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Solid particle distribution of moderately concentrated
suspensions in a pilot plant stirred vessel
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Abstract

Detailed particle distribution of a solid–liquid suspension in the just suspended state was measured by means of a conductivity probe. A total
of eight experimental settings were investigated, involving two particle diameters (0.14 and 0.35 mm), two average particle concentrations (5 and
10 vol.%) and two impeller off-bottom clearances (H2/d = 1 and 0.5). A pilot plant stirred vessel of 1 m in diameter stirred with flat six pitched-
blade turbine was used. A particle-filled layer of suspension was observed in all these experiments, and was particularly pronounced at the solid
concentration of 10 vol.% and impeller off-bottom clearanceH2/d = 0.5. The local solid concentration profiles within this layer were investigated.
The axial and radial concentration gradients and their standard deviations were determined.
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The results indicate the presence of a concentration gradient in the radial direction within the particle layer, and of significant con
uctuations at the interface between the particle layer and the clear liquid layer in the upper part of the stirred vessel.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Mechanical mixing is a common unit operation in chemical
echnology processes, biochemical industries, mineral process-
ng industries and numerous other applications. The suspension
f solid particles in a liquid is encountered, e.g. in leaching,
eactions utilising a solid catalyst, crystallisation, coagulation,
nd water treatment. In the course of mixing, the solid particles
re moving in the liquid phase and thereby increase the rate of
ass and/or heat transfer between the particles and the liquid. In
ccordance with operational demands, it is possible to conduct

he mixing of suspension either in the state of complete sus-
ension, when no particle remains at the vessel bottom for more

han 1–2 s[1], or in the state of a homogeneous suspension, with
he solid phase uniformly distributed in the stirred vessel. The
atter case is difficult to attain and usually is not required in most
ndustrial applications.

In the processes mentioned above, the knowledge of local
olids concentration profiles in a mechanically agitated vessel is
ery important. Numerous methods are available for measuring

local solids concentrations in a slurry in stirred vessels. O
cal methods are very popular and much useful work has
done here; the Refs.[2–4] are an example. These non-intrus
methods are generally limited to solids concentrations less
1–2%. This is due to the scattering and blocking of ligh
the solids between the source and the detector. Typical r
sentatives of in situ concentration measurements are the s
withdrawal method and the conductivity probe measurem
The former method is the simplest one and has been emp
e.g. by MacTaggart et al.[5] and by Barresi et al.[6–8]. The
samples of the suspension are taken from different loca
in the vessel, and the solid phase concentration is determ
However, it is extremely difficult to obtain representative s
ples from a stirred vessel due to inertia differences betwee
fluid and the particles of different sizes or densities[5,9]. The
conductivity measurement is based on the conductivity cha
of the suspension depending on the quantity of solid part
present. Two-electrode conductivity probes were used e
the works[10–14]and recently in[15,16]. Four-electrode con
ductivity sensors developed by Considine and Considine[17]
and by Nasr-El-Din et al.[18] were used e.g. in their wor
∗ Corresponding author. Tel.: +420 2 20443233; fax: +420 2 3333 7335.
E-mail address: Michal.Spidla@vscht.cz (M.̌Spidla).

[19,20]. The conductivity method has the advantage of requir-
ing low investment and of lending itself to measurements in
highly concentrated suspensions. On the other hand, its accuracy
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Nomenclature

A slope of the straight line, vol.%
b baffle width, m
B y-intercept of the straight line (CVavg axial in the

vessel axis), vol.%
CV local solids volume concentration, %
CVavg average solids volume concentration, %
CVavg axial average solids volume concentration in an

axial direction, %
CVstd standard deviation of local solids volume

concentration, %
d impeller diameter, m
dp particle diameter, m
D vessel diameter, m
Fr′ modified Froude number
g acceleration of gravity, m s−2

h actual position of measuring point in axial
direction (i.e. distance from vessel bottom), m

