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ABSTRACT

Although many works has been conducted in the field of solid-liquid flow;
however, no work has been done on the volume fraction and density distri-
butions, velocity profiles and mean skin friction coefficient distributionsin
the entranceregion of solid-liquid flow. Therefore, in this work a simplified
3-D algebraic dlip mixture model (ASM) was adopted for the determination
of volumefraction and vel ocity isogramsin durry flow (i.e., silicasand-water)
inahorizontal pipe. Inorder to obtain this objective, an assumption of fully
devel oped flow was made and the RNG k-¢ model for theturbulent flow with
the algebraic dlip mixture model was utilised. To solve the flow governing
equations and discretize the computation domain, an unstructured (block-
structured) with non-uniform grid was chosen using acontrol volume finite
difference method (CVFDM). In order to vaidate the numerical mean pres-
sure gradients obtained in this study, it was compared with the experimental
data available in the literature. The result of this study reveals that there
exist agood compatability between the present findingsand the experimen-
tal data available in the literature.  © 2015 Trade Science Inc. - INDIA
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INTRODUCTION

Solid-liquid tiow in pipelines is a popular mode of
transportationinvariousindudtries. Ingenerd, thesolid-
liquid tiow is divided into three major Gow patterns: (1)
pseudo-homogeneoustiow (or homogeneous tiow), in
which solid particlesare suspended uniformly; (2) het-
erogeneousand diding bed iow (or moving bed Giow);
and (3) saltation and stationary bed tow!™. It was
founded that when the solid-liquid Giow rate is too low
to suspend all solid particles, astationary bed layer at
the bottom of the pipe cross-section was observed.
Furthermore, thebed layer inthesolid-liquid tiow was
unstable and dangerousduring the operation of the pipe-
linetransportation which would probably enhancesthe

pipeto wear causing the plugging or blockage of the
pipeline. Hence, it should beavoidedinthedesignand
operation of the pipelinetransportation system¥.
Thompson and co-workers has empl oyd the mi-
cro-molecular tagging velocimetry (muM TV) to char-
acterizethehydrodynamic devol ping tiow in a microtube
inlet with an diameter of 180 pm(?. Orii and Galanis
has a so examined theintuence of the Lewis number
on laminar mixed convective heat and masstransfer in
ahorizonta tubewith uniform hest Giux and concentra-
tion at the tiuid—solid interfacet¥. Al Araby and co-
workers presented anumerica study and experimental
investigation of single phase combined freeand forced
convectionin theentry region of ahorizontal pipe of
constant wall temperaturewith smultaneousdevel op-
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ment of Guid Gow velocity and temperature!. Li and
co-workers have devel oped amathematical model to
describethemotion of particlesinacurrent carrying
liquid metastiowing through a cylinder pipel®. Coldwell
and Shook have determined experimentally theentry
length of horizontal durry pipelinesusing apipdineof
diameter 50 mmi®, Ling and co-workerset presented a
numerical investigation of doubledurry tiow in the pipe
for thefully devel oped turbulent tiow using Eulerian
granular multiphase (EGM) model ™.

Thesolid-liquid Gow is very complex. In a survey
of theopen literatureon solid-liquid Giow investigations
including the recent studies conducted by Skudarnov
and co-workers, it wasfound that most of theinvesti-
gationsweremadein thelaboratoriesto determinethe
pressuregradientsand critical depositionvelocitiesin
solid-liquid tiows®?. Doron and Barneaproposed two-
layer and three-layer modd s of the solid-liquid tow!*
101 and Wilson and Pugh put forward adispersive-force
modelingin heterogeneous solid-liquid Gow!™., How-
ever, thesemode swere derived based on one-dimen-
sond, single-species, solid-liquid tiow; and therfore,
they could not determinethe density and volumefrac-
tiondigtributions, and velocity proiles of the solid-liquid
flow. Nassehi and Khan provided anumerical method
for thedetermination of dip characteristicsbetweenthe
layersof atwo-layer durry flow, but no comparisonsof
experimental data with numerical results were re-
ported™?, In addition, Doron and co-workers have
presented numerical and experimental resultsof durry
flow in horizontal pipes™!. Although many workshas
been conducted in thefield of solid-liquid flow; how-
ever, no work has been done on the volumefraction
and dengity digtributions, vel ocity profilesand mean skin
friction coefficient distributionsin theentranceregion of
solidHliquid flow.

