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Abstract: Slurry jets in a static uniform environment were simulated with a two-phase mixture
model in which flow-particle interactions were considered. A standard k-¢ turbulence model was
chosen to close the governing equations. The computational results were in agreement with
previous laboratory measurements. The characteristics of the two-phase flow field and the
influences of hydraulic and geometric parameters on the distribution of the durry jets were
analyzed on the basis of the computational results. The calculated results reveal that if the initial
velocity of the slurry jet is high, the jet spreads less in the radia direction. When the slurry jet is
less influenced by the ambient fluid (when the Stokes number S is relatively large), the turbulent
kinetic energy k and turbulent dissipation rate ¢, which are relatively concentrated around the jet
axis, decrease more rapidly after the slurry jet passes through the nozzle. For different values of S,
the radial distributions of streamwise velocity and particle volume fraction are both self-similar
and fit a Gaussian profile after the slurry jet fully develops. The decay rate of the particle velocity
is lower than that of water velocity along the jet axis, and the axial distributions of the centerline
particle streamwise velocity are self-similar along the jet axis. The pattern of particle dispersion
depends on the Stokes number S. When & = 0.39, the particle dispersion along the radial direction
is considerable, and the relative velocity is very low due to the low dynamic response time. When
S = 3.08, the dispersion of particles along the radia direction is very little, and most of the
particles have high relative velocities along the streamwise direction.
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1 Introduction

Turbulent slurry jetsin liquids have a wide range of engineering applications in the fields
of hydraulic engineering, chemical reaction, coal combustion, and environmental control. Due
to the dynamic feedback between sediment and fluid phases, the fluid-sediment interaction is a
very complex phenomenon, and the characteristics of the slurry jet are not completely known
even for simple configurations.

A few studies of the two-phase flow characteristics of a dlurry jet have been performed
previoudy. Rajaratnam (1976) investigated single-phase jets which resulted from the discharge
of afluid with an initial momentum. When a sand phase is added to the single-phase jet, it is
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termed a two-phase jet. Singamsetti (1966) studied the dispersion of a downward round slurry
jet based on the asymptotic invariance concept, and concluded that the velocity of the sand
phase of two-phase jets followed a self-similar Gaussian distribution. Sun and Faeth (19864,
1986b) and Sun et a. (1986) analyzed a two-phase slurry jet using a semi-empirical approach
and concluded that the k- turbulence model was applicable to a wide range of multiphase
flows. The structure of turbulent, diluted, particle-laden water jets submerged in still water
was studied experimentally and theoretically by Parthasarathy and Faeth (1987). In their study,
the following three limiting cases were examined: (1) locally homogeneous flow, where
relative velocities between different phases were ignored; (2) deterministic separated flow,
where relative velocities were considered, but particle-turbulence interactions were ignored;
and (3) stochastic separated flow, where relative velocities and particle-turbulence interactions
were both considered using the random-walk method. Jiang et al. (2005) used particle image
velocimetry, combined with lower-density fluorescent hollow glass beads and polyamide
particles to measure the velocities of sediment and fluid phases of a two-phase jet.

Numerical research of turbulent surry jets has also been conducted. Dai et al. (1994)
numerically simulated a three-dimensional spatially evolving, subsonic, plane jet with a large
eddy simulation (LES) model. Their calculated mean velocity profiles were in agreement with
experimental results, but the calculated self-similar turbulence intensities were distinctly
higher than the experimental data. Lain and Garcia (2006) used so-called four-way coupling to
investigate the influence of inter-particle collisions on the particle phase variables in the
configuration of a free turbulent sediment-laden jet and found that the effects of inter-particle
interactions were relevant to larger mass loading ratios due to the absence of walls confining
the flow.

However, there have been few studies on particle dispersion and vortex structures in the
vertical turbulent two-phase slurry jet. In this study, we used a two-phase mixture model to
simulate two-dimensional vertical slurry jets in a static uniform environment. The flow field of
the two phases, the particle dispersion patterns, and the turbulent kinetics of the jet were smulated.
The self-similar criteria and the movement mechanisms of water and particles were studied.

