FLUID MECHANICS AND TRANSPORT PHENOMENA

AIChE

Distribution by PEPT

Antonio Guida, Alvin W. Nienow, and Mostafa Barigou

School of Chemical Engineering, University of Birmingham, Edgbaston, Birmingham, B15 2TT, U.K.

DOI 10.1002/aic.12456
Published online November 17, 2010 in Wiley Online Library (wileyonlinelibrary.com).

The three-component flow field and spatial phase distribution of binary mixtures of
glass particles suspended in water in a stirred vessel have been resolved using posi-
tron emission particle tracking (PEPT). The Lagrangian flow data provided by the
technique have been converted to give a detailed Eulerian description of each of the
three phase components of the flow generated by a pitched blade turbine. For the first
time, it has been possible to determine the full 3D velocity and concentration fields of
the liquid phase and both the solid components within opaque dense slurries of this
type containing up to 40 wt % solids. Spatial distributions of local time-averaged slip
velocity have also been obtained for each solid component showing wide variations.
The detailed PEPT measurements have enabled the solids mass balance and the mass
continuity of the three phase components to be accurately verified throughout the
vessel. © 2010 American Institute of Chemical Engineers AIChE J, 57: 2302-2315, 2011
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Introduction

The processing of solid-liquid suspensions such as bio-
slurries, crystallization and catalytic mixtures is frequently
conducted in mechanically agitated vessels. In such systems,
one crucial aspect is the achievement of good mixing, which
allows for an efficient interaction between the different flow
components. The methods generally used for designing
stirred vessels for solid—liquid mixing tend to be based on a
global “black-box” approach, and a more detailed descrip-
tion of the internal flow structure has long been missing to
enable the development of more rational rules for establish-
ing process parameters and equipment design. The advent of
powerful measurement and modeling techniques in recent
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years has re-energized interest in this field and more effort is
increasingly being devoted to try and fully understand the
mechanisms behind particle suspension and distribution.'™
Among the various flow visualization techniques, laser
Doppler velocimetry (LDV) and particle image velocimetry
(PIV) have become the most reliable to examine the com-
plex nature of the flow fields in optically transparent single-
phase systems.””’ Application to multi-phase studies, how-
ever, has been restricted to extremely dilute suspensions as
these techniques fail completely in dense systems which are
opaque.' One of the important aspects in the local descrip-
tion of multi-phase or multi-component mixtures is the mea-
surement of phase distribution, which has remained a chal-
lenge. Attempts at local measurements in these systems have
been mainly limited to the measurement of mean axial solid-
concentration profiles at relatively low concentrations, using
a single vertical conductivity or capacitance probe traverse
or a withdrawal technique.g’9 More recent experimental
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Figure 1. Schematic illustration of positron annihilation and y-ray detection by the positron camera.

studies using electrical resistance tomography demonstrated,
albeit mainly qualitatively, how visualization of gas, solid,
or liquid distribution can help improve understanding of
mixing processes.'” However, none of these methods is suit-
able to probe concentrated suspensions in detail to acquire
quantitative information on the local flow dynamics of the
different phase components or their individual 3D distribu-
tion.

Rammohan et al."' developed a more sophisticated com-
puter automated radioactive particle tracking (CARPT) tech-
nique based on y-ray emissions. It has been argued for some
time that Lagrangian data obtained from a single particle tra-
jectory, where such data can be accurately determined, may
unravel valuable mixing information which is not provided
by Eulerian observations.'>"” The technique of positron
emission particle tracking (PEPT) allows noninvasive prob-
ing of opaque fluids and within opaque apparatus by using a
single small sub-millimeter positron-emitting particle as flow
tracer.'*'® Being able to examine flow phenomena in three
dimensions in dense opaque systems that could not be
observed as effectively by using other techniques, PEPT is
particularly useful for the study of nontransparent multi-
phase or multi-component flows, where one component can
be selectively labeled and its behavior observed.'®°

A number of mixing studies have reported that in stirred
solid-liquid systems variation in the particle size produces
significant effects on the fluid dynamics and phase distribu-
tion. For example, Virdung and Rasmuson’' using LDV
measurements showed that the fluid velocity fluctuations due
to turbulence in the liquid phase were higher in solid—liquid
suspensions than in single phase flow, an effect that
increased with particle size. Although their simulations
involved particle sizes <0.1 mm, Altway et al.?? showed
that the pattern of solid concentration contours for different
particle sizes was qualitatively similar; however, smaller par-
ticles showed a more uniform distribution. Using larger par-
ticles with 0.1 mm < d < 0.5 mm, Spidla et al.** experi-
mentally confirmed by means of a conductivity probe that
smaller solid particles generate a more homogeneous suspen-
sion. Their results also showed that the homogeneity of the
solid-liquid suspension improved with increasing average
solid concentration. We recently observed the same effect
using coarse monosized glass particles (d ~ 3 mm), with
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more homogeneous suspensions being obtained when the
solids content was increased.”*

In this article, we report on the use of the PEPT technique
to study the mixing of dense binary mixtures consisting of
glass beads of two different size classes suspended in water.
We present for the first time extensive data for these binary
systems containing up to 40 wt % solids. Detailed informa-
tion is obtained on particle and fluid trajectories, which is
converted to give a pointwise Eulerian description of the
flow field as well as the spatial distribution of each of the
liquid and solid components of the mixture.

