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Al~raet--The hydraulic transport of coarse particles in horizontal tubes has been investigated. A physical 
model for the prediction of the pressure drop and flow patterns is presented. The proposed model is 
compared with new experimental data and shows good agreement. Comparison with other proposed 
correlations is also satisfactory. 

INTRODUCTION 

The hydraulic transport of solid particles is a well-known method in the chemical and mining 
industries. In the case of coarse particle mixtures, settling effects are important, resulting in 
significant frictional losses and high pressure gradients. 

Settling slurries exhibit a variety of flow patterns in horizontal pipeline flow. There is some 
diversity in the terminology which is used in the literature for the various flow patterns. However, 
the most common classification is: stationary bed, moving bed, heterogeneous suspension and 
pseudo-homogeneous suspension (Vocaldo & Charles 1972; Goedde 1978; Parzonka et al. 1981). 
There is also some confusion concerning the transition velocities between the flow patterns. In this 
work the velocity above which no stationary bed exists is termed the "deposit velocity", the velocity 
above which all the particles are suspended is the "suspending velocity" and the velocity above 
which the concentration profile is fiat and the flow is homogeneous is called the "homogeneous 
velocity". The velocity which is associated with the minimum pressure drop is termed the "critical 
velocity". 

The pressure drop is considered the most important parameter in slurry flow. The relationship 
between pressure gradient and mixture velocity is substantially different from that of a pure liquid 
flow. In contrast to single-phase flow where a monotonous behavior of the pressure drop curve 
is observed, the curve for slurry flow exhibits a minimum at the critical velocity. 

Experimental data on the pressure gradient behavior of liquid-solid systems in horizontal pipes 
have been obtained by many investigators (Durand 1953; Zandi & Govatos 1967; Babcock 1971; 
Carleton et aL 1978; Chhabra & Richardson 1983; Noda et aL 1984). The prediction of pressure 
drop and flow patterns is a complex problem and is treated mostly via correlations of experimental 
data. Some of the empirical correlations claim to apply to all flow patterns for liquid-solid systems 
(Newitt et aL 1955; Hayden & Stelson 1971; Turian & Yuan 1977). Others are restricted to one 
or two flow patterns only (Durand 1953; Zandi & Govatos 1967; Babcock 1971; Toda et al. 1979; 
Wani et al. 1983; and many others). 

Durand (1953) conducted experiments on sand-water and gravel-water flow at different particle 
and pipe sizes. He proposed the following empirical correlation for the pressure gradient: 

1 -°  
= C . ' i L  L g D ( s  - -  1)J ' [1] 

where K and n are experimentally determined constants (K = 81, n ffi 1.5), i is the total pressure 
gradient ( m ~ / m ) ,  iL is the pressure gradient for the carrier liquid flowing alone at the mixture 
superficial velocity, C, is the slurry volumetric concentration, U, is the slurry superficial velocity, 
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CD is the drag coefficient for the solid particles, g is the gravitational acceleration, D is the pipe 
diameter and s is the solid-to-liquid density ratio. 

Zandi & Govatos (1967) modified Durand's correlation by dividing its region of applicability 
into two parts, with different values of K and n for each of them. 

Newitt et ak (1955) employed some theoretical considerations in order to identify the effective 
variables and obtained the following semi-theoretical expressions: 

• = 0.6(s - 1), for pseudohomogeneous flow, 

• = 1100gu-- ~ (s - 1), for heterogeneous flow, [2] 
s 

gD 
= 66~-~2 (s -- 1), for flow with a moving bed, 

where w is the terminal settling velocity of the solid particles. 
The most comprehensive data bank was assembled by Turian & Yuan (1977). They used 2848 

data points to develop a correlation whose form is 

f~ - - fL  = K,  C~2 f~sC D 1) ' [3] 

where f~ and fL are the friction coefficients for slurry flow and for pure liquid flow, respectively, 
C,  is the slurry volumetric concentration percent. The constants K~-Ks were determined for each 
of the four flow patterns by a best-fit procedure. 