2 Mathematical model

A two-phase mixture model was used in the simulation. It is assumed that the Slurry jet
flow consists of water and sediment phases, which are separate, and allows the phases to be
interpenetrating. Therefore, the volume fractions of sediment and water phases for a control
volume, ¢, and ¢, , can be equal to any value between 0 and 1, depending on the space
occupied by the sediment phase and water phase. The mixture model also allows the two
phases to move at different velocities, using the concept of dip velocities. The laws of
conservation of mass and momentum are satisfied for the mixture. Coupling is achieved
through pressure and interphasial exchange coefficients. The Syamlal-O’ Brien drag model was
used to describe the interaction between the two phases. Model details have been described by
Fluent (2006).
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2.1 Governing equations

The continuity equation of the mixture takes the form:
%o 4 V() =0 @
ot
where p. and u, are the mass density and mass-averaged velocity of the mixture,
respectively. They can be expressed as
P = PPt + PePs )
1
Uy, = p—(cof P + @.p.U) €)

where p, and p, are the mass densities of the sediment and water, respectively, and uj
and u, arethevelocities of the sediment and water, respectively.
The momentum equation for the mixture can be obtained by summing the individua
momentum equations for water and sediment phases. It can be expressed as
% +Ve(PUnUy ) ==VP+Ve(T, + 71, ) + Ve(@, o Uy Uy + @.0UgUgs )+ PO+ F  (4)
where p is the pressure shared by the two phases; z,, and 7, represent the average viscous
stress and turbulent stress, respectively; g is the gravitational acceleration; F is a body force;
and u, and u, arethedrift velocities of the sediment and water, respectively. In this study,
only one secondary phase (sediment) was present, so the drift velocity of sediment can be
expressed as
U =(1-9,)ug ©)
where uy istherelative velocity (also referred to as the dip velocity), defined as the velocity
of the secondary phase (sediment) relative to the velocity of the primary phase (water):
2
Ug =(p51;¢)ds[g—(um-v)um—aum} (6)
/P ot
where d, is the diameter of the particles of the secondary phase, and f; is the default drag
force, which can be expressed as
‘o {1+ 0.15Re®®  Re<1000 @
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where Re is the Reynolds number. Based on the continuity equation for the secondary phase,
the volume fraction equation for the secondary phase can be obtained:

9 (P05

%+V'(¢spsum) = _V.(¢spsuds) (8)

Since the volume fraction of particles is an important factor in the calculation of the

effective viscosity for the mixture, the granular viscosity is used to get a value for the viscosity
of the suspension. The volume-weighted average viscosity contains shear viscosity arising from
particle momentum exchange due to translation and collision. The collisional and kinetic parts,

and the optional frictional part, are added to give the dynamic viscosity of the sediment:
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He = g + g+ flg ©)
where ., py, and u, are collisional viscosity, kinetic viscosity, and frictional viscosity,
respectively, and can be respectively expressed as
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the maximum value of ¢, and ¢, =0.63; € is the restitution coefficient; &, is the

y3t
where g, is the radial distribution function, and g03=[1—(&] ] , with ¢, being

granular temperature; P, is the sediment pressure, and P =@,p.0, +2p,(1+€) 99,6 ;

S

I, isthesecond invariant of the deviatoric stresstensor; and ¢ istheinternal friction angle.

2.2 Turbulent equations for mixture

Turbulent predictions for the mixture can be obtained using the standard k-£ model. The
transport equations for the turbulent kinetic energy k and its rate of dissipation ¢ are expressed as

A(p.k
—(gj )+V-(pmumk)=V{”ﬂVk]+Gmk = Pnt 13)
Oy
d
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where G, is the production of turbulent kinetic energy; u,, is the turbulent viscosity, and
i =poC.K* /e ; and C,, C,, C,, 0,, and o, are empirical constants: C, =0.09,
C,=144, C,, =192, 0,=10,and o, =13.

3 Experiments and computational conditions

Four laboratory experiments on slurry jets were originally conducted by Hall et al. (2010).
In each experiment, the median particle size of sediment was d, =0.206 mm, the density of
water was p, =1 000 kg/m?, and the density of particleswas p, = 2 545 kg/m®. The primary
details of the slurry jet experiments are listed in Table 1, where d is the jet diameter at the
nozzle, u, is the initial durry jet velocity at the nozzle, ¢,, is the initial particle volume
fraction, and & is the Stokes number. Fig. 1 shows the computational domain used in the
present study, which mimicked the laboratory experiment above. On the basis of the
axisymmetry of the flow field, two-dimensional numerical computations were conducted with
the two-phase mixture model. The length and height of the computational domain were 2.5 m
and 1.1 m, respectively. The impinging jet nozzle was located in the center of the upper side of
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the tank and submerged just below the water surface.
Tablel Details of slurry jet experiments

Experiment No. d (mm) u, (m/s) [N S
B1 155 1.00 0.055 0.39
B2 155 0.98 0.086 0.39
B3 155 0.98 0.124 0.39
C1 9.0 219 0.122 1.46
Velocity inlet

bl

Q

E»l r
Pressure outlet Pressure outlet

X

Wall

I.Im

Wall Water

Wall

4 4

2.5m

Fig. 1 Sketch of computational domain

Fig. 1 shows the boundary conditions. A velocity inlet boundary condition which was
used to define the velocity and the scalar properties of the flow at inlet boundaries was applied
at the flow inlet. The pressure outlet boundary conditions which required the specification of a
static (gauge) pressure at the outlet boundary were used to model flow exits. Wall boundary
conditions were applied on other sides of the tank. A two-dimensiona non-uniform structured
grid system with 140 000 elements was generated with the grid generator GAMBIT of the
FLUENT package in the simulations.

