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Introduction

Particle suspension in stirred vessels has attracted consid-
erable attention from researchers and engineers, as it is one
of the important operating criteria in operations such as
leaching, precipitation and adsorption in mineral processing
and chemical industries. There have been many articles in
the literature on solid–liquid agitated systems, but the major-
ity are on systems with low-solids concentration (e.g., \
0.20 v/v). On the other hand, many solid–liquid agitated sys-
tems, especially those in mineral processing operations, pro-
cess slurry at high-solids concentration for the purpose of
process intensification. Process intensification in agitated
vessels often requires that the production rate per unit vol-
ume has to be increased without going through major
changes in the plant. It is achieved by increasing the
throughput or yield mostly through improved physical proc-
esses such as efficient mixing while retaining the existing
vessel volume, since it is often impractical to reduce the size
or volume of operating vessels.1,2 In such instances, the con-

centration of solids in the agitated slurry will increase, lead-
ing to a significant increase in impeller power draw to
achieve off-bottom solid suspension. The extra energy
required at higher solid loadings is to compensate for the
energy dissipation due to increased solid–liquid friction, par-
ticle–particle collisions, and particle-equipment collisions.3

Raghava Rao et al4 and Bubbico et al3 agreed that the
energy loss due to this mechanism is negligible at low-solids
concentration (\ 0.04 v/v), but becomes appreciable at high-
solids loading. To achieve complete off-bottom suspension
at higher solids loading and minimize the energy dissipation
at the same time, significant modifications in vessel/impeller
geometry or vessel operating conditions are required. This
study aims to determine the improved or modified tank and
agitator designs and operating conditions required for han-
dling the increased solids loading at optimum impeller power
input. Furthermore, it aims to determine the maximum
achievable solids concentration at which slurry suspension
can be maintained under the modified conditions.

There have been many previous attempts to develop math-
ematical models and correlations to predict the influence of
solids concentration on impeller speed and power required
for off-bottom solids suspension. Narayanan et al5 developed
an expression for predicting the minimum velocity required

Correspondence concerning this article should be addressed to R. Parthasarathy at
rchrp@rmit.edu.au.

VVC 2011 American Institute of Chemical Engineers

AIChE Journal 1291April 2012 Vol. 58, No. 4



to initiate the solids suspension based on the flow pattern,
system geometry and physical properties of the two phases
involved. Kee and Tan6 proposed a CFD approach to predict
the minimum impeller speed for just-off-bottom suspension
(Njs) by observing the transient profiles of the solid-phase
volume fraction at the base of the vessel. Kasat et al7 also
developed a CFD model using a two-fluid model with stand-
ard k-e turbulence model with mixture properties for predict-
ing solids concentration distribution. Nevertheless, these
studies focused on suspensions with low-concentration slur-
ries and the applicability of these approaches to high-concen-
tration slurries has not yet been verified.

Wu et al8 reported that, in a baffled agitated vessel, the
maximum ‘‘achievable’’ concentration of spherical particles
(Cv)max is 90% of the solids packing condition Cb, which is
0.58 v/v for a baffled tank. They reported that (Cv)max ¼
0.52 v/v in a baffled tank and the energy efficiency of radial
flow impellers at very high-solids concentration (Cv ¼ 0.49
v/v) is greater than that of axial flow impellers in achieving
just-off-bottom solids suspension. Recently, it was suggested
by Wu et al2,9 that the impeller power draw required for sus-
pending high-concentration slurry can be reduced signifi-
cantly if the mixing vessels are operated without baffles.
However, they did not compare the maximum ‘‘achievable’’
solids loading in baffled vessels to that in unbaffled vessels.
The effect of baffles cannot be ignored in the optimization
of solid–liquid agitated vessels. The main role of baffles in
mechanically agitated vessels is to prevent swirling and vor-
texing of liquid.10 It is generally agreed that the presence of
baffles enhances mixing and, consequently, increases mass-
and heat-transfer rates. However, excessive or insufficient
baffling may result in the reduction of bulk-liquid flow and
localized circulation in the vessel.10 Due to these reasons; it
is likely that the maximum ‘‘achievable’’ solids loading in a
baffled tank could be significantly different from that in an
unbaffled tank. It is also possible that the specific impeller
power input required to achieve the just-off-bottom sus-
pended conditions at the maximum solids loading in a
baffled tank could be different from that in an unbaffled
tank.

