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Abstract

The experiments were conducted in 54.9 mm diameter horizontal pipe on two sizes of glass beads of
which mean diameter and geometric standard deviation are 440 um & 1.2 and 125 um & 1.15, respectively,
and a mixture of the two sizes in equal fraction by mass. Flow velocity was up to 5 m/s and overall con-
centration up to 50% by volume for each velocity. Pressure drop and concentration profiles were measured.
The profiles were obtained traversing isokinetic sampling probes in the horizontal, 45° inclined and vertical
planes including the pipe axis. Slurry samples of the mixture collected in the vertical plane were analyzed for
concentration profiles of each particle batch constituting the mixture. It was found that the pressure drop is
decreased for the mixture at high concentrations except 5 m/s and a distinct change of concentration pro-
files was observed for 440 um particles indicating a sliding bed regime, while the profiles in the horizontal
plane remains almost constant irrespective of flow velocity, overall concentration and slurry type.
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1. Introduction

Liquid—solid two phase flow is widely employed in the chemical and mining industries in slurry
pipelines and is encountered in natural phenomena such as river mechanics. It has been the
endeavour of researchers around the world to develop accurate models for pressure drop and con-
centration distribution in slurry pipeline. Pressure drop is one of the most important technical
parameters to be evaluated by the designer for designing a pipeline slurry transportation system,
and is the parameter, which dictates the selection of pump capacity. Several studies for pressure
drop prediction in slurry flow are available in literature (Wasp et al., 1977; Doron et al., 1987,
Gillies et al., 1991; Sundqvist et al., 1996; Mishra et al., 1998; Ghanta and Purohit, 1999; Wilson
et al., 2002; Schaan et al., 2000; Kaushal and Tomita, 2002; Kumar et al., 2003, etc.). Concentra-
tion distribution may be used to determine the parameters of direct importance (mixture and solid
flow rates) and the secondary effects such as wall abrasion and particle degradation. The recent
works of Kaushal and Tomita (2002) and Kumar et al. (2003) are worth mentioning in the field
of concentration distribution in slurry pipeline.

Most of the earlier studies on slurry pipeline systems are based on moderate volumetric concen-
trations of solids (say up to 26%). Much larger concentrations now coming into common use
show more complicated behaviour. Also in any practical situation, the solids are coarser in size
with broad particle grading being transported at large flow velocities. The flow characteristics
of such slurries are studied experimentally in the present study, which will be analyzed to bring
out the effect of particle size distribution on pressure drop and concentration profile.

2. Experimental equipment

A test loop was built to obtain flow rates, concentration profile, pressure drop and flow pat-
terns. The test loop is laid horizontally in the Powder Technology Laboratory of KIT, Japan.
A schematic layout and plan view along with the important dimensions of the rig are presented
in Fig. 1. The pipe inside diameter is 54.9 mm. The rig consists of 22 m long recirculating pipe
loop, 2001 capacity slurry tank, 1501 capacity water tank and a centrifugal pump to maintain
the slurry flow. The pipe loop, slurry tank and water tank are fabricated with stainless steel.
The slurry is supplied from the slurry tank (7 in Fig. 1(b)), where a mixer powered by an electric
motor mixes the water and the solid particles mechanically. The rotation rate of the mixer is kept
sufficiently high to obtain homogeneous solids distribution in the slurry tank. Sufficient care was
taken to minimize the introduction of air bubbles into the system. The tank outlet is located
approximately 10 cm above the bottom (approximately 10 cm below the mixer impeller). An addi-
tional water tank (10 in Fig. 1(b)) is connected parallel to the slurry tank as a buffer, so that the
variations of the mixture level in the slurry tank at start-up and shut-down are reduced. The slurry
is circulated through the system by a centrifugal pump (1 in Fig. 1(b)) with rubber coated recessed
impeller. The pump was chosen to cover the expected range of operational conditions—15 kW
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(a) Plan view (all the dimensions are in mm)

1. Slurry Pump 2. Electomagnetic flow meter 3. Isokinematic sampling probe
4. Pressure tapings 5. Differential pressure transducer 6. Observation chamber
7. Slurry Tank 8. Mixer 9. Valve 10. Water Tank

(b) Schematic diagram

Fig. 1. Test loop used in the present study.

pump, which supplies 0.6 m*/min at 22 m head. The flow rate is controlled using frequency inver-
ter, which enables adjustment of the rotational speed of the pump to any desired value.

