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1. Introduction

In food and chemical industries, mining operations and wastewater treatment processes, solids
may be conveyed in liquids through the conduits. Although there are many industrial applications
of solid-liquid flows in technology, the available knowledge about particulate flows is not com-
plete due to the difficulties encountered in analyzing these complex systems. Hydraulic trans-
portation of solids in pipes has low operating and maintenance costs (Doron and Barnea, 1995)
and therefore, it is a preferred method.

Sellgren (1982) discussed the two-phase pressure drops and the choice of operating velocities in
the vertical upward pipe flows of solid—water mixtures. He reported that additional turbulence
was created due to the relative velocity between the solid and fluid phases. Furuta et al. (1977)
measured the radial local solid concentrations (RLSCs) in vertical upward and downward flowing
suspensions through a vertical pipe. The radial solid profiles yielded a minimum at the pipe centre
in the vertical upward flow of solid-water mixtures having solids heavier than water, and a
maximum in the downward flow of the same mixtures. They claimed that the solid concentration
profiles were smoothed over the cross-section of the pipe at very high flow Reynolds numbers of
these mixtures. They also reported that the radial solid concentration profiles depended on density
and size of the solid particles as well as the slurry velocity. An investigation of the phase distri-
butions and the turbulent structure of solid-liquid upward flows in a vertical pipe was carried out
by Alajbegovic et al. (1994). They related the concentration distributions of solid particles heavier
and lighter than water to the slip velocity, being a function of liquid flow rate and the density of
solid material. Konno et al. (1981, 1979) investigated the heat transfer and flow characteristics of
solid-liquid mixtures flowing upward or downward in a vertical pipe. They also observed the
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distribution of particles in the pipe and reported that the ratio of transport solid concentration to
the delivered solid concentration was greater than 1.0 for high relative velocities, but it ap-
proached to one at low relative velocities in view of the constant mass flow rate of solids. Since the
circular pipe geometry is considered in most of the previous work (Ayukawa et al., 1980; Hsu
et al., 1989; Ogawa et al., 1990), the data available for suspension flows in the other geometries is
scarce (Sadatomi et al., 1982). The work by Hetsroni and Rozenblit (1994) is worth mentioning
where they investigated heat transfer to a liquid—solid mixture in a flume by using infrared
thermography technique effectively to study the thermal interaction between the particle-laden
turbulent flow and a heated plate.

In practice, the annular geometry is encountered in many industrial applications such as
double-pipe heat exchangers, nuclear reactor coolers, extruders, slurry transport reactors, flui-
dized beds and others. Therefore, the objective of this study is to obtain more experimental data in
the annular geometry for better understanding of two-phase flow behaviour in this specific ge-
ometry. The flow characteristics of feldspar—water mixtures, flowing upward through a vertical
annulus in a closed-loop system, is determined by measuring the radial concentration profiles of
solids and the axial pressure drops in the test section, simultaneously. It is expected that the results
of this study will be useful to explain the effect of solids on two-phase transport phenomena in the
annular geometry (Ozbelge and Koker, 1996).

2. Experimental
2.1. Experimental set-up

The set-up used in the experiments is shown in Fig. 1. It is a closed-loop system consisting of a
centrifugal slurry pump with a by-pass line, horizontal and vertical lines made of galvanized iron,
an orificemeter, a rotameter, a vertical annulus, a heat exchanger, a drain line and a feed-slurry
tank. The vertical annulus made of steel is 500 cm high. Flared mixing chambers are placed at
both ends of the annulus. At the entrance to the annulus, the mixing chamber having baffles
ensures a homogeneous slurry feed to the annulus. Again at the exit of the annulus, a similar
mixing chamber provides the uniform passage of slurry from the annulus to the upper horizontal
pipe in the set-up. The inside diameter of the outer pipe (D,) and the outside diameter of the inner
pipe (D;) being 12.5 and 2.5 cm, respectively, yield an aspect ratio k = D;/D, =0.2 and a hydraulic
diameter Dy, = D,—D; =10 cm for the annulus. The distance from the bottom end of the annulus
up to the test section (entrance length) is 225 cm, which provides a fully developed flow; the length
of the test section is 200 cm. There are two pressure taps opposite to each other drilled in each
cross-section at both ends of the test section. Two pressure transducers (Cole—Parmer, range: 0-15
psig) and a U-tube manometer connected to the test section, by means of these pressure taps, are
used to measure the axial pressure drops.

