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Abstract: The pharmaceutical sector often uses non-standard impellers and stirred tank reactor (STR)
geometries, compared to those in other chemical processes. Many such reactors are glass-lined to provide
corrosion prevention and to avoid product contamination. Typically, these contain retreat curve impellers,
which may have been modified to fit into a conical-based vessel, designed for ease of product discharge.
These geometries are not covered by the standard correlations in the literature. This research work was
carried out using a conical-based vessel with a diameter of 0.29 m. Power numbers have been obtained
for a range of impeller clearances and baffling arrangements and correction factors have been proposed to
account for the effect of the conical base and partial baffles.  Liquid blending operations have been shown to
occur rather quickly in the vessel mainly due to the use of impeller with increased diameter. Just-suspended
impeller speeds for solids dispersion have been measured and correlated with Zwietering’s equation. The
values of Zwietering’s s parameter are proposed for a range of liquid fill levels, impeller clearances and baffle
arrangements.
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1. INTRODUCTION 

Stirred tank reactors (STRs) are widely used
throughout the pharmaceutical sector for mixing,
heat and mass transfer, chemical reaction and
crystallization. The design of these tanks is often
based on empirical design equations, scale-up rules
and heuristics derived from experiments conducted
in so-called standard geometry vessels, similar to
those used in petrochemical and fine chemicals
processing [1]. In these industries, cleaning and
emptying of vessels is not an issue, and so the 

standard designs are usually based around small
diameter impellers (e.g. pitched blade turbines and
commercial hydrofoils) operating in turbulent flow
conditions, with four wall baffles, dished bases
and fill heights of around one tank diameter.  In
contrast, many mixing and reaction vessels in the
pharmaceuticals sector are glass-lined and have
partial or no baffling; they may use non-standard
impellers, such as the retreat curve impeller (RCI) 
[2]. Furthermore, many such vessels feature conical
bases, which are intended for ease of product 
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discharge, and may be operated at relatively low fill 
levels; the RCI designs are often modified to match 
the conical base, e.g. by angling the blades upwards 
[3].  

	 A large proportion of pharmaceutical STRs 
are used for solid-liquid processing operations [4]. 
For example, mixing, reaction and heat transfer 
are commonly used to nucleate a crystal phase; the 
distribution of super-saturation and the processes 
of nucleation, crystal growth, agglomeration 
and crystal breakage are all partly affected by 
the hydrodynamic environment. Consequently, 
mixing can affect the crystal size distribution 
and morphology,  as well as the homogeneity of 
a solids suspension withdrawn from the vessel. 
These properties can adversely affect downstream 
separation processes, such as filtration, isolation 
and drying. Thus they partly determine the overall 
yield of the process and the characteristics of the 
final product. The work described here is a first-
step towards understanding these complex issues, 
by characterizing the liquid and solid-liquid flows 
in conical-based vessels.

2.	 EXPERIMENTAL 

The experimental rig is schematically shown in 
Fig. 1, where diameter D = 0.18 m, 3-bladed retreat 
curve impeller in a transparent conical base STR 
of T = 0.29 m as inside diameter. The maximum 
vessel volume was 20 L, fill levels corresponding 
to H/T = 0.50, 0.75 and 1.00 were investigated, as 
well as various clearances of the impeller above 
the base of the cone. The conical base STR was 
surrounded by a square tank filled with water to 
provide an undistorted view of the vessel contents. 
Observations were used for flow visualization (Fig. 
2) using neutrally buoyant 0.5 mm particles and to 
find just suspended speeds for solid suspension. 
Within the tank, between 1 and 4 wall baffles could 
be installed; these were 0.03  m wide and 0.005 
m thick baffles and were equally spaced in the 
tangential direction. Alternatively, a single 0.03 m 
wide beavertail baffle with a thickness of 0.01m 
could be positioned in the STR at 0.44T from the 
bottom and at 0.1T from the vessel wall.  The vessel 
headspace was open to the atmosphere and the 
working fluid used in all the experiments was tap 

water.