Most of the previous studies on solid–liquid mixing found
in the literature focus on solids suspension in low-viscosity
liquids such as water. However, solids suspension in full-
scale operations often occurs in viscous liquids. In many
cases, the liquid phase in industrial operations could have a
significantly high viscosity due to the large quantities of
chemical and organic substances present. It is, therefore, use-
ful to quantify the effect of liquid-phase viscosity on off-bot-
tom suspension of high-concentration slurry. Although the
information on the mixing of highly viscous fluids is rela-
tively abundant,11–15 very few researchers have studied the
suspension of solids in viscous liquids. Ibrahim and Nie-
now16 studied the effect of liquid viscosity on mixing pat-
terns and solids suspension in agitated vessels. They stated
that the predictions of critical impeller speed required to
achieve just-off-bottom suspension (Njs) using Zwietering’s
equation17 were not valid at high-liquid viscosity. They men-
tioned that predicted Njs results had up to 90% error when
compared to their experimental results and, therefore, sug-
gested that the phenomenon of solids suspension in viscous
liquids is far more complicated than commonly accepted.

Ibrahim and Nienow’s work involved low-solids concentra-
tion (Cw ¼ 0.005 w/w), and its conclusions are yet to be
verified for solids suspension in viscous liquids for a range
of solids concentration. Therefore, it will be valuable to
investigate the influence of a small increase in liquid viscos-
ity on Njs and specific impeller power input at Njs, especially
for high-concentration slurries.

This article presents new information on specific impeller
power draw required for solids suspensions at extremely
high-solids concentration (up to 0.55 v/v), termed as ultra-
high solids concentration. This study was carried out to
investigate the effects of impeller type and baffling arrange-
ment on impeller power consumption. To simulate the pres-
ence of impurities in the liquid phase and its influence on
liquid viscosity, which is common in full-scale operations,
liquids with viscosities higher than that of water were used
in this study. The increase in liquid viscosity used in this
study was small so as to maintain the turbulent regime in
liquid flow which is essential for achieving off-bottom solids
suspension. The results presented in this article will provide
useful design data for optimizing the energy efficiency of
mixing vessels handling high-concentration slurries.

Experimental

All experiments were carried out in a 0.39 m diameter (T)
cylindrical, flat-bottom perspex tank placed inside a square
outer glass tank. The cylindrical tank was equipped with
four equally spaced baffles with width (B) to tank diameter
ratio (B/T) of 1/12. The space between the inner and outer
tanks was filled with tap water to minimize the optical dis-
tortion during flow visualization. Off-bottom impeller clear-
ance was set at T/3. Impellers were mounted on a centrally
driven shaft attached to an Ono Sokki torque transducer and
speed detector. The impeller shaft was driven by an electric
motor having a maximum speed of 550 rpm. The impeller
speed was varied using a variable frequency drive.

Tap water was used as the primary liquid phase. Glycerol
(BP 99.7% pure Nat Oleo supplied by APS Healthcare, Vic-
toria, Australia) was added to water at various concentra-
tions, to vary the liquid phase viscosity. A Bohlin CVO-50-
controlled stress rheometer was used to determine the viscos-
ity of Newtonian glycerol-water solutions before and after
the experiment. The liquid height in the tank (H) was main-
tained equal to the tank diameter in all experiments. Spheri-
cal glass ballotini particles with a density of 2,500 kg/m3

and a mean size (d50) of 90 lm were used as the solid par-
ticles. Impellers used in this work are shown in Figure 1 and
they were disc turbines, pitch-bladed turbines and a hydro-
foil. All the impellers had a diameter of 0.16 m. Other
dimensions and the power numbers of the impellers are
shown in Table 1.