The theoretical prediction of pressure drop and flow patterns in slurry flow is quite complex. 
Some simplified physical models have been presented. Shook & Daniel (1965, 1969) and Shook 
et al. (1968) used a variable-density model to evaluate the effective friction coefficients for 
suspended flow and for flow with saltation. Their analysis requires prediction of the density 
distribution. This was indeed the subject of further research by Roco & Shook (1983, 1984, 1985) 
who analyzed the turbulent dispersion of the solid particles. Using some empirical coefficients, they 
offered a method to predict the velocity and concentration profiles for heterogeneous suspensions, 
as well as the deposit velocity. Carstens (1969) employed a diffusion equation in his analysis of 
flow with a stationary bed in order to estimate pressure drop curves. Wilson, in a series of papers 
(Wilson 1970, 1974, 1976; Wilson et al. 1972), reported an analysis which was based on a two-layer 
model in order to find the deposit velocity and the pressure drop for flow with a moving bed. 
Televantos et al. (1979) employed Wilson's two-layer model to analyze the pressure drop for flow 
with a moving bed. Thomas (1979a) analyzed the connection between the laminar-turbulent 
transition and the deposit velocity for highly viscous carrier fluid. Thomas (1979b) also proposed 
a theoretical approach for finding the deposit velocity for small particles. Oroskar & Turian (1980) 
employed energy conservation considerations to obtain an analytical expression for the suspending 
velocity. Support for this method when applied to fine particles is given by Shook et al. (1982). 
Toda et al. (1980) developed a theoretical model for the deposit velocity based on some saltation 
parameters. Later, Noda et al. (1984) used those parameters to develop an expression for the 
pressure drop for flow with saltation. Wani et al. (1983) suggested a simplified model for the 
pressure drop when the flow is fully suspended. However, they based it on an empirical correlation 
for the concentration gradient. 

In this work an improved theoretical analysis is presented. Its purpose is to provide a method 
for predicting pressure drop and flo~v patterns for a wide range of flow conditions. The model is 
simple to use and gives reasonably accurate results. In addition new experimental data on pressure 
drop in horizontal slurry flow have been collected in our laboratory and compared with the 
proposed model. 

ANALYSIS 

Consider a solid-liquid mixture (slurry) containing settling particles flowing through a horizontal 
pipe. The solid particles are subjected to gravitational forces which tend to deposit them and to 
turbulent forces which tend to suspend them uniformly throughout the pipe cross section. At very 
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Figure 1. The two-layer model. 

high mean slurry velocities the solid particles are almost symmetrically suspended, due to the high 
level of turbulence. Reduction of the mean velocity decreases the turbulent dispersing forces and 
causes a higher concentration of solid particles at the bottom of the pipe. As the mean velocity 
is decreased further, the particles may form a sliding deposit at the bottom, while the upper layer 
consists of a heterogeneous suspension. If the velocity is reduced still further the bed tends to 
become stationary. 

Due to bed formation, the free passage cross-sectional area above the bed is narrowed, inducing 
an increase of the mean velocity in this region, and increasing the turbulent forces. The steady-state 
height of the bed is obtained when the velocity in the upper layer is sufficient to support all the 
particles that are still suspended. If the flow rate is increased, the magnitude of the dispersing forces 
increases, resulting in higher average concentration of particles in the upper layer and lower 
equilibrium bed height. 

The process of analyzing the pressure drop behavior of slurry flow and the various flow patterns 
is based on a two-layer model. At very low mean mixture velocities it is assumed that either a 
stationary bed or a moving bed of solid particles is formed at the bottom of the pipe and 
a heterogeneous mixture of solid particles and carrier liquid is flowing at the upper part (see 
figure 1). 