Therefore, inthiswork asimplified 3-D agebraic
dip mixturemodel wasadopted in order to determine
thevolumefraction and velocity isogramsindurry flow
for slicasand-water in a horizontal pipe.

MATHEMATICAL MODELINGS

Governing equations

In this work, the algebraic slip mixture (ASM)
model was utilised which could mode two-phasetiow
(i.e., solid-liquid) by solving the momentum equation
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and continuity equationfor themixture, thevolumefrac-
tion equation for the secondary phaseand anagebraic
expression for therelative velocity*. The continuity
equation for themixtureisdefined as:

d d
E(F‘m] + E(Pmum,i] =0

1

@)

The momentum equation for the mixture is ex-
pressed as:
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wherenisthe number of phases, F isthe body force,
o, isthevolumefraction of solidsand p, isthemixture
density. InEquation 2, 1 istheviscosity of themixture
andisdefined as.
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wherez; = andz,, aremass-averaged and drift ve-
locities, respectively and which areexpressed as.
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Thedlipvelocity isthe velocity of the secondary

phase (p) relativeto the primary phase (q) velocity and

isdelined as:

Ugp = Up

liq )

Inthe above equations,thedrift and dlip velocity
arerelated by thefollowing expression:

i
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Thebasicassumptioninthealgebraicdip mixture
mode isto prescribean algebraicrelationfor therea
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tiveve ocity and aloca equilibrium between the phases
should bereached over short spatid length scales. The
dipvelocity intheabove equationisdefined as:

= Tp Pom — Pm o
Ugp et 1
.fdrug Pp (7)
wherez isthesecondary phase particle’s acceleration,
isthe particulaterelaxation i L
1, istheparticulaterdaxationtime, 7, = an

18ug ’
dpisthe particlediameter. Thevolumefraction equa-
tionfor the secondary phaseisdefined as.
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Thedgebraic dip mixturemode could beapplied
in both thelaminar and turbulent two phasetiows. In
practice, sincethe durry transportationisinthefully
devel oped turbulent Glow; in this work, the RNG k-&
turbulent moded wasutilised with thea gebraic dip mix-
turemodel. Theturbulent kinetic energy in RNG k-&
turbulent modd isdefined as.
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Dissipation rate of theturbulent kineticenergy is
expressed as:
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Wherethe coeffcients, o, and o, aretheinverseeffect
Prandtl numbersfor kand e, respectively. In Equation
10, g and Pr arethecoeffcientsof thermal expansion
and turbulent Prandtl number for energy, respectively.
For thehigh-Reynoldsnumbers, a =a E” 1.393and
C. andC,arel.42and 1.68, respectively. In Equa-
tion 10, Sisthe modulus of the mean rate-of-strain
tensor (i.e., S”.) and aredeiined as:
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RinEq. (10) isexpressed as:
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Boundary conditions

At highflow vel ocities, thesolid might bedispersed
uniformly inthefluid. Inthiswork, the assumption of
non-dip boundary conditionwasimposed for thewals
and thetransfer of heat has only been considered for
parts of the computation domain. Furthermore, near
thewall zonethe standard wall function hasbeenim-
posed, as has been proposed by Lauder and
Spading®. For y* << 11.225at thewadll-adjacent clls,
theviscousforcesare dominant in the sublayer, hence:
(13)

where

T = y-
. Pm C:kr—?lp
Y = (14)
Thelogarithmiclaw for themeanve ocity isknown
tobevalidfor y* >11.225 and isbe expressed ag®!:

- 1 =
u =E1n[£'_'l.=r ) (15)

WherekisvonKarman’s constant, Cﬂ isturbulent modd
constant, kp and Y, aretheturbulent kinetic energy at
point p and the distance from point p tothewall, re-
Spectively.