The total pressure drop in the test section (frictional pressure drop + hydrostatic head) was
measured by processing the signals from the transducers at a rate of 10 pressure readings per
second in an IBM-PC via a programmed interface. At first, when the test section was completely
full of water and the pump was not operating, the hydrostatic head in the test section was
measured several times and an average value was obtained. Later the total pressure drops, in-
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Fig. 1. The schematic diagram of the experimental set-up.
cluding the pressure drops due to flow besides the static head, were measured with the transducers

at different water velocities. It was observed that the total pressure drops were not significantly
different than the static head; since, the frictional pressure drops in single-phase (water) flows were
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very small, it was not possible to measure them by means of the pressure transducers. Therefore, a
U-tube manometer was used to measure the frictional pressure drops in the test section more
accurately. This U-tube manometer, having a manometer fluid of CCly, was placed inclined at
small angles to the horizontal. An inclination angle of 2°-10° provided the desired accuracy in
small pressure drop measurements, especially those occurring in the laminar water flows without
solids. In two-phase (feldspar-water) flow experiments, it was necessary to increase the inclination
angle to 90° due to the greater pressure drops.

A sampling probe designed previously by Ozbelge and Somer (1988) was used to measure the
radial local solid concentrations (RLSCs) at a cross-section of the annulus perpendicular to the
flow. The schematics of the probe is given in Fig. 2. The entire assembly of the sampling probe
is tightly clamped on the annulus at a height of 130 cm from the beginning of the test section.
The probe has an inner diameter of D, =0.2 cm and an outer diameter of D,,=0.32 cm. It
could be traversed across the annular gap in the horizontal direction by a screw mechanism.
The position of the probe-tip in the annular gap is followed on a scale by a needle. When the
position of the probe-tip is changed, the distance travelled by the probe is read from a scale.
The direction of the probe-tip is parallel to the streamlines of the flow as the tip-opening is
facing the flow.

The flow rates are measured using an orificemeter mounted on the vertical pipe leading to the
annulus; the orificemeter is placed away from the elbows to avoid the flow disturbances. It was
calibrated with water. This calibration could not be repeated with the solid-liquid mixtures due to

PROBE
Fig. 2. The schematics of the sampling probe.
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the limited amounts of solids and it was assumed that the error would not be significant in the case
of very dilute solid—liquid mixtures used (Ozbelge and Somer, 1988). A rotameter placed on the
same vertical pipe in series with the orificemeter, was used to control the calibration of the or-
ificemeter. In performing the experiments with feldspar—water flows, the rotameter was removed
from the system to avoid the clogging in the system and not to cause additional resistance to flow.
The flow rates lower than 40 1/min were measured with a CCly-manometer connected to the taps
of the orificemeter and a Hg-manometer connected in parallel to the CCly-manometer, was used
for the higher flow rates.

A cylindrical head tank made of stainless steel was used for the preparation of the feed slurry.
The tank having a conical bottom to avoid the settling of the solids, is connected from its bottom
to a centrifugal pump with a vertical pipe. The rubber tubings of about 20 cm long were used in
connecting the pump to the set-up to eliminate the possible vibrations in the system during the
operation of the pump (Fig. 1).

A heat exchanger, placed between the slurry tank and the top end of the annulus, maintains a
constant slurry temperature during the flow experiments; the slurry would otherwise heat up
during the circulation through the pump, in the closed-loop system. The slurry temperature was
measured by a temperature probe and its digital meter (Cole-Parmer). The temperature-probe is
inserted into the top mixing chamber at the exit of the annulus before the heat exchanger.

A short horizontal sampling line with a ball valve was constructed on the annulus-wall at a
height of 30 cm from the exit end of the test section to determine the mixture density at the wall.
In each experimental run, a sample of approximately 500 cm® was collected from this sampling
port without diverting the whole flow through the annulus. From its measured volume and mass,
the density of the mixture at the wall (p) Was determined.

The mixture is washed out of the system by a vertical drain-line, which is installed on the upper
horizontal pipe, between the heat exchanger and the head tank. In cleaning the system, the ball
valve before the drain line was opened and the other ball valve leading to the head tank was closed
simultaneously. During this operation, the head tank was connected to an outside clean water
source to avoid the emptying of the flow system. A representative solid sample for each particle
size, was collected from the drain line to check the attrition of solids after the experiments, by a
sieve analysis on the used particles. Five batches of feldspar particles (K,0-Al,03:6S10,) having
mean particle diameters of 0.0064, 0.0115, 0.0138, 0.0165 and 0.0230 cm and a material density of
pp =2.4 glem® were used in the experiments.