Assuming that the flow in each layer may be represented by means of the averaged properties 
(i.e. mean velocities and concentrations), and neglecting any slip between the two phases (i.e. 
considering the mean velocity of the solid particles as equal to the mean velocity of the liquid in 
each layer), the two continuity equations for a developed steady-state flow are: 

UhChAh + UhCbAb = UsC, A, for the solid phase; [4] 

and 

Uh(1 -- Ch)Ah + Ub(1 -- Cb)Ab = Us(1 - Cs)A, for the liquid phase; [5] 

where U is the mean velocity, C is the mean concentration and A is the cross-sectional area. The 
subscript h denotes the heterogeneous upper layer and b denotes the bed layer. Us is the mixture 
velocity (i.e. the total slurry volumetric flow rate divided by A) and Cs is the slurry input 
concentration. 

Force balances on each layer yield: 

dP 
Ah'-~x = - % S a -  z,S,, for the upper dispersed layer; [6] 

and 

dP 
Ab ~ = -- Fb + ~iSi, for the bed layer; [7] 

where dP/dx is the pressure drop, Xh and zi are the upper-layer shear stress and the interfacial shear 
stress acting on the perimeters Sh and Si, respectively (see figure 1). Fb is the force acting on the 
bottom of the pipe and consists of two components: a dry friction force, Fbd, which is exerted by 
the bed particles on the surface of contact between the bed and the pipe wall, and a hydrodynamic 
resistance force, FbL, which stems from the bed motion. 
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In the case of a stationary bed, Fbd is a static friction force and it balances the driving forces 
(Ah dP/dx and ziSi) which act on the bed. When the driving forces are increased, the dry friction 
force increases, continuing to oppose them until its magnitude reaches a certain maximum value. 
At this state the bed is at the point of sliding and the friction force, Fbd, is equal to Fb=, which 
is calculated by Fb= = ~/N, where t/is the dry friction coefficient and N is the sum of normal forces 
exerted by the solid particles in the bed on the pipe wall. For the case of a moving bed, Fbd = Fbm. 
The normal forces, N, consist of two components, one which is due to the submerged weight 

of the solid particles, Nw, and an additional contribution duc to the transmission of normal stresses 
which result from the shear on the bed-suspension interface, N~. 

The calculation of the apparent weight component, Nw, is based on the assumption that the 
normal force exerted by the particles on the pipe wall can bc represented by a pseudohydrostatic 
pressure distribution. This assumption has experimental verification (Wilson 1970) and is com- 
monly used for slurry flows. Integration of this pressure distribution over the bed perimeter (figure 
I) results in 

= - + cos 0b , [8] 

where Ps and PL are the densities of the solid and the liquid, respectively. 
The additional normal force N~ is due to transmission of stress from the interface through the 

bed particles. Bagnold (1954, 1957) showed that when a fluid flows over a deposit of solid particles, 
there exists a normal stress at the interface which is associated with the shear stress exerted by the 
fluid on the bed. The relation is 

ziS, 
N~ - tan ~b' [9] 

where ~p is the angle of internal friction. The value of tan ~b varies between 0.35 and 0.75 according 
to the type of flow and the particle characteristics. 

Assuming that r/is constant for a given solid, Fbm is evaluated by 

Fbm = "(Nw + N~)' } 
rc z,S, [10] 

Fbm = rl {O.5(pS -- PL)gCbD2 [ (~--~ -- l ) (Ob + ~) + COS Ob l -l- t~n ~ } • 

The hydrodynamic resistance force, FbL, is due to the motion of the bed and is applicable only 
in the case of  a moving bed. It may be expressed as follows: 

FbL = ZbSb, [1 1] 

where ~b is the shear stress acting on the perimeter Sb (figure 1). 
The hydrodynamic shear stresses Zb and *b may be expressed by 

1 2 1 2 Zh=~fhp~Uh and *b=ifbPbUb . [12] 