	 The power input was calculated from the 
torque on the impeller shaft which was measured 
by a Torque Track 9000 digital telemetry system 
(Binsfeld Engineering Inc.); strain gauges and an 
FM transmitter were mounted on the impeller shaft 
and the signals were received by a wireless antenna. 
The strain gauges were below the top bearing on 
the shaft so no frictional effects were measured. 
Preliminary checks measured the power numbers 
of standard geometry impellers such as the Rushton 
turbine (6DT) and the pitched blade turbine (PBT) 
in flat-based vessels, which agreed well with the 
values reported in the literature [5].

	 The mixing time experiments were performed 
by measuring the concentration time history of a 
salt (NaCl) tracer; the effects of different geometric 
arrangements were studied.  A 50 ml salt solution 
containing about 1 mass % NaCl was introduced at 
the top surface of the vessel. A single conductivity 
probe with a tip diameter of about 1 mm [6] was 
placed near the discharge of the impeller and was 
connected to the conductivity meter, which sent a 
voltage to a PC data logger at 12 Hz. 95% mixing 
time was calculated as the time required for the 
concentration fluctuations to have decayed within 
±5% of the well-mixed value. It was found that 
consistent average values could be obtained by 
repeating the mixing time experiments three times 
for each experimental condition.

	 Glass ballotini particles with a density of 
2500 kg/m3 were used in the solids suspension 
experiments and the weight fraction was varied 
from 2 to 30 mass %. Two particle sizes were used, 
with weight-average diameters of 220 and 540 
μm; these had fairly narrow size distributions with 
standard deviations of 55 and 85 µm, respectively.  
Zwietering's  [7] just-suspension criterion was 
applied to obtain Njs, i.e. it was considered that 
complete suspension of solids had occurred when no 
particle remained on the bottom of the tank for more 
than 1–2 sec, as observed by visual inspection. 

3.	 RESULTS AND DISCUSSION

3.1	 Flow Visualizations

Neither the wall baffles nor the beavertail baffle 
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Fig. 1. The geometry of the conical vessel, retreat curve 
impeller and baffles used in the experimental work.

Fig. 2. Flow visualization performed in the conical 
vessel with a retreat curve impeller and a single wall 
baffle (located behind the impeller shaft).

Fig. 3. RCI power numbers with 1 or 4 wall baffles and at two clearances; comparison of flat and 
conical bottoms.
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extend into the conical section (Fig. 1) and hence 
the flow in that region is effectively unbaffled. As 
a consequence the liquid velocity is predominantly 
tangential. Above the conical section, even with a 
single baffle the tangential flow is disrupted and 
converted into axial and radial components. With 
a single baffle, the flow structure is difficult to 
determine from instantaneous snapshots, but Li 
et al.’s [8, 9] CFD simulations suggest that there 
ought to be a down-flow around the shaft and an up-
flow at the walls, with weak flows near the surface, 
which is in agreement with Fig. 2 depiction. Streak 
photographs, such as shown in Fig. 2, were obtained 
for a number of baffle configurations for the 
RCI. Surprisingly, the case with four wall baffles 
produced a rather chaotic flow above the conical 
section, with some segregation from the flow in the 
cone below.

3.2	 Power Input of the RCI

Power inputs were measured for a range of 
mixer configurations, over Reynolds numbers in 
the turbulent regime (Re = ρND2/µ > 104). The 
effects of conical bases, partial baffles (1 or 4 wall 
baffles or a beavertail baffle) and various impeller 
clearances on the power number were investigated 
and are presented in Fig. 3, 4. Campolo et al. [10, 
11] reported measured power numbers, P0, for a D/ 
T = 0.58, three-bladed RCI and for two beavertail 
baffles. In their laboratory scale apparatus (T = 0.31 
m) the power number fell from 0.79 to 0.70 over 
the range 104 < Re < 105, although their calculation 
from Nagata’s [12] correlation suggested that it 
should remain constant. Dickey et al. [13] found 
only a small decrease in P0 in this Reynolds number 
range for a 0.1T width finger baffle. Li et al. [8, 9] 

calculated power numbers for an RCI with a single 
cylindrical baffle, but found no effect of Reynolds 
number in the range Re > 104. Therefore, for systems 
containing partial baffling it was expected that P0 
would be approximately independent of Reynolds 
number in the range studied (Re > 4×104), which 
is what is shown in Fig. 3, 4, where there is only a 
very small effect of the impeller clearance, which 
is in agreement with Nagata’s [12] power number 
correlation.  

