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ABSTRACT

Particle size normally varies over wide ranges in any commercial transportation of solids through the
pipeline. In the present study, the three-dimensional numerical modeling of the conventional 90° bend
transporting multi-sized particulate slurry using granular Eulerian-Eulerian model is performed. The mixture
of water and six different sizes of zinc tailing particles ranging from 37.5 um to 575 um are considered. The
effect of variation in velocity and concentration on pressure drop and flow field of the multi-sized particulate
slurry is investigated. The simulations are performed in the velocity range of 2.25 m/s to 3.5 m/s for the
weighted solid concentration range of 9.82 to 44.26%. The comparison of pressure drop data from the
available experimental results and the present numerical modeling with multisized particulate slurry shows
maximum deviation within £6%. Further, the suspension behavior of different size particles in the multi-sized
slurry flow inside the bend is analyzed with the variation in the flow velocity and solid concentration. The
particles of different size in the multi-sized slurry showed different suspension characteristics.

Keywords: CFD; Eulerian-eulerian model; Multi-sized particle; Bend; Particle size distribution.

NOMENCLATURE
Cw weighted solid concentration s volume fraction
Cv solid volume fraction Psmax Maximum volumetric static settled
Cvi local solid volume fraction concentration taken as 0.35
Cvm  virtual mass coefficient P density
CL lift coefficient As bulk viscosity of solids
Cd drag coefficient ®s  granular temperature of solid phase
ds sth phase particle diameter u shear viscosity
dq g™ phase particle diameter Mt turbulent viscosity
D pipe internal diameter & turbulence dissipation rate
€sq coefficient of restitution for particle I second invariant of the deviatoric stress
collisions tensor for solid phase
g acceleration due to gravity ost  dispersion Prandtl number taken as 0.75
Qosq radial distribution function @  internal friction angle taken as 30°
k turbulent kinetic energy T : :
M momentum exchange coefficient l Identity tensor
P pressure T viscous stress tensor
Res relat!v_e Reyn_olds number ‘c= Reynolds stress tensor
S specific gravity t
t time )
\Y velocity Subscripts
Vs slip velocity f fluid
Vis  terminal velocity for the solid S solid
Ve drift velocity s,col  collisional part

s,kin  kinetic part
a diffusivity s,fr  frictional part
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1. INTRODUCTION

Hydraulic transportation of solids is generally
adopted in many process industries such as mineral,
chemical, and power (Tarodiya and Gandhi, 2019).
Two important aspects are generally considered
while designing the slurry pipelines: the amount of
head loss due to the presence of suspended solids
and the service life due to erosive wear.