Zwietering17 introduced the visual observation method to
determine the critical impeller speed for just-off-bottom sus-
pension Njs, which he defined as the impeller speed at which
no solid particles are observed to remain at the tank bottom
for more than 1 or 2 s. This criterion has been frequently
used to measure Njs by many researchers.18–19 However,
Kasat and Pandit20 pointed out that excessive energy is
required to lift relatively small amounts of solids from stag-
nant regions around the periphery of the vessel bottom,
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especially near the baffles or at the center of the vessel bot-
tom, due to weaker liquid circulation at these locations.
They also mentioned that, from a practical point of view, the
amount of solids in these regions is generally insignificant,
but could lead to up to 20–50% increase in impeller speed
required for off-bottom solids suspension.

In this work, therefore, a method recommended by Wu
et al2,8–9 was used to determine Njs. In this method, the bed
height of the settled solids at the tank bottom was used as a
means of determining Njs. To determine Njs according to this
method, the impeller speed was initially increased to a suffi-
ciently high value so that no particles remained stationary at
the tank bottom. At this condition, all particles were fully
suspended from the tank bottom (Figure 2b). The impeller
speed was then decreased gradually until a thin solids bed
appeared at the tank bottom (Figure 2c). The impeller speed
was then increased gradually and the speed at which the sol-
ids bed disappeared was designated as Njs (Figure 2b). The
impeller speed had to be varied slightly up and down a few
times around Njs before a repeatable reading for Njs was
obtained. At Njs the height of settled solids bed HB � 0. If

the impeller speed was decreased below Njs, a visible solids
bed appeared at the tank bottom whose height HB [ 0 (Fig-
ures 2c and 2d). Figure 2a shows that the slurry cloud height
Hs is nearly the same as the liquid height at N [[ Njs. It
must be pointed out that at Njs, particles are not necessarily
evenly distributed throughout the tank as shown in Figure
2a. In this study, HB was measured between two baffles. The
repeatability of Njs values determined using the aforemen-
tioned method was found to be typically within � 2 rpm.
The ratio of settled bed height (HB), and total liquid height
(H), is plotted against the impeller speed in Figure 3 for a
tank operated with the 30PBT6 impeller. It can be seen that
the normalized solids-bed height (HB/H) is zero at Njs, and
increases with a decrease in impeller speed. This method of
using settled solids-bed height for determining Njs has been
demonstrated by Wu et al2,8,9,21 to be quite reliable for sus-
pensions with high-solids concentrations.

Results

Maximum solids loading (Cv)max under baffled and
unbaffled conditions

A typical plot of impeller power input at Njs per unit
slurry volume (Pjs/V) as a function of solids concentration
Cv is shown in Figure 4 for 30PBT6. The specific power
input (Pjs/V) increases with increase in solids concentration
under both baffled and unbaffled conditions. Under baffled
condition, (Pjs/V) increases gradually with an increase in sol-
ids concentration up to 0.3 v/v and, thereafter, it increases
rapidly as the concentration approaches the maximum
achievable value of (Cv)max ¼ 0.52 v/v for this tank. Based
on Figure 4, it may be concluded that the ratio of maximum
solids loading to solids-packing coefficient in a baffled mix-
ing tank is expressed as

ðCvÞmax=Cb � 0:90:

where the value of packing coefficient (Cb) is 0.58 v/v for the
particles used in the current tests. The extremely high (Pjs/V)
required at high (Cv)max can be attributed to various reasons
including the high-energy loss due to particle-liquid friction,
particle–particle collisions and particle-equipment collisions as
suggested byBubbico et al.3 Under unbaffled conditions (Figure
4), themaximum achievable solids concentration (Cv)max is 0.56
v/v which is higher than that at baffled condition. Based on
Figure 4, for an unbaffled tank, it is estimated that

ðCvÞmax=Cb � 0:98:

As shown in Figure 4, for all Cv values, (Pjs/V) values
under unbaffled condition are lower than those under baffled

Table 1. Impeller Geometric Parameters (W: Blade Width; T: Tank Diameter; D: Impeller Diameter)

Impeller ID Full Name Flow Pattern No. of Blades Blade with W/D D/T Power No. Np
#

DT6 6-bladed radial turbine Radial 6 1/5 0.41 5.598
DT4 4-bladed radial turbine Radial 4 1/5 0.41 4.140
30PBT6 30� pitched 6-bladed turbine Mixed 6 1/5 0.41 0.720
30PBT4 30� pitched 4-bladed turbine Mixed 4 1/5 0.41 0.560
A310 Hydrofoil axial flow impeller Axial 3 – 0.41 0.320

#Power number data measured in water

Figure 1. Impellers used in this study.