H filling height, m
H2 impeller off-bottom clearance, m
Kc concentration calibration constant in Eq.(1)
njs just suspended agitation speed, rpm
r actual position of measuring point in a radial

direction, m
R vessel radius, m
V vessel volume, m3

w width of blades, m

Greek letters
γ f relative electric conductivity of liquid, S m−1

γs relative electric conductivity of suspension,
S m−1

ρ density of liquid, kg m−3

ρp solids density, kg m−3

of measurement is lower at solid phase concentrations below
3 vol.%, and there is an intrusive effect of the probe in the ves-
sel. The influence of the probe on the suspension process ca
be eliminated by suitably adjusting the size proportions of the
probe versus the experimental vessel.

The advantage of a two-electrode conductivity probe was
employed and the moderately concentrated systems with 5 an
10 vol.% of the solid phase were investigated in this work. The
pilot plant stirred vessel (D = 1 m) was used, in which the influ-
ence of the small probe on the pattern of hydrodynamic flow
could be considered to be negligible. All experiments were
performed under conditions corresponding to a full off-bottom
lifting of solids, which closely relate to the just-suspended agita-
tion speed,njs. A clear liquid layer above a dense suspension was
clearly observed under these experimental conditions. This phe
nomenon has frequently been observed in the past and was first
discussed by Musil[21]. Further papers[4,22–31]describe the
effects on this phenomenon of particle size and concentration
impeller type and speed, impeller off-bottom clearance, stirrer

and vessel size, mixing time and physical properties of the sys-
tem. Several references are indirect, focused on the study of
various suspension system parameters, e.g. on the conditions of
complete suspension. For example, the mixing time in systems
where the particle suspension layer is observed may be longer
by two or more orders of magnitude than in the single phase
case[24]. The influence of stirrer type and clearance and of the
solid size and concentration on the cloud height was studied
e.g. by Barresi and Baldi[25]. The cloud height is lower when
a pitched blade turbine is used instead of the Rushton turbine.
The cloud height increases with stirrer speed and is lower with
larger particles and at higher solid loading. A review of the par-
ticle suspension layer can be found in recent work by Micale
et al.[31], dealing with CFD simulations of particle suspension
height. It should be noted that the particle suspension layer may
occur also in the three-phase (liquid–gas–solid) systems[26].

In all the works mentioned above, little attention was given
to the solid particle distribution within the layer. Buurman et
al. [22] studied a relatively homogeneous, highly concentrated
particle layer. Under their test conditions, there were hardly any
differences in the solids concentrations at three sample with-
drawal points situated in an axial direction. Radial concentration
profiles were not investigated in their work. The significance
of the radial concentration gradient has never been analysed in
detail, even though the presence of radial concentration gradient
depends on the stirrer type and speed as well as on impeller off-
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ottom clearance, particle diameter and solid loading. Liter
ata suggest that generally, the radial concentration gradien
egligible[6,13,14,32,33]. However, this assumption cannot
eneralised. Micheletti et al.[15] have obtained data at differe
adial positions indicating the presence of radial concentr
radients. These are generally minor for small particle s
ut they increase significantly when particles of larger siz
ensity are suspended. Angst and Kraume[34,35] determined
xial and radial particle distributions using an endoscope sy

n all cases, the measurements indicated a fairly homoge
istribution of the dispersed phase below the stirrer. The
oncentrations were close to the mean particle concentr
bove the stirrer an abatement of the dispersed phase co

ration was determined near the impeller shaft. The reduct
ncreased with higher mean particle concentration, larger bo
istances and greater particle diameters.