To provide the flexibility in the routing of the
pipeline, geometries like bends and tee sections are
used. The flow field inside the bend is very complex
due to its curved flow path. Secondary flows are
developed which strongly affect the flow
characteristics of the particles inside the bend
(Kaushal et al. 2012; Nayak et al. 2017).
Additionally, during slurry transportation, the
pressure drop and flow characteristics are influenced
by: (i) the particle properties like size, shape, and
distribution, (ii) carrier fluid properties like viscosity
and flow velocity, and (iii) slurry properties like the
amount of solid loading and its rheological behavior.
The particle size is one of the dominating
parameters affecting the pressure drop and particle
flow characteristics (Mukhtar et al. 1995) across the
bend. Many investigators (Mukhtar et al. 1995;
Mishra et al. 1998a; Kaushal and Tomita, 2002;
Verma et al. 2006; Singh et al. 2019) experimentally
determined the pressure drop and flow
characteristics of the solids inside the bend.
Numerical approach has also been used to
understand the complexity of flow over a wide range
of parameters which are difficult to obtain through
the experiments. Kaushal et al. (2012) numerically
investigated the pressure drop in a horizontal
pipeline transporting high concentrated solid-liquid
mixture using granular Mixture and granular
Eulerian-Eulerian multiphase models of the CFD
code Fluent. The simulations were performed using
equisized particles of glass bead size of 125 pum in
water. They reported better accuracy for Eulerian-
Eulerian model to predict the pressure drop and
concentration distribution with respect to the
experimental data. Further, Kaushal et al. (2013)
used granular Eulerian-Eulerian model to simulate
the pressure drop and concentration distribution in
90° horizontal bend transporting slurry of equisized
sand particles of size 450 um in CFD code Fluent.
They reported that the suspension of the particles is
good at the downstream of the bend and improves
further with increase in downstream distance from
the bend exit. Messa and Malavasi (2014) performed
the numerical simulation to predict the particle
distribution in 90° horizontal bend with equisized
particles. They discussed that the presence of
secondary flows significantly affects the distribution
of solids. The concentration distribution is non-
homogeneous at different cross-sections inside the
bend. Nayak et al. (2017) investigated the transport
characteristics for the slurry in an 180° return bend.
They performed the simulations in Fluent with water
and equisized fly ash particles of size 13 um. They
also observed the variation in the distribution of
solids across the bend due to secondary flows. Singh
et al. (2018) numerically investigated the effect of
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variation in head loss due to solid-liquid flow with
the change in the radius ratio of the 90° pipe bend.
They performed the simulations using CFD code
Fluent with water and equisized fly ash particles of
size 16 um. Literature review reveals that the efforts
were made to numerically investigate the pressure
drop and flow characteristics of solids inside the
bend under different operating conditions. However,
these studies were restricted to the slurry of
equisized  particles.  In commercial  slurry
transportation, generally, the particle size is varied
up to three orders of magnitude (Kaushal and
Tomita, 2002; Verma et al. 2006). Variation in
particle Kinetics due to the wide variation in particle
size distribution (PSD) may significantly affect the
head loss and particle flow characteristics which
may not be captured with the equi-size particles.
Numerical simulations with multisized particulate
slurry may provide a better picture of actual slurry
flow inside the bend which may help the designers
in designing the slurry pipeline for better flow
stability.

The aim of the present study is to establish a
numerical model for the simulation of multi-sized
particulate slurry flows. For this, the three-
dimensional modeling of a 90° horizontal pipe bend
of diameter 105 mm handling multi-sized
particulate slurry is performed. The simulations are
performed using the granular Eulerian-Eulerian
multiphase model of Fluent 15.0. Six different sizes
of zinc tailings particles (Ss = 2.85) of mean
diameter ranging from 37.5 um to 575 pm are used
with water as the carrier fluid for the simulation.
The pressure drop is estimated in the velocity range
of 2.25-35 m/s and overall weighted solid
concentration is varied from 9.82 to 44.26%. The
numerical model is validated with the experimental
data of Mishra et al. (1998a). Further, the flow field
of the multisized particles is analyzed across the
bend at different locations with the variation in flow
velocity and efflux concentration.

2. MATHEMATICAL MODEL

In the present study, granular Eulerian-Eulerian
model is used for modeling the multi-sized
particulate slurry flow inside the pipe bend. It
allows for modeling of unlimited number of
secondary phases. However, the computational
cost increases with the increase in number of
secondary phases, as separate governing equations
are required to solve for each phase. In this the
solid (s) and fluid (f) phases, are considered to be
interpenetrating continua, so that Bs + Br = 1,
where Bs and PBr are the volumetric concentrations
of solid and fluid phases, respectively. The
conservation of mass and momentum is satisfied
for each phase individually. The coupling between
them is achieved with the interphase exchange
coefficients.

2.1 Continuity Equation

V.(B,p, \7n) =0, where, niseithersorf. (1)
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2.2 Momentum Equation
For fluid phase:

V.(B;p; Vi Vi) = —B, VP +B;p, g +

V-(:f + T:l,f )+ M, (Vs — Vi) +

ConBp; (Vs.VVs =V .VVi) + )
CBsps (Vi =Vs) x(V x Vr)

For solid phase:

V.(Bp,VsVs) = —B.VP +B.p,g— VP, +

V-(Z +;, Y+ M (Vi = Vi) +

M, (Vs = Vo) + 3)
ComBsps (V. VVi = V. VVi) +

C.Bp; (Vs = Vi) x (V x V)

Where, VP is the static pressure gradient, pf; is the
body force, VP is the solid pressure

gradient, C,, B.p; (V+.VVi —Vs.VVs) is the virtual

mass force, and C B.p, (Vi —Vs)x (VxVi)is lift
force acting on the particles. The coefficient of

virtual mass force (Cvm) and lift coefficient (CL) are
taken as 0.5 (Gopaliya and Kaushal, 2015).

