanHt $iR ufde-oid ¥ avU SR B
U HA T 31 guTet U1 I dTe AT 3R HH HE W, THTIuHY! 3 AaH g9 SR
ITd a1 | AfpH, T1pt & 3fdTal Yfde-oid & Siis R g YR I 3T |

A B & GER IR0T H, Sgean foTed wiiesd @ fRufidige & e a1 A
3131, SHfAHaH B HET i, 3fialke Rufudige, Aedd &0 AN, iR IHa &I SUTNT
R THEU o U & &9 & U Fa1 SFTHTod Ared fAwmRid fasar a1 g1 3R TR¥@n
S I HH aFf ach (Wit AP I 31N Wigdl IR Uidd RIS el YTt - & g
T o UAM Tleur fovar T o1 e ¥ sifaRed Ser ot wea e mn 71 wRarfad
S & MYR W U fauferare &) ga-T 37 sibs! & 1Y Pt T8 3R HET & 37
D1 I ¥ Ugd fasRid Aigd o1 o1 § dgdR urdl 1|

3 e, TR UIRUTIST & WY GG S TSN Ui yaTe I qargae & g T
T =B TRATad e T 1 39 Ug, Rt urgy & fo A fiyd dieer Wy ue
PR Yaeil B Gl SR TRAHAT BT offd D1 7T ¢ | Al yarg sgawiet & o fawia
fT T T Hisd B AT T IR YANTES SHibs! & Y TG JHBIN Pt A R,
3RUATES, T, TY, TS SIR THUHH! & H1eH ¥ o 1 7T | favaiol ¥ ot ae & i
-4 (1 9 85) SR AT (2013) AISd HlGY TBA40000 dF F U T 3
Hisd & i 39 Hed 9 W ARG Aisd A 95k GalgaHa! fd@mn| $9iiY, 39 Aisd &I
TSI A1C & dhicd® SR fre gy & o faefia o siafifea Bl & & ¥ swmm
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foraT S qopdl 81 9P Q] UISUART & Hend J 84 dlal 98 PR & Af & gard
& §al @ qargHHD oY a1 Aied Pl GURA & A 9T IR BP0 3UATT Y| &
brffad PP Wifded-Telateibd eI § S B0 bR b vl & & ¥ 3@d §
1Y Bl W WIS 3R Aol by Wl Hisien e¥eiv ol fob fafte warg sgawrsit ol
eI g1 fafid 31 Tigarsi W Hifae 1o, Isiored TdeR SR gad & el &I 319+ &
foT = ganT U MUl SHG 3], Ao A SifdRed ser T fobar man| uRarfdd
DDV U 1 aTelt SIFATAT Ta1d St g1 fafermem $iR S 3R diffrar & Aisd
& I BT 15 R T8 ey Ferer § i aaa ePeIv 39 wisd & Hue o § ugd
IUA AISd & HhTad U dgck URUTH UM Rl g |

I B & S TR H, TIARTT Aedhy Hled & UG Bl b-edgell & 1Y
fireiepR 39 Hise fdebed & Y-AY fgdiae TR0 & YHR, <laR & IUAR 3R UEY
GRERT & MMYR W TTILHIAETY TGUS 14.0 BT SUGNT BReb Hedich fpar |
Rygaes uRumm &t waTas Se1 & 1Y ga & 718 &Y 3iR Iifge | AT 71 S e
THiieRul & Wy | afe I bt gfa HeRU 3R HrEReEd Y $is gHwT 981 7, d AFG
AR =M & 1Y GHGR U HISH UISy o153 & HILH I Uld Ualg &l Jcid U 4
IR T U e&H g | 3id H, IWIad FhuT & SR W, Il Tigar ¢k vare o W™
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Sl A UM TR | o g9 & gl B Wh & SHidbs! & 1Y T DI ol § 3R
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sy fepTa off Gabdt g fob uwst A UG Siichs AT 3fidbs! & WY 3=y JHSd o
R
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Greek letters

B Dimensionless particle diffusivity (=1)
T Shear stress at a given shear rate (Pa)
3 Dimensionless eddy diffusivity

Ty Yield shear stress at zero shear rate (Pa)
s Particle diffusivity

B Bingham yield stress (Pa)

P Density of carrier fluid (kg/m?)