The slurry volumetric flow rate is measured using an electromagnetic flow meter (2 in Fig. 1(b)).

A sampling probe (3 in Fig. 1(b)) to measure the concentration profile has a 5 mm x 6 mm rect-
angular slot 3 mm above the end. The concentration profiles in different planes were measured at
corresponding flow velocity and overall concentration. Samples are collected from different loca-
tions in the horizontal, 45° inclined and vertical planes including pipe axis under near isokinetic
flow conditions. During the collection of samples, it was ensured that the flow of the slurry
through the sampling tube outlet is continuous and uniform. Sufficient time was allowed before
sample collection to ensure steady state conditions. The sampling probe was mounted on vernier
type of traversing mechanism.
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The choice of two individual particle sizes was such that for mixture of two sizes, particle size
distributions of different sizes do not overlap with each other. Thus, we can analyze the ratio of
constituent particles in the mixture by using sieve having opening of intermediate diameter. Slurry
samples for flow with the mixture in the vertical traversing were analyzed for fraction and concen-
tration profile of constituent particles. The samples were divided into two classes by using a sieve
of 300 um. Thus, we could evaluate the distributions of constituent particle batches of 440 um and
125 pm sizes in the mixture flow.

In this paper, the overall area-average concentration, Ciy, is used as characteristic concentration
for each experiment, which is an area-averaged value of concentration by integrating the concen-
tration profile measured by isokinetic sampling probe in the vertical plane. We planned the exper-
iment so that the overall area-average concentration be equally spaced every 10% from 10% to
50%. The resulting C is given in the last row of Table 2(a), 2(b) and 2(c). The experimental
results discussed in this paper are for such concentration groups.

The differential pressure is measured between two pressure measurement stations (4 in Fig.
1(b)) located 3 m apart. This constitutes a length of around 60 pipe diameters. These locations
were chosen such that the end effects would be reduced as possible. Separation chambers along
with pressure taps are provided at both the stations for ensuring that only water can enter into
the pressure transducer and their tubings, and that solid particles are not stuck in the tap opening.
Flexible transparent rubber tubes connect the taps to the differential pressure transducer. The dif-
ferential pressure transducer covers the pressure up to 50 kPa.

The temperature of slurry was measured using copper—constantan thermo-couples (0.4 mm
diameter) fixed at the back of the nickel chrome foil at circumferential fixed intervals of 10°
and digital thermometer. The thermo-couples were installed in the pressure tappings.

The output signals from differential pressure transducer, thermo-couples and electromagnetic
flow meter are recorded by data acquisition system. The readings were taken after the flow pattern
was sufficiently stabilized (this was determined both by visual observation and by examining the
trend of pressure drop and flow rate readings). Each data point was obtained by evaluation of the
average of around 2000 readings.

In the straight pipeline, a small length (0.5 m) of perspex pipe (6 in Fig. 1(b)) was provided to
establish the deposition velocity of the slurry in the pipeline by observing the motion of the par-
ticles at the bottom of the pipeline.

3. Material used and its properties

Spherical glass beads with mean diameters of 125 pm, 440 pm and a mixture of the two sizes
have been used to prepare the slurry for the present study. The mixture was prepared by adding
125 um and 440 pm particles in proportion of 50/50 by mass to the pipe loop. However, the mass
ratio MR was not always 50/50 in the flow, and generally the coarser particle size circulated more
in the pipeline, in particular, when the concentration is high, which is shown in Table 2(c). The
average specific gravity was measured as 2.47. Particle size distributions in the fresh samples were
determined by laser scattering analyser, which can measure the particle sizes in the range
from 0.05 pm to 879 um. The measured particle size distributions of three sets of particles are
shown in Fig. 2. The distributions for both the sizes (i.e., 125 um and 440 um) were found to
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Fig. 2. Particle size distribution of different particles used in the present study. (a) dp =125 mm, ¢, = 1.15. (b)
dm = 440 mm, ¢, = 1.20. (c) Mixture of two sizes in equal fraction by mass.