For each solid phase, the solid pressure (Ps) is
estimated from the correlation given by Lun et al.
(1984), and expressed as:

PS = BSPSG)S +

N, @
zzd_sg?(l_'_esq)psﬁsﬁqgo,sq@s

g=1 s
Where dsq (= ds/2 + dq/2) is the average of the st
and the gt" phase particle diameters dsand dq, gosq is
the radial distribution function for solid phases and
calculated as (Lun et al. 1984):

-1

Qosq =|1- B +1dSNZ+1—q ®)
Y ﬁs,max 2 q=1 dq

The granular temperature (®s) for solid phase is
calculated using the equation (Ding and Gidaspow,
1990) as,

3[ 0 o
A 7(psBs®s) + V(psﬁsvs(as):} =
2| ot ©)

(—pj + ;s) Vs + V(Ko VO) =7, + by

Where,(—psi+;s):vvS is the creation of

fluctuation energy due to shear in the solid phase,
ke, VO is the diffusion flux of granular energy.

The term k,_is the diffusion coefficient given by
Syamlal et al. (1993),

1+
15dspsﬁs,f®sn 12
= o’ (40 -3)BGo g + (7)

% 4(41-33n) | 5
6
(41_ 33n)nBsg0,sq
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Where, 1= %(1+ e,)

The rate of energy dissipation within the solid phase
due to a collision between particles (yes) is
calculated using the correlation (Lun et al. 1984) as,

12(1-¢€2)g,
Yo, :7( dsjn_) = p,piol* ®)

The transfer of kinetic energy of random fluctuation
in particle velocity from the solid phase to the fluid
phase (¢r) is calculated using the correlation
(Fluent, 2006) given as,

b =—3M0 ©9)

fss

In Egs. (2) and (3), Ts and Tf are the stress-strain
tensors for solid and fluid phase respectively, and
are expressed as

T = SATR (Vvs + V\75T) +

AN (10)
Bs [7\‘5 - _p’sjv'vs I
3
and
;f =Bl (VVf + VVfT) (11)

Where As is the bulk viscosity of the solid particles
calculated using the correlation (Lun et al. 1984):

4 ® 1/2
?\’s = gﬁspsdsgo,sq (l+ esq )[_sj (12)
/i

and ps is the shear viscosity of solids defined as
(Fluent, 2006)

Ms = “‘s,col + ”‘s,kin + “s,fr (13)

The collisional, kinetic and frictional part of the
shear viscosity of solid phase is calculated from the
correlations of the form (Syamlal et al. 1993;
Gidaspow et al. 1992; Schaeffer, 1987):

4 ) 1/2
MS,COI = ngpsdsgo,sq (1+ esq )(?sj (14)

_ ﬁspsds ®s7-c X
Ms.kin - 6(3— esq)

2
|:]_ + g(:I_ +€y )(3esq - 1) Bsgo,sq:|

(15)
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The Reynolds stress tensor for a fluid phase in the
Eqgs. (2) and (3) is estimated as (Fluent, 2006):

= 2 — \ "

T = __(pfkf +PihyV Vi )I +
3 a7)

— =T

Pl ¢ (VVf +VVi )

where .£is the turbulent viscosity, computed from

2

k
Hee =PeC, -+

where, C, =0.09 (18)
&

The prediction of turbulent kinetic energy kr and its
rate of dissipation ¢ for the fluid phase are obtained
from the following transport equation

V] n
V.(Bepr Viki) = V'[Bf G;Jka J +

k 19)
Bka,f _prfgf + prf lk_f[
V7 My ¢
V.(Bepy Vige) = V'(Bf ?vaf j +
’ (20)

€
B kif(cchk,f —Coopr ) +PBeps 1;1

f

where, Gkt is the production of turbulent kinetic
energy in the flow estimated as