The friction coefficients are evaluated from 

fh=Oth(PhUhDh~ -#h and fb=otb(pbUbDb~ -#b, [13] 
\ ~h /t \ ~b ,] 

where Ph and Pb arc the mean densities of the upper layer and of the bed, respectively,/A and 
are the mean viscosities of the two layers and Dh and D b arc the hydraulic diameters: 

4A h 4A b 
Dh = Sb +------~i and D b --- Sb +-------~. [14] 

In this work the following coefficients were employed: ~h = ~b = 0.046, /~h = /~b = 0.2 for turbulent 
flow and ~b = ~b = 16, ~h = / ~  = 1.0 for laminar flow. Note, however, that in this flow configuration, 
laminar flow in the upper layer is never encountered. 

The interfacial shear stress, *i, is expressed in terms of the relative velocity between the two 
layers: 

~', = IfiPh(V h -- Ub) 2. [15] 
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The friction coefficient associated with the interface, f ,  is evaluated using the Colebrook (1939) 
formula with an interfacial effective roughness, which is assumed to be equal to the particle 
diameter. In order to account for the effect of suspended particles' collisions with the bed as well 
as entrainment and deposition of particles at the interface, which tend to increase the interfaeial 
friction coefficient, Televantos et al. (1979) suggested multiplying the coefficient by 2, hence: 

1 2_.51 [16] = -0 .86  In -t 
42Y, 

The mixture mean properties are employed in evaluating the Reynolds numbers and the shear 
stresses. The densities are calculated by a weighted average which is commonly used in two-phase 
flow analysis: 

ph =psCh + PL(1--Ch) and pb=psCb + PL(1--Cb). [17]  

The particles in the bed are in contact with each other. Therefore Cb is assumed to correspond to 
a maximum cubic packing of the deposited particles (Cb = 0.52). The viscosity of the mixture may 
be considered equal to that of the carrier liquid (#h = #b = #L)" This is due to the fact that the 
particles are coarse and larger than the scale of the viscous sublayer, hence they do not affect the 
apparent viscosity. 

In addition to the conservation equations, the dispersion mechanism of the solid particles in the 
upper layer should be taken into account. This is assumed to be a turbulent diffusion process, which 
is governed by the large-scale eddies and tends to make the flow isotropic. Thus, it causes the 
motion of the solid particles from the high-concentration zone to the low-concentration zone, i.e. 
from the interface upward. This tendency is balanced at steady state by the gravitational effect 
which causes the particles to settle at the pipe bottom. This mechanism is represented by the 
well-known diffusion equation 

E'02C(y) w'OC(Y) 
- -  + = 0,  [18] ay E 0y 

where C(y) is the local volumetric concentration in the upper layer, y is the vertical coordinate 
(perpendicular to the pipe axis), e' is the local diffusion coefficient and w' is the particles' local 
terminal settling velocity. A similar equation was presented by Okuda (1980). Assuming that the 
concentration depends only on the vertical position and that mean diffusion coefficient (e) and 
terminal velocity (w) can be applied, [18] can be integrated twice to obtain the concentration 
distribution in the dispersed layer: 

[ W(y-yb) ] - -  . [19] C(y) = Cb exp e 

Note that the concentration at the interface in the dispersed layer is assumed to be equal to the 
bed concentration. 

Assuming that the mass-transfer coefficient and the momentum-transfer coefficient are nearly 
equal, the mean cross-flow diffusion coefficient, e, is evaluated according to Taylor (1954): 

e = 0.052 U.r, [20] 

where U .  = Uh f,q/~,/2 is the shear velocity and r is the hydraulic radius of the upper-layer cross 
section. 