Asasmplified assumption, themeanvel ocity inlet
and pressure outlet boundary conditionsareimposed
ontheinlet andtheoutlet of thepi peand areasfollows

U, e = CONStant, u =0,andp
constant (16)

Inthiswork, theturbulenceintensity level (i.e, I)

was set as 1% for theaveragevelocities.

zmlet outlet —

NUMERICAL COMPUTATION

Physical problemsand grid system

Inthiswok, the geometry and physical problems
areasfollows: length of horizontd straight pipdine(i.e.,
L) was 1.5 meter; inner diameter of thehorizonta straight
pipe(i.e., d) was 0.0225 meter; range of thevolume
fraction of solids (i.e., a,) was 20%; range of mean
velocitiesof thesurry tiow was 1-2 m/s; the density of
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Figurel: Ungructured grid for thesolid-liquid flow pipeline

water wass 998.2 kg/m?; thedensity of silicasand wass
2381 kg/m3, mean particle diameter (i.e., dp) was
0.00011 meter and water temperaturewas 20 °C.

Thelength of thecomputationdomain (i.e., x’dd”
50) was used asthe entranceregion of the solid-liquid
tow, and X/d > 50 asfully devel oped turbulent tow
region, aswas suggested by Wasp and Brown*"18, A
multi-block unstructured, non-uniformgrid sysemwith
hexahedrad e ementswas used to discretizethe compu-
tation domain, asshownin Figure 1. The unstructured
grid system had ive blocks to form the entire computa-
tion domain. Thedistribution of thegrid onthe circum-
ference of the computation domainwasuniform. Asa
contrast to thefully devel oped region, Giner grid was
utilisedintheregion closetotheinlet. Thetrst near-
wall cdll wasplaced in such away that itsy+ vauewas
closeto 30.

Thegridindependency test for obtaining the opti-
mumgrid (i.e., 825* 9000) isshownin

Table 1. Sincethree-dimensonad multi-block was
utilised inthiswork; hence, unstructured grid system
adopted. Inthiswork, V wasthe mean velocity of the
solid-liquid tlow and Dp/DL was the mean pressure
gradient. As

Table 1 demondtrates, whenthegrid refinesanin-
creasein the pressure drop wasobserved. Thisshows
that the pressure gradient was sengitiveto grid change.

Numerical method

Inthiswork, the governing equations, wall bound-
ary conditionsandinlet and outl et boundary conditions
were solved in acartesian coordinate system with a
CFD commercid code, namey FLUENT. Furthermore,
hest transfer was neglected and steady state conditions
were assumed. Moreover, the durry iow were either
assumed pseudohomogeneous, heterogeneoustiow or
heterogeneous and sliding bed Giow; depends on the
mean flow vel ocity. The second-order upwind scheme
was adopted in thiswork for the discretization scheme
and the convectiontermsand thecentra ditierencewas
appliedintheditusion termsin thegoverning equa
tions. The SIMPLE a gorithm was adopted to resolve
the coupling between thevel ocity and pressure, aswas
suggested by Doormaal and Raithby!9. To prevent the
resultsto diverge, the under-relaxation techniquewas
appliedinal dependent variables. Inthiswork, theun-
der-relation factor for the pressure was 0.2-0.3, for
theve ocity componentswas 0.5-0.7 and thosefor the
turbulencekinetic energy and turbulencedisspationrate
were 0.6-0.8. The segregated solver was adopted to
solvethe governing equations sequentialy where each

Tablel: Gridindependent test (V=2m/s,a =0.2, dp =0.00011 m, silica sand—water slurry flow)

Cross-sectional _ axial 700* 8500 750*9000 825*9000 850*9000 900*9000
Total cells 595000 6750000 7425000 7650000 8100000
Dp/DL (Pa/m) 984 1000 1136 1128 1140
discretegoverning equationwaslinearizedimplicitly with R}
respect to the equation’s dependent variable. A point R =107 (17)

implicit (Gauss-Seidd) linear equation solver wasutilised
in conjunction with an algebraic multi-grid (AMG)
method to solve the resultant scalar system of equa-
tionsfor the dependent variablein each cell. The nu-
merica computation wasconsidered converged when
theresidual summed over al the computational nodes
at nthiteration (i.e.,) was satisfied with thefollowing
criterion:

whereisthemaximumresidual valueof gvarigbleafter
miterations.