The principal aim of this paper was to determine the par
istribution in one horizontal quadrant of the vessel volume.
article distributions were determined at 15 points spaced a
levations above the vessel bottom. The points were situat

our vertical planes passing through the vessel axis and with
alues of radii. Such a detailed measuring mesh made it po
o analyse in greater detail the radial concentration gradie

. Experimental

.1. Local solid concentration measurements

A two-electrode conductivity probe measured the local
entrations of the solid particles, seeFig. 1. The outer (earthed
lectrode was formed by six parallel rods of stainless steel p
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Fig. 1. Conductivity probe.

in the corners of a regular hexagon and conductively connected
with a ring joined to a main carrying tube. The carrying tube
was 150 cm long, so that the connector joining the probe with
the conductivity device was sufficiently high above the liquid
surface in the experimental vessel. The inner (measuring) elec-
trode was made of a stainless steel rod placed in the centre of the
ring. The volume of the measured space was 6.3 cm3, compared
with 7.85× 105 cm3 (i.e. 0.785 m3) of the whole experimental
vessel volume. In this case, the influence of the probe on the
suspension process could be considered negligible.

The layout of the experimental apparatus is shown inFig. 2.
It consisted of the following parts:

• A flat-bottomed, cylindrical, transparent Plexiglas, pilot plant
stirred vessel of a diameterD = 1 m equipped with four stan-
dard baffles,b = 0.1D wide. The height of filling,H, in the
vessel was equal to the vessel diameter,H = D.

• An opto-electronic disc system coupled with a digital counter
was used for measuring the impeller speed. The accuracy of
the impeller speed adjustment was±1 rpm. The impeller shaft
was driven by a servo-controlled variable-speed DC motor by
means of a V-belt and a pulley.

• A conductivity measuring probe was connected to the con-
ductivity meter input. The output voltage signal from this
conductivity meter was connected to the analogue input o
an AD converter, which was part of the computer-measuring

Fig. 2. Experimental apparatus.

card. Matlab software was used to sample the voltage values,
which corresponded to the conductivity values of the suspen-
sion inside the probe.

In an earlier paper[11], a compensation sensor (a second
conductivity probe) was used to eliminate the effects of temper-
ature changes. In our experiments, a single conductivity probe
was used and, instead of the compensation probe that would
measure the conductivity of waterγ f , the effects of temperature
were taken care of by temperature calibration of the probe. The
advantage of temperature calibration consists in that it eliminates
any effects whereby the two probes might electrically influence
one another during the measurement. Moreover, due to slight
differences in geometry the probes may have different tempera-
ture constants. The temperature calibration was undertaken in a
thermostat and extended over the temperature range of 20–30◦C,
i.e. the range used in the experiments. A linear response was
obtained. The temperature of water inside the vessel was mea-
sured during experiments, and the conductivity of waterγ f was
simultaneously calculated from calibration. It should be noted
that the temperature increase during one set of experiments was
+0.2◦C at maximum due to the large volume of liquid, giving
rise to only a slight effect on the conductivity measurements.
Before each set of experiments, both temperature and concen-
tration calibrations were performed in the same tap water used
i ysi-
c erial
c

etric
c

f

n experiments, to eliminate any influence of different ph
al properties of water, e.g. different water salinity or bact
ontamination.

The concentration calibration used to calculate the volum
oncentration of solid particles followed the relation:

γs

γf
= 1 − KcCV (1)
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Fig. 3. Location of measuring points.

whereKc is the concentration calibration constant,γs the con-
ductivity of solid–liquid suspension andCV the local particle
concentration. The concentration calibration was performed in
a 200 mm diameter fluidized bed column. Machoň et al. [11]
and Mak and Ruszkowski[14] obtained the same functional
relationship between conductivity and solids concentration. The
volumetric concentration measured in the settled particle bed
was in the range of 0.60–0.63.