Gy, =, (vvf " vaT) VY 21)

lk‘f[ and I represent the influence of the solid phase

on the fluid phase computed from

=& (I, ~ 2k, + Vi V) 22)

K
tPs

m=c,>n (23)

of 3 k,

Where,C,, =144,C,, =192,C,. =12,5,=1.0,
c, =13

Vstis the slip velocity, the relative velocity
between the fluid phase and solid phase given by

\79* = vS - Vf (24)

Vur is the drift velocity given by

Vdr:—(&was— % vsfj (25)

Gsf Bs Gszf

The momentum exchange coefficient between the
fluid and solid phase in the Egs. (2) and (3) is
estimated as (Fluent, 2006):

Re )— —
M, =M, = BBsﬁfpch[eS] V- Vi 26)

*avid, Pl v,
Where, Cp is the drag coefficient given by Dalla
Valle (1948):

c, :[o.ea+ 48 J (27)

\ fReS/ V.,

Res is the relative Reynolds number between solid
and liquid phase is given by:

Re - ped,|Vs —Vf\

S

(28)
e

Vs is the terminal velocity correlation for the solid
phase is given by (Garside and Al-Dibouni, 1977):

A—0.06Re,+

V,, =05/ [(0.06Re,)’ + (29)
0.12Re, (2B—A) + A’

where,

A=B"B=0.83* forp, <0.85 (30)

A= [3;"14; B= sz‘es for B, >0.85 (31)
The momentum exchange coefficient between the

solid phases in the Eq. (3) is estimated as (Syamlal,
1987):

T TCZ
qu = 3(1+ esq)[z + Cfr,sq E X

Bspsﬁqpq (ds + dq )zgo‘sq
2n(p,d: +p,d)

(32)

V.-V

3. NUMERICAL PROCEDURE

3.1 Geometry and Meshing

The simulations are performed on a pipe with 105
mm internal diameter (D), 90 degree conventional
bend with an area ratio of 1 which is equal to the
radius ratio of 4 (R/r = 4), similar to the bend
geometry used by Mishra et al. (1998a). In order to
better represent the flow inside the bend, a 2.1 m
(20D) horizontal pipe upstream to the bend and 1.26
m (12D) horizontal pipe downstream to the bend
are used. The bend is placed horizontally in (X, z)
plane with the origin at the pipe inlet (0, 0, 0). The
direction of flow at the inlet is in the positive x-
direction. The direction of flow at the outlet is in the
positive z-direction. ANSYS ICEM s used to
generate O-type structured mesh of hexahedral
elements. A cross-sectional view of the mesh at the
inlet and the enlarged view of pipe bend are
presented in Fig. 1(a) and Fig. 1(b), respectively.
Mesh independency check is also performed to keep
the balance between the computational time and the
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accuracy of the simulation. For this purpose, five
different size mesh geometries named as M1 to M5
are generated with mesh elements in the range of
0.96 million to 9.8 million. The simulation with
different meshes is performed for the flowing fluid
water at a velocity of 2.25 m/s. The predicted
pressure drop between 2D upstream and 2D
downstream of the bend inlet and outlet is used for
validation with the experimental data of Mishra et
al. (1998a). Figure 2 shows the predicted pressure
drop from different meshes and the deviation (in
brackets) from the experimental data. It is observed
that the pressure drop decreases with the mesh M1
to M5. The predicted value from mesh M3 shows
less than 1% variation as compared to the mesh M5.
Therefore, M3 mesh of 2.2 million hexahedra
elements with minimum orthogonal quality of 0.75
is selected for the present study. The obtained y+
value of the numerical model is in the range of 20 to
50. The standard wall function approach is used for
modeling the flow near the wall region. It helps in
more precise calculation of near-wall shear stresses
for both liquid and solid phases (Kaushal et al.
2012).