RESULTSAND DISCUSSION
Validation test

Themean pressuregradient inthesolid-liquid Giow
isoneof thekey parametersinthedurry transportation

CHEMICAL TECHNOLOGY
Au Tudian Yournal



CTAIJ, 10(6) 2015

V.Daei and N.Saghatoleslami

205

—= Pyl Paper

Figure2: Comparative studiesbetween thefindings of the present study with theexperimental datafor fully developed
turbulent flow region (d=0.0225m, p = 998.2 kg/m?, dp =0.00011m, p =2381 kg/m?, a, =20%).

|

—O— ASM Model, Numerical

—{}— Skudarnov, Experimental

0 05 1 15

Slurry mean pressure gradient (Pa/m)
~

Slurry meanvelocity (m/s)

and pipeline design. Astherewas no published data
available on benchmarking, comparative studieshas
been made between the experimenta datad?*? and the
findingsof the present sudy usingagebraicdip mixture
modd, asshowninFigure2:

AsFigure 2 demonstrates, the mean pressuregra-
dients from the ASM model are compared with the
avallableexperimentd datd® inasingle-speciesdurry
tow for the same pipeline geometry, volume fraction of
solid particles, particlesizeand particledensity. Figure
2 revedlsthat there there exist agood compatibility
between the findings of the present study and the ex-
perimental dataand with adiscrepancy of ashigh as
10-15%.

M ean density and volumefraction of solids

For theanaysisof solid-liquid flow for the entrance
turbulent region, themean density and volumefraction
distributionsare of main concern. Inpractice, itisdiffi-
cult to measurethe mean density and volumefraction
of the solid-liquid flow at any point of the entrance re-
gion; however, it iseasy to obtaintheseva ues numeri-
cdly.

(a) x/d=1 (b) x/d=30

region (p_=2381kg/m3, p = 988.2kg/m?, a, =

]
3

—A— Newitt, Experimental

Figure 3 shows the mean density distribution
isogramsof the silicasand-water Giow in the turbulent
entrancewith vV =2m/s, o, = 20%, p_= 2381 kg/m?®,
p,,=998kg/m? d=0. 0225 mandd =0.00011m.As
F gure3ademonstrates redively small variationof the
mean density distribution isogramsat thex/d=15 are
observed. Themean density of the solid-liquid flow
usualy rangesfrom 1271 kg/m®to 1337 kg/m?3. Asdi-
mensionlesslength (i.e., x/d) increases, the mean den-
sity distribution on the upper section of the pipe de-
creases; however, agradud increasein the bottom sec-
tionareobserved. Itisworth mentioning that inthe centrd
region of the solid-liquid flow, the mean density that
rangesfrom 1271 kg/m?to 1337 kg/mPwould decrease
with anincrease of thedimensionlesslength (i.e., x/d),
asshowninFigures3band c. Figure 3d demonstrates,
the mean dengity distributionisogramsremanscongtant
asthe solid-liquid flow reaches a fully developed tur-
bulent flow region. On the upper section of pipe, the
mean density of the solid-liquid flow approaches the
water dendity (i.e., 998.2 kg/m?®); ontheother hand, in
thebottom section it would be closeto thesilicasand
density (i.e., 2381 kg/m?®). Furthermore, the porosity

(d) x/d=65

(c) x/d=45
Figure3: Mean dendty distributionsof thesingle-speciesdurry flow for the entrance of thefully developed tur bulent flow

20%,d=0.0225m, d, =110 pm and V = 2m/s).
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distributionin thelower section of the pipe could be
characterized by thesand’s volume fraction distribution
wherethe porosity are found to be 0.31 in thelower
section of the pipe. AsFigure 3demonstratesthedis-
tribution of density mixtureinthepipe, it wasexpected
that the porosity of the sands accumul ated near the
bottom of the pipe should drop sharply. However, it
occursonly inavery thinlayer. It wasa so concluded
that themaximum sediment density or bulk density would
reach only near the bottom thinlayer section. Further-
more, Figure 3 dso demongtartesthat the mean density
distributionisograms are symmetric in the horizontal
direction; however, they areasymmetricinthevertica
direction. Themean density of thesolid-liquid Gow in
the upper section of the pipeismuch smaler than that
in the lower section,due to the solid particles’
ettllement.

