Bouwmans I., Bakker A., Van den Akker H.E.A., BlemglLiquids of Differing

Viscosities in Stirred Vessels. TransIChemE, V8. Part A, Nov. 1997. pp 777-783.

1ChemE

0263-8762/97/$10.00+0.00
© Institution of Chemical Engineers

BLENDING LIQUIDS OF DIFFERING VISCOSITIES AND
DENSITIES IN STIRRED VESSELS

L. BOUWMANS*, A. BAKKER** and H. E. A. VAN DEN AKKER

Delft University of Technology, Kramers Laboratorium voor Fysische Technologie, Delft, The Netherlands
*Presently: Delft University of Technology, Faculty of Systems Engineering, Policy Analysis and Management, Delft, The Netherlands
** Presently: Chemineer Inc., Dayton, Ohio, USA

M

ixing time measurements were carried out in turbulently stirred vessels with miscible
liquids of differing viscosities and densities. Depending on the flow characteristics
and liquid properties, three mixing regimes can be defined for buoyant additions: the

stirrer controlled regime, the gravity controlled regime and the intermediate regime. While in
the stirrer controlled regime, the dimensionless mixing times are equal to those for liquids of
equal properties (about 30 for the geometry used), the gravity controlled values can be much
higher. In the intermediate regime, the dimensionless mixing times can be anywhere in

between.
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INTRODUCTION

This study’ is concerned with the turbulent mixing of
miscible liquids in stirred tanks. Insufficient understanding
of mixing processes causes the continuous loss of a large
amount of money in the chemical process industries?. Many
processes, for instance in the petrochemical industries, but
also in the food industry and in paint manufacturing, hinge
on the blending of liquids of differing viscosities and
densities. These differences can yield unexpectedly long
mixing times, a situation that is undesirable in view of
process planning and product quality control.

Traditionally, visualization and mixing time measure-
ments are very important sources of information about the
processes involved. The literature on these subjects is
vast®>™7, mainly because the number of independent
variables is large. Each combination of vessel geometry,
stirrer type, liquid properties and liquid addition method can
be expected to behave differently.

The literature systematically dealing with the effects of
viscosity and density differences is mostly limited to cases
where layers of liquid are stratied at the beginning of the
process (e.g. Van de Vusse®, Zlokarnik® and Rielly and
Pandit'° ). In those situations, the ratio between the added
liquid volume and the bulk volume is comparatively large.
In the process industries smaller quantities of liquid are
often poured into the vessel while stirring is in progress. It is
on these systems that the present work focuses. The present
work centres on the type of system in which the additions
consist of small quantities of liquid with viscosities and
densities that differ from those of the bulk.

In the work by Smith and Schoenmakers'!, which was
carried out preliminary to this project, experiments were
carried out with high viscosity additions in water, because
differences in mixing times were expected in that situation.
During extended measurements with aqueous additions to
viscous bulks, it became clear that density differences are
more likely to cause longer mixing times than viscosity
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differences '>. A new series of experiments proved the
dependence of mixing time on a combination of viscosity
and density differences.

More recently, Burmester* described experiments, car-
ried out in vessels of 12.7 and 29cm diameter vessels,
similar to those presented here. The densities of the added
liquid were always higher than those of the bulk. The
present paper focuses on the behaviour of buoyant additions,
and includes experiments in a larger, 64 cm diameter vessel.

The experimental setup is discussed first. The measure-
ments with buoyant additions are then presented, followed
by those with settling additions.

EXPERIMENTAL

For the present study, mixing time measurements have
been carried out in geometrically identical perspex vessels
of 29 cm and 64 cm diameter. The geometry of the vessels is
shown in Figure 1. The vessels were fitted with four baffles.
There was no gap between the baffles and the vessel wall.
The vessels were mounted with a downward pumping 45°
pitctied 6-blade turbine.