2.2. Experimental procedure

At the start of the experimental work, the orificemeter was calibrated with water using a Hg-
manometer or a CCly-manometer as explained in Section 2.1. The pressure transducers were also
calibrated. The transducers displayed 4 or 20 mA when zero or 15 psig was applied, respectively.
The linearity between the pressure head in terms of pressure units of psi (Ibg/in.?) and the pressure
response of the transducers in terms of milliamperes was checked by observing the height of water
level in the annulus by means of a vertical glass tube with a millimetric scale mounted on its side.
When the pump was not operating and the system was full of water so as to wet both of the
transducers, the heights of water columns over the transducers were measured from the scale
connected to the glass tube, thus the gravity heads of water on each of the transducers were
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calculated. At the same time, the pressure responses of the transducers were recorded in terms of
milliamperes. This procedure was repeated by reducing the water level in the glass tube; it was
observed that the calculated heads and the recorded milliamperes were linear. Thus, the cali-
bration equations for the transducers were obtained (Beyaz, 1998).

Firstly, experiments with water were carried out to determine the accuracy of the present ex-
perimental set-up. Later, experiments with the solid—liquid mixtures were performed in a similar
manner, as explained below.

The head tank was filled with water up to the marked level and the pump was started. Slurry, at
a desired feed solid concentration (FSC) was prepared in the head tank by adding the weighed
amount of uniformly sized feldspar particles at the chosen mean particle size. The mixture flow
rate was adjusted manually by the valves using the calibration curve of the orificemeter. After-
wards, the flow rate of the cooling water to the heat exchanger was set. When the temperature of
the mixture in the system remained constant with time, the simultaneous measurements of
the axial pressure drops and the RLSCs were carried out in the test section. Also in each run, the
mixture density at the wall was determined by taking a sample from the sampling port on the
annulus-wall, without diverting the whole flow to the sampling line.

This procedure was repeated for different FSCs of each size of particles in water. At each FSC,
experimental runs for different mixture velocities (in the range 0.8-19.3 cm/s) were performed.
Altogether, 278 runs were performed with feldspar—water mixtures. In each of these runs, the
frictional pressure drop in the test section and the mixture density at the wall were measured; but
only in 152 runs, the radial solid concentration profiles were determined by the RLSC mea-
surements (Beyaz, 1998). For each FSC, just before adjusting the slurry flow to a new velocity, the
necessary amount of solids of that particle size and some water were added to the head tank to
keep the liquid level the same and to compensate for the loss of material due to sampling. At the
end of a day of experimentation, the solids were washed out of the system to prevent their settling
in the pump, tank and pipes, and then the pump was turned off.

To measure the local solid concentrations (LSCs) at various points along the chosen diameter
in the test cross-section, a gravimetric method was employed. A set of 50-ml Erlenmeyer flasks
were washed, dried and weighed with their corresponding corks, to be used in the experiments.
During the circulation of the slurry in the system, the samples of any volume (25-30 cm?) passing
through the sampling probe, were collected in 50 ml Erlenmeyer flasks. Each of these samples
corresponded to a mixture of water and solids at a definite radial distance from the inner-pipe
wall. This distance was read from the scale on the probe assembly. The Erlenmeyer flasks con-
taining the collected samples were tightly closed with their corks just after the samples were taken,
and were then weighed. These samples were carefully dried, preventing splashing, overnight in an
oven at around 105°C. As soon as the flasks were removed from the oven, they were closed with
their corresponding corks to avoid the absorption of moisture by the dried samples. They were
cooled in a desicator and then weighed again with a sensitive balance to an accuracy of +0.001 g.
Thus, the RLSC at each radial distance was calculated. The scope of the experiments is given in
Table 1.

In Table 1, the mixture Reynolds number is defined as, Rey, = Dy, Uany P,/ iy, Where Dy, is the
hydraulic diameter, U,,, the velocity in the annulus, p,, the average transport mixture density
(ATMD) in the test section and fi,, is the average viscosity of the mixture calculated from Eq. (1)
(Kofanov, 1964):
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Table 1
The ranges of experimental parameters in flow experiments
Solid concentration in feed slurry, C; (% v/v) 0.3-2.3
Solid particle size, d, (cm) 0.0064-0.0230
Reynolds number of the mixture, Rey, = Dy Uann P/l 800-20000
Mixture velocity in the annulus, U,,, (cm/s) 0.8-19.3
i = 1, (14 2.5 % ). (1)

In Eq. (1), g, is the viscosity of water at the measured temperature of the mixture in each ex-
perimental run and ¢ is the average volume fraction of solids in the test cross-section of the
annulus. The calculation of ¢, is explained in the next section.