	 Averaged power numbers are presented in Table 
1: at the lowest clearance of C/T = 0.16, the power 
number is less than 10% greater than for the more 
standard clearance of C/T = 0.31, for the flat-based 
vessel. The effect is slightly greater for the conical-
based vessel, since the shape of the blades is such 
that their tips come very close to the tank base at 
the lowest clearance studied here. Table 1 and Fig. 
3 show that conical-based vessels generally draw 
less power than the flat-based systems, with

	
(1)

for all baffle types and clearances and also for a 6DT 
operated in these two vessels (Table 1). Equation 
(1) represents the power number correction factor 
when only the vessel base shape has changed and 
all other geometric variables remain fixed.	
The predominant effect in Fig. 3, 4 is of changing 
the number of baffles. Compared to the fully 
baffled (4 wall) cases, the power numbers are given 
approximately by:

	 (2)

and  	 (3)

Table 1. Averaged power numbers over the range 4×104 < Re < 2×105 (turbulent flow) for the retreat curve 
impeller (RCI) and 6 bladed disk turbine (6DT) in flat and conical-based vessels.

Averaged Power Numbers, P0

Impeller RCI RCI RCI RCI 6DT 6DT 6DT 6DT
Bottom flat conical flat conical flat conical flat conical
C/T 0.16 0.16 0.31 0.31 0.16 0.16 0.31 0.31
4 wall baffles  0.80  0.71  0.75  0.71  5.41   5.06  5.22   4.83
1 wall baffle  0.44  0.41  0.44  0.35 — –– –– ––
1 Beavertail  baffle  0.36  0.33  0.33  0.27 –– –– –– ––
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for the single wall (1w) and beavertail (1b) baffles, 
respectively. Here, (P0)4w is the power number for 
the same geometry of impeller and vessel, but with 
4 wall baffles. Thus eq. (1) represents the power 
number correction factor when only the number 
of baffles has changed and all other geometric 
variables remain fixed. Myers et al. [14] indicated 
that changing from 4 to 1 wall baffles resulted in 
about a 60% decrease in power draw for a radial 
pumping impeller, which is similar to the power 
number correction factor given in eq.(2).

3.3	 Mixing Time Measurements with RCI in a 
Conical-based Vessel

Before commencing work with the RCI, some 
preliminary results were obtained to compare the 
95% mixing times of a standard geometry PBT 
down-pumping impeller [15] in flat- and conical-
based vessels. The measurements in Fig. 5 followed 
a curve given by  Nθ95 = constant, as suggested by 
Ruskowski’s [16] generalized correlation shown in 
eq.(4) below:

	
(4)

For the PBT in a flat-based vessel (P0 =1.3 [15] and 
D/T = 1/3), eq. (4) predicts a dimensionless mixing 
time of 44, which agrees well with the experimental 
measurements shown in Fig. 5. In the conical-based 
vessel, the measured dimensionless mixing times 
were about 50% lower and there was no effect of 
impeller clearance, at the two values investigated. 
Ruskowski’s [16] correlation may also be written 
as 

	 (5)

In changing from a flat to a conical base, eq. (1) 
indicates that there should only be a small reduction 
in power input for the PBT for a given impeller 
speed. The volume contained at H  =  T in the 
conical-based vessel is 12.8 L (compared to 19.2 
L for the flat-based vessel), but eq. (5) shows that 
this effect is not large enough to account for the 
50% reduction in mixing time shown in Fig. 5. It 
would appear that the down flows generated by the 
PBT are significantly changed when the impeller is 

placed at low clearance in a conical-based vessel.

Mixing times were also measured with the RCI in 
the conical-based vessel at a number of impeller 
clearances and with various baffle arrangements, as 
shown in Fig. 6–8. Dye tracer and flow visualization 
experiments indicated that for Re > 104 there were 
no dead zones with any of the baffling arrangements 
used. Repeated measurements of the mixing time 
varied by about 10% either side of the mean, but 
generally the results agreed with the form Nθ95 = 
constant.  