Additions were made using a pipette with a wide mouth,
positioned near the impeller, at the surface or in the bulk.
The volume of liquid added was always very small
compared with that of the bulk liquid: the volume ratio
V,/V was typically of the order of 10~ to 10~*. Rielly and
Britter' found no significant effect of changing V, in the
range of 5 to 120cm’® in a 29cm vessel. In most of the
experiments in the present work, the added volume size was
3cm?® in the 29cm (19 litre) vessel and 5cm? in the 64 cm
(206 litre) vessel.

A conductivity method was used to determine mixedness.
The period after which the deviations from the final value
remain within a fraction of 0.05 of the total conductivity
step is termed the mixing time (7,,). The conductivity probe
is shown in Figure 2. Several probe positions were tested:
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Figure 2. Conductivity probe.
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behind a baffle, in the stirrer discharge stream and in the
centre of the circulation loop that is formed by the flow in
the vessel. The only significant difference between the
measured mixing times occurred in the transition region
between turbulent and laminar flow (see next section). For
all experiments, the probe was placed in the stirrer plane,
halfway between the stirrer and the vessel wall.

The liquids used in all the experiments were water based,
so all liquids were mutually miscible. Polyvinylpyrrolidone
(PVP), sodium carboxymethyl cellulose (CMC), sugar
syrup and glycerol were used to raise both the viscosity
and the density. Ethanol and NaCl were used to change the
density. NaCl and NaOH were used to raise the conductivity
of the addition. In total, densities ranged from 900 to
1500kg m~>. The density difference Ap, defined here as the
density of the added liquid, p,, minus the density of the bulk
liquid, p,, ranged from —100 to +400kg m™>. Viscosities (x)
ranged from 1 to 104 mPas. The power law index of the
viscosity of the liquids, measured using a Couette type
viscometer, always exceeded 0.9, which for the stirrer
speeds used here would give a decrease in viscosity of at
most 10%. Therefore, the liquids were regarded to be
Newtonian. An overview of the liquids reported on in this
paper is given in Table 1.

measurements, g, will be regarded as significant.

1t should be emphasized here that the average of Nt, was
calculated by determining the mixing time for each
individual measurement and averaging those values, and
not by averaging the conductivity responses and determin-
ing a mixing time from the averaged curve. The mixing
times arrived at by the last method are too short because the
averaged curves are too smooth.

MIXING TIME MEASUREMENTS

Liquid was added near the stirrer, in the bulk and at the
surface. The results are presented in that order.

Addition Near the Stirrer

When buoyant liquid is added near the stirrer, the upward
forces are not strong enough to transport the addition to the
surface. Moreover, in the vicinity of the stirrer the shear
stresses and turbulence intensities are high, so that the added
liquid is rapidly distorted, which further reduces buoyanc:
effects. This will be referred to as stirrer controlled mixing.

Figure 3 shows the resulting dimensionless mixing times
vs. the Reynolds number Re:

Re'ﬁ—ﬂﬂ
O

where D is the impeller diameter and p, the bulk viscosity.
The additive was tap water with salt added for the purpose
of the conductivity measurements. Data processing was
done manually. The standard deviation within the series of
ten measurements varies, not systematically, between 10
and 20% of the average. Two probes are used: one is
positioned in the stirrer plane, the other close to the bottom
of the vessel behind a baffle. The dimensionless mixing

Table 1. Overview of fluids used in the experiments. A bullet () indicates a combination of ethanol, glycerol and PVP.

T bulk: Ho addition: Ha Ap
figure cm water + ... mPas water + ... mPas kgm™
3 29 PVP 1..115 — 1 <0
table 2 29 PVP 10 . 1..100 -100..0
4,6,7 29 . 1,9, 40 . 0.024...125 -100..-5
8 29 . 10 . 2...1000 -50...-5
9 64 — 1 . 5...100 -100...-5
10 64 PVP 8 . 58 -70
table 3 29 . 9 . =13 =-20
12 64 PVP 1.8 . 86...1500 -80...-70
table 4 64 — 1 . 54...360 -85..-70
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