(a) Cross-sectional view at pipe inlet

2 R15.0

s

o

3

o

o

Bend Exit
90° Bend
&
Bend Inner
Wall (IW)
Bend Outer Inlet Pipe
Wall (OW) : :
ienanio

7

Water is considered as a primary phase and zinc
tailings particles are considered as the secondary
phases. For modeling the flow with multi-sized
particulate slurry, six secondary phases of different
mean particle diameter and initial solid volume
fraction are considered. The initial volume fraction
of the solids of different sizes is selected based on
the PSD of the multisized zinc tailings slurry used
by Mishra et al. (1998a) as shown in Table 1.
Velocity inlet and outflow are set as a boundary
condition at the inlet and outlet of the flow domain,
respectively. The initial velocity of all the phases at
the inlet is set to be equal. The initial volume
fraction of solids for each solid phase is set based
on PSD. Table 2 shows the solution strategy
adopted for the numerical simulations.

0.09
0.089
5 0.088
; 0.087
= 0.086
£ oomss
2 0.084
% 0083
2
& 0082
0.081
0.08

(15.8%)

(9.2%)

(49%)  (4.6%) (4.5%)

0 2 4 6 8 10 12
Number of elements, (million)

Fig. 2. Pressure drop variation with the number
of mesh elements.

Table 1 Particle size distribution of multisized
zinc tailing particles Mishra et al. (1998a

Solid
Size,
(Hm)

>850| 300 |210 (150 | 106 | 75 | 30

% Finer| 100 | 96.3 [85.1|78.6| 63.7 |51.4| 2

Mean
Size | 575 255 |180| 128 | 905 | 375

(m)

W.
Fract. | 3.7 | 104 |73 | 149 | 12.3 | 494
(*0)

Bend Inlet l
(b) Enlarged view of mesh in the pipe bend
Fig. 1. Meshing of pipe bend geometry.

3.2 Boundary Conditions and Solution
Strategy

Simulations are performed with the assumption that
the flow is steady. The calculation domain is
bounded by three faces, the inlet boundary, the wall
boundary, and the outlet boundary. Eulerian-
Eulerian model is considered for the simulation.

3.3 Model Validation

The numerically obtained pressure drop in meters of
water column (mwc) between 2D upstream and 2D
downstream of the bend is compared with the
available experimental results (Mishra et al. 1998)
as shown in Fig. 3. The comparison of the results is
plotted for all the four weighted solid
concentrations of 9.82%, 20.32%, 30.21% and
44.26% and five flow velocities of 2.25 m/s, 2.55
m/s, 2.86 m/s, 3.2 m/s and 3.5 m/s. It is observed
that the pressure drop increases with increase in
velocity as well as solid concentration. At low
velocities, the increase in pressure drop with the
increase in solid concentration is less compared to
higher flow velocity. The predicted pressure drop
results show good agreement with the experimental
results (Mishra et al. 1998a). The maximum
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deviation in the predicted and experimental results
is within £6%.

Table 2 Boundary conditions and solution
parameters used for the numerical simulation

Parameters Modeling
Pipe inlet to bend, bend, Pipe

Components exit to bend

Grid tvoe Structured: Multi-block

yP Hexahedral
Analysis type Steady
Multiphase Eulerian-Eulerian
model

Primary: One (water)
Secondary: Six (zinc tailings)
Inlet: Velocity, Volume fraction
Outlet: Outflow
Momentum Eq.: First order
upwind (FOU)
Volume fraction: FOU

No. of Phases

Boundary
conditions

Discretization

scheme Turbulent kinetic energy: FOU
Turbulent dissipation energy:
FOU
Pressure: 0.3
Under Momentum equation: 0.7

Volume fraction: 0.5
Turbulent kinetic energy: 0.8
Turbulent dissipation energy: 0.8

relaxation factor

Pressure

veloc_lty Phase Coupled SIMPLE

coupling

scheme
Turbulence Standard k—e with dispersed

models phase.

rms of mass, momentum,

Convergence .

control volume fraction and turbulent

parameters <1.0E-5

O Experimental (Cw=9.82%) —8—Numerical (Cw=9.82%)
Experimental (Cw =20.32%) —+—Numerical (Cw=20.32%)

¢ Experimental (Cw = 30.21%) —e—Numerical (Cw=3021%)
Experimental (Cw = 44.26%) —4—Numerical (Cw = 44.26%)

Pressure drop. (mwe)
=
[

20022 24 26 28 3 31 34 36
Velocity, (m's)

Fig. 3. Comparison of predicted pressure drop
to the experimental results of Mishra et al.
(1998a) for different weighted solid
concentration and velocity.