The terminal settling velocity of a single particle, w0, is evaluated from a force balance between 
the gravitational force and the drag force: 

/_4 (s - 1)d g 
[21] w0=/  , 

where Co depends on the particle Reynolds number, R%=pLWodv/IZL . CD= 18.5 R% -°'6 for 
0.1 < Rev< 500 and Ca = 0.44 for 500 < Rep < 2 x 105 (Bird et al. 1960). For the settling of a 
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cluster of particles, the hindered terminal settling velocity, w, is found by the Richardson & Zaki 
(1954) correlation: 

W 
- -  = ( 1  - C ) " .  [ 2 2 ]  
W0 

The parameter m = 4.45 Re7 ° t for 1 < Rew < 500 and 2.39 for Re,. > 500, where Rew is the particle 
Reynolds number based on w. 

Integration of [19] yields the mean concentration in the upper dispersed layer, in terms of 0b: 

f? 

[wo ] 
Ch - ChD2 ~ exp - -~e (sin 7 - sin 0b) COS2~ dT. [23] 

2Ah b 

Final Formulation 

The flow situation is therefore represented by a set of five equations: 

U.ChAh + UbChAh = UsCsA, [24] 

Vh(l -- ch)a  h + Ub(1 -- Ch)hb - - - -  Us(l - c~)a, [25] 

dP 
Ah ~ = -- Th Sh -- 3, S,, [26] 

dP 
Ab ~x = --Fbd -- ZbSb + z,S, [27] 

and 

Cb -- 2Ah Job exPt_ -- ~ (sin 7 -- sin 0b) COS 2 ~ dT. [28] 

Note that 0b, Ah, Ab, Sh, S, and Sh can all be expressed in terms of the bed height Yb (see 
figure 1). 

Given any set of operational conditions and physical properties of the two phases, [24]-[28] can 
be solved for the following five state variables: Uh (the mean velocity in the dispersed layer), Ub 
(the mean velocity of the bed), Ch (the mean concentration in the dispersed layer), Yb (the bed 
height) and dP/dx (the pressure drop). In addition, the concentration profile in the upper 
heterogeneous layer, C(y), can be found using [19] for any steady-state solution. 

The mode of solution of the set of equations depends on the flow pattern. 

Flow with a stationary bed 

Let us start with a very low slurry superficial velocity, where a stationary bed is assumed. In 
this case the dry frictional force, F~,  cannot be directly calculated from [10], since it applies only 
at the verge of motion. However, one equation can be eliminated, since by definition, the mean 
velocity of the bed is zero. Solution of [24] and [25] with Ub = 0, yields 

A 
Ch = Cs and Uh= U~-~h. [29] 

Equation [28] can now be transformed into a single-variable equation for the bed height, Yb, 
since Ch is known and all the geometrical properties and other parameters can be expressed in 
terms of Yb. 

Once the bed height has been found, all the geometrical properties as well as Uh and the shear 
stresses associated with the upper dispersed layer can be calculated. The pressure drop is then found 
using [26]. 

The static dry friction force, F~,  can now be calculated from the momentum balance on the bed 
[27] and compared to the maximum dry friction, Fbm, which corresponds to the point of slip and 
is calculated from [10] for the same bed height Yb" The bed is indeed stationary as long as 

F~ < Fbm. [30] 

This condition was first presented by Wilson (1970). 
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As the slurry superficial velocity is increased, the shearing forces are increased while the bed 
height diminishes. A condition is reached when the resistance forces at the bed perimeter due to 
the dry friction (Fbd) are not sufficient to prevent the motion of the bed. At this point, F~ = Fb~ 
and transition from a stationary to a moving bed occurs. 

Flow with a moving bed 
In this case the dry friction force component is a function of the bed height 

[Fbd = Fbm = t/(N w ~ N~)] and is calculated by [10]. However, no other variable may be estimated 
a priori. Therefore the whole set of five equations [24]-[28] has to be solved. The concentration 
profile in the upper dispersed layer can now be obtained using [19]. 