Fgure4 showsthevolumefractionisogramsof slica
sandintheturbulent entrancewith V=2m/s, o, =20%,
p, = 2381 kg/m? p =998 kg/m?, d =0.0225 m and
dp =110 um. As Figure 4a demonstrates, the volume
fractioninthe central region rangesfrom 0.197862 to
0.243189whichisreatively large. Furthermore, inthe
upper section of pipethevolumefractionwasrdativey
small (i.e., 0.03448) at x/d- =15. However, asthedi-
mensionlesslength (i.e., x/d) increasesin the central
section, thevolumefractionwhichrangesfrom 0.197862
t0 0.243189 would shrinked. Hence, thevolumefrac-
tion would gradually beincreased to 0.04918 in the
upper part of the pipe. As Figure 4b and ¢ demon-
drates, inthelower section of the pipethevolumefrac-
tion washigher than 0.243189, indi cating the accumu-
lating of thesolids’ settlement.

AsinFigure4d showsfor thefully developed tur-
bulent tiow region, the volume fraction isograms of silica
sand would remains constant. However, for upper sec-
tion of the pipethevolumefraction of silicasand ap-

i —
(b) x/d=30

(a) x/d=15

proacheszero. Similar to the density distribution of the
solidHliquid Gow, the volume fraction isograms of solids
inthe horizonta directionwassymmetric. However, a
gradual increase was observed for the top section of
the pipe compared to the bottom sectioninthevertical
direction (Figure4).

Vel ocity proiiles

Thevelocity protile of the solid-liquid iow along
the horizontal pipelineare mainly aliected by thevol-
umefraction of solids, mean density, mean velocity and
viscosity of thesolid-liquid iow. Therefore, the veloc-
ity protle of the solid-liquid Giow along the horizontal
pipeisnot much diGierent fromthat of Sngle-phasetiow.
Generd| spesking, theve ocity protile in the single-phase
tiow is symmetric and liquid density remains constant in
the cross-sectional area of the pipe. However, since
thedensity of solid particlesisusualy higher than that
of liquid, themean density and the volumefraction of
the solid particlesin thelower section of the pipeare
higher thanthoseintheupper part. Inthehigher density
.m?3). It demonstratesthat amean velocity of 2 m/sis
exerted at thepipeinlet. For the entranceregion, the
velocity prodles near the wall are reduced sharply due
tothestrong viscousshear stressin theturbulent bound-
ary layer and non-dip boundary conditiononthewall.
Asshownin Figure 5b-d demonstratesand in order to
satisfy thetiow continuity equation, the velocity in the
central part of the pipe should be increased and the
velocity protile of the solid-liquid tiow keeps develop-
ingintheentrance. Infully devel oped turbulent Gow
region, thevel ocity proiles along the vertical centerline
would remains constant. Sincethe density and viscos-
ity distributionsof the solid-liquid iow are asymmetric
intheverticd direction, it could be concluded that the
velocity proiles of the solid-liquid Giow in the upper
section of the pipewould be higher than thoseinthe

-

wsemn

(c) x/d=45 (d) x/d=65

Figure4: Volumefraction distributionsof silicasand for theentranceof fully developed tur bulent flow region (p_= 2381 kg/
md, p, =988.2kg/m3, a, =20%, d = 0.0225 m, dp =110 pum and V =2 m/s).
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Figure5: Velocity profilesof thesingle-speciesdurry flowsalong thevertical centerlinefor theentrance of fully developed
turbulent flow region (a, =20%, dp =1001m, p_= 2381 kg/m3, p = 988.2 kg/m*and d = 0.0225 m).

lower part (Figure5e). Furthermore, themaximum ve-
locity inthe center would move up gradually along the
vertical centerlineof the pipein comparison with the
single-phasetiow where a maximum velocity was ob-
servedinthe centerline. Therefore, assnowninFigs.
5b-ethevdocity digtributioninthefully developed tur-

bulent low region was asymmetric in the vertical direc-
tion.