Pm Slurry density (kg/m?)

Ps Density of solid suspension (kg/m?)

T Plastic viscosity (Pa. s)

" Slurry viscosity (Pa. s)

Ty Relative viscosity

n Apparent viscosity (Pa.s)

m Viscosity of a carrier fluid (Pa. s)

0 Relative viscosity at low shear rate

Ms Viscosity of solid suspensions (Pa. s)
Moo Infinite shear viscosity (Pa. s)

My 00 Relative viscosity at high shear rate

7 (t) Viscosity of water at test temperature (Pa. s)
1] Intrinsic viscosity

A Shear rate (s)

¢ Solid volume fraction

P, Maximum static solid volume fraction
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Cp Drag coefficient

Cr Fanning friction factor

Cvf Efflux solid volume concentration

Cv(y) Local solid volume concentration

Cv'(y) Normalized volume solid concentration = Cv(y)/Cvf
Clss Volumetric static settled concentration

Cy; Volumetric concentration of the j* size fraction
Cus Efflux solids concentration by weight (%)

Co.. Static settled concentration by weight (%)

den Cut particle size (pm)

d, Mean diameter of the j size fraction (pm)

dj, i particle size in the j™ parts of the PSD (um)
Ay, Mean particle diameter (um)

- Weighted mean diameter (um)

ds Particle median diameter (um)
D Pipe diameter (m)

e/D Relative pipe roughness

f Darcy-Weisbach friction factor
Loy, exp Average friction factor of the experimental data
Loy Experiment friction factor

f Friction factor for laminar flow
Lea Predicted friction factor

Ir Friction factor for turbulent flow
r Normalized friction factor

g Gravitational acceleration (m/s?)
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Gy Generation of turbulent kinetic energy due to buoyancy

Gy, Generation of turbulent kinetic energy due to velocity gradients
He Hedstrom number

by, Mixture head gradient

iy Pressure gradient due to vehicle

by Clear water head gradient

k von Karman constant (= 0.4)

K Flow consistency index (Pa.s")

L Pipe length (m)

n Flow behaviour index

P i™ percent fraction in j*™ parts of the PSD (%)

DPhet,; Total percent fraction of solids in j* parts of PSD (%)
R Radius of the pipe

Re Reynolds number

Rep Reynolds number for Bingham Plastic

Re, Particle Reynolds number

Rea Reynolds number based on the pipe hydraulic diameter
Ren Slurry Reynolds number

Reénoa Modified Reynolds number

Re,, Settling particle Reynolds number

S Modulus of the mean rate-of-strain tensor
Ss Specific gravity of solid particles

Sw Specific gravity of water at test temperature

U'm(y)  Normalized velocity profile = Um(y)/Um
Um(y) Local flow velocity at the vertical position y

Um Inflow velocity (m/s)
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U*

I/;Hf

I/;HD

Vi

jo

AP/L

Friction velocity

Volume of water in settling slurry = Vi — (Vi — Vi), (ml)

Volume of settled slurry at any given time (ml)

Initial volume of slurry (ml)

Unhindered settling velocity (m/s)

Volume of water taken (ml)

Unhindered settling velocity of mean diameter of the j* size fraction (m/s)
Weight of solid particles (gm)

Pressure drop per meter length (Pa/m)

XXiv



Abbreviations

AIC
ASM
CFD
DNS
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IPSA
LES
MARE
PRE
PSD
QL
RANS
RMSE
RNG
RSM
SHMP

SST

Akaike Information Criterion
Algebraic Slip Mixture
Computational Fluid Dynamics
Direct Numerical Simulation
Bottom Ash

Hydrated Lime

Fly Ash

Inter-Phase Slip Algorithm
Large Eddy Simulation

Mean Absolute Relative Error
Percent Relative Error

Particle Size Distribution
Quick Lime

Reynolds Averaged Navier Stokes
Root Mean Square Error
Re-Normalized Group
Reynolds Stress Model
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