The locations of the measuring probe at a horizontal level are
shown inFig. 3. Assuming that the flow inside vertical quadrants
of the vessel was symmetrical, only one quadrant of the ves
sel volume was investigated, i.e. the measurements proceed
in four vertical planes: the baffle plane and then in the planes
inclined at 30◦, 45◦ and 60◦ versus the baffle plane. The solids
concentrations were measured at nine horizontal levels space
vertically at 10 cm, thus covering the range extending from 10 to
90 cm from the vessel bottom. The total numbers of measuring

points were 119 and 123 for the impeller off-bottom clearance
H2/d = 1 and for the clearance of 0.5, respectively. No measure-
ments could be taken in the area under the impeller and at certain
points at the elevation of 90 cm from the vessel bottom, because
the upper end of the carrying tube of the probe reached too close
to the motor (Nos. 3, 7, 11, 15). The accuracy of manual probe
adjustment was±0.2 cm in the axial and radial directions, and
±1◦ in the tangential direction. The impeller rotated in a clock-
wise direction.

2.2. Experimental conditions

The suspension of a classified ballotini in tap water was used
as a model suspension, at the mean concentrationsCVavg = 5
and 10 vol.% corresponding to 11.6 and 21.6 wt.%, respec-
tively. The mean particle diameters weredp = 0.14 and 0.35 mm
and the particle densities wereρp = 2478 and 2500 kg m−3,
respectively. A flat six pitched-blade impeller (pitch angle 45◦,
blade widthw = 0.2d) working in the pumping down regime
was used. The vessel-to-impeller diameter ratio wasD/d = 3
and the impeller off-bottom clearances wereH2/d = 0.5 and
1. The critical impeller speeds,njs, corresponding to the full
off-bottom suspension, were calculated from the correlation
in Eq.(2):

F
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heredp/D is the relative particle size andFr ′ is the modified
roude number according to Eq.(3):

r ′ =
n2

jsdρ

g(ρp − ρ)
(3)

The coefficientsC41, C42, C31, C32, a1, a2, c1 andc2 are sum
arized inTable 1and they are different for individual impell

ypes and off-bottom clearances. The coefficients were c
ated from the experimental results obtained by us in the ran

able 1
he regression coefficients in Eq.(2)

ariant A

2/d C41 C42 a1 a2 C31 C32 c1 c2

8.442 51.951 0.455 5.671 5.293 44.607 0.270 5
.5 5.982 55.500 0.468 6.216 12.914 35.213 0.406 4

ariant B

2/d C41 C42 a1 a2

8.442 51.951 0.455 5.67
.5 5.982 55.500 0.468 6.2

C31 C32 c1 c2

5.293 44.607 0.270 5.76
.5 12.914 35.213 0.406 4.2

lat six pitched-blade impeller (D/d = 3), H2/d = 1 and 0.5.
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Table 2
Just suspended agitation speeds studied

Off-bottom clearance (H2/d) njs (rpm)

dp = 0.14 mm dp = 0.35 mm

1 159 166 225 267
0.5 122 125 176 205

dp/D = 1.4× 10−4 to 3× 10−3 andCVavg = 2.5–10 vol.% using
the same impeller/vessel configuration. The theoretical back-
ground for deriving the Eq.(2) can be found in literature
[36–40].

For the conditions tested, the just-suspended agitation speeds
njs are summarized inTable 2, and these were used in all the
experiments. Visual observation confirmed the state of full sus-
pension at these conditions.

3. Results and discussion

3.1. The data records

The presented axial concentration profiles are averaged val-
ues of the data records of time series obtained from four
independent experiments performed on different days. This
approach served to verify the reproducibility of experimental
data. Three instantaneous concentration values were recorded
during one experiment, and the recording of each of them
took 30 s. During this period, ca. 250 values were taken
for the calculation of the average local solids concentration
CV and the standard concentration deviationCVstd. Identical
results were obtained when the recording time was extended
to 60 s.

An example of three such time series data is shown inFig. 4.
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Fig. 4. Probe voltage signals fordp = 0.35 mm,CVavg = 5 vol.%, midway plane,
r/R = 0.8: (a) no solids,h/H = 0.9 (curve 1); interface between the clear-liquid
layer and the particle-layer,h/H = 0.8 (curve 2); (b) within the particle layer,
h/H = 0.2.