	 In the conical-based vessel, the differences in 
dimensionless mixing times for 1, 2, 3 and 4 wall 
baffles were small (e.g., varying between 6.9 and 
8.7; Fig. 6, 9). Of all the wall baffle arrangements, 
the four baffle case gave the longest mixing times, 
despite the fact that this configuration had the largest 
power input for a given impeller speed. The shortest 
mixing times were for a single wall baffle, although 
at the highest clearance (C/T = 0.31) all four wall 
baffle arrangements had approximately the same 
value of Nθ95 (Fig. 9). Myers et al. [14] reported 
only minor differences in blend times for mixed, 
axial and radial discharge impellers for between 
1 and 4 wall baffles, with a weak minimum for 2 
baffles. Other workers have reported small decreases 
in the mixing time on increasing the number of wall 
baffles from 2 to 6 [17]. Fig. 9 shows the longest 
mixing times were for the single beavertail baffle, 
which produced strong components of radial and 
axial flow above the conical section, but did little 
to disrupt the swirling flow below. Thus the single 
beavertail is the least effective for liquid blending; 
the difference is greatest at the highest clearance of 
C/T = 0.31. However, all the configurations studied 
here had relatively short dimensionless mixing 
times and it may be concluded that partial baffling 
and conical-bases are unlikely to lead to severe 
blending problems in these high Reynolds number 
flows.

	 Equation (4) shows that an increase in D/T 
results in a significant decrease in the dimensionless 
mixing time, which is one reason why the RCI 
remains effective at liquid blending, despite the 
reduced baffling arrangements. For a flat-based 
vessel, eq. (4) predicts Nθ95 = 14.8, whereas Fig. 6 
shows that the measurements are about Nθ95 = 9.2. 
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Fig. 4. RCI power numbers with a single beavertail baffle and at two clearances; comparison of flat and 
conical bottoms.

Fig. 5. The effect of vessel base shape on the 95% mixing time for a PBT with four wall baffles.
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Thus eq.(4) provides a conservative estimate of the 
mixing time. For four wall baffles, the difference 
between the mixing times in the flat and conical-
based vessels is small, with the latter giving about 
5% lower Nθ95 values (Fig. 6). This difference is 
smaller than is shown in Fig. 5, which may indicate 
that the axial / mixed discharge flow of the PBT is 
much more affected by the presence of the conical 
base than the more radial discharge of the RCI. 
The conclusion from the data obtained with the 
PBT and the RCI is that the effect on the mixing 
time, of changing from a flat- to a conical-based 
vessel, cannot be taken into account using a simple 
correction factor which is a constant for all impeller 
types.

3.4	 Just-suspended Conditions for RCI in a 
Conical-based Vessel

Visual observations showed that solids accumulation 
in the apex of the conical base was a severe problem 
and that large values of Njs were frequently obtained; 
in many configurations the solids could not be 
suspended at the maximum motor speed of 410 rpm. 
In some cases the particles became suspended in the 
conical section, but the axial circulation generated 
in the baffled upper section appeared to prevent 
solids being distributed higher in the vessel. Fig. 10 
shows the effect of baffling and impeller clearance 
on the just-suspended speed for 10 mass % of 220 
µm diameter solids at liquid heights of H = 0.75 
T and H  =  T. The values of Njs are significantly 
affected by the impeller clearance, but in contrast 
to conventional dished-based vessels, they are also 
a function of the liquid height. The lower part of 
the vessel is essentially unbaffled since the baffles 
terminate where the cone meets the straight section 
of wall (Fig. 1). Fig. 2 shows that there is a strongly 
swirling flow in the apex of the cone, which is not 
affected by baffling and as a consequence particle 
suspension is adversely affected. As the impeller 
clearance is increased, the discharge flows impinge 
on the wall baffles and stronger axial and radial liquid 
circulations are obtained, but these do not penetrate 
deep into the cone. Hence, Njs increases with an 
increase in C/T. At clearances of C / T > 0.3 and H 
/ T =0.75, the value of Njs exceeded the top speed 
of the motor and hence the solids could not be fully 
suspended. At H / T =0.50 the baffles were hardly 
immersed and Njs often exceeded the maximum 

speed of the motor so that few data were obtained. 
For liquid heights of H = 0.75 T and H = T, the 
tank configurations with four baffles gave the worst 
(highest) solids suspension speeds and those with a 
single wall baffle or a single beavertail were the best 
arrangements. Single baffles led to an asymmetric 
flow pattern which appeared to be better at picking 
up solids from the apex of the cone.

