




The system was calibrated with different particle sizes,
and the relation between the output voltage from the IC and
the solids concentration followed a logarithmic function, as
shown in Figure 2. The output signal (I ) was normalized
with respect to the signal obtained in the particle free liquid
(Io). The intensity of signals passing through the tank for a
given solids mass increased with particle size. This is due to
the fact that the smaller particles have a larger surface area to
mass ratio; therefore, for a given solid mass, the small
particles obstruct more light than the bigger ones. 

Solids concentrations up to 500 g (1.33 per cent) loading
of Ni particles with a diameter of 230 m could be measured
within a standard deviation error acceptable in this study
(about 8 per cent). A higher loading resulted in a rapid
increase in the measurement error up to 70 per cent for a 
1 kg loading; therefore, the maximum loading was taken as
1.33 per cent. The correlation for the solids concentration is a
Lambert-Beer-type of equation16, which holds for intensity
attenuation of a narrow beam of light traversing dilute
particle dispersions. The solids concentration (c ) is calculated
as:

[1]

where ao is the constant that depends on the path length and
particle size, I/Io is the normalized output signal. In this
application, the path length was constant.

Sampling method

Isokinetic sampling is known to improve the accuracy of the
sampling method. However, to avoid settling of the particle in
the sampling tube, the sampling velocity was set to 3 times
the mean particle settling velocity. The sampling tube
diameter was 15 times the diameter of the largest particles.
On the one hand, a small sampling tube diameter would
result in an increase in the wall effect, and on the other hand,
a large diameter would result in a low sampling velocity or a
high sampling volume. Since the ratio of the tank diameter to
that of the particles (d50) was 1 500, the wall effect was
neglected in computing the particle settling velocity. Samples
were taken from 7 radial and 16 axial points. Each radial
location represented a set of axial points, one of which was
20 mm from the tank wall5. Three samples were taken from
each point, out of which the mean value was obtained. 

Simulation techniques

The Reynolds Averaged Navier-Stokes (RANS) equations are
expressed in terms of the mean quantities and the terms
arising from the averaging procedure. For multiphase
systems, the RANS equations are modified with the
introduction of phase hold-up and interfacial related forces.
The solid-liquid system was modelled using the Eulerian
two-fluid method. A free surface boundary condition was
defined at the liquid surface, where the shear stresses were
set to zero. The blades, disc (for the Rushton turbine) and
baffles were defined as thin surfaces, and grids were refined
in the wall and impeller regions. On the walls, a no-slip
condition was specified for the liquid, while free slip was
specified for the particles. Initial and final simulation runs
were done using the multiple frame of reference (MFR) and
sliding grid (SG) impeller simulation approaches respectively.
In the SG approach, the inner block rotates while the outer
one is stationary, and for both MFR and SG, the radial
location of the interface with respect to tank diameter (T) was
at 0.585 T. The bottom part of the rotating block was set to
rotate in the opposite direction, making it stationary with
respect to the stationary frame. The interconnectivity between
the rotating and stationary domain was achieved by the
general grid interface (GGI) algorithm14.

Governing equations

The governing equations are given in a time averaged form,
in which conservation of mass is:

[2]

where ϕn is the phase hold-up for phase ‘n’, ρ and U are the
density and the mean velocity vector, respectively and DLS is
the turbulent diffusivity, which is specified if the Reynolds
averaging approach is used, otherwise it is set to zero for the
Favre-averaged equations. The momentum conservation
equation for the liquid phase is given by: 

[3]

where FB represents body forces including gravity, Coriolis
and centrifugal force; p is the pressure and FI represents the
interfacial forces, of which drag is the most important. The
momentum balance for the solid phase has an additional
term that accounts for the interaction between the particles,
and is given by:

[4]

where ps is the solid pressure12 that accounts for interaction
between the particles, τs is the solids stress, which was
neglected in the present study. 