3. Results and discussion

Hydrodynamic characteristics of single-phase flows (laminar, transition and turbulent flow
regimes) are known well, but the same is not valid for two-phase and multi-phase flows. There-
fore, in this study, the flow characteristics of feldspar—water mixtures is investigated experimen-
tally at the steady state; the relationship between the axial two-phase frictional pressure drops and
the radial concentration distributions of solids in the test section is determined for the vertical
upward flows of these mixtures in a concentric annulus at different operating conditions.

The experimental results obtained with single-phase water flows were compared with the the-
oretical ones calculated from the well-known equations of fluid-mechanics (McCabe et al., 1985)
to check the accuracy of the present experimental set-up. These are given elsewhere (Ozbelge and
Beyaz, 1999). The repeated runs show that the uncertainty in the frictional pressure drop mea-
surements is +2%.

3.1. Feldspar—water flow experiments in the vertical annulus

The most important characteristic of two-phase flows is known to be the pressure drop versus
mixture velocity relationship. Since the flow is vertical upward, the effect of the hydrostatic head
must be considered. The two-phase frictional pressure drops (APy,) are calculated from Eq. (2) at
different mixture velocities,

APy = hg(pccia — Pm)s (2)

where, & is the U-tube manometer reading, p,, average mixture density obtained from the RLSC
measurements in the test cross-section during the flow as explained later in this section, pccy is the
density of manometer liquid and g is the gravitational acceleration. Using p,, in Eq. (2) may be
questionable thinking that the tubings of the manometer will be clogged if they are filled with the
solid—liquid mixture; but considering that the slurry contains micron-size particles at very low
concentrations and observing the turbid water in the manometer tubings, it will not be correct to
use the density of water (py) instead of p,, in Eq. (2). The validity of this argument was checked
with the Bernoulli equation written between the entrance and exit planes of the test section
(Ozbelge and Beyaz, 1999). If the tubings of the manometer were filled with water, the application
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of the Bernoulli equation with the present experimental data would yield negative values for AP,
in the test section. This is not realistic which shows that the last hypothesis is not acceptable; in
other words, the tubings of the manometer connected to the test section are filled with the dilute
feldspar—water mixture rather than water.

APy, values can also be calculated according to Eq. (3) from the total pressure drop (APiotal)
values obtained with the pressure transducers:

ARp - APtotal - f_)mgL (3)

The APy, values from Eq. (2) are in agreement with those calculated from Eq. (3) within an
error margin of 6%, the latter being less reliable; because in Eq. (3), the greater magnitude of the
static head term (p,, g L) compared to the frictional two-phase pressure drop (APy,) causes a
reduction in the accuracy of the calculations. Therefore, the APy, values calculated from Eq. (2)
are presented in this paper (see Figs. 3-5) and AP values are not reported here. The average
transport mixture density (ATMD), p.,, appearing in Egs. (2) and (3) is calculated from Eq. (4)
where p, is the average solid density (ASD) over the flow area in the test cross-section obtained
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Fig. 3. Two-phase frictional pressure drop versus mixture velocity, at different p,, in the test section and at different Cy,
for d, =0.0064 cm.
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from Eq. (5) by graphical integration of the local solid density versus radial distance data, R; and
R, being the radii of the inner and outer pipes, respectively.

pm ::53+(l _d_)s)pwv (4)
where ¢, is the average volume fraction of solids (volume of solids/volume of mixture, v/v) at the
test cross-section of the annulus, being equal to (p,/p,).

Ro

- ° p2nrdr
Ps = & N (5)
(R} — RY)

where p; is a function of r. For each experimental run, the ASD (p,) is obtained from Eq. (5) and
used to calculate the average ¢, (v/v) value from p,/ p,- Thus p,, and i, values are calculated from
Egs. (4) and (1), respectively. Using the whole experimental data, the calculated py, p,, and ¢,
values are given elsewhere (Ozbelge and Beyaz, 1999). The average solid concentration (C, in
terms of % v/v) is obtained from Eq. (6) where p, is the material density of feldspar particles.