(a) radial flow impeller: DT6, (b) mixed flow impeller:
30PBT4, and (c) axial flow impeller: A310.
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condition. These results show clearly that the removal of
baffles is highly beneficial in decreasing the specific impeller
power input, especially when very high-solids concentrations
are suspended in agitated vessels.

Effect of impeller type on (Pjs/V) at ultrahigh solids
concentration

This study has also shown that at a relatively low-solids
concentration Cv ¼ 0.15 v/v, 30PBT6 (mixed flow impeller)
and A310 (axial flow impeller) have lower (Pjs/V) values at
Njs than DT6 (radial flow impeller) for off-bottom solids sus-
pension under baffled conditions (Figure 5a). However,
under unbaffled condition, the (Pjs/V) results exhibit an op-
posite trend for the same solids concentration (Figure 5b).

DT6 is more energy efficient than 30PBT6 and A310 under
this condition. Results shown in Figure 5b reinforce the
point that the impeller with a higher power number (DT6)
requires lower specific power input to suspend the particles
at Njs under unbaffled condition as mentioned in our recent
publication.21

(Pjs/V) values for the same three impellers but at a higher
solids concentration of 0.50 v/v are shown in Figure 5c for
baffled condition. It is interesting to note that, in this case,
DT6 has a lower specific power input at Njs as compared to
30PBT6. Wu et al8 reported similar specific impeller power
input results for these two impellers at a similar solids con-
centration (0.49 v/v). This result could be attributed to the

Figure 3. Sedimentation bed height (HB) vs. impeller
speed (N); Njs determination at different sol-
ids concentrations. Impeller: 30PBT6.

Figure 4. Specific impeller power input (Pjs/V) at Njs as
a function of solid concentration Cv. Impeller:
30PBT6 pumping downward.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 2. Visual method to determine the Njs (a) N � Njs, homogeneous suspension, HB 5 H, (b) N 5 Njs, HB 5 0,
(c) (Njs 2 N) � 2 rpm, HB > 0, and (d) N � Njs, HB � 0.

1294 DOI 10.1002/aic Published on behalf of the AIChE April 2012 Vol. 58, No. 4 AIChE Journal



secondary flow circulation loop generated in the vessel by
DT6 above the impeller plane. This flow loop possibly picks
up the particles brought to the impeller plane by the flow
loop below the impeller and suspends them in the upper
parts of the vessel leading to higher slurry cloud height. The
larger slurry cloud height for DT6 also indicates better utili-
zation of the agitator for solids suspension and improved
energy efficiency (i.e., low Pjs).

22 It should be pointed out
that at Cv ¼ 0.50 v/v, the just-off-bottom suspension could
not be achieved using A310 in this work because Njs for this
impeller exceeded the maximum motor speed (� 550 rpm).

(Pjs/V) values for the three impellers at Cv ¼ 0.50 v/v
under unbaffled condition are shown in Figure 5d. In this
case, 30PBT6 leads to the lowest (Pjs/V) followed by A310
and DT6. This observation is rather interesting considering
that DT6 is more energy efficient (has lower (Pjs/V) values)
compared to A310 and 30PBT at Cv ¼ 0.15 v/v as shown in
Figure 5b. The reason behind this phenomenon is not clear
and further work is required to explain this.

Optimum solids loading (Cv)osc

The specific impeller power input has been expressed as
(Pjs/V) so far, but it can be also expressed based on the total
mass of solids suspended ejs as shown in Eq. 1

ejs ¼ Pjs

Ms
(1)

where Ms is the mass (kg) of the solids in the tank. Drewer et
al19 justified this expression for ejs based on the consideration
that the rate of mass transfer or reaction is independent of
agitation and vessel volume once the suspension of solids is
achieved in the majority of processes, except for operations

such as crystallization which requires suspension homogene-
ity. They suggested that for such processes, the reaction rate is
controlled by the solids-surface area and, therefore, it is
logical to evaluate the effect of solids concentration on
specific impeller power based on the mass of solids
suspended. Based on Drewer et al’s suggestion, ejs was
calculated according to Eq. 1 and used in the evaluation of
impeller power efficiency.