Implementation of the modelling equations

The k-ε turbulence model was employed with both the
multiple frame of reference (MFR) and sliding grid (SG)
approaches. Initial flow fields were obtained with the MFR
approach whereas the final results were obtained with the SG
approach for both single and multiphase simulations. Three
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Figure 2—Variation of solids concentration (c) with output signal (I/Io):
(o) Ni230, (•) Ni400, (—) Logarithmic fit



CFD simulation and experimental measurement of nickel

grid sizes were used to model a quarter of the tank with one
impeller blade: 109 000; 263 000 and 350 000 cells. The
solids loading was up to 10 per cent, for 230 m diameter
particles of sand, glass and nickel (Ni). 

Results and discussion 

The CFD prediction of the nickel solids concentration distri-
bution was compared with experimental results obtained with
both the sampling and optical attenuation methods, and it
was shown that there was a reasonable comparison between
results obtained with the optical attenuation and simulation
methods. The nickel solids concentration distribution differed
significantly from those of glass and sand due to its high
density compared to that of the other two particles.

Comparison between the sampling and optical
methods 

In Figure 3, the results for the normalized solids volume
fraction obtained by the wall sampling method deviated from
unity by as much as 50 per cent. Even with the method of the
mean of samples, the axial solids distribution was still high
(up to 25 per cent deviation from unity) in comparison to
both the CFD and OAT methods. The apparent accumulation
of the solids in the wall region is an indication that taking
samples in this region, as has been a common practice5, is a
misrepresentation of the solids concentration in a tank. 

Effect of solids loading on the axial velocity 

It is shown in Figure 4 that a good comparison was obtained
between the experimental and the simulation results of the
axial velocity for a zero solid loading system. The
introduction of the solids into the system resulted in a
decrease in the axial velocity by up to 50 per cent in the wall
region. This can be attributed to the accumulation of the
solids in the wall region as shown by the wall sampling
method in Figure 3. The interaction between impeller tip
generated stream and the tank bottom wall results in a wall
jet17. This wall jet is responsible for the upward axial
velocity. In a case where solids tend to accumulate in the wall
region, the wall jet was attenuated by the solids and hence
the axial velocity component.

Radial solids concentration distribution 

At the impeller Njs speed of 674 rpm, it is shown in Figure 5
that the nickel solids concentration gradient varied in the
radial directions. This observation is different from the
uniform radial solids distribution that was reported for sand
and glass particles5,6 in a system stirred by multiple
impellers. In the present case, unlike that reported by these
authors, the tank was stirred by only one impeller. Moreover,
due to the high density, the nickel particles tend to settle
more rapidly than sand and glass in regions away from the
impeller. Tanks stirred by single impellers are the most
common configurations in practical applications, and the
present results show that in such systems, there is a
relatively low concentration of solids in the middle of the
tank. The results indicate that nickel solids suspension and
distribution can be improved by multiple impellers and
results reported elsewhere15,18 indicate that the bottom
impeller could be a Rushton turbine located closer to the tank
bottom.

▲
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Figure 3—Variation of dimensionless solids volume fraction (v/vo) with
normalized tank height (x/T) for 1.33% Ni at 420 rpm: (o) OAT, (—) CFD,
(•) Sampling at 22 mm from the wall, (Δ) mean of radial points

Figure 4—Effect of Ni solids loading on the axial velocity at 420 rpm: (o) LDV–0% (—) CFD-0%; (Δ) CFC–1.33%



Particle density effect

The density of nickel particles is very high (8 903 kg/m3)
compared to that of water, and the requirement that a
complete suspension be achieved in order to maximize the
surface area available for crystal growth, poses a great
challenge. Table I shows experimentally determine terminal
settling velocity (UT) and other hydrodynamic parameters for
the three different particle types. The maximum Stokes
number (St), which is the ratio of the Stokesian particle
relaxation time to the time required for one impeller
revolution, was 0.76. The difference between the Archimedes

number (Ar) for nickel and sand of the same size was more
than one order of magnitude. A high Ar is indicative of the
importance of the free stream turbulence on solids
suspension. A comparison between the concentration profiles
for these particles is presented in Figure 6, where the nickel
concentration profile is shown to deviate from the profile of
the other particles. The relative difference in the concen-
tration profile of sand and glass was about 6 per cent
whereas that for the nickel deviated from the two others by
up to 20 per cent in most regions in the tank. Again, particles
with higher densities accumulated more in the bottom region
than the low density ones.
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Figure 5—Variation of solids concentration with the radial distance (r/R), 10% Ni loaging, 674 rpm