4. RESULTS AND DISCUSSION

4.1 Pressure Distribution

The effect of flow velocity and solid concentration
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on the absolute pressure inside the bend are
determined by plotting the contours of absolute
pressure variation in the bend geometry at the mid
horizontal plane as shown in Fig. 4 and Fig. 5. It is
observed that upstream of the bend inlet, the
reduction in absolute pressure is uniform. As the
flow enters into the bend geometry, a pressure
gradient is established between the inner and outer
wall of the bend. This may be attributed to the
outward centrifugal force experienced by the flow
during the flow passage of the bend that pushes the
flow towards the outer wall of the bend and creates
a pressure variation along the inner and outer wall
of the bend. It is also observed that the difference in
pressure variation at inner and outer wall increases
as the flow progresses towards the bend exit. This
may be attributed to the presence of secondary
flows inside the bend. Similar effect of pressure
variations at the inner and outer wall of the bend
were also observed earlier (Kaushal et al. 2013;
Singh et al. 2018).

Figure 4 shows the contours of absolute pressure
variation inside the bend for the velocity range of
225 m/s to 3.5 m/s at the weighted solid
concentration of 44.26 %. It is observed that the
increase in flow velocity increases the difference in
absolute pressure at the inner and outer wall of the
bend. It may be due to the increase in frictional
losses with increase in velocity (Nayak et al. 2017).
Figure 5 shows contours of absolute pressure
variation inside the bend for the weighted solid
concentration of 9.82% to 44.26% at the inflow
velocity of 3.5 m/s. It is observed that the increase
in solid concentration increases the reduction in
absolute pressure during the flow inside the bend. It
may be due to the increase in the particle-particle
interaction with the increase in solid concentration
(Verma et al. 2006).

Pressure
Pressure contour

5 500e+003 \

5 16824003

483764003

15054003

41744003

384064013

3511a+003

3 17064003

247ee03

e

| 18deH

iy \\

527005\

{ 18064003

857084012

5 28364012
1 94764002
-1 384002
4600
A00eA00?

Pl &

Fig. 4. Absolute pressure variation with flow
velocity in pipe bend at the mid horizontal plane
at Cw=44.26%.

() 2.25 m/s (b) 2.55 m/s

(c) 2.86 m/s (d) 3.2 m/s

(e) 3.5 m/s



R. Tarodiya et al. / JAFM, Vol. 13, No. 4, pp. 1311-1321, 2020.

Pressure

Pressure contour
6.000e+003
5.668e+003
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(a) Cw = 9.82%

=

(b) Cw = 20.32%

Skem
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BEE
oo D
* e
=%
s5383
B33

//
f__'—_

(c) Cw=30.21% (d) Cw =40.26%

Fig. 5. Absolute pressure variation with the solid

concentration in pipe bend at the mid horizontal
plane at V=3.5 m/s.

Particle

(e) 10D

size. (@Bend et O)PNY (o endExit  (d) 5D
(nm)
oA 8 &

CilCy .
TN~ PY
0897 (ii) 255 /-\ _/-. -
088
079
0890 N , /-\
i 180 7 N é ‘3 (-
05
0483
0444 /\ /
035
0% (iv) 128 2 / 2
07
01% g
01 P /
M0 ) 905 . [

)86 6)

o
©

Fig. 6 Cross-sectional normalized concentration contours (outer wall at right side) of each size
particles at different angular positions, 5D, 10D distances from bend exit at velocity = 2.25 m/s,
Cw =9.82%.