3.2. Particle distribution in the suspension with particle
diameter dp = 0.35 mm

The results for suspension with this particle diameter are
summarized inFigs. 5–8. Only the results for the vertical
plane midway between two baffles (i.e. 45◦ from the reference
baffle plane) are presented here for sake of brevity. Similar
results were found for the other investigated planes. A nor-
malized iso-concentration contoursCV/CVavg and a normal-
ized standard deviationsCVstd/CVavg for the suspensions having
CVavg = 5 and 10 vol.% (off-bottom clearanceH2 = d) are shown
in Figs. 5 and 6. These dependences clearly indicate the exis-
tence of a particle layer whose height fluctuated approximately
in the range ofh/H = 0.65–0.85 forCVavg = 5 vol.% (Fig. 5) and
in the range ofh/H = 0.60–0.80 forCVavg = 10 vol.% (Fig. 6).
As discussed in previous section, in this region the normalized
concentration deviations reached the maximum.

On the contrary, the concentration fluctuations were small
between the vessel bottom and the heighth/H = 0.5 for
CVavg = 5 vol.% (Fig. 5) and h/H = 0.6 for CVavg = 10 vol.%
(Fig. 6). In this region, the suspension layer observed was “fully
developed” and the normalized concentration deviations were
in the range ofCVstd/CVavg = 0.15–0.3. It may be inferred that
a well-ordered flow pattern was established within the parti-
urve 1 inFig. 4a is a typical data record for the case where
articles occurred within the probe. The probe voltage signa
lmost constant, showing no fluctuations. Such a data recor
btained from the probe located within the particle-free lay

he vessel top. The maximum signal fluctuations were obse
t the interface between the particle-filled layer and the par

ree layer (curve 2 inFig. 4a). A high decrease of voltage w
bserved when the bulk of solids reached the measuring vo
f the probe. The data record corresponding to fluctuatio

he solids concentration within the particle-filled layer is sh
n Fig. 4b. Here the calculated average value was significa
ower, i.e. the local particle concentration was higher than
n the cases shown inFig. 4a. The deviations of particle conce
ration,CVstd, were lower than in case of the particle-filled la
nterface.

In general, the maximum fluctuations of particle conc
ration were encountered at the solid/liquid interface, a
esult of turbulent flow and the presence of macro-instabil

ithin the dense suspension layer, the solids particle flu
ions were lower and almost constant from the vessel botto
he solid/liquid interface, as shown inFigs. 5b, 6b, 8 and 10. It
hould be noted that all our experiments were performed i
teady state, with the particle layer fully developed.
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Fig. 5. Normalized particle concentration mapCV/CVavg (a) and corresponding
standard deviationsCVstd/CVavg (b); midway plane,CVavg = 5 vol.%,H2/d = 1,
dp = 0.35 mm.

cle layer and a “compression action” was exerted on the fluid
flow pattern. The circulation loops generated by the impeller
were confined to the region containing the solids, while the clear
liquid layer near the liquid surface was almost still. This is in
agreement with our experimental evidence that the clear liquid
layer near the liquid surface was almost still, especially in the
experiments conducted at higher solid concentration and lower
impeller off-bottom clearance. This phenomenon corresponds
with the computational results by Micale et al.[31].

The normalised axial concentration profilesCV/CVavg for the
two solid concentrations and two impeller off-bottom clearances
studied are rendered inFig. 7a and b. Indeed, the lower height
of the suspension layer corresponded with increasing average
solid concentration and decreasing impeller off-bottom clear-
ance. This is in agreement with earlier results[25,30,31]. This
conclusion can also be derived fromFig. 8 where the absolute
standard concentration deviationsCVstd are plotted against the
relative heightsh/H. The same results were obtained for the sus-
pension with particle diameterdp = 0.14 mm, seeFig. 10.