	 Similar results were obtained with the larger 
540 µm particles, as shown in Fig. 11 for a single 
wall baffle. Other wall baffling arrangements 
were also studied, but the only results that could 
be obtained were for very low solids fractions and 
low clearances. With increasing impeller clearance 
or with lower liquid levels, the particles became 
harder to suspend. Zwietering [7] conducted a wide 
range of experiments on the just-suspended speeds 
for solids and proposed the following dimensionless 
correlation.

	
(6)

Habib [18] correlated Njs against the % solids mass 
ratio X and found exponents ranging from 0.05 to 
0.15, which were broadly in agreement with eq. 
(6). Table 2 contains Zwietering s values fitted to 
the data for the various geometries investigated in 
the current work by assuming that the form of eq. 
(6) applies to the RCI in a conical-based vessel. 
Generally these s values increase with increasing 
clearance, in agreement with the findings of 
Armenante and Nagamine [19]. Notably, Table 2 
shows that lower liquid heights result in larger Njs or 
s values, which may be a characteristic of conical-
based vessels. Ricard et al. [20] reported Njs values 
for a 15º RCI in a dished-based vessel and a 45º 
RCI in a conical-based vessel, with D/T = 0.6 and 
C/T = 0.07 and a single beavertail baffle. Their s 
values were calculated using X as a mass fraction; 
recalculating using the more usual definition of X as 
the solids mass ratio × 100, then s values of 3.5 and 
3.8, respectively, were obtained. These compare 
rather well with the lowest clearance values in 
Table 2.  

4.	 CONCLUSIONS 

Measurements of the power number, dimensionless 
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Fig. 6. The effect of baffle arrangements on the 95% mixing time for the RCI in a  conical-based vessel 
at C/T = 0.16.  For comparison, data for a fully baffled flat-based  vessel are also shown.

Fig. 7. The effect of baffle arrangements on the 95% mixing time for the RCI in a conical-based vessel 
at C/T = 0.22.
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Fig. 8.   The effect of baffle arrangements on the 95% mixing time for the RCI in a  conical-based ves-
sel at C/T = 0.31.
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Fig. 9. Dimensionless mixing times for various baffle arrangements  at three impeller clearances.
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Fig. 10. Just-suspended speeds at different impeller clearances (220 µm particles at 10% mass fraction):  
closed symbols H/T = 0.75; open symbols H/T = 1.00.

Fig. 11. Just-suspended speeds at different impeller clearances (540 µm particles with a single wall 
baffle): closed symbols H/T = 0.75; open symbols H/T = 1.00.
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mixing time and Zwietering’s values for solids 
suspension have been obtained from experiments 
using an RCI in a 0.29 m diameter tank, with 
a 90º conical-base. As with more conventional 
geometries, the power number is not much affected 
by the impeller clearance and there is only about a 
10% reduction in P0 caused by changing from a flat 
to a conical-base. The effects of partial baffling on 
the power draw are significant and power number 
correction factors have been presented. For a PBT 
the mixing times were significantly affected by 
the vessel base shape, but this effect was much 
reduced for the RCI. Mixing times calculated from 
Ruszkowski’s [16] correlation provided rather 
conservative estimates for the RCI in a conical 
based vessel.  In general, a single wall baffle 
gave the shortest mixing times, whereas a single 
beavertail led to the longest Nθ95 values. However, 
in all cases, the measured dimensionless mixing 
times, in the turbulent regime, were relatively 
short, indicating that macro-scale blending was 
unlikely to be a limiting factor in the operation of 
these vessels. Visual observations indicated that the 
flows generated in the apex of the cone were not 
conducive to particle suspension.  Just-suspended 
impeller speeds generally increased with increasing 
impeller clearance and decreasing fill level. For 
solids suspension, a single wall or beavertail baffle 
was found to give lower Zwietering s or Njs values 
than the case with four wall baffles.
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