The ejs values for 30PBT6 and DT6 impellers at various
solids concentrations are shown in Figure 6 for water (l ¼
0.001 Pa.s), and glycerol solution (l ¼ 0.023 Pa.s). When ejs
is plotted in this form, it can be seen that it decreases with
an increase in Cv, reaches a minimum and then starts
increasing. This trend is observed for both impellers in both
liquids. The Cv value at which ejs is a minimum is desig-
nated as ‘‘optimum solids concentration (Cv)osc’’, because it
represents a condition at which the energy input into the sys-
tem through impeller rotation is used efficiently. The opti-
mum solids concentrations for 30PBT6 and DT6 in water
are found to be 0.25 and 0.35 v/v, respectively. In other
words, at this concentration, more solids are suspended per
unit of impeller power input (kg solids/W) compared to
those at other Cv values. To illustrate this point, 1/ejs (kg sol-
ids/W) data are shown in Figure 6 for selected Cv values. In
all the cases, 1/ejs (kg solids/W) values at optimum solids
concentrations are greater than those at lower Cv values. For
example, impeller 30PBT6 operating in water at the opti-
mum Cv of 0.25 v/v can suspend about 4.5 kg solids per
Watt of power, whereas at a lower Cv of 0.05 v/v, it can sus-
pend only 1.92 kg solids per Watt of power. These results
indicate that the energy efficiency of solid–liquid mixing
vessels can be increased by operating them at higher solids
concentration (ca. optimum Cv values) than hitherto thought.

Figure 5. Specific power input (Pjs/V) at Njs at different conditions (a) Cv 5 0.15 v/v, baffled condition, (b) Cv 5 0.15
v/v, unbaffled condition, and (c) Cv 5 0.50 v/v, baffled condition, Pjs/V data not available for A310, and (d)
Cv 5 0.50 v/v, unbaffled condition.
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Figure 6 also shows that ejs values for DT6 are greater
than those for 30PBT6 for all Cv values in both liquids. It is
clear that an increase in liquid viscosity leads to an increase
in ejs values regardless of the impeller type and Cv used.
However, the effect of viscosity in increasing ejs is relatively
more significant for DT6 than for 30PBT6. The optimum
solids concentration (Cv)osc, 0.25 v/v for 30PBT6 and 0.35 v/
v for DT6, is not influenced by the increase in liquid viscos-
ity. However, the ejs values at these CV values increase with
increase in viscosity. These results indicate that the energy
efficiency of these impellers will be lower if they are oper-
ated in liquids with higher viscosity, mainly because fewer
particles will be suspended per unit of impeller power input
under such conditions, regardless of the solids concentration
of the slurry.

Unbaffled conditions for efficient solids suspension

The ejs results for four different impellers (DT6, DT4,
30PBT6 and 30PBT4) at Cv ¼ 0.40 v/v in liquids with dif-
ferent viscosities are shown in Figures 7a and 7b for baffled
and unbaffled conditions, respectively. Under baffled condi-
tion, ejs values for DT6 in all the liquids are lower than
those for DT4 indicating that the higher power number DT6
is more energy efficient at high-solids concentration. On the
other hand, there is no significant difference in ejs values for
30PBT6 and 30PBT4 under baffled conditions in all the
liquids. Under unbaffled condition, the ejs values for the disc
turbines (DT6 and DT4) in all the liquids are nearly the
same. Similarly, ejs values for the pitched blade impellers
(30PBT6 and 30PBT4) are also nearly the same under
unbaffled conditions. However, under unbaffled conditions,
DT6 and DT4 impellers become less energy efficient (greater
increase in ejs values), with an increase in liquid viscosity
when compared to 30PBT6 and 30PBT4 impellers (Figure
7b). Comparison of ejs results for these four impellers sug-
gest that DT6 or DT4 is more energy efficient when it is
used in water under unbaffled conditions for Cv ¼ 0.40 v/v.