Materials and Methods
Positron emission particle tracking

The technique of positron emission particle tracking pri-
marily involves the use of a labeled particle tracer, a posi-
tron camera and a location algorithm for computing the
tracer location. The tracer particle is labeled with a positron-
emitting nuclide and the radioisotopes usually used are '°F,
6lCuy, and *°Ga. Isotope 8F is the most frequently used and
has a half-life of 109 min. It is produced from either purified
water or solid materials containing oxygen under direct bom-
bardment with high energy (33 MeV) *He beams by using a
cyclotron. The techniques currently employed for particle
labeling are surface modification, direct irradiation, and ion-
exchange.>%¢

A positron emitted by the particle tracer rapidly annihi-
lates with an electron emitting a pair of almost collinear 511
keV y-quanta in opposite directions. The detection in coinci-
dence of these two y-rays by the positron camera is the first
step in locating the tracer. The positron camera consists of
two y-camera heads working in coincidence and mounted on
a motorized gantry, which allows their rotation about a hori-
zontal axis. Each head contains a single sodium iodide crys-
tal optically coupled to an array of photomultiplier tubes.*’
When a positron-electron annihilation occurs the y-rays emit-
ted produce two coincident scintillations in the crystals, as
illustrated in Figure 1, the related photomultipliers generate
positional signals and two 2D centroids are calculated by the
detection software. The joining line is the photon-trajectory
related to the annihilation event. With a small number of
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Figure 2. Example of a 3D plot of a neutrally buoyant
tracer trajectory in water: Lagrangian tracking
time = 1.45 min; Re;,,, = 40,000.

annihilation events (theoretically only two) the position of a
single positron-emitting particle can be located at the inter-
section of the photon trajectories.

The location algorithm calculates the time-space location of
the radioactive tracer minimizing the sum of perpendicular dis-
tances from a generic point to the various photon trajectories.”
Moreover, it discards iteratively the corrupt events caused by
Compton scattering, the radioactive background or if the two
detected y-rays were not in fact a pair of 511 keV photons
originating from the same positron-electron annihilation event.
This Lagrangian tracking approach provides the position of the
particle tracer in space at multiple instants, and such experi-
mental data are numerically expressed by four sets of time-
space coordinates (¢, x, y, z). An example of the 3D plot of a
trajectory determined in water in a stirred vessel, based on the
3D visualization of the three space coordinates of a neutrally
buoyant tracer is presented in Figure 2.

In the case of a multi-component system, the full 3D trajec-
tory of each component must be resolved separately. Currently,
PEPT can most accurately track one particle at a time. For this
reason, PEPT multi-component investigations consist of multi-
ple successive and distinct experiments, that is, one for a sin-
gle-phase system, two for a monodisperse suspension, and
three for a binary suspension. These experiments are per-
formed successively, tracking one component at a time in the
same unchanged multi-component system.

Experimental apparatus and procedure

The PEPT experiments were conducted in a fully baffled
flat-base vessel of diameter 7 = 288 mm, agitated by a 6-
blade 45° pitched turbine (PBT) of diameter D ~ 0.57, as
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Figure 3. Experimental PEPT set-up for studying the
mixing of a binary suspension: 1 tank; 2
shaft; 3 baffle; 4 PBT; 5 y-ray detectors; 6
PEPT tracer; 7 glass beads (d ~ 1 mm); 8
glass beads (d ~ 3 mm).

illustrated in Figure 3. The height of the suspension was set
at H = T and the impeller off-bottom clearance was 0.257.
The suspending liquid was an aqueous solution of NaCl of
density 1150 kg m—> (NaCl was added to enable the water
density to be matched to that of the resin PEPT tracer used
to track the liquid) and the solid particles used were spheri-
cal glass beads of density 2485 kg m>. Two nearly mono-
modal particle size fractions (d; = 1.00-1.25 mm, d, =
2.85-3.30 mm) were used to make a binary solid—liquid sus-
pension. The two size fractions were mixed in equal propor-
tions with a total solid mass concentration, X, varying from
0 to 40 wt %, that is, X; = X, = 0.5X. Suspension of the
solids was investigated with the PBT impeller pumping
downward (PBTD). Experiments were conducted at the min-
imum rotational speed for particle suspension in the binary
mixture, N, visually determined through the transparent
walls of the vessel according to the well-known Zwietering
criterionzg, that is, no particle should remain stationary on
the base of the vessel for longer than 1-2 s. The experimen-
tal conditions are summarized in Table 1.