4 Results

4.1 Verification of mathematical model

In astudy of slurry jets, Fan et a. (2004) concluded that the Stokes number & isthe main
contributor to the distribution of water and particles. The Stokes number is defined as
St=[pd?/(184)]/(1,/u,) . in which g is the water dynamic viscosity; |, is the
characteristic length scale, and |, =d; and u, is the characteristic velocity scale, and
u, = U,. The Stokes number & characterizes the extent to which the particles are influenced by
the ambient fluid. Based on this, two representative computational results were selected. Fig. 2
shows the dispersion patterns of particles under a relatively great influence (& = 0.39) and
relatively little influence (S = 1.46) after the durry jet fully develops in the tank, about 15
seconds from the start of the jet.
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(a) St=0.39 (b) St=1.46
Fig. 2 Dispersion patterns of particles at different values of &

Profiles of particle volume fraction ¢, and stresmwise velocity u,, at different
distances x from the water surface were smulated. The particle volume fraction profiles were
normalized using the centerline particle volume fraction ¢, and the length scale b,
where ¢,/p,.. =05, and the streamwise velocity profiles were normalized using the
centerline streamwise velocity u,,, and the length scae b, where u,,/u,, =05. The
normalized particle volume fraction and streamwise velocity profiles for the durry jet
experiment B3 are shown in Fig. 3 and Fig. 4, respectively. Fig. 3 and Fig. 4 show that the
computational results agree with the experimental results, and the profiles of the normalized
particle volume fraction and streamwise velocity are both self-similar; they are described by
Eq. (15) and Eq. (16), respectively:

o :e—0.75[é]2 (15)
Drs
:jﬂ :efo.ss(é] (16)

where r is the distance from the nozzle in the radial direction. However, there are some
differences between computational and experimental streamwise velocity profiles in the
rangesof r/b, from—3.0to —1.5 and from 1.5 to 3.0 due to the relatively low particle volume
fraction and relatively strong turbulence.

o Measured (x =10 cm) ¢ Measured (x =20 cm) O Measured (X =10 cm) ¢ Measured (x =20 cm)
A Measured (¥ =30 cm) + Measured (x =40 cm) A Measured (¥ =30 cm) + Measured (x =40 cm)
x  Measured (X =50 cm) 0 Measured (x =60cm) *x  Measured (x =50 cm) 0  Measured (x =60cm)
Calculated (X =50cm) e Calculated (x =60 cm) Calculated (x=50cm) Calculated (x =60 cm)
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Fig. 3 Normalized particle volume fraction profiles Fig. 4 Normalized streamwise velocity profiles
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The half-width spreading of durry jets is defined as a distance from the centerline to the
radia location at which the particle volume fraction or streamwise velocity is one percent of
the centerline particle volume fraction or streeamwise velocity. Fig. 5 and Fig. 6 show the
half-width spreading of particle volume fraction and streamwise velocity profiles of durry jets.
The computational results show afair agreement with the experimental data.

o Experimental (B1) o Experimental (B1)
0.06 ¢ Experimental (B2) < Experimental (B2)
) A Experimental (B3) ,’Do 0081 & Experimental (B3)
o Experimental (C1) o Experimental (C1)
) —— Calculated (B3) = 006 L — Calculated (B3) L0
o e i o.”
éb 004 b Calculated (C1) w Calculated (C1) 3
< =]
g 5
- 2004 |
2 g
F 002+ -
s < 002+
= e
-4
1 1 | | ] 1 1 1 ]
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x (m) x (m)
Fig. 5 Half-width spreading of particle volume fraction  Fig. 6 Half-width spreading of streamwise velocity

4.2 Characteristics of flow field

Fig. 7 shows the velocity contours of jet flows with various Stokes numbers ( = 0.39
and & = 1.46) after the dlurry jet fully develops. As the dlurry jet flows out of the nozzle, the
centerline velocity of the jet gradually decreases to zero owing to the resistance of water in the
tank. Then the jet is divided into two parts that flow in opposite directions along the boundary
of the deposition. The durry jet is transformed to two symmetric flow recirculations and the
locations of vortices are different for different values of . Under a relatively little influence
of the ambient fluid on particles (& = 1.46), the two vortices are relatively large and their
centers are close to the lower side of the tank. In contrast, the vortices are not even found in
Fig. 7(a) under a relatively large influence (& = 0.39). It can be seen from Fig. 7 that if the
initial velocity of the dlurry jet is high, the jet spreads lessin the radia direction.