Figure 6—Variation of volume fraction with particle density, 10% loading at 500 rpm: (—) sand, (– – –) glass, (– – – – – –) nickel

Table I

Hydrodynamic properties for nickel, sand, and flint glass

Particle dp, micron Density, kgm-3 Terminal settling velocity Reynolds no. Froud no. Stokes’s no. Archimedes no.
UT, m-1 Rep Fr St Ar

Nickel 75–1000 8903 0.037–0.35 2.36–271.7 0.67–1.89 0.0025–0.76 41–97643
Flint glass 750 4200 0.182 136 0.746 0.268 16689
Sand 750 2500 0.111 83.5 0.378 0.191 7831



CFD simulation and experimental measurement of nickel

The region about the mid radial distance from the centre
(the upper section of Figure 6 (b-d) is of special interest due
to the fact that there was a higher concentration of nickel
than sand and glass in this region, while it is expected that
the nickel particles, being the most dense, would be the least
suspended. It is important to note that this phenomenon is
similar to what has been observed with the larger particles18.
This (as is in the case of the larger particles) can again be
attributed to the higher inertial force that the nickel particles
have, in comparison to the sand and glass particles. In this
region, the liquid current caused by the wall jet suddenly
changes direction, from upward flow to downward flow. The
particles with a higher inertial force are expected to continue
with the initial trajectory long after the liquid and smaller
particles have changed course to downwards motion. The
change of direction for the larger or heavier particles is
eventually expected to take place in the region closer to the
centre of the tank than in the case of the lighter or smaller
particles. Therefore, this could lead to a higher concentration
of the larger or heavier particles in this region. In a nickel
batch precipitation process, the particle size increases with
reaction time. In this context, these results indicate that
nickel particle distribution and the subsequent power loading
on the impeller would increase with an increase in time.

The axial concentration distribution increases with
particle size and particle size distribution, and the influence
of the turbulent dispersion force and solid pressure increase
with an increase in the solids loading. It has been reported18

that for low solids loading, the solids suspension is governed
by the bulk fluid flow and the influence of non-drag forces,
while the turbulent dispersion force is negligible. Such a
system may be scaled up on the basis of the impeller tip
speed6. However, for high solids loading, Montante and co-
workers reported that turbulence intensity influences the
solids suspension and that the scale-up may be based on
power dissipated per unit volume. Scale-up of a system in
which there exists the kind of inhomogeneity experienced
with high density and heavy particles can be very
challenging. For this reason, there is a need for further
hydrodynamic investigation on the concentration distribution
of high density solids and high solids loading. The solids
loading employed in the present work was kept low due to
the limitation of the computational power and the OAT
equipment.

Conclusion 

CFD simulation methods can be used, with drag curves that
account for particle interaction, to predict the solids concen-
tration distribution for a high solids loading (10–20 per cent)
system. In this work the CFD simulation results were in better
agreement with the experimental data obtained using the
optical attenuation technique than those obtained using the
sampling method. Solids concentration was shown to be
highest both in the wall and impeller regions and these are
the regions in which the axial velocity was highest. As a
result of this, the wall sampling method overestimated the
solids concentration. This shows that the conventional
experimental method of determining solids concentration
distribution through sampling does not accurately represent
the overall solids concentration in the tank. The nickel solids
gave a different concentration distribution pattern compared

to those of the flint glass and sand particles. The results show
the limitations of single impeller and indicate that nickel
solids suspension and distribution could be improved using
multiple impellers.
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