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ANALYSIS OF HOMOGENEOUS SLURRY PIPE FLOW

R. C. Chen

Department of Mechanical and Marine Engineering
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ABSTRACT

An analysis is performed for the solid-liquid slurry pipe flow in the
homogeneous flow regime. The transport and concentration equations are
constructed based on two-liquid postulation and modified Rouse-Schmidt
diffusion relation. By considering the interphase interaction effects, a general
k-€ model is applied to describe the turbulent kinetic energy production and
dissipation. Coupling with the physically-defined parameters, this model is
able to obtain the axial velocities of the solid and liquid phases, the solid
concentration distribution and the liquid turbulent kinetic energy and dis-
sipation rate. Excellent agreement between the calculated axial velocity
profiles and the experimental data obtained by Chen & Kadambi (1994) is
found for the slurry flow with up to 25% volumetric concentration.

INTRODUCTION

Solid-liquid slurry flows are widely encountered in
many industrial, chemical and fossil energy processes. In
many of these processes solid concentration up to more
than 50% by volume are encountered. The flow of slurry
can be influenced by drag, turbulence, the particle hin-
dered velocity, the virtual mass effect, phase interaction,
particle inertia and the crossing-trajectories effect. Basi-
cally, four flow regimes can be identified for the solid-
liquid slurry flow in the horizontal pipe; those are station-
ary bed flow, saltation flow, heterogeneous flow and
homogeneous flow. The experimental investigation of
dense slurry flow is far from completion due to the restric-
tion of experimental apparatus. On the other band, re-
liable numerical simulation for the slurry flow has not
been available yet because of the enormous complexity
and the lack of experimental support. The lack of under-
standing of such slurry flows has resulted in design defi-
ciencies leading to either operational problems like clog-
ging or plugging in many industrial applications. There is
a need for more efficient methods of transportation of
slurries like coal-water, coal-oil for power stations, metal-
lized liquid fuel for rocketry, ores from the mines etc. A
better understanding of the mechanism of such slurry
transportation is the first way to reach the goal.

Many numerical simulations have been conducted

for solid-liquid slurry flows. Due to the difficulty in deal-
ing with interphase and innerphase (particle-particle)
stresses in stationary bed, saltation and heterogeneous
flow regimes or dense slurry flows, most of the numerical
simulations were restricted to relatively dilute slurry in the
homogeneous flow regime. Since turbulence plays domi-
nant role in dilute homogeneous slurry flows, many in-
vestigators used this concept to start the development
of numerical model (e.g., Elghobashi and Abou-Arab,
1983; Crowder et al, 1984; Michaelides and Farmer, 1984;
Roco and Shook, 1985; Persen and Coleman, 1989).
The adoption of turbulence model developed for single
phase flow in slurry flow, especially in dense slurry,
remains unverified. The influence of particle-particle,
particle-fluid and particle-wall interactions plays an im-
portant role in determining the flow characteristics of
dense slurry flows and should be considered more physi-
cally in the modelling. At present, due to the complexity,
necessary empiricism is needed for the numerical simula-
tion.

From the literature survey, it shows that the applica-
tions of the currently existing numerical model is still very
limited and it calls for more physical insight of the model.
Industrial applications involve many homogeneous slurry
pipe flows, the objective of this study is to provide a more
physically-clear numerical model for such slurry flows
with solid concentration up to 25 % by volume.
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MODELING

A system of differential equations to obtain axial
velocities of the solid and liquid, the solid concentration
and the liquid turbulent kinetic energy and dissipation
rate for solid-liquid slurry pipe flow in the homogeneous
flow regime is developed. In this analysis, each phase is
assumed to be a continuum and two-way coupling be-
tween the phases is allowed. Note that this assumption
is only good for the homogeneous flow regime. Since
the particle and fluid phases are assumed to be interacting
continua, as a consequence, additional turbulent kinetic
energy production and dissipation terms arise and require
modeling. A two-equation turbulence model for two-
phase flows which takes into account the effects of sus-
‘pended particles on the turbulent structure of the carried
liquid is applied. A modified Rouse- Schmidt equation is
used to calculate the local concentration distribution.
Due to the complexity of this slurry flow, with no excep-
tion, some empirical components are involved in this
modeling work. The numerical integration is performed
by using finite-difference technique. Typical boundary
conditions, such as non-slip and impermeable wall and
symmetry about pipe center, are applied.