Fully suspended flow 
As the slurry superficial velocity is further increased (for a given set of operational conditions), 

the bed height is reduced. When the bed height approaches zero, transition to fully suspended flow 
occurs. This transition may also occur directly from the stationary bed flow pattern. For this flow 
the pressure drop is calculated by 

dP 2 
dx DPMUsfM' [31] 

where PM = pL(1 --C=)+ psCs andfM is calculated as in [13] with Uh = U= and Dh = D. 
The vertical concentration profile is calculated using [19] with Yb = 0 ,  

C(y) = Csexp - ~ y  . [32] 

Note, that Cs (the concentration at the bottom of the pipe) is not equal in this case to the 
maximum packing concentration. However, it can be calculated using [28], since Ch is known to 
be equal to C~. Substituting Ah by A and setting 0b = (--g/2) in [28], yields 

CB ---- ~ C, exp --"~--E sin ~ .cos 2 ~, d~. [33] 

The local concentration at the top of the pipe, CT, is obtained using [32] with y = D. As the slurry 
superficial velocity is increased, the value of E also increases, and the ratio CT/C~ approaches unity 
(i.e. the concentration profile flattens). The transition from heterogeneous to pseudohomogeneous 
flow is assumed to occur when the concentration distribution is essentially uniform, say, for 
example, CT/CB ~ 0.95. The pressure gradient for the pseudohomogeneous flow pattern is also 
evaluated using [31]. 

For any given set of operational conditions such as the pipe diameter, the slurry flow rate, 
the input solids concentration, the properties of the solid particles (density and diameter), the 
properties of the carrier liquid (density and viscosity) and the dry sliding friction coefficient, the 
flow pattern, pressure drop, bed height, mean velocities in the two layers and the concentration 
profile in the dispersed layer can be calculated. The critical velocity can also be evaluated by finding 
the minimum on the graph of pressure gradient vs slurry superficial velocity. 

EXPERIMENTAL SYSTEM 

A schematic layout of the experimental system is shown in figure 2. The system consists of a 
steel frame supporting the test section which is a transparent Plexiglas pipe, I l m long, with an 
i.d. of 51 mm (2") which is leveled to an accuracy of ±0.1 °. 

The slurry feed pipe is of Plexiglas with an i.d. of 40 mm (1.5") that slopes downward at an angle 
of 2 ° to the inlet section (the feed pipe is always higher than the highest point of the test pipe). 

The slurry is supplied from a 5001. container, mixed by a 420 rpm mixer and circulates in a closed 
loop through the system by two slurry pumps with rubber-coated open impellers. The slurry flow 
rate can be controlled by a butterfly control valve and by bypass lines, and is measured by a slurry 
magnetic flow meter. In order to conveniently control the input concentration of the slurry a water 
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loop can be added to the slurry loop. Concentration samplings are taken from the slurry supply 
line near the entrance to the test section. 

The solid particles used are General Electric "Black Acetal" with a density of 1.24 gr/cm 5 and 
diameter of 3 mm. 

The pressure drop in the test section is measured using two Validyne differential pressure 
transducers (DP15 and DP7) with direct connection to a digital computer for data acquisition and 
reduction. The flow patterns were determined by visual observation. 

RESULTS AND DISCUSSION 

Figure 3 shows the (dimensionless) pressure gradient, i, vs the mixture velocity for various input 
concentrations. The solid lines represent the theoretical results, and the ( + )  signs the data points. 
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The results are typical of the pressure gradient behavior for slurry flow of coarse particles in 
horizontal pipes. At high superficial velocities, where the mixture is suspended, the slurry pressure 
drop is usually somewhat higher than that of the carrier liquid. Reduction of the mean velocity 
leads to bed formation and to pressure drops which are much higher than those of the pure liquid. 
The solid lines in the figure present the results of the theoretical model for the same conditions. 
The theory compares favorably with the experimental data. Increasing the input concentration 
results in higher pressure gradients, while the value of the critical velocity remains almost constant. 
This effect on both the pressure drop behavior and the critical velocity values is predicted quite 
accurately by the theoretical model. Almost all the experimental data were in the moving bed flow 
pattern. The theoretical model indeed predicts the moving bed flow pattern in the experimental 
velocity range. 