4.2 Particle Distribution

Figures (6-8 show the contours of the cross-
sectional normalized concentration which is the
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ratio of particle volume fraction at the location (Cvi)
to the particle initial volume fraction (Cy) for each
solid phase. These are plotted at the bend inlet (0°),
bend center (45°), bend exit (90°), at five times pipe
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Particl

e size (a) Bend Inlet (bc)er?ti?d
(m)
s W -

Cw/Cy
I 096 (i)
0807 255

-0-828 .
0,759
0,690 /\\
Lot (i)
L0552 180
l0_483
0.414 p—<4
0345
F0276  (iv) /\
0207 128
0138
0.069
0.000 .
)
905
(vi)
375

906660

06é

(c) Bend Exit

(d) 5D () 10D

100 L BL A

QO00OQC¢

Fig. 7 Cross-sectional normalized concentration contours (outer wall at right side) of each size
particles at different angular positions, 5D, 10D distances from bend exit at velocity = 3.5 m/s, Cw =
9.82%.

diameter (5D) and ten times pipe diameter (10D)
distance downstream to bend exit. In these figures,
the left-hand side represents the inner wall whereas
the right hand side represents the outer wall of the
bend. Figures 6 and 7 show the suspension
characteristics of multi-sized particulate slurry
inside the bend at the velocity of 2.25 m/s and 3.5
m/s, respectively at 9.82% weight concentration.
Figure 8 shows the suspension characteristics of
multi-sized particulate slurry at the velocity of 2.25
m/s and 44.26% weight concentration.

It is observed from Fig. 6 that the suspension
characteristics of the particles at different locations
inside the bend are dissimilar. At the bend inlet
(Fig. 6a), the concentration distribution of all the
particles is skewed except the fine size particles of
size 37.5 um. It may be due to settling behavior of
particles in the presence of gravity and therefore
high concentration is observed at the bottom of the
bend inlet. As the flow passes through the bend, the
centrifugal forces and the secondary flows influence
the distribution of the particles (Kaushal et al. 2012;
Nayak et al. 2017). At the bend center (Fig. 6b), the

particles moved towards the upper side at the outer
wall of the bend. This may be attributed to the
centrifugal force along with the effect of bend
curvature. Then, the presence of secondary flow
moves the particle from the outer to the inner wall.
These effects increase up to the bend exit (Fig. 6c)
and the particle concentration is higher at the upper
end of the bend outer wall and the bottom half. At
5D position downstream to the bend exit (Fig. 6d),
the secondary flow may still affect the suspension
characteristics of the particles. The low
concentration zone of particles is shifted to the
central core, and the particle concentration near the
wall gets improved. The effect of secondary flow is
reduced as seen at the 10D position from the bend
exit (Fig. 6e). Further, on comparing the suspension
behavior of multi-sized particles, it is observed that
the fine size particles of size 37.5 pm are
homogeneously suspended, whereas non-uniformity
in particle distribution is clearly observed for higher
size particles. For particle size up to 255 um, the
higher concentration of particles is seen at the outer
wall and the bottom of the bend. This may be
attributed to the effect of centrifugal force and the

1318



R. Tarodiya et al. / JAFM, Vol. 13, No. 4, pp. 1311-1321, 2020.

Partic
lesize  (a) Bend Inlet

(pm)

(b) Bend

Center (c) Bend Exit (d) 5D (e) 10D

@)
575

Ca/Cy
0966 (i)
0.867 255
0.828
0.759
0690
ogt 00
0.552
0.483
0414
045 (Giv)
0276 128
0.207
0128
0.069
V
00 g0

VOO®

(vi)
375

966¢ Q0
966CCO
O00LL®

900000

©
o,

Fig. 8 Cross-sectional normalized concentration contours (outer wall at right side) of each size
particles at different angular positions, 5D, 10D distances from bend exit at velocity = 2.25 m/s,
Cw = 44.26%.

(b) Bend
ViVare (a) Bend Inlet Center

1.150
1073

pge7 (0

0920 WATER
0.843

0.767

0.6590

0613 (ji) 575
0537  pm
0.460

0383

0.307

0.230

(c) Bend Exit (d) 5D (e) 10D
0.153 (iii) r3n?.5
oor7 M

®
®
m ®

Fig. 9 Cross-sectional normalized velocity contours (outer wall at right side) for water, particle
size of 575 um and 37.5 pm at different angular positions, 5D, 10D distances from bend exit at
velocity = 3.5 m/s, Cw = 9.82%.