The local concentration values,CV, were low in the region
above the impeller (r/R = 0.2) and the radial concentration

Fig. 6. Normalized particle concentration mapCV/CVavg (a) and corresponding
standard deviationsCVstd/CVavg (b); midway plane,CVavg = 10 vol.%,H2/d = 1,
dp = 0.35 mm.

profile was found, seeFigs. 5a and 6a. Further discussion
relating to the radial concentration gradient can be found in
Section3.5. The height of the interface between the clear-liquid
layer and the suspension layer was lower in the region above
the impeller, and was not well defined. Although the values of
CVstd/CVavg for r/R = 0.2 attained a maximum at the interface,
they were the lowest of all the maxima attained in the positions
r/R = 0.4, 0.6 and 0.8, as shown inFigs. 5b and 6b. The same
conclusion was found to apply to a suspension involving smaller
particles (data not shown).

Finally, it should be noted that the interface between the clear
liquid and the suspension layer became sharper and more clearly
defined as the solid concentration was increased.

3.3. Particle distribution in the suspension with particle
diameter dp = 0.14 mm

The graphic representations for the suspension involving the
particle diameterdp = 0.14 mm are shown inFigs. 9 and 10.
Similar results and conclusions presented in Section3.2 were
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Fig. 7. Normalized axial concentration profilesCV/CVavg for different impeller
positionsH2/d = 1 (a),H2/d = 0.5 (b);dp = 0.35 mm, midway plane.

obtained. The normalized axial concentration profiles for both
solid concentrations and both off-bottom clearances are rendered
in Fig. 9. The absolute particle concentration deviationsCVstd for
radial positionr/R = 0.8 are shown inFig. 10. The highest cloud
height was observed in the experiment withCVavg = 5 vol.% and

Fig. 8. Variation of standard concentration deviationsCVstd at different vessel
heightsh/H; dp = 0.35 mm, midway plane,r/R = 0.8.

Fig. 9. Normalized axial concentration profilesCV/CVavg for different impeller
positionsH2/d = 1 (a),H2/d = 0.5 (b);dp = 0.14 mm, midway plane.

H2/d = 1 (seeFig. 10). On the contrary, the lowest cloud height
was observed for the suspension havingCVavg = 10 vol.% at an
impeller off-bottom clearanceH2/d = 0.5.

Unlike the suspension with larger particles, an almost uni-
form concentration distribution was found to persist in the axial

Fig. 10. Variation of standard concentration deviationsCVstd at different vessel
heightsh/H; dp = 0.14 mm, midway plane,r/R = 0.8.
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direction within the “fully-developed” particle layer, as shown
in Fig. 9. Within the limits of experimental error, the suspension
layer appeared to be more homogeneous than that for the sus-
pension with larger particles, although in the region above the
impeller (r/R = 0.2) the solids concentrations were lower again.
The reader is referred to Section3.5for a discussion of the radial
concentration gradients.

Even if the maximum concentration fluctuations were found
at the solid/liquid interface, while within the particle layer they
were significantly lower and more uniform (Fig. 10), it holds
in general that the concentration fluctuations were lower for all
axial positions tested, in contrast to the suspension of particles
having a diameterdp = 0.35 mm, seeFigs. 8 and 10. This could
probably be caused by lower critical impeller speeds,njs, and
consequently, by smaller turbulent fluctuations.

3.4. Accuracy of measurement and data verification

The accuracy of the concentration profiles of solids was
±0.2 vol.% in the region of the “fully developed” suspension
layer, even though the standard concentration deviations,CVstd,
were in the range from 0.3 to 2 vol.%. At the particle layer inter-
face, where the fluctuations were maximum, the accuracy of
determination of the solids concentration was±0.5 vol.% and
the deviations,CVstd, were within the range of 2–5.5 vol.%. The
accuracy of measurements was significantly increased by repli-
c

ution
o mpu-
t
f al-
c

C

i
( tion
w affle
p e
a etical
m ns
r nce
t not
u
o ach
p . Th
c wer
w
o s
t oting
t d th
c erica
i ntra
t nce

Fig. 11. Axial concentration profiles close to the vessel axis (r/R = 0.2),H2/d = 1,
dp = 0.14 mm.

trations were also used to examine the radial gradients and to
plot the normalised concentration maps inFigs. 5a and 6a. The
mean particle concentrations for the midway plane 45◦ were
in the ranges from 5.11 to 5.24 vol.% (forCVavg = 5 vol.%) and
from 9.61 to 10.20 vol.% (forCVavg = 10 vol.%), calculated as
an arithmetic mean of the average axial concentrationsCVavg axial

belonging to this plane. This result shows that the alternative of
including the data for this plane in the computation of the mean
particle concentration, together with data for other regularly
located planes, does not generate any significant differences.