Our experimental data and the theoretical model were also compared with previously published 
commonly used correlations for the prediction of pressure drop in slurry flow. Figures 4--7 show 
pressure drop curves for a given set of operational conditions which result from Durand's 
correlation [1], Zandi & Govatos' correlation, Newitt et  al.'s method [2] and Turian & Yuan's 
correlation [3], as well as our experimental data and the theoretical prediction. Both the 
experimental data and the model predictions lie within the pressure drop range which is bounded 
by the other correlations. Moreover, the present experimental data compares better with the 
theoretical curves than with the other correlations. It should be noted that the best fit is observed 
between our results and Turian & Yuan's correlation, which is based on the largest data bank. 

S P E C I F I C  E N E R G Y  C O N S U M P T I O N  

An alternative way to represent the performance of hydraulic transport of solids is to plot the 
specific energy consumption against the solids throughput. This method was also presented by 
Streat (1982). This mode of presentation has practical significance. It is important to consider the 
energy requirement for the transportation of a given amount of solids, since it may be a dominant 
factor in the determination of the operation costs. 
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The energy consumption per unit mass (of delivered solids) per unit length, E, is calculated by 

dP Qs 
E = d-x ~ "  [341 

For any slurry volumetric flow rate, Qs, the pressure drop, d P / d x ,  is found by the method described 
before and the solids throughput, M s , is calculated by 

Ms = Qs Csps. [351 

The model results are shown in figure 8. An interesting behavior of the specific energy 

2.0 , , i I 

1.5 

1.0 

LU 

0.5 

, 1 , I = I , I , 
0 10 20  30  4 0  50  

MS (T/doy)  

Figure 8. Effect of slurry concentration on specific 
energy consumption, ps = 1240kg/m 3, D =50ram, 

dp= 3 ram, t/=0.3, tan~ =0.6. 
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consumption curves is observed. Like the pressure gradient curves (figure 3), they display a 
minimum. However, their dependence on the slurry input concentration is quite different. While 
the pressure drop curves are shifted toward higher values when the concentration is increased, the 
specific energy consumption decreases. The reason for this behavior is that the slurry concentration 
has quite opposite effects on the solids throughput and on the pressure drop. As the concentration 
becomes larger, the solids throughput increases at a higher rate than the pressure drop. Moreover, 
in order to transport a given amount of solids, the slurry flow rate is reduced if the concentration 
is larger. The overall effect is a reduction of the specific energy which is required for the 
transportation of a given solids throughput. In particular, the minima of the curves are shifted 
toward higher throughput values and lower specific energy requirements for high solids concen- 
trations. It should also be noted, that for the higher concentrations the curves on figure 8 flatten. 

The combined effect of low specific energy consumption and its relative independence on Ms 
appear to point out that slurry transportation at high solids concentration is preferable. However, 
this is not the only factor that is to be considered. High concentrations are associated with the 
formation of high beds. Usually, it is desirable to avoid high beds, since they may cause enhanced 
pipe erosion as well as pipe blockage due to flow irregularities. In conclusion, the specific energy 
consumption should be considered together with the respective bed height in order to obtain the 
optimal conditions for the slurry transportation. 

SUMMARY AND CONCLUSION 

Solid-liquid slurry transportation has been investigated. New experimental data on pressure 
drop in horizontal slurry flow was collected. A theoretical model for the prediction of flow 
characteristics in solid-liquid flow was developed. The theory is based on a two-layer model. It 
allows the prediction of pressure drop and flow patterns once the slurry flow rate, input 
concentration, conduit geometry and solid-fluid properties are specified. The model predictions are 
compared to the new experimental data as well as to several widely used correlations. 
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