be log-normal. The scatter of a log-normal distribution is usually defined by the geometric
standard deviation ¢, determined from the property that the value of the distributed variable
corresponding to a cumulative probability of 84.1% is o, times the geometric mean. Thus, mono-
disperse particles have o, = 1, while particle size distributions with ¢, less than about 1.5 are
usually considered to be narrowly sized. If we apply the log-normal distribution, the deviations
o, for 125 um and 440 pm were found to be 1.15 and 1.2 respectively, indicating narrow
distributions.

4. Experimental results

The measurement was done by monotonously increasing or decreasing flow velocity, V,,, for
a given particle concentration. It took about 7 min to complete measurement for a given flow
velocity and concentration. The temperature rise during measurement was large when the particle
size was 440 um and the flow velocity was high, but was weakly dependent on the concentration.
The overall average temperature rise was about one degree at most between measurements.
During the measurement we did not identify any monotonous trend of the readings in pressure
drop and flow rate.

4.1. Pressure drop

Figs. 3-5 show the pressure drop per unit length Ap/I against flow velocity V;, and the results
are tabulated in Table 1. To check the accuracy of the experimental pressure drop in the flow of
water, the results were compared with the Moody’s chart. Water data were found to follow the
Moody’s chart corresponding to zero relative roughness. The velocity is varied between the maxi-
mum achievable value and the minimum possible velocity, where particles start to settle at the bot-
tom of the pipe, for all the concentrations of different slurries. The flow velocity at which the solid
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Fig. 3. Pressure drop for slurry of 125 um particle size at different overall area-average concentrations and flow
velocities.
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Fig. 4. Pressure drop for slurry of 440 um particle size at different overall area-average concentrations and flow
velocities.

particles are in rolling motion at the bottom of the pipe is taken as “‘streaking at the bottom”.
Further reduction in the flow velocity results in the bottom-most particles coming to rest and this
velocity is termed the deposition/critical velocity. In Figs. 4 and 5, deposition velocity is indicated
using arrow mark and the corresponding values of pressure drop are indicated in Table 1. At still
lower velocities, the movement of particles occurs as a bed at bottom of the pipe and is identified
as the moving bed velocity. Below this velocity, a static bed is formed and final choking of the pipe
takes place as the bed thickness increases to cover the total pipe cross-section.

Pressure drop for slurry of 125 um particles are presented in Fig. 3 at overall area-average con-
centrations around 10%, 20%, 30%, 40% and 50%. It is observed that the pressure drop at any
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Fig. 5. Pressure drop for slurry of the mixture of 125 um and 440 pm particle sizes at different overall area-average
concentrations and flow velocities.

Table 1(a)

Pressure drop in Pa/m for 125 pm particles

Vm Cvf AP / [ Cvf AP / / Cvf AP / / Cvf AP / / Cvf AP / /
(m/s) (Pa/m) (%) (Pa/m) (%) (Pa/m) (%) (Pa/m) (%) (Pa/m)
1 9.4 261 19.22 341 30.3 373 1543

2 10.06 847 20.48 1051 30.02 1037 41.1 51.7 2099

3 10.41 1754 20.4 1981 31.19 2037 38.95 2420 49.24 3082

4 10.44 2868 19.52 3263 30.75 3291 40.64 3865 48.56 4750

5 10.93 4153 20.45 4666 30.24 4851 39.56 5761 48.96 6595
Table 1(b)

Pressure drop in Pa/m for 440 um particles

Vin Cor Ap/l o Ap/l Cor Ap/l o Ap/l o Ap/l
(m/s) (%) (Pa/m) (%) (Pa/m) (%) (Pa/m) (%) (Pa/m) (%) (Pa/m)
1 9.77 824 22.29 1742 33.91 3495