o0 e
LA L
Yo
000

1319



R. Tarodiya et al. / JAFM, Vol. 13, No. 4, pp. 1311-1321, 2020.

secondary flows. The distribution of 575 um size
particles shows no significant change and remains
at the bottom throughout the flow passage. This
may be attributed to the dominance of gravity effect
for this size of particles at the flow velocity of 2.25
m/s. Further, comparison of Fig. 6 and Fig. 7 shows
that, with the increase in flow velocity, the particle
distribution at the bend inlet improves significantly.
The concentration of particles increases more
towards the upper half of the outer wall of the bend.
The suspension of the particles of size 575 um is
also improved as some particles are flowing near
the upper part of the outer wall. This may be
attributed to the increase in the kinetic energy of the
particles as more number of particles are able to
overcome the gravitational effects and remain
suspended in the carrier fluid.

To observe the effect of increase in efflux
concentration on the particle distribution, the
contours of normalized solid concentration at
different cross-sections inside the bend are
compared using Fig. 6 and Fig. 8. It is observed that
the increase in solid concentration improves particle
distribution. This may be attributed to the increase
in the interference effects between the particles with
increase in solid concentration (Chen et al. 2009).
Mishra et al. (1998b) also reported the
improvement in the solid distribution with the
increase in efflux concentration at constant velocity.
Further, with increase in concentration, it is
observed that even the distribution of bigger size
particles like 255 um and 575 pm also improved.
This may be attributed to the increase in the number
of fine size particles (37.5 pum) in the multisized
slurry with the increase in total solid concentration.
The improvement in particle distribution of bigger
size particles with the addition of finer size in the
straight pipeline was also reported by Kumar et al.
(2008).

4.3 Velocity Distribution

Figure 9 shows the contours of normalized velocity
which is the ratio of the phase velocity at the
location (Vi) to the bulk mean flow velocity (Vavg)
for water and the particles of size 575 um and 37.5
pum at the velocity of 3.5 m/s and 9.82% weight
concentration. It is observed that at the bend inlet
(Fig. 9a) the maximum velocity is at the central
core which agrees with the general understanding of
the flow through the circular pipes. At the bend
center (Fig. 9b) the effect of secondary flows is not
significant, and a small deviation in the velocity
contours is observed in comparison to bend inlet. At
bend exit (Fig. 9c), the outer wall of the bend
possesses a higher magnitude of velocity which
shows that the secondary flow is dominant in the
region between the bend center and the bend exit. It
affects majorly up to 5D (Fig. 9d) distance from the
bend exit, where the maximum velocity is observed
near the outer side of the pipe wall. As the distance
increases further, the intensity of secondary flows
reduces and at 10D (Fig. 9e) distance from the bend
exit the velocity of the phases is again maximum at
the central core of the pipe. It is also observed that
for different phases the velocity distribution is of

the similar nature and variation with respect to the
different locations is also similar. It indicates that
the effect of slip between the particle and the carrier
fluid is negligible in the present numerical
simulations.

5. CONCLUSION

Numerical modeling of the multi-sized particulate
slurry flow in a conventional 90° bend of radius
ratio 4 is performed. Granular Eulerian-Eulerian
model with six secondary phases of different size
particles along with the primary phase as water are
considered for the numerical simulations. On the
basis of the present study the following conclusions
can be drawn:

e The numerical modeling of the pipe bend with
multisized particulate slurry predicted the head
loss close to experiments. The maximum
deviation is within £6% for the present range of
investigation. The effect of increase in flow
velocity and solid concentration on pressure

drop are reasonably simulated with the
numerical model.
e The simulation with multisized particles

captured the improvement in non-uniformity in
suspension due to more number of finer size
particles at higher concentrations concurrent
with the experimental observations.

e Within the multisized particulate slurry as the
particle size increases the effect of secondary
flows becomes more and more dependent on
PSD.

e Increase in the velocity enhances the
homogeneous suspension of all size particles in
the multisized slurry. However, a higher
velocity of flow is needed for the complete
suspension of bigger size particles in the slurry.
Hence the critical velocity should be estimated
by considering the settling of coarse particles in
a multisized slurry.
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