Figure 6 demonstrates the vel ocity isograms of
single-speciesdurry tiow (silica sand-water slurry) for
the entranceregion of fully devel oped turbulent tiow
region. Smilarto
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(b) x/d=30
Figure6: Velocity isogramsof single-speciessurry for theentranceof fully developed turbulent flow region (p_=2381kg/
m3, p, = 988.2kg/m? a _=20%, d=0.0221 m, dp =110 pm and V =2 m/s).

(a) x/d=15

Figure5, thelocation of maximum vel ocity of the
solid-liquid ilow would gradually enhances from the
entranceregion and would remains constant at theend
for thefully devel oped turbulent tiow region. Since the
density, volumefraction and tiow resistance of the solid-
liquid Gilow along the vertical centerline are symmetric in
thehorizonta direction, Figure 6 dso demonstratesthat
theve ocity isogramsof solid-liquid tiow are symmetric
inthehorizonta direction.

CONCLUSIONS

It wastheam of thiswork to determinethevolume
fractionandveocity isogramsindurry flow (i.e, slica
sand-water) in a horizontal pipe using algebraic slip
mixturemodd . Thefindingsof thisstudy could be cat-
egorized and thefollowing conclusions could be made:

Theagebraic dip mixturemode could providea
good predictionfor single speciesdurry tows

Thefindingsof thisstudy reveal sthat the pressure
gradientsinthesingle-speciessurry tiow agrees with a
good degree of accuracy with theavail able experimen-
tal data.

For theentranceregion, thedistributions of mean
density and volumefraction of solidswould gradually
reduceintheupper section of thepipe; however, would
increaseinthelower section

Infully devel oped turbulent Glow region, the distri-
butions of mean density and volumefraction remans
constant

Onthetop section of the pipe, themean density of
the solid-liquid iow approaches similar to that of pri-
mary tiuid and the volume fraction of solids reaches
zero

In comparisonwith thesingle-phaseiow, the loca-
tion of maximum ve ocity center inthesolid-liquid low

(d) x/d=65

() x/d=45

enhancesgradudly aongthevertica centerlineinthe
entranceregion

Theveocity protiles of solid-liquid tiow are asym-
metrica intheverticd direction; however, thevel ocity
protles are symmetric in the horizontal direction.

NOMENCLATURE

secondary phaseparticle’s acceleration (m/s?)

C,, aconstant

C, aconstant

Cu aconstant

dp solid particlediameter (m)

E empiricd congtant

F body force (N/m?)

gacce eration of gravity (m/s?)

| turbulentintendtyleve

k turbulent kineticenergy (m?/s?)

k, vonKarman’s constant

kp turbulent kinetic energy at point p (m?/<)

L pipdinelength(m)

Pr, turbulent Prandtl number for energy

S modulusof themean rate-of -strain tensor

t time(s

u. mass-averaged velocity (m/s)

Uy, driftvelocity (mv/s)

u, mean velocity of thetiuid at point p (m/s)

V  solidHiquid mean velocity (m/s)

a dipveocity (m/s)

X distance aong the pipe centerline (m)

Y, distancefrom point pto thewall (m)

4B roughnessfunction

Ap/AL mean pressure gradient of the solid—
liquidtiow (Pa/m)

Greek symbols

a, volumefractionof solids
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S coeffient of therma expansion
density (kg/m°)
& disspationrateof turbulent kinetic energy (m?#
S))
u  dynamicviscosity, N gnv
T particulaterelaxationtime(s)
Subscripts
i, K
m mixture
S, W

A

generd spatid indices
slicasand and water
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