Each component of the suspension was tracked and its full
trajectory separately determined in three successive experi-
ments. As pointed out above, although only one component
was labeled at a time, both solid components were simulta-
neously dispersed in the liquid phase in each experiment. A
neutrally buoyant radioactive resin tracer of 600 um diame-
ter was used to track the liquid phase, and from each particle
size fraction a representative glass particle was taken, was
directly irradiated via a cyclotron and its motion tracked
within the agitated slurry. The PEPT tracking time was 30

Table 1. Experimental Conditions

Xwt%) C@rol%) N  uymsh Reimp
0 0 5.50 2.49 1.31 x 10°
5.0 24 6.33 2.87 1.51 x 10°
10.0 49 7.50 3.39 1.79 x 10°
20.0 10.4 8.50 3.85 2.03 x 10°
40.0 23.6 10.17 4.60 243 x 10°
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min or higher in each case, long enough so that adequate
data resolution was obtained in every region of the vessel
and ergodicity of flow, the theoretical condition which guar-
antees that a flow follower is representative of all the solid
or liquid phase it represents, could be safely assumed. In a
single phase system, ergodicity or iso-probability condition
implies an equal probability of tracer presence at every point
in the flow. In a multi-phase system, however, the total prob-
ability for all phases is required to be uniform, that is, the
sum of the probabilities of presence (weighted by the inverse
of the phase volume concentration) of all components of the
system must be the same everywhere. Strictly, ergodicity is
a theoretical state that can only be approached after an infi-
nite tracking time. However, it can be mathematically shown
that, if the probability of tracer visit is sufficiently high
everywhere, ergodicity can be safely assumed when the tra-
jectory of the tracer is recorded over a sufficiently long time
so that adequate data resolution is achieved in every
region.'? In the flow system examined here, the probability
of visit is well-distributed by virtue of the open geometry of
the vessel where all regions are more or less equally accessi-
ble by the tracer, and the highly turbulent state of the sus-
pension (Re;,,, = ND?*/v > 10°). Confirmation of the ergo-
dicity assumption through experimental verifications has
been reported in a previous article.*

Data analysis

As described above, PEPT provides the Cartesian (x, y, z)
coordinates of a single particle tracer moving within the sys-
tem being studied as a function of time. A new code was
developed to analyze PEPT flow data; it uses cylindrical
coordinates to calculate Lagrangian velocities along the tra-
jectory of the tracer using the least squares method locally.
These Lagrangian velocities are then converted to Eulerian
velocities using a 3D user-defined grid consisting of a large
number n. of equal volume cells. In a given cell, the code
determines for each tracer visit the mean cylindrical velocity
components (ug, u,, uy) along the segment of trajectory inter-
secting with the cell, and averages the values again by the
number of visits. A number of other local quantities are
determined within each cell including the magnitude of the
total 3D velocity and of the 2D radial-axial velocity, stand-
ard deviation of the velocity components and of the total
velocities (2D and 3D), tracer acceleration, number of PEPT
tracer locations, cumulative residence time, probability of
tracer presence, and frequency of visits.

In addition to location and velocity information, PEPT
allows the particle-tracer occupancy distribution within the
vessel volume to be computed, which offers an additional
powerful tool for characterizing flow behavior within any
batch system. Occupancy has traditionally been obtained by
calculating the fraction of the total experimental time, f.,
spent by the tracer in each cell during the experiment. Such
a definition establishes a mathematical identity between oc-
cupancy and probability of presence of the particle tracer,
but undesirably makes occupancy highly dependent on the
density of the grid so that as the number of cells increases
occupancy tends to zero. If the cells are chosen to have
equal volume, however, this problem is circumvented by
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using the “ergodic time” defined as tx = t../n., instead of
the total experimental time 7.

The ergodic time represents the time that the tracer would
spend in any cell if the flow was single phase and ergodic,
an asymptotic status in which the flow tracer has exactly an
equal probability of presence everywhere within the system.
Thus, the local occupancy, O;, can be defined as:

_ Ay

0; = (&)

e ’
where At; is the time that the tracer of the j-th component
(solid or liquid) of the mixture spends inside a given cell. For
the binary systems examined in this work, the index j assumes
values 1, 2, or 3 where j = 1, 2 denotes the solid components,
and j = 3 denotes the liquid phase also sometimes designated
by the symbol L.