The percentage reduction in ejs due to the removal of baf-
fles for the different types of impellers used in this study are
shown in Table 2 for water (l ¼ 0.001 Pa.s), and glycerol

solutions (l ¼ 0.015 and 0.023 Pa.s). At Cv ¼ 0.40 v/v, re-
moval of baffles leads to significant decrease in ejs regardless
of the impeller type and liquid viscosity. The reduction in ejs
varies from 56–80% in water to 36–61% in glycerol solution
with l ¼ 0.023 Pa.s. It is also evident that the percentage
reductions in ejs for disc turbines are much higher than those
for the pitched blade turbine impeller in all solutions. These
results imply that it is possible to intensify the solid–liquid
mixing process and still achieve significant reduction in
impeller power input, even at relatively higher liquid viscos-
ity and Cv, simply by removing baffles.

The effect of viscosity on ejs at high-solids concentration
(Cv ¼ 0.40 v/v) and relatively high-liquid viscosity (l ¼
0.023 Pa.s) has not been reported so far to the authors’
knowledge. Attempts to determine ejs at l [ 0.023 Pa.s and
Cv [ 0.4 v/v were not successful in this study due to the
limitations of the electric motor used.

Discussion

It is interesting to note that (Cv)max in solid–liquid mixing
vessels can be increased by removing the baffles (Figure 4).
This is most likely due to the strong swirling flow present at
the tank bottom under unbaffled condition which promotes
the suspension of solids. Removal of baffles also leads to a
decrease in impeller power input even at high Cv which can

Figure 7. Specific impeller power input ejs (5 Pjs/Ms) for
different types of impellers in liquids with dif-
ferent viscosities for Cv 5 0.40 v/v, (a) under
baffled condition, and (b) under unbaffled
condition.

Figure 6. Specific impeller power input �js (5 Pjs/Ms) at
Njs at different Cv, under baffled conditions.
Liquid: water (l 5 0.001 Pa.s), and glycerol
solution (l 5 0.023 Pa.s).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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be attributed to the reduction in energy dissipation against
the vessel walls. For example, nearly 80% reduction in spe-
cific impeller power input can be achieved for 30PBT6 by
removing the baffles at Cv ¼ 0.50 v/v (Figure 5).

Attempts made in this work to increase the solids concen-
tration beyond (Cv)max were not successful because the con-
siderably higher impeller power draw at these conditions
was beyond the practical limit of the electric motor. It must
be pointed out that the solids concentration of 0.55 (v/v)
used in this study is extremely high, and there is no data for
such high concentration in the literature to the authors’
knowledge. Operating the mixing vessels at such high-solids
concentration can easily lead to motor damage due to a
sharp rise in impeller power consumption owing to the sol-
ids-packing effect. Drewer et al23 also suggested that, at
high-solids concentration, the effective viscosity of suspen-
sion changes suddenly giving rise to a significant change in
suspension behavior and leading to complex flow circula-
tions. Burn-out of electric motors is a possible consequence
if mixing vessels in some mineral processes are operated at
Cv greater than 0.40 v/v. On the other hand, using a dilute
or relatively low-solids concentration condition is not benefi-
cial to industry because it will increase the operating costs
unnecessarily due to insufficient utilization of the existing
infrastructure. In such instances, it will be highly beneficial
to operate the mixing vessels at solids concentrations around
the optimum values, which lie between the traditionally used
low concentrations and impractical ultrahigh concentrations.

Two strategies have been suggested in this work to reduce
the specific impeller power input, (1) operating the solid–liq-
uid mixing vessel around optimum Cv, and (2) removal of
baffles. The optimum Cv values shown in Figure 6 show that
operating the agitated vessel at solids loadings higher than
0.25 v/v is feasible and beneficial in terms of impeller
energy efficiency. Removal of baffles has been also shown
to be an effective method to reduce impeller power con-
sumption (up to 80%) at high-solids loadings (Figure 5).
However, it is to be pointed out that slurry distribution and,
therefore, its uniformity could be potentially affected without
the baffles. Wu et al’s suggestion that the dispersion of par-
ticles and liquid phase mixing time in solid–liquid mixing
vessels are dependent on particle size, impeller type and baf-
fling condition has to be taken into account before consider-
ing the removal of baffles.21

In the minerals processing industry, it is still common to
find many agitated slurry tanks operating with low-solids
loadings (� 0.2 v/v). Application of results reported in this
study will enable such operations to intensify their processes
while optimizing the impeller power consumption using rela-
tively simple modifications such as removal of baffles and
changing the impeller type.