2 8.54 1061 21.13 1567 32.31 3433

3 9.39 1700 21.68 1966 30.01 2478 41.59 3614

4 10.38 2576 20.12 2705 30.02 2794 42.47 3480 48.97 7253

5 8.62 3715 18.77 3854 30.7 3934 41.18 4009 49.67 5652

given flow velocity increases with increase in concentration. This trend is seen for all concentra-
tions at all velocities. The rate of increase in pressure with concentration is small at low velocities
but it increases rapidly at higher velocities. The pressure drop for slurry of 440 um particles are
presented in Fig. 4 at overall area-average concentrations around 10%, 20%, 30%, 40%, and
50%. From this figure, it is observed that the pressure drop at any given flow velocity increases
with increase in concentration, but the rate of increase is comparatively smaller at higher flow
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Table 1(c)

Pressure drop in Pa/m for mixture of 125 pm and 440 um particles

Vi (m/s)  Cy (%)  Ap/l (Pa/m)  Cy (%)  Ap/l (Pa/m)  Cy (%) Ap/l (Pa/m)  Cy (%) Ap/l (Pa/m)
1 20.18 665 31.17 1229 38.98 1422

2 17.71 1048 30.43 1143 40.56 1260 48.64 1392

3 18.38 1757 29.22 1886 38.51 1957 47.85 2117

4 20.92 2869 30.3 2970 38.04 2971 48.46 3251

5 19.73 4136 30.49 4212 39.03 4386 48.89 4583

velocities. Furthermore, at lower velocities, pressure drop remains constant at lower concentra-
tions and decreases with flow velocity at higher concentrations. At the largest concentration
(i.e., 50%), the pressure drop decreases with flow velocity even up to the largest flow velocity
of 5m/s. From Figs. 3 and 4, it is observed that finer particle size has less pressure drop at lower
flow velocities and has more pressure drop at higher flow velocities than coarser particles. Such an
increase in pressure drop for coarser particle size at lower velocity is due to the increased amount
of particles moving in the bed due to gravitational effect, while, in case of finer particle size at
higher velocities, pressure drop is more due to greater surface area causing more frictional losses
in suspension. Fig. 5 depicts the pressure drop for the mixture of 125 pym and 440 um particles at
overall concentrations around 20%, 30%, 40% and 50%. From Figs. 3-5, it is observed that for
mixture of two sizes pressure drop is less for most of the observations at higher overall concen-
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Fig. 6. Concentration profiles in the vertical plane for slurry of 125 um particle size.
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trations, except for 5 m/s. It may be partly due to the fact that the smaller particles prevent the
larger particles from forming a moving bed by impinging.

4.2. Solids concentration profiles

Figs. 6-8 show concentration profiles in the vertical plane for slurry of 125 um, 440 um and the
mixture of the two particle sizes, respectively, by C,,/Cys vs. ', where C, is the volumetric con-
centration at y’ = y/D, y being distance from the pipe bottom and D the pipe diameter. Table 2
summarises the result.

It is observed that the particles are asymmetrically distributed in the vertical plane with the de-
gree of asymmetry increasing with increase in particle size because of the gravitational effect. It is
also observed that the degree of asymmetry for the same overall concentration of slurry increases
with decreasing flow velocity. This is expected because with decrease in flow velocity there will be
a decrease in turbulent energy, which is responsible for keeping the solids in suspension. From
these figures, it is also observed that for a given velocity, increasing concentration reduces the
asymmetry because of enhanced interference effect between solid particles. The effect of this inter-
ference is so strong that the asymmetry even at lower velocities is very much reduced at higher
concentrations. Therefore it can be concluded that degree of asymmetry in the concentration
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Fig. 7. Concentration profiles in the vertical plane for slurry of 440 pm particle size.