Mathematical equations

In this analysis of homogeneous slurry flow, both
phases are assumed to behave macroscopically as con-
tinua and have constant physical properties. The flow is
assumed to be incompressible, isothermal, fully devel-
oped, steady in the mean but asymmetric due to gravita-
tional effect. Brownian motion and molecular diffusion
of the solid phase can be presumed negligible relative
to turbulent diffusion for large size particles. While itneeds
further experimental verification, the turbulence is taken
as locally isotropic. With the above assumptions, the
continuity and momentum equations can be written for
each phase as:

5 QPO+ 3 (Cipr¥in)=0 M
(at)(CkPkWa)*‘( )(CkPkWan)
=Ckpki (ox )(CkP)+( )(Ck‘fkeﬂ)*'Dkz @

Designating k=s,!, for solid and liquid phases, re-
spectively. Stress term Ty.;; caused by viscous, Coulombic,
elastic and plastic collision and turbulence can be simpli-
fied as

Theji = Opf T + Ops Tagi+ Os T + T 3)

The viscous stress caused by a Newtonian liquid is
expressed as

9V
Tpysi = My ( a—x, ) @

No viscous stress of the solid phase is assumed. The
turbulent stress of both phases may be expressed similar
to single-phase flow as

Wi )

Teii=—Pe Vi V iy = ukt( '
ox;

Columbic contact stress (basically, a dynamic stress
due to contact friction between particles) is approximated
as normal "support load" times a coefficient of dynamic
friction (Roco and Shook, 1983). That is

D
c,(ﬁ,:fy K(y)(S-1)gnCdy=Tgf  (6)

The interphase stress is found to be a function of slip
velocity and can be expressed as (Wen and Yu, 1966)

Dssi=_DsQi
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Note that C,, the drag coefficient of a free-fall par-
ticle, isrelated to particle Reynolds numberRe, (= V, d,,/ V)
as

C185R %  0.1<Re,<500 ®)

C=0.44 500<Re,<2x10 ()

The empirical function f(Cy ) which accounts for the
collective effect of the presence of particles in the fluid and
acts as a correction to the usual Stokes law for free fall of
a single particle can be expressed as (Wallis, 1969)

Q=G ' (10)

Starting from the concept of the kinetic energy of
solid, the dispersive stress due to the elastic and plastic
collisions of solids may be correlated to the turbulent
shear stress. By considering the significant dispersive
effect for i=j, Roco and Balakrishnam (1985) proposed
the expression for the predominant parts of spatial gradient
of the collision stress as
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where tan® is the coefficient of dynamic friction
between solid particles and has the value between 0.3 and
0.75 (Bagnold, 1954). In determining the local concentra-
tion distribution, the interactions between solid particles
are assumed to be negligible compared with the turbulence
effect. Therefore, a turbulent form of Schmidt-Rouse
diffusion expression is used in this analysis as

aC; 9
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From the experimental results, the eddy diffusivity of
particles can be expressed as (Roco and Shook, 1987)

g,= 0146V y(2——)[(1——)+054] 13)

Hindered settling velocity (V,,) which only exists in
the direction of gravity is assumed to be independent of
position and can be written as (Richardson and Zaki, 1954)

Vy=V,=V,(1-C)" (14

with m = 4.45 Re,,* when 1<Re,(=V,d;/W))

<500 and m= 2.39 when Re,>500. Analogous to the

velocity fluctuation, the turbulent component of mass

flux is simplified by the expression of the product of

particle turbulent viscosity and concentration gradient.
Simply,

ac,
Voe= Vg,
J

(15)

For turbulent structure, the two-equation (k-€ ) model
described by Elghobashi and Abou-Arab (1983) is used as
the foundation for this study. This model is written as

(a) k equation
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The extra production and dissipation terms in the
above equations are due to the change of turbulence struc-
ture of liquid phase caused by the interaction between
two phases. The turbulent correlations become much
more complex because of the presence of particles. The
change of turbulence structure can be observed mathe-
matically from the terms of turbulent correlation equa-
tions which involve correlations of solid concentration
with velocity fluctuations, pressure, strain rate and so on.
The group of solid concentration correlations composes
the extra production and dissipation terms in the final k-
equations (Elghobashi and Abou-Arab, 1983; Crowder et
al., 1984). There are more that 60 terms involved in the
extra dissipation and production terms to account for the
change of turbulence structure of liquid phase caused
by the interaction between solid particles and liquid. A
simplification of these equations is necessary. In the final
form, the turbulent viscosity of solid phase is approxi-
mated as suggested by Peskin (1962) by

Vo, We 3k
Ve~ LTS k2 as)