Given the above definition, the average value of the occu-
pancy is 1 independently of the chosen number of grid-cells
n.. Considering the system at hand, a specific small solid
particle having diameter d; selected from the solid compo-
nent j has an infinitesimal probability, f(P)dV, to be present
inside an infinitesimal volume element dV, which is a func-
tion of the particle position P and can be expressed from
two different points of view. From the Lagrangian point of
view, it is the ratio of the infinitesimal time dt; that the solid
particle spends inside dV to the total time of detection 7... In
Eulerian terms, however, it is the ratio of the number of
solid particles dn;, contained in dV, to the total number of
such particles in the vessel n;. Consequently, it follows that:

{f(P)dV — M and FPYaY =

[ nj

=@

i), dy_d
fo n;
Considering the j-th solid component, and introducing the
volume of a single particle Vp;, the infinitesimal solid volume
dV; in dV, the solid volume present in the tank V;, the local
solid volume concentration c;, the mean solid volume
concentration in the vessel C;, and the total volume of the
multi-phase suspension in the vessel V7, we obtain:

dnj o ijdl’lj o dVl - dev
- Ve GVr

3

nj Vpng

Combining Eqs. 2 and 3 leads to a clear correlation
between the time that the tracer spends inside dV and the local
solid volume concentration, that is:

dt;  ¢dV

7 4)

fo C jVT

If the cell volume, AV, in the grid is uniform, the total

number of grid cells is then n. = V;/AV, and rewriting the
above equation in discrete terms gives:

ﬁ:_c-fAV = ﬁ:ﬁ‘ 5)
o GV e G
Now, using the definition given by Eq. 1 for the occupancy
O; as the ratio of time that the tracer spends inside a cell to the
ergodic time, Eq. 5 then finally becomes:
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0,=-2L. (6)

Note that while Eq. 6 has been derived for a discrete phase
component, it is equally valid for the continuous fluid
component (j = 3). The consequential implication that readily
follows from Eq. 6 is that, in addition to local phase velocity, it
is now possible to fully resolve by PEPT the local
concentration distribution of each flow component (solid and
liquid) in an opaque multi-phase system.

Results and discussion

Extensive data were obtained through Lagrangian tracking
of the solid and liquid components of the binary suspensions
described above. Results are presented as azimuthally-aver-
aged Eulerian maps or profiles, which represent the whole
flow field including the effect of the baffles. This is an effec-
tive way of presenting 3D data in a reduced form. Further-
more, to enable efficient consultation and comparison of
data, results are presented in a concise format using sets of
images judiciously produced by grouping together multiple
graphs, grayscale contours, or vector plots. Results include
for each component of the mixture, flow fields, spatial
distributions, slip velocities, flow numbers, and uniformity
indices. Finally, evidence of the reliability of the PEPT tech-
nique and the related data analysis is provided via three-
component mass continuity calculations conducted through-
out the vessel.

Flow fields

Using the code outlined above, PEPT raw data were ana-
lyzed by defining a cylindrical grid consisting of n. = 512
equal volume cells. The vector velocity map of the agitated
liquid obtained with no solid particles present in the vessel (X
= 0 wt %) is shown in Figure 4 for an impeller rotational
speed N = 5.5 s™' = 330 rpm. Using cylindrical coordinates,
the radial-axial 2D velocity map was obtained by azimuthally
averaging the 3D velocity data and projecting them onto the
2D radial-axial plane (r4). As pointed out above, whilst 2D,
these flow maps are representative of the whole 3D velocity
field. The observed flow field with a single flow loop is typical
of a down-pumping PBT with a low impeller off-bottom clear-
ance. As expected, fluid velocities are relatively high in the
impeller region and around the flow loop, but low in the upper
parts of the tank and in the center of the loop. For ease of com-
parison, all the velocity plots presented are normalized by the
impeller tip speed, u;,.

The effects of the mean solid concentration, X, on the ve-
locity fields of the liquid phase and the two solid compo-
nents are depicted in Figure 5. A comparison of the liquid
flow maps under single-phase flow conditions (Figure 4) and
in the presence of the solid phase (first row in Figure 5)
shows global qualitative similarities in the flow pattern even
at X = 40 wt %. A more detailed scrutiny of the images
reveals that, excluding the impeller discharge region, no sig-
nificant quantitative changes occur in the velocity field up to
20 wt % solids, but a distributed small diminution of the
normalized velocity is observed at X = 40 wt %. In addition,
the contours suggest that the normalized velocity in the dis-
charge region diminishes as X increases up to 10 wt %, but
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Figure 4. Azimuthally averaged radial-axial velocity

map of the liquid phase in the absence of
solid particles (X = 0 wt %) at N = 5.5 s,

slightly recovers at 20 wt % before further declining at 40
wt %.