818 D.R. Kaushal et al. | International Journal of Multiphase Flow 31 (2005) 809-823

10 T T T I 10 T T T I
A @ B % —— lm/s —— lm/s
NIRRT —a—2m/s —a—2m/s
08 | & n\ . E% Y 3mis 0.8 - Y 3mis
AR —a—4m/s —a—4m/s
06 4 ——5m/s 0.6 L ——5m/s
- : N
04 + 4 04 - 4
02 L . ] 02 L obes i
'l i bo e a ]
0.0 I I I I I I 0.0 I I I I I I ]
0 0.5 1 1.5 2 2.5 3 35 0 0.5 1 1.5 2 2.5 3 35
Cy/Cy Cy/Cy
(@) Cy = 20% (©) Cy = 40%
1 0 T T T T 1 0 T T I
—— lm/s —a—2m/s
08 [ —@—2m/s 08 [ ——3m/s
. ——3m/s . —a—4m/s
—a—4m/s —+—5m/s
0.6 - —e— 5m/s 0.6 -
= B
04 - 4 04 - 4
02 f abeae ] 02| ]
%}XI\OE \A
00 L L L L L L 00 L L L L L L
0 0.5 1 1.5 2 2.5 3 35 0 0.5 1 1.5 2 2.5 3 35
C/Cy Cy/Cy
(b) Cy = 30% d) Cy = 50%

Fig. 8. Concentration profiles in the vertical plane for the mixture of 125 um and 440 um particle sizes.

profiles in the vertical plane depends upon the particle size, velocity of flow and overall concen-
tration of slurry.

Measured concentration profiles show a distinct change in the shape for slurries of coarser par-
ticle size (i.e., 440 um) with higher concentrations at lower velocities. It is observed that the maxi-
mum concentration at bottom does not change and extends up to centre of the pipeline, thus
making a sudden drop in the concentration in the upper half of the pipeline. The reason for such
a distinct change in shape of concentration profiles may be attributed to the sliding bed regime for
coarser particles at lower velocities and higher concentrations.

The typical measured concentration profiles in the 45° inclined plane, C.//Cy vs. z' (C. is the
volumetric concentration at z’ = z/D, where z is the distance from the lower side along the travers-
ing diameter in the inclined plane) are shown in Fig. 9, for slurry of 125 pm, 440 um and the mix-
ture of the two particle sizes at different overall concentrations and flow velocities. The trends
obtained were fairly matching with those obtained in the vertical plane.

The typical measured concentration profiles in the horizontal plane, C./Cys vs. x’ (Cy is the
volumetric concentration at x’ = x/D, x is the distance from the pipe wall along the horizontal
diameter) are shown in Fig. 10, for slurry of 125 pm, 440 pym and the mixture of the two particle
sizes, respectively, at different overall concentrations and flow velocities. From these figures, it is
observed that the concentration in the horizontal plane remains almost uniform irrespective of
particle size, flow velocity and overall concentration. The trend at all the overall concentrations
and flow velocities remains almost similar.



Table 2(a)
Concentration profiles in vertical plane for 125 um particles

V'

Flow velocity Vy, (m/s)

Flow velocity V,, (m/s)

Flow velocity Vy, (m/s)

Flow velocity Vy, (m/s)

Flow velocity Vy, (m/s)