"I &@) 7 ( =

0.10

(O.IO\ f0.0S\ /0.10\

(a) $t=0.39 (b) St=1.46

Fig. 7 Velocity contour of jet flows with different values of & (Unit: m/s)
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Figs. 8 and 9 show the contours of the turbulent kinetic energy k and the turbulent
dissipation rate ¢ in the tank for & = 0.39 and & = 1.46 after the dlurry jet has fully developed,
about 15 seconds from the start of the jet. The turbulent kinetic energy k and the turbulent
dissipation rate ¢ decrease rapidly after the dlurry jet flows out of the nozzle, with the decay
rate higher than that of the jet velocity. The discharge of the jet flow gradually increases
during the process of mixing with the ambient fluid after the slurry jet passes through the
nozzle, and the jet velocity and turbulence intensity decrease with increasing discharge of the
jet flow. It can be seen from Fig. 8 and Fig. 9 that, under a relatively large influence of the
ambient fluid on particles (& = 0.39), the turbulent kinetic energy k and the turbulent
dissipation rate ¢ are uniformly distributed in the tank. In contrast, under a relatively little
influence (S = 1.46), the turbulent kinetic energy k and the turbulent dissipation rate ¢ are
relatively concentrated around the jet axis and decrease more rapidly after the slurry jet passes
through the nozzle.

0.01

(a) $t=0.39 (b) St=1.46

Fig. 8 Contours of turbulent kinetic energy k of jet flows with different values of & (Unit: m%s%)
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(a) $t=0.39 (b) St=1.46

Fig. 9 Contours of turbulent dissipation rate ¢ of jet flows with different values of & (Unit: m%s®)

4.3 Movement of particles

The velocity contours of particles with various Stokes numbers ( = 0.39 and S = 1.46)
are shown in Fig. 10. As the dlurry jet flows out of the nozzle, the velocity of the particle
gradually decreases along the axial direction owing to the resistance of the ambient fluid.
However, the decay rate of the particle velocity along the axial direction is less than that of the
water velocity, owing to the settling velocity of the particle. When the particle velocity
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becomes zero, most particles deposit on the ground owing to their submerged weight. Others
spread out sideways and suspend owing to the turbulence of the fluid. As can be seen from
these figures, when the durry jet has alarger Stokes number, it spreads less radially.

0.05

0.001
(@) §t=0.39 (b) St=1.46

Fig. 10 Velocity contours of particles with different values of & (Unit: m/s)

To plot the datain a dimensionless form, dimensional considerations were used to predict
the main characteristics of the jets (Hall et al 2010). Fig. 11 is a normalized plot of the
centerline particle streamwise velocity for durry jets, where the depth x is normalized by the
length scale dFr (Fr is the Froude number), and u,, is the centerline particle streamwise
velocity of the dlurry jet. As can be seen from Fig. 11, the computational results are in
agreement with the experimental data, and the profiles of the normalized centerline particle
streamwise vel ocity are self-similar and can be described by the following exponentia equation:

u., Fr _ 34 17)

72

u

0 (Xj +0.22
dFr

The centerline particle streamwise velocity decreases rapidly near the nozzle, but it continues
to decrease dightly far away from the nozzle and reaches a stable value at the end of the

computational zone.

Experimental (B1)
Experimental (B2)
Experimental (B3)
Experimental (C1)
: —— Calculated (B3)
GO0 Calculated (C1)

X ---- Eq.(17)

o
o > o o

Usex[r/Uo

0T TR -2

1 ]
0 5 10 15 20 25
x/(dFr)

Fig. 11 Variations of normalized centerline particle streamwise velocity along axial direction for dlurry jets

As can be seen from the verification of the mathematical model and analysis of
computational data, the slurry jets were ssimulated well with the mixture model. However, the
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influence of the Stokes number on the flow field and particle movement were not analyzed
completely on the basis of the experimental results mentioned above, so another seven
simulations of dlurry jets were performed. In each simulation, the jet diameter at the nozzle, the
median particle size of sediment, and the initial particle volume fraction were similar to the
ones of the experiment B3, but the Stokes numbers for the seven dlurry jets were different from
that of the experiment B3 (& = 0.39); their values were 0.77, 1.15, 1.54, 1.92, 2.31, 2.69, and
3.08, respectively.