Unlike the liquid phase, more significant qualitative and
quantitative variations in the flow field can be observed for
the smaller solid particles having d ~ 1 mm, as shown in
the second row of Figure 5. At X = 5 wt %, the flow field is
affected by large fluctuations which make the vector plot
appear slightly irregular. This is caused by the scarce pres-
ence of solids in the upper part of the vessel, which drops to
almost zero close to the surface; such an effect was visually
confirmed during the experiments and will be highlighted
again below when analyzing the phase distributions. Whilst
the normalized velocity in the discharge region decreases
monotonically as X increases from 5 wt % to 40 wt %, the
center of the loop slowly shifts upwards from 7 = 0.2H (X
= 5wt %) to h = 0.25H (X = 40 wt %).

Similarly, the flow fields of the second solid component
consisting of glass beads with d ~ 3 mm (third row in Fig-
ure 5), are affected by the low particle occupancy of the
upper part of the tank. In this case, however, the irregular-
ities are more pronounced and extend to the suspension with
X = 10 wt %. In a similar way to the smaller particles, there
is a clear damping of the solid flow field in the impeller
region at X = 40 wt %.

The above considerations are complemented by Figure 6,
which shows the contours of the azimuthally-averaged tan-
gential velocity component for the three components of the
suspension. As expected, all the grayscale maps exhibit their
maxima (0.2-0.25u,;,) near the lower tip of the impeller
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Figure 5. Azimuthally averaged radial-axial velocity maps of the three components of the suspension at varying X;

N=Nj.

blades. The liquid phase is characterized by the highest tan-
gential velocities whose magnitude and spatial distribution
are not significantly affected by X. In a similar way to the
radial-axial velocities, at 5 wt % the contours of the two
solid components are affected by small irregularities, which
generate a uniformity effect in the velocity map of the larger
particles. Both solid components show significantly reduced
tangential velocities for X = 40 wt %
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The observations made above are quantitatively confirmed in
Figure 7, which shows details of the effects of the mean solid
concentration on the three velocity components for each compo-
nent of the mixture. The plots exhibit radial distributions of the
velocity components (ug, u,, u;) in the horizontal impeller dis-
charge plane, that is, along the lower edge of the impeller blade
at h = 0.2H. In a similar way to the flow maps discussed above,
all the velocity plots have been normalized by the impeller tip
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speed, uy;,, for ease of comparison. As expected, due to the type
of agitator used, the dominant velocity component in this plane
for all the mixture components is the axial u;,. The tangential ve-
locity component is only significant close to the impeller and
falls off to almost zero away from it. The radial component for
all phase components is generally relatively small, except at 40
wt % solids where for both solid components it is comparable to
the tangential component.
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Time-averaged slip velocity maps

The primary objectives of solid-liquid mixing include cre-
ating and maintaining a slurry, and enhancing the rate of
mass or heat transfer between the solid and the liquid phase.
Heat and mass transfer coefficients are significantly influ-
enced by the relative velocity between phases, also known
as slip velocity. Such an important hydrodynamic variable
obviously varies from point to point within a stirred vessel

September 2011 Vol. 57, No. 9 AIChE Journal
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and there are no techniques available for measuring it. Con-
sequently, in practice, the particle settling velocity has often
been taken as a guess estimate of the slip velocity.”'

Neglecting any contribution to slip, which might arise
from possible rotation of a particle about its center, the mag-
nitude of the local time-averaged slip velocity vector can be
determined for each solid component j, thus:

A\ 2 A\ 2 A\ 2
G = ¢ (=) 4 (=) () =)

In consequence, the radial-axial and tangential velocity
data presented in Figure 5 and 6 can be used to map the local
time-averaged slip velocity.

The effects of the mean solid concentration on the spatial
distribution of the normalized slip velocity for each solid
component of the mixture are shown in Figure 8. The irregu-
larities of the solid flow fields attributed to the scarce pres-
ence of solid particles in the upper part of the vessel, as dis-
cussed above in relation to Figure 5, cause analogous effects
in the slip velocity maps at X = 5 wt % for the smaller par-
ticles and up to X = 10 wt % for the larger particles.

There are wide variations in the spatial distribution of s;.
As a consequence of Eq. 7, which combines radial-axial and
tangential contributions, the regions of maximum slip veloc-
ity occasionally correspond with the lower tip of the impeller
blades (tangential dominance), with the discharge region of
the impeller (radial-axial dominance), or with both areas
when there is a more balanced contribution of the three cy-
lindrical components of the slip velocity vector. For both
particle size fractions, the areas above the impeller and in
the upper part of the vessel, that is, # > 0.4H, are character-
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ized by a gradual but significant reduction in the slip veloc-
ity with increasing X. A similar reduction is observed in the
rest of the vessel for particles with d ~ 3 mm.

