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Influence of fluid rheological properties on mixing
of solid-liquid suspensions

The problem of non-Newtonian properties of a liquid during the suspension generation in agitated
wstem is investigated. The tested agitator was the standard Rushton turbine. The impeller speed required
particle suspension increased with both the CMC solution concentration, ucmc, and solid/liquid mass
io in a suspension, Us. Addition of the sodium chloride to CMC solution caused the decrease of the
peller speed required for suspension as well as stabilised both the CMC solution and the suspension
properties.

W

Nomenclature

D — vessel diameter, Us —  solid mass ratio to liquid in a
£ — impeller diameter, suspension,
L — particle diameter, Us —  solid mass fraction in a suspension,
iz~ — reduced particle diameter, dp/d. de —  equivalent linear dimension,
g — acceleration due to gravity, (n?/ gplz)l/ 3
H — liquid height, n —  dynamic viscosity coefficient,
C — impeller clearance above the vessel v —  kinematic viscosity coefficient,

bottom, o - density,
— consistenmcy index of shear thinning, Ar - Archimedes number, d‘:?,’, T'p
K —  technical consistency index of shear Ga -  Galileo number, d3 .

thinning fluid, Reo -  Reynolds number, nod?p;/n
n — flow behaviour index, 'y —  density factor, Ap/p; = (ps — p1)/p1
mo — critical impeller speed. :

Subscripts
—  equivalent value, s —  solid state,

! = liquid, w —  water,
D —  solid particle, CMC -  carboxymethylcellulose sodium salt,
r —  reduced value, NaCl —  sodium chloride.

'Poznan University of Technology, Institute of Chemical Technology and Engineering, P1. M.
Sklodowskiej-Curie 2, 60-965 Poznan
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1. Introduction

Fluid mixing is of primary importance in many production systems in chemi-
cal and process industries, and solid suspending is probably the most common
mixing operation. The stirrer applied has to prevent the particles from settling
at the bottom of the vessel [14]. The main objectives of agitation in solid-liquid
systems can be classified into two categories: uniform suspension of solid particles
in liquid and reduction of diffusion resistance around solid particles. The uniform
suspension of solid particles is not easily attained, and also is not always requ-
ired. A very important issue in designing of mixing apparatuses is the state of
full particle suspension, at which no particle remains in contact with the vessel
bottom for longer than a certain period of time, e.g. 1 s. Considerable attention
has been paid to determination of the critical impeller speed required to reach
this state. The majority of published papers are based on the results of model
experiments for the solid — Newtonian liquid systems, where the effect of single
parameters on the critical impeller speed was determined. The paper [15] con-
tains the critical review of existing theories and experimental methods used to
determine