Finally, it can be assumed that in the region near the vessel
axis (r/R = 0.2) the fluid flow is tangentially symmetrical and not
much affected by presence of baffles. The experimental points
(3, 7, 11, 15 inFig. 3) were not far from each other, as against
the point-to-point distances in the tangential planesr/R = 0.6 and
0.8. In this region, the axial concentration profiles forr/R = 0.2
ought to be comparable. In this respect, a good agreement was
found as well, as shown inFig. 11, and the same results were
found for all the experimental conditions investigated. Finally,
it could be noted that the fluid flow near the vessel wall is to
some extent influenced by baffles and, therefore, different con-
centration profiles were found in front of and behind the baffle
(data not shown).

3.5. Radial particle distribution
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ation of the experiments.
The correctness of the experimentally established distrib

f particle concentrations was verified by mass balance co
ations of solid phase. The average axial concentrationsCVavg axial

or each radial positionr/R on a given measuring plane were c
ulated according to Eq. 4:

Vavg axial =
1

(h/H)max − (h/H)min

×
∫ (h/H)max

(h/H)min

CV(h/H)i d(h/H) (4)

n the range of experimental relative heights (h/H)max= 0.9 and
h/H)min = 0.1 using trapezoidal integration. The plane loca
ithin one vessel quadrant was regular for the reference b
lane and then at 30◦ and 60◦ from the baffle plane. Then, th
verage solids concentration was calculated as an arithm
ean of theCVavg axial values obtained for the radial positio

/R examined in these three planes. The average axial co
rationsCVavg axial corresponding to the midway plane were
sed for the calculation of the average concentrationCVavg, in
rder to exclude potentially different statistical weights of e
lane due to various angle differences between the planes
alculated average particle concentrations thus obtained
ithin the ranges of 5.01–5.20 vol.% (forCVavg = 5 vol.%) and
f 9.95–10.19 vol.% (forCVavg = 10 vol.%), for all the condition

ested. The agreement was very good, but it is worth n
hat the region under the impeller was not measured, an
oncentrations at these points (which were used for num
ntegration) were extrapolated from the experimental conce
ions obtained at the closest neighbouring points. These co
n-

e
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The average axial concentrationsCVavg axial plotted as a func
ion of the radial positionsr/R can be found inFig. 12a and
. A practically linear increase of radial concentrations
bserved for both suspensions with different particle diam
t CVavg = 5 vol.% in the range ofr/R = 0.2–0.6, seeFig. 12a.

n this region, it can be assumed that the influence of ba
n the flow pattern is significantly lower than in the range
/R = 0.6–1; therefore, theCVavg axial values obtained in diffe
nt tangential positions can be summarised with a satisfa
ccuracy for linear regression. In the range ofr/R = 0.6–1, the
verage axial concentrationsCVavg axial may already have diffe
nt statistical weights in the tangential direction due to the b
ffects.
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Table 3
Straight line parametersA, B of radial concentration gradients in the range ofr/R = 0.2–0.6

H2/d Linear regressionCVavg axial = A(r/R) + B for r/R = 0.2–0.6

dp = 0.14 mm dp = 0.144 mm

CVavg = 5 vol.% CVavg = 10 vol.% CVavg = 5 vol.% CVavg = 10 vol.%

A B �CVavg axial

(%)a
A B �CVavg axial

(%)a
A B �CVavg axial

(%)a
A B �CVavg axial

(%)a

1 1.16 4.69 9.2 2.07 9.27 8.3 2.10 4.10 16.7 2.60 8.76 10.4
0.5 0.91 4.69 7.2 1.87 9.17 7.5 2.96 3.87 23.7 3.25 8.59 13.0

a Percentage concentration increase in radial direction forr/R = 0.2–0.6.