Spatial solid and liquid distribution

On the basis of Eq. 6, in each binary suspension the local
occupancy can be obtained for each solid component and the
liquid; consequently, the volume concentration of each com-
ponent can be mapped. The spatial distributions can be
effectively compared using purposely created maps, where
the radial-axial plane is divided into square boxes containing
information for every solid and liquid component, as shown
in Figure 9a. Each box contains two shaded bars: the frac-
tion of the box area occupied by each bar is equivalent to
the local volume of the corresponding solid component,
while the remaining white area is equivalent to the local lig-
uid volume. Furthermore, by using bars of equal base, their
height is also proportional to the local solid volume concen-
tration and, thus, horizontal profiles of solid concentration
for each solid component can be represented at each hori-
zontal level as depicted in Figure 9b.

The spatial distribution of the volume fraction of both par-
ticle size classes is shown in Figure 10 for X = 5-40 wt %.
As these 2D maps were obtained from azimuthally averaged
data, the area of each square cell is representative of the vol-
ume of the related 3D cell (a torus with a square cross sec-
tion). A high solid accumulation underneath the impeller is
visible for every value of the mean solid concentration. This
effect is more pronounced for larger glass particles, so that
the local solid volume concentration of the larger particles
(d ~ 3 mm) is about twice the concentration of the smaller
particles (d ~ 1 mm) up to X = 20 wt %. At X = 40 wt %,
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Figure 8. Normalized azimuthally averaged maps of time-averaged slip velocity of the solid components of the

suspension at varying X; N = Njs.

the accumulation underneath the impeller is still high com-
pared to the rest of the tank, but overall the solids distribu-
tion appears much more uniform than for lower X values,
especially in the case of the smaller particles. This result
suggests that at N = Nj; the accumulation below the turbine
reduces for smaller particles and/or higher solids concent-
rations.

Moreover, information on the radial and vertical average
concentration profiles is also provided in Figure 10; whilst to
the right of each map the vertical profile of the radially-aver-
aged volume concentration is shown, the radial profile of the
vertically averaged volume concentration is shown above the
map. The average radial profiles are more or less flat for
both particle size fractions, whereas the vertical profiles
show similar behavior at every X value. To compare such
vertical profiles, normalized values of the azimuthally and
radially averaged volume concentration, cj, of each particle
size class are plotted in Figure 11. The plots highlight the
nonuniformity of the solids distribution, with a minimum at
the impeller plane and a maximum above it, near the central
plane. The proximity of the profiles to the vertical line ¢,/C;
= 1 for smaller particles and/or higher solids concentrations,
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corrobates the point previously highlighted that local solids
build up diminishes under these conditions.

The shape of the curves in Figure 11 bears a good resem-
blance to the so-called “belly-plots” reported in the litera-
ture in a number of studies using either a single vertical
probe traverse or a withdrawal technique.” The PEPT results
presented here, however, are much more detailed as local
solid concentration values are accurately determined on a
pointwise 3D grid covering the whole vessel, which has not
been possible before with any technique including sampling
and probe methods. Furthermore, other techniques cannot
distinguish between different particle size classes in the
same suspension.

Global indices for multi-phase mixing

Flow number. To further assess the magnitude of the
effect of the presence of particles on the flow field inside the
stirred vessel, the dimensionless flow number was estimated.
Because of the considerable quantity of solids used, the vol-
umetric flowrate discharged by the agitator needs to be
determined separately for each phase component taking into
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Figure 9. Representation of the local concentration of
the three suspension components: (a) square
box containing information for every solid
and liquid component; (b) a sequence of ad-
jacent boxes depicting two horizontal solid
volume concentration profiles.

account its local volume concentration. For each component
of the mixture, Q(j) was calculated along the horizontal lower
edge of the impeller blade corresponding to the impeller dis-
charge plane, by integrating the axial velocity profile
weighted by the local volume concentration, that is, by ¢
and ¢, for the solid components and by c¢3 for the liquid
phase. Thus, the usual definition of the flow number used to
estimate the pumping effectiveness of impellers in single-
phase systems was extended to this two-phase three-compo-
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COO0O00e HEEEH
i Ol 'BE8EE
i g
EﬁﬁhuﬁmEﬂiﬂﬂ
|
]