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 2 3 4 5 2 3 4 5

0.1 19.28 14.61 1250 12.13 1191 28.69 2370 21.28 21.13 21.25 36.94 3470 33.84 32.19 3137 4120 41.19 4142 4024 50.97 49.66 49.71 49.54
0.2 1624 1247 11.85 11.66 11.46 24.55 2244 22.00 20.08 20.59 34.81 3345 32.86 31.68 31.14 40.76 39.69 41.76 38.63 51.78 50.72 48.54 48.53
0.3 1333 11.84 11.02 10.74 10.87 2346 2186 20.59 19.83 2094 34.67 32.18 31.90 30.89 30.00 41.48 39.52 41.04 41.10 51.52 4887 48.74 49.13
04 10.81 10.64 10.89 10.82 11.01 18.06 21.24 20.39 20.16 20.65 3325 3140 3243 3149 30.32 40.99 3930 40.73 39.17 5292 4854 4840 49.21
0.5 8.15 9.83 10.10 9.84 1095 19.74 2049 20.41 19.33 20.67 31.97 29.68 30.93 30.31 30.52 40.32 3857 41.04 39.32 50.67 48.60 48.83 48.47
0.6 633 933 977 992 1051 17.53 19.67 20.67 19.45 20.00 28.86 2896 31.23 30.21 30.06 41.22 3749 40.00 39.58 52.82 49.62 47.81 494l
0.7 518 805 949 1020 1049 1562 1924 19.86 1898 19.65 27.07 27.51 2933 30.57 29.85 41.25 39.20 3993 39.51 51.37 49.05 49.05 48.59
0.8 422 742 940 936 11.02 1435 18.04 19.18 1820 20.17 2321 2649 2938 30.06 29.56 41.83 38.10 3993 39.09 5146 49.15 47.67 43.44
09 352 713 927 994 10.60 12.63 17.90 18.96 18.88 20.47 18.97 26.27 28.80 29.51 29.63 41.03 3843 40.15 39.51 51.08 49.73 4892 49.84
Cy 940 1006 1041 1044 1093 1922 2048 2040 19.52 2045 3030 30.02 31.19 30.75 30.24 41.10 3895 40.64 39.56 51.70 49.24 48.56 48.96
Table 2(b)
Concentration profiles in vertical plane for 440 um particles
vy Flow velocity Flow velocity Flow velocity Flow velocity Flow velocity

Vi (m/s) Vi (m/s) Vin (m/s) Vi (m/s) Vi (m/s)

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 3 4 5 4 5
0.1 3526 30.09 2552 20.77 1552 37.14 39.05 3771 3432 2872 38.02 38.08 3776 4146 3936 4438 4893 4526 48.74 51.67
0.2 2830 21.79 1875 1549 1192 3843 39.36 34.81 2846 2550 3599 38.55 38.03 39.17 37.12 4447 49.67 4457 4854  50.67
03 17.35 1423 1415 1321 1017 34.07 39.05 3045 2649 21.82 3926 3675 38.10 3674 3406 4554 4757 4429 4939 51.29
04 11.14 8.55 1038  14.17 9.03 31.17 36.87 2721 2294 19.87 3787 38.64 38.08 3435 3297 4579 4556 4291 4845 51.49
0.5 4.33 4.58 7.14 8.92 7.80 2359 2212 2043 1933 1729  40.16  39.63 3539  30.15 29.77 4538 4426 4387 50.00 51.82
0.6 1.62 2.98 5.31 7.57 7.52  18.70 795 16775 16.74 1692 3795 4046 2749 2653 2744 4510 42.61 4074 48.62 49.14
0.7 0.00 1.97 3.93 6.12 6.36 9.69 264 1272 1343 1438 3556 3394 2084 2328 26.88 3991 3646 3822 49.16 5093
0.8 0.00 0.57 2.50 4.86 5.73 2.69 0.95 9.38 11.78 13.33  21.08 7.01 1564 20.14 2595 3040 33.84 3448 48.80 44.78
0.9 0.00 0.00 1.72 4.44 5.51 0.85 0.00 6.13 9.38 1391 4.04 0.00 11.69 17.78 2435 2384 29.67 33.70 4870  41.30
Cyr 9.77 8.54 9.39  10.38 8.62 2229 21.13 21.68 20.12 1877 3391 3231 30.01 30.02 30.70 41.59 4247 41.18 4897  49.67
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Table 2(c)
Concentration profiles in vertical plane for mixture of 125 pm and 440 pm particles

/

¥y

Flow velocity Vy, (m/s)

Flow velocity Vy, (m/s)

Flow velocity Vi, (m/s)

Flow velocity Vy, (m/s)