Also, the dominant terms for extra production plus extra
dissipationink and € equations are respectively foundtobe
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' Numencal algorithm

A finite difference numerical technique in the Carte-

sian coordinate is used for solving the non-linear forms of
main differential equations. There is no advantage of
using the cylindrical coordinate because of the natural
asymmetric flow field in the slurry flows (although we call
it "homogeneous" flow). A Eulerian mesh of finite-differ-
ence cells is used for representation of the governing
equations. A typical central-difference method is utilized
for the computational domain except on the wall boundary
where either the forward or backward difference formula
is applied. In one-dimensional pipe flows the pressure
gradient usually is prescribed. The empirical pressure loss
relations suggested by Turian and Yuan (1977) by corre-
lating over 4000 slurry flow test data available in the
literature are used in the numerical simulation for a wide
range of application. Non-slip, impermeable and wall-
shear conditions at wall for both phases and symmetric
conditions at pipe centerline are implemented as boundary
conditions. Due to the unavailability of experiment-based
turbulence constants for slurry flows, the constants applied
for single phase flow (Patel et al., 1985) are used in this
investigation. Further experimental studies are recom-
mended for verifying this adoption. A summary of the
constants used in this study is given in Table 1.
The main calculation is performed on IBM-4361 com-
puter. Guesses based on the single- phase solution are in-
put as the initial conditions. The criterion of a maximum
0.1% difference between two consecutive iterated quanti-
ties is chosen for closure.

RESULTS

- The numerical procedure is first éxamined with ref-
erence to the single phase flows by setting the solid con-
centration as zero. These computations serve as the cali-
bration of the numerical method. Excellent agreement
between the numerical data of present study and the ex-
perimental data obtained by Chen and kadambi (1994) is
observed. Excluding the region 5<Y"<70 where there is an
overlap of turbulent core and wall shear flow regions and
results in large scatter of experimental data, good agree-
ment for turbulent kinetic energy and dissipation rate
between computed results and other researchers' experi-

Table 1. Constants used in numerieal model

©s 1
tan@ 0.5
Cu 0.09
Ox 1

Cc 1.3
Cat 144
Ce, 1.92
C, 041

mental and numerical efforts (Patel et al., 1985) is also
found.

Figure 1 shows the calculated flow properties of
different concentration slurry flow along the horizontal
diameter as a function of wall distance. Dimensionless
forms of axial velocities (U*=u/u,), dissipation rate of
turbulence (€ '=v (€ fu,), turbulentkinetic energy (k'=k/u ")
and wall distance (Y'=yu,/v) are used in Fig. 1. Compared
with the single phase flow, the dissipation rate of turbu-
lence for slurry flow increases substantially near the
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Fig. 1. Dimensionless flow properties of different concentration slurry
flows along the diameter at a Reynolds number of 10150.
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wall region but decreases slightly in the core region.
Despite the small change for 5 % slurry flow, the turbulent
kinetic energy of both 5% and 15% slurry flows is also
observed to increase in the region near the wall and de-
crease in the core region. The increase of the turbulence
level is smaller than that of the energy dissipation rate
which are both caused by the interaction of the solid
phase. The uneven increase of dissipation rate and
kinetic energy results in the change of turbulence struc-
ture, especially in the region near the wall. The phenom-
ena of enlarged wall shear region is obvious as shown in
Fig. 1 of which velocity profile is "distorted" by "pulling
down" of the velocity near wall and "pushing up" of the
velocity close to the turbulent core.

The calculated distribution of concentration is uni-
form along the horizontal diameter. However, even though
the flow regime is homogeneous, there is a small concen-
tration gradient along the vertical diameter as shown in
Figure 2. This concentration gradient becomes smaller
with the increase in Reynolds number. The concentration
gradient along the vertical diameter is introduced by the
consideration of gravitational effect, shown in hindered
settling velocity term, in the concentration equation. On

5% Slurry
1
0.5 b
;‘ 0
05 L
Re=1031
e=7256
-1 .
0.04 0.045 0.05 0.055 0.06
Concentration
15% Slurry
1
05
;4 0
-0.5 -
1 L . L L
0.12 0.13 0.14 0.15 0.16 0.17 0.18

Concentration

Fig. 2. Concentration profiles along the horizontal and vertical diameters
for different concentration slurry flows at various Reynolds num-
bers.

the other hand, as the Reynolds number increases, turbu-
lent effect becomes dominant over gravity and results in
the decrease in the concentration gradient along the vertical
diameter.