I
= OO0 f?g;""[ﬂ o o
A s O v
3 Eﬁﬁuungﬁﬂﬂ
gﬁﬁﬁﬁﬂjf EE-
3 EECIE
* SooEEs

OEEEHMM

0 5 18 1 88

Radial position Radial position -

r/R(-) r/R(-)
O liquid phase

[ solid d ~ 1 mm

nent problem. The flow number was computed for each com-
ponent using the following expression:

oY 1
ND3 ~ ND?
PBT

FIV = culds, ®)

where the integral is evaluated over the horizontal discharge
edge of the impeller blade (2 = 0.2H and r < 0.5R). The sum
of Q(L), Q(l), and Q(z) represents the total volumetric discharge,
0O, and introducing the total two-phase flow number, FI, it
follows that:

0 _0W+0W+0?

i = 3 4+ FI?.9)

Fl= =FIY + Fl¢
As shown in Figure 12, low to moderate solid concentra-
tions up to 10 wt % seem to cause a small reduction in FI",
which is not compensated for by the simultaneous increase in
FIV and FI® (mainly due to the local rise in ¢; and ¢,); thus, the
total flow number, F/, diminishes from 0.86 to 0.77. At higher
solid concentrations above 20 wt %, the approximately linear
increase in FI'V and FI® fails to counterbalance the steep
reduction in FI“ caused by the presence of solid particles,
consequently leading to a substantial fall in FI. Overall, F/ incurs
a reduction of ~20% when X rises from 0 to 40 wt %.
Average slip velocity. The qualitative observations noted
above, in relation to Figure 8, concerning the reduction in
slip velocity with an increase in mean solid mass concentra-
tion, can be effectively quantified by evaluating an average
of the azimuthally-averaged values of normalized slip veloc-
ity across the whole radial-axial plane. Using a grid, with
equal volume cells, guarantees that the arithmetic mean of
slip velocity coincides with the volume-weighted average.
These space-averaged slip velocity values are normalized

X =20 wt%
(C=10.4vol%)

Y
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(C = 23.6 vol%)
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Figure 10. Azimuthally-averaged local volume concentration maps for the three components of the suspension at
varying X. Note that unless otherwise specified the symbol “%” indicates “vol %.”
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Figure 11. Vertical normalized profiles of azimuthally and radially-averaged solid volume concentration at N = N;s:
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and plotted as a function of X in Figure 13 for both particle
size fractions. As expected, for both solid components the
normalized average slip velocity, 5/u,,, decreases with X.
Starting at X = 5 wt % with a value of 5, 37% higher than
S1, both §j/u,, values rapidly fall off to a similar value
(~0.034) as X increases to 40 wt %. Hence, it can be con-
cluded that at high solid concentrations the normalized aver-
age slip velocity is considerably reduced, but it is not
entirely clear whether it loses its dependence on particle
size.

Uniformity of suspension. The substantial variation of the
local solid concentration throughout the vessel, as demon-
strated by the maps in Figure 10 and the axial profiles in
Figure 11, warrants the use of a further global index to ena-
ble a quantitative description of the spatial uniformity of the
solids distribution.”* For each particle size fraction a uni-
formity index can be defined as:

1 1 Cc?
éj: 5 = = J

or+ 1 ; e 2 < .2>’
J % i;I <IC, /) +1 (’j

where i is the cell number within the measurement grid. The
index is conveniently defined so that as £;—0 the uniformity of
the j-th solid component is at its minimum (condition achieved
for a theoretically infinite variance, a2, of the normalized local
concentration); and when &; = 1 the solids are uniformly
distributed within the vessel volume, that is, there are no
concentration gradients and the related local concentration
everywhere is equal to the average concentration, C;, in the
vessel (i.e., 012 = 0). Values of the index ¢; at varying average
mass concentrations are plotted in Figure 14, for both particle
sizes, showing that ¢; increases with X. This seems to suggest,
perhaps counter-intuitively, that as long as the particles are in
the “just suspended” mode more concentrated suspensions
will tend toward a homogeneous state by virtue of their
increased solids loading. The smaller particles, however, are
significantly better dispersed than the larger ones at all the
values of X used here.

(10)
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Verification of mass balance and mass continuity

The pointwise measurements obtained with PEPT have
enabled the solids mass balance throughout the vessel to be
accurately verified, that is, the measured local values of the
two solid volume concentrations balance the experimental
parameter C; = V;/V, so that:

(1)

’9

The identity symbol “=" appears in Eq. 11 because the
local concentration is obtained from Eq. 6 through the
measurement of local values of the occupancy O; whose
average value is by definition identically equal to 1.