Cs = (ps/pp) x 100 = ¢, x 100. (6)

From the repeated runs, the uncertainty in the LSC measurements is found to be +2%. The
concentration probe used in the determination of the RLSCs is the same one which had been
designed and successfully used in the previous study by Ozbelge and Somer (1988), giving results
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in good agreement with the literature (Toda et al.,1972). In each experiment, the mixture density
measured at the wall (pny) is compared with the ATMD (p,,,) in the test cross-section obtained
from Eq. (4). The maximum percentage difference between the two values (pn, and p,,) is £1%,
which indicates the reliability of the local solid density (concentration) measurements with the
sampling-probe. The distance between the locations of the sampling probe used to measure the
radial local solid densities and the sampling port used for the wall sampling is around 100 cm (Fig.
1), which shows that the ATMD does not significantly change with the height of the annulus.

For feldspar-water flows at different operating conditions, the experimental and the calculated
parameters are tabulated elsewhere (Ozbelge and Beyaz, 1999), the experimental parameters being
the particle size (d,), feed solid concentration (Cr), mixture velocity in the annulus (Uy,n,), ma-
nometer reading () and the calculated parameters being the two-phase frictional pressure drops
(APy,), the average transport mixture density (p,,), the average solid-phase density (p,) and the
average volume fraction of solids (¢,) in the test section.

The feed solid concentration (Cy) being a parameter, the AP, values versus the mixture ve-
locities are shown in Figs. 3-5, for the mean particle sizes of 0.0064, 0.0165 and 0.0230 cm. In
these figures, each curve corresponds to a specific C; of that particle size, and the values written on
the curves indicate the ATMD values (in kg/m?®) calculated from Eq. (4) for each experiment at a
different mixture velocity. The same values of the ATMD attained in the test section, which may
correspond to different operating conditions (different mixture velocities and feed solid concen-
trations) of the feldspar—-water flows for a specific particle size, are joined to get the iso-ATMD
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lines. On these dotted lines where the ATMD is constant, it is observed in Figs. 3-5 that the APy,
increases with the increasing mixture velocity. This is an expected result (McCabe et al., 1985). As
seen from Figs. 3-5, the APy, increases with C; for each particle size, at the same mixture velocity.
It also increases with the increasing particle size, keeping the Cy and the mixture velocity constant.
Depending on the characteristics of the system, each (AP, versus mixture velocity) curve passes
through a peak-APy, value at a certain mixture velocity. The peak value of APy, occurs when the
ATMD reaches its peak value for a specific FSC of that particle size. For the same FSC, the peak
value of the AP, and that of the ATMD occur almost at the same mixture velocity. First in-
creasing behaviour of ATMD in the test section with the mixture velocity and then a decrease in
ATMD with a further increase in the mixture velocity, at constant FSC, can be explained with the
following arguments.

At very low mixture velocities, some of the particles may settle down in the horizontal pipe
section before the annulus, forming a fixed or a moving bed due to the size distribution of the
feldspar particles. Therefore, the amount of solids carried to the vertical annulus will be less. The
amount of solids carried to the annulus will gradually increase with the increasing mixture velocity
due to the decrease in the amount of settled solids in the horizontal pipe section. As a result, the
ATMD in the test section increases with the increasing mixture velocity and reaches its peak value
in the test section when there is no solid settled in the horizontal section and almost all the solids
are in suspension. With further increase in the mixture velocity, the ATMD in the test section
decreases due to the more homogeneous distribution of the whole solids added to the head tank in
the preparation of the feed slurry, to the overall system.

The repeated runs show that £2.5% error in the mixture velocity measurements and 2% error
in the APy, measurements occur in the feldspar—water flow experiments. The sieve analyses of the
feldspar particles before and after the experiments indicate that the attrition of the solids is not
significant during the circulation of the solid-liquid mixtures in the closed-loop system for a day
of experimentation. Nevertheless, the used solids were discarded and not used again.