The following comparison of the computed and ex-
perimental results is performed with the LDV data ob-
tained by Chen and Kadambi (1994). Comparison of axial
velocity profiles is presented in Figure 3 for 5 % and 15 %
slurry flows. Excellent agreement can be observed in
this figure. The calculated velocity profiles also agree
with the experimental data along several different
vertical and horizontal lines as shown in Figure 4 for
instance. It should be noted that the numerical results
give very small slip velocity (<0.5%) between solid and
liquid phases for all different concentration slurry in the
homogeneous flow regime. Also the calculated velocity
distributions are similar along the horizontal and vertical
diameters. Therefore, the results shown here represent
velocities of both solid and liquid phases along the hori-
zontal and vertical diameters.

Figure 5 shows the calculated flow properties and the
comparison of the numerical and experimental data for
25% slurry flow. In this figure, the distortion of the velocity
profile due to the existence of particles becomes more
remarkable. The extra shear stresses introduced by inter-
actions of particle-particle, particle-liquid and particle-
wall consequently enlarge the wall shear flow region and
distort velocity profiles. Obviously, this extra stresses
increase with solid concentration. Compared with 15 %
slurry flow case, both the turbulent kinetic energy and the
dissipation rate of turbulence increase substantially.
Near the wall region, the increase in the dissipation rate,
however, is much larger than in the kinetic energy. This
phenomena may account for the remarkable enlargement
of wall shear region. Relatively large concentration gradi-
ent along the vertical diameter can be also seen in Fig. 5.
Figure 5 also reveals that, instead of the mean value (25%)
as in the cases of 5 and 15% slurry flows, the 25 % slurry
maintains at a slightly higher concentration (=25.5 %)
with a small gradient along the horizontal diameter. It
implies that the gravitational effect becomes relatively
significant for 25% slurry flow under the similar Reynolds
number range. Comparison of numerical velocity profiles
and experimental data is also satisfactory for the 25%
slurry flow case. Unfortunately, for slurry flow over 25%
solid concentration, poor agreement resulting from the
under-estimation in turbulent core and over-estimation
in wall region occurs between the numerical and experi-
mental data. It is not surprising because that most of the
interphase stress and mass diffusion expressions were
developed under the assumption of low concentration
condition, the application of these semi-empirical-expres-
sions are then limited to "dilute" solution. Additionally,

the assumptions of zero solid molecular viscosity and
isotropic turbulence structure are not proper for such
dense slurry flows. Not until such key questions can be



42 Journal of Marine Science and Technology, Vol. 2, No. 1 (1994)
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Fig. 3. Comparison of numerical and experimental axial velocity datea
for different concentration slurry flows at various Reynolds num-
bers.
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answered will the understanding and modeling of the dense
slurry flows be improved.

CONCLUDING REMARKS

An analysis based on transport equations including
mass, momentum and turbulence energy and empirical
coefficients for phase interactions is performed for homo-
geneous slurry pipe flow. The result shows that extra
energy dissipation and production caused by the particle
interphase and innerphase interactions result in the en-
largement of wall shear region and the reduction of tur-
bulence core and therefore accounts for the distortion of
axial velocity profiles. The comparison with the experi-
mental data shows excellent agreements for solid con-
centration up to 25 % by volume. Disagreement between
numerical results and experimental datain the wall region,
however, is observed for slurry flow with volumetric
concentration over 25%.
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NOMENCLATURE

b Body force

C,c Mean & fluctuation component of concen-
tration

Cqy Drag coefficient

Ca,Ce2,Ciic. Constant in k-€ model

D Diameter of pipe

D Interphase stress

d Diameter of particle

) Delta function

€ Dissipation rate of turbulence

€ Mass diffusivity

f. Coefficient of dynamic friction

g Gravity acceleration

K Coefficient of support load

k Turbulent Kinetic energy

k Ration of particle response time to fluid
Lagrangian time scale (=2 T,,/T})

[TAY Molecular & kinematic viscosity

0] Shape factor

P Pressure

Re Reynolds number

p Density

S Density ratio (=p¢/py)

Oy, Oc Constant in k-€ model

tan® Coefficient of dynamic friction between
solid particles

r Lagrangian time scale (=Ck/€)

T Stress

Tm Particle response time (=p,d,/18/1)

u, V,v Mean & fluctuation component of velocity

Vi Vo Hindered velocity (V,=p «(S-1)d,'g/18/1¢)

Subscript
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Elastic and plastic component
Coulombic component
Direction

Phase

Liquid phase

Particle

a X < *wm

M

Solid phase
Turbulent component
Viscous component
Direction

Shear component
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