The dispersion patterns of particles for different Stokes numbers are depicted in Fig. 12,
after the slurry jet has fully developed, about 15 seconds from the start of the jet. Fig. 12 shows
that the dispersion pattern of particles depends on the Stokes number. As the Stokes number is
relatively small, the recirculation region is relatively large, and the particle volume fraction
within it is very small. In contrast, when the Stokes number is relatively large, the recirculation
region isrelatively small, and alarge number of particles accumulate. When the Stokes number

. ]
Ps 012 0.11 0.10 0.08 0.07 006 0.05 0.04 0.03 0.02 0.01 0.005 0.002
(a) St=0.39 (b) St=0.77

(¢) St=1.15 (d) St =154

I
JU

(e) S1=1.92 (f) S1=231

) A

(g) St=2.69 (h) §t=3.08

Fig. 12 Dispersion patterns of particles with different Stokes numbers
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isas smal as S = 0.39, particles follow the fluid closely because they can respond to the flow
rapidly due to their very short dynamic response time. However, when the Stokes number
increases to 3.08, the dispersion of particles along the radial direction is very little, and most of
the particles penetrate the leading vortex structures and move downstream along nearly linear
paths. The reason is that the dynamic response time of these particles is much longer than the
characterigtic time scale of the carrier fluid. As aresult, the particles respond very slowly to the
change in the flow field.

To explore the mechanisms of the particle dispersion described above, the relative velocity
U, (also referred to as the slip velocity) was computed. Fig. 13 shows the relative velocity
fields of sediment for different Stokes numbers. When the Stokes number is low at a value of
0.39, the relative velocities have very small values and are distributed uniformly. This means
that these particles can disperse amost as fast as water flows. When the Stokes numbers are as
large as & = 3.08, only afew particles have large relative velocities along the radial direction

(b) St=0.77

(g) St=2.69 (h) Sr=3.08

Fig. 13 Relative velocity fields of sediment for different Stokes numbers
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and most of the particles have large relative velocities aong the streamwise direction, showing
that these particles disperse very little along the radial direction and mainly move downstream
along a rectilinear path at high velocities. It seems that the relative velocity can reflect the
dispersion mechanism of particles well.

5 Conclusions

Two-phase flow simulations of dlurry jets in a static uniform environment were conducted
using a mixture model in which the flow-particle interactions were considered and a standard
k—¢ turbulence model was chosen to close the governing equations. The mixture model, which
also allows the two phases to move at different velocities using the concept of dlip velocities,
models fluid and particle phases by solving the continuity and momentum equations for the
mixture, the volume fraction equations for the secondary phase, and algebraic expressions for
the relative velocities. The following conclusions can be drawn:

(1) After the slurry jets fully develop in the tank, the computational results of the particle
volume fraction and streamwise velocity agree with the experimental results, and the particle
volume fraction and streamwise velocity profiles described by Egs. (15) and (16) are both
self-similar, but there are some differences between the computational and experimental
streamwise velocity profiles in the ranges of r/b, from —3.0 to 1.5 and from 1.5 to 3.0 due
to the relatively low particle volume fraction and relatively strong turbulence. The half-width
spreading of the particle volume fraction and streamwise velocity profiles of durry jets shows
afair agreement between the computational results and the experimental data.

(2) The characteristics of flow fields of the two phases were analyzed on the basis of the
computational results. If the initial velocity of the slurry jet is high, the jet spreads lessin the
radia direction. The turbulent kinetic energy k and the turbulent dissipation rate ¢ decrease
rapidly after the dlurry jet flows out of the nozzle, with the decay rate higher than that of the
jet velocity. Under a relatively little influence of the ambient fluid on particles (when & is
relatively large), the turbulent kinetic energy k and the turbulent dissipation rate ¢ are
relatively concentrated around the jet axis and decrease more rapidly after the slurry jet passes
through the nozzle.

(3) It was found that the decay rate of the particle velocity in the axia direction is less
than that of the water velocity owing to the settling velocity of particles. The computational
results of centerline particle streamwise velocities agree with the experimental data, and the
profiles of centerline particle streamwise velocities described by Eq. (17) are self-similar. The
pattern of particle dispersion depends on the Stokes number. When the Stokes number & =
0.39, particles follow the fluid closely and show considerable dispersion aong the radia
direction, and relative velocities have very small values and are distributed uniformly. When
the Stokes humber increases to 3.08, the dispersion of particles along the radial direction is
very little, only a few particles have large relative velocities aong the radial direction, and
most of the particles have large relative vel ocities along the streamwise direction.
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