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 2 3 4 5
0.1 51.37  36.65 2928  27.69  26.67 5280 43.16 38.59  36.07 3359 51.88  49.74 4522 4232 4214 5352 5083  49.52  50.59
0.2 46.83  30.23 2524 2560 22.71 46.03 40.30 3546 3436 30.38 51.36 47.34 42,74 40.68 39.14 5325 5045 49.13  48.70
0.3 3322 2332 2248 2217  21.67 3956 3680 3390 3140 30.56 51.87 4698  40.09 40.67 3835 5323 50.16 4876  50.53
0.4 21.69 1930 1992 2095 19.02 3472 3353 31.82 31.56 3093 46.29 43.62 39.54 3849 39.71 50.50  49.58 4938  48.63
0.5 12.64  15.11 17.14  20.08 1848  31.51  29.72 2923 2932 29.62 4519 4139 38.60 37.70  39.03 4827 4842 4775 49.88
0.6 8.85 12.66 1527  20.09 18.67 2546  26.61 2390 29.09 29.65 31.66 38.77 38.04 37.03 39.52 4697 4646 4852  47.50
0.7 8.17 11.15  13.84 1880 17.65 21.66 24.67 2556 2842 3031 27.60 3546 36.06 36.50 38.05 4567 4625 4799  49.00
0.8 5.53 8.40 1292 1833  17.75 16.67  21.01 2320 27.27  30.21 20.55  31.63 3390 3474  38.04 4385 4338  47.53  46.86
0.9 4.14 8.11 11.95 1590 17.72 1481 18.77  23.10 2642  30.88 19.72 2791 32,69 34.65 38.07 4138 4462 47.66 48.74
MR 449/ 463/ 50.7/ 55.8/ 55.0/  49.5/ 52.8/ 56.2/ 55.9/ 54.5/ 54.5/ 57.1/ 60.5/ 59.9/ 57.6/ 55.7/ 55.7/ 57.2/ 54.8/

55.1 53.7 49.3 44.2 45.0 50.5 472 43.8 44.1 45.5 45.5 42.9 39.5 40.1 42.4 44.3 443 42.8 452
Cyp 20.18 17.71 18.38  20.92 19.73  31.17 3043 2922 3030 3049 3898  40.56 3851 38.04 39.03 48.64 4785 4846  48.89

“ MR is the mass ratio of 440 um particles to that of 125 ym particles in flow.
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Fig. 9. Typical concentration profiles in the 45° inclined plane.

On the basis of putting together the concentration profiles in the 45° inclined and vertical
planes, it is observed that the concentration in any horizontal plane remains constant. Thus the
concentration distribution is considered as two-dimensional with fair degree of accuracy.

Fig. 11 shows the concentration profiles of constituent particles for flow with the mixture of
two sizes in the vertical plane by C,,;/Cy; vs. y’, where C,; is the concentration of jth batch par-
ticle in the mixture at y’ and C,y; is the overall area-average concentration of that size particles.
Generally, we expect Cy;/Cys; to increase from top to bottom of the pipe. Further, for coarser
size fraction, the ratio C,;/Cy; varies considerably. It is observed that the values of C,;/Cyy; is
almost unity at all heights for 125 pm size particle for all concentrations and velocities
tested except near the deposition velocity, thereby indicating this particle size distributed
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Fig. 10. Typical concentration profiles in the horizontal plane.
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Fig. 11. Typical concentration profiles of constituent particle batch in the mixture of 125 um and 440 pm particle sizes
in the vertical plane.

homogeneously across the pipe cross section. The another size fraction (i.e. 440 pm) is asymmet-
rically distributed with the degree of asymmetry increasing with decrease in concentration and
flow velocity.
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5. Conclusions
Following conclusions have been drawn on the basis of present study:

1. The particle concentration profile is measured for high concentration slurry transport where
the maximum overall area-average concentration is 50% by volume employing coarse parti-
cles and higher flow velocities up to 5 m/s.

2. Narrow grading particles tend to have high frictional losses, while broad grading particles
have low frictional losses at high concentrations.

3. Concentration in the horizontal plane remains almost constant irrespective of flow velocity
and overall concentration.

4. A distinct change in the shape of concentration profiles was observed indicating the sliding
bed regime for coarser particles at lower flow velocities.
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