As the solids concentration increased up toCVavg = 10 vol.%,
the particle-filled layer became concentrated and more homoge-
neous in the region near the vessel wall. Forr/R = 0.2–0.6 again,
a linearly rising concentration was found, whereas the concen-
tration became almost constant atr/R = 0.6–0.8, seeFig. 12b.

Even though the results presented inFig. 12a and b apply
to a higher impeller off-bottom clearanceH2 = d, the same con-
clusions were obtained for a lower impeller position,H2/d = 0.5.
The straight-line parameters (A, B) characterizing the radial con-
centration gradients are summarized inTable 3.

For the suspension involving the particle diameter
dp = 0.35 mm, the concentration increase from the vessel axis

F
C

to the vessel wall in the regionr/R = 0.2–0.6 is lower when the
average solids concentration is increased. AtCVavg = 5 vol.%
and H2 = d the concentration increase is nearly 17%, com-
pared to 10.4% atCVavg = 10 vol.%. The suspension with
CVavg = 10 vol.% was more homogeneous.

Similar results were obtained for the suspension involving the
particle diameterdp = 0.14 mm. The radial concentration gradi-
ent was observed for all experimental conditions, but the dif-
ferences between the concentration gradients forCVavg = 5 and
10 vol.% became smaller. At the impeller off-bottom clearance
H2/d = 0.5 there was almost no difference in concentration gra-
dient with increasing average solids concentration, seeTable 3.

In general, the higher was the solids concentrationCVavg and
the smaller were the solid particles, the more homogeneous was
the suspension obtained. In the case of the suspension with par-
ticle diameterdp = 0.14 mm, the increase of the average particle
concentration did not result in any significant increase of homo-
geneity of the suspension.

Finally, it can be assumed that due to the elliptical circulation
flow, which is typical for axial-flow impellers, the particle con-
centration was lower above the impeller. These findings about
the existence of a radial gradient are in agreement with other
papers[34,35], which also refer to pitched blade turbines.

4. Conclusions

ere
d rre-
s ental
r clear
l er.

d at
t uctu-
a the
“ sion
l ration
a sence
ig. 12. The average radial concentration profiles forCVavg = 5 vol.% (a) and

Vavg = 10 vol.% (b),H2/d = 1.

o xper-
i olids
c the
m

cive
t spe-
c nsion
The particle distributions in stirred solid/liquid systems w
etermined for eight experimental conditions, all of them co
ponding to the state of complete suspension. The experim
esults highlight the presence of an interface between the
iquid layer (the particle-free layer) and the suspension lay

The maximum concentration fluctuations were observe
he suspension layer interface. On the other hand, the fl
tions were significantly lower and almost uniform within
fully developed” suspension layer. The height of the suspen
ayer was reduced by increasing the average solids concent
nd decreasing the impeller off-bottom clearance. The pre
f a radial concentration gradient was observed for all the e

mental conditions examined. The higher was the mean s
oncentrationCVavg and the smaller were the solid particles,
ore homogeneous was the suspension obtained.
On the whole, these results offer new information condu

o the understanding of the solid–liquid mixing processes. E
ially, they explore the degree of homogeneity of the suspe
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layer and attempt to quantify the existence of the radial con-
centration gradient. It is hoped that the present results may be
considered to provide a useful groundwork for CFD modelling
of moderately concentrated suspensions. It should also be noted
that some of these results were used for testing CFD simulation
capabilities[41], yielding good predictions of particle distribu-
tion which were in line with experimental data.

Acknowledgements

The authors are grateful to Assoc. Prof. Ivan Fořt for his
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