Ibrahim and Nienow16 conducted experiments in highly vis-
cous Newtonian liquids but using relatively lower solids con-
centration (0.5% w/w). They suggested that the impeller power
required achieving off-bottom solids suspension in highly vis-
cous liquids is higher than that in water, which is consistent
with the results reported in this article. The main difficulty asso-
ciated with the suspension of solids in a viscous environment is
obtaining a uniform mixture because there are fewer or no tur-
bulent eddies in the system. The observations made in this work
indicate that the impeller power required to achieve the off-bot-
tom solids suspension in viscous liquids may be higher than
that in water, but this still may not lead to uniform suspension.

Conclusions

Experiments have been carried out to investigate the
impeller power required to achieve off-bottom suspension
involving extremely high solids concentrations (up to 0.55 v/
v) in an agitated vessel under baffled and unbaffled condi-
tions. Results obtained in this work indicate that the ratio of
maximum achievable solids concentration at Njs to solids
bed-packing coefficient (Cv)max/Cb is around 0.98 under
unbaffled conditions, which is higher than the 0.90 under
baffled conditions.

The study on the effect of impeller type on specific impeller
input at Njs (¼ Pjs/V) at a solids concentration higher than nor-
mal value (Cv ¼ 0.50 v/v) showed that the disc turbine
requires lower specific power than the pitched bladed impeller
under baffled conditions. Nevertheless, under unbaffled condi-
tions, the disc turbine requires higher specific power than the
pitched blade and hydrofoil impellers to achieve off-bottom
solids suspension. This observation is different from the usual
ones reported in the literature which show higher power num-
ber impellers such as disc turbines are more efficient under
unbaffled conditions, but at Cv\ 0.40 v/v.

An increase in liquid viscosity led to an increase in spe-
cific impeller power consumption, regardless of the impeller
type and solids concentration used. However, the optimum
solids concentration at which ejs (¼ Pjs/Ms) is minimum was
not affected by liquid viscosity, but was influenced by the
impeller type.

Removal of baffles was found to be beneficial for achieving
process intensification, even in the viscous environment. Up to
80% reduction in impeller power consumption could be
achieved by the removal of baffles even at solids concentra-
tions higher than those used in industry.
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Notation

Cw ¼ solids weight concentration, w/w
Cv ¼ solids volume concentration, v/v
Cb ¼ bed packing coefficient, v/v

(Cv)osc ¼ optimum solids concentration, v/v

Table 2. Percentage Reduction (%) in Impeller Power
Consumption (ejs) Due to the Removal of Baffles,

Cv 5 0.40 v/v

l (Pa.s)
DT6

(Np¼5.598)
DT4

(Np¼4.140)
30PBT6

(Np¼0.720)
30PBT4

(Np¼0.560)

0.001 75 80 57 56
0.015 62 65 42 42
0.023 61 64 37 36
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(Cv)max ¼ maximum attainable solids concentration, upper limit, v/v
d ¼ particle size, mm
D ¼ impeller diameter, m
H ¼ liquid level, m
HB ¼ settled bed height, m
Hs ¼ slurry cloud height, m
Ms ¼ mass of solids, kg
N ¼ impeller speed, rev/min, rpm
Np ¼ power number
Njs ¼ just-off-bottom solids suspension speed, rpm
P ¼ power, W

Pjs ¼ agitator power for just-off-bottom solids suspension, W
T ¼ tank diameter, m
V ¼ tank volume (m3), or velocity (m/s)
ejs ¼ agitator power per unit solids mass at the just-off-bottom

solids suspension condition, W/kg
l ¼ viscosity, Pa.s
W ¼ blade width, m
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