Another important tool for checking the accuracy and reli-
ability of flow data is mass continuity. The net mass flux

0.8 E
-~~~
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“ o6 1
-
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£
g g4 —e Solid component, FI?) |
s O
u_C: —>— Solid component, FI®?
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Mean solid mass concentration, X (wt%)

Figure 12. Effect of the mean mass concentration of
the solid phase on the flow number.
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through a volume bounded by a closed surface S should be
zero, thus:

Zum “AS 0. (12)
S

Calculations can be made by considering a closed
cylindrical surface S with the same vertical axis, base and
diameter as the tank but of a shorter height. Because the vector
u is zero over the external surface of the vessel or is parallel to
it, the term u-AS is zero everywhere except in the horizontal
plane across the tank, so that S can be reduced to such a plane,
Sy, and Eq. 12 is reduced to a zero average of axial velocities
across the horizontal plane considered. Alternatively, a similar
situation can be envisaged where S is a closed cylindrical
envelope with the same vertical axis and height as the tank but
with a smaller diameter; Eq. 12 then becomes a zero average
of radial velocities across the lateral surface, S,, of the
considered cylindrical volume. These two types of surfaces, S,
and S,, were numerically introduced in the vessel and the
continuity test was applied to all the sets of PEPT data
collected in this study. The results are summarized in Figure
15, showing a very good verification of the mass continuity as
the velocity average across the given surface in each case is
close to zero, generally less than 0.03,.

Conclusions

The Lagrangian technique of positron emission particle
tracking has been successfully applied to the study of dense
solid-liquid binary suspensions. The Lagrangian flow data
provided by the technique have been converted to give a
detailed Eulerian description of each of the three phase com-
ponents of the flow generated by a pitched blade turbine.
For the first time, it has been possible to determine the full
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Figure 14. Variation of the uniformity index & as a func-
tion of the mean solid mass concentration.

3D velocity field and spatial distribution of the liquid phase
and of each particle size fraction within a binary suspension.
In addition, a substantial amount of unique experimental
data on local hydrodynamics and homogeneity of suspension
have been obtained in solid-liquid flows of such high con-
centrations, reaching 40 wt %. Such detailed results could be
used to inform the design of experiments to study mixing
phenomena or equipment design to maximise the global or
local mixing efficiency of the system.

The accuracy of the PEPT measurements has been ascer-
tained through multi-component mass continuity verifications
throughout the vessel. Values of the multi-component flow
number indicate that the pumping effectiveness of the PBT
agitator is preserved for low to moderate concentrations. At
high solid concentrations, however, the multi-component
flow number and normalized mean slip velocity for both
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Figure 15. Normalized radial and axial velocities aver-
aged on surfaces S, (of diameter 0.5T) and
Sy, (0.3H off the base), respectively.
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particle sizes are considerably reduced. Results on spatial
phase distribution have showed how local solids build up
diminishes for smaller particles and/or higher solids concen-
trations, with the maximum uniformity index being obtained
for the smaller particles at 40 wt % solids. This study has
shown that PEPT is a powerful non-intrusive Lagrangian
technique, which is ideally suited to the study of dense
solid-liquid systems. The technique can, therefore, be
extended to the study of more challenging systems with
wider particle size distributions, more complex rheologies,
and probably even higher concentrations.
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Notation

C = total mean volume concentration of solids
¢, = mean volume concentration at level h
¢j = local volume concentration of component j
C; = mean volume concentration of component j
D = impeller diameter (m)
d dy d, = particle diameter (m)
Fl = multi-phase flow number
FIY = flow number of component j
H = height of the suspension (m)
i = cell number
J = mixture component index
k = cylindrical direction index (3, r, or h)
N = impeller rotational speed (s ")
n. = number of grid cells
n; = number of particles of component j in the vessel
Nj; = minimum speed for particle suspension (s7hH
0O; = occupancy
P = tracer location vector (Iml)
O = total multi-phase impeller pumping rate (m> s~ ")
QY = impeller pumping rate of component j (m* s~ ")
r h = radial-axial cylindrical coordinates (m)
R = vessel radius (m)
Re;,,, = impeller Reynolds number (ND?/v)
S = surface area (m?)
Sy S, = horizontal planar and vertical cylindrical surface areas (m?)
s; = local slip velocity of component j (m sh
5; = mean slip velocity of component j (m sh
t = time (s)
T = vessel diameter (m)
to = PEPT runtime (s)
tr = Ergodic time (s)
u = 3D velocity vector (Im )
ug u, u, = cylindrical velocity components (m s
u,, = 2D radial-axial velocity magnitude (m s7h
U, = impeller tip speed (m sh
V = volume (m%)
V; = volume of component j in the vessel (m?)
Vp; = particle volume of component j (m?)
Vr = total suspension volume m>)
x y z = Cartesian coordinates (m)
X = total mean mass concentration of solids
X, X, = mean mass concentration of solid component

Greek letters

9 = Azimuthal coordinate (rad)

v = kinematic liquid viscosity (m2 sh
¢; = uniformity index of component j
o; = standard deviation of normalized ¢;
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