3.2. Radial solid concentration profiles in the vertical annulus

The determination of the phase distributions in two-phase flows has been a challenge due to the
difficulties of the experimental work in these systems. Especially in the annular geometry, the
interactions between the phases and their effects on heat and mass transfer phenomena could not
be explained properly (Ozbelge and Koker, 1996). In the present study, the RLSCs are measured
for the feldspar—water mixtures flowing upward in a vertical concentric annulus at different op-
erating conditions. The figures representing some of the data are reported here and the rest of the
data is given elsewhere (Beyaz, 1998; Ozbelge and Beyaz, 1999). At different FSCs of each particle
size, the local solid concentrations (C, % v/v) versus the radial distance (v, cm) are plotted in
Figs. 6-10, the mixture Reynolds number (Re,) being a parameter. In these figures, the radial
distance is measured from the centre of the concentric pipes to the point where the LSC mea-
surement is made in the test cross-section. As observed in Fig. 6, the LSCs do not show con-
siderable variation with the radial distance for very dilute slurries (Cy = 0.4% v/v) containing very
small particles (d, =0.0064 cm), and therefore, the radial solid concentration profiles are almost
uniform at each Re,. The RLSCs increase in the test section with the increasing mixture velocity
(or the Rey, ) up to a certain velocity and then they decrease again with the increasing velocity or
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Fig. 8. Local solid concentration in the test cross-section as a function of radial distance at different mixture velocities
for feldspar particles of d, =0.0138 cm, at C; =0.3% v/v.
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Fig. 10. Local solid concentration in the test cross-section as a function of radial distance at different mixture velocities
for feldspar particles of d, =0.0230 cm, at Cy =1.8% vl/v.

the increasing mixture Reynolds number, depending on the characteristics of the system as
explained in Section 3.1.

The solid phase shows its effect yielding the radial solid concentration profiles in different
shapes with increasing particle size and C; (Figs. 7-10). After considering all the radial solid
concentration profiles (Beyaz, 1998) obtained in this work at different experimental conditions, it
can be concluded that generally the values of LSC are higher near the outer wall compared to
those near the inner wall of the annulus. Also, a slight minimum seems to occur at a dimensionless
radial distance (1 =r/R,) within the range 0.35 < 1 < 0.55 in the Re,, range 800-20 000; the solid
concentration profiles suggest that the radial location of this minimum solid concentration is
most probably determined by the combined effects of the particle size, FSC and the Re,, in each
experiment.

In single phase laminar flow through an annulus with the same aspect ratio as that of the
annulus used in this work, namely « =0.2, the dimensionless radial distance of A=0.546 is cal-
culated from Eq. (7) (Bird et al., 1960) where the shear stress is zero and the point velocity is
maximum.

J=(1-1)"/2In(1/x)". (7)

With the available data, it is not possible to say whether the minimum point of the radial solid
concentration profile and the maximum point of the velocity profile occur at the same dimen-
sionless radial distance or not. Since the velocity profiles of the phases have not been measured in
the present study, this point remains unresolved and needs further work to clarify how the solid
concentration is affected by the two-phase velocity or vice versa.
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4. Conclusions

The steady laminar and turbulent upward flows of feldspar—water mixtures through a vertical
annulus (aspect ratio of D;/D,=0.2 and a hydraulic diameter of D, — D; =10 cm) are studied
experimentally. (L./Dy), the distance of the entrance length to the test section divided by the
hydraulic diameter, being an important parameter to provide a fully developed flow, is 22.5 in
pressure drop measurements and 35.5 in local solid concentration measurements. The conclusions
derived from this study are given below:

e The two-phase pressure drop (AP,) increases with the feed solid concentration (FSC) of each
particle size, at the same mixture velocity. The APy, also increases with the increasing particle
size keeping the FSC and the mixture velocity constant.

e The same values of the average transport mixture density (ATMD) attained in the test section,
may correspond to different operating conditions (different mixture velocities and FSCs) of the
feldspar—water flows for a specific particle size, are joined to get the iso-ATMD lines. At the
same ATMD in the test section, the axial two-phase frictional pressure drop increases with
the increasing mixture velocity.

e Depending on the characteristics of the system, the peak values of the ATMD and APy, occur
almost at the same mixture velocity, the value of which may vary with the FSC chosen in the
experiments for each particle size.

e The local solid concentrations (LSCs) do not show considerable changes in the radial direction
for the conditions of very small particle sizes (e.g., 0.0064 cm) at very low FSCs (e.g., 0.4% v/v)
in feldspar—water upward flows. From the radial solid concentration profiles, it can be conclud-
ed that generally the values of LSC are higher near the outer wall compared to those near the
inner wall of the annulus. Also, a slight minimum seems to occur at a dimensionless radial dis-
tance (4 =r/R,) within the range 0.35 < A < 0.55 in the mixture Reynolds number (Re,,) range
800-20 000; with the available data, it is not possible to say whether or not the minimum point
of the radial solid concentration profile and the maximum point of the velocity profile occur at
the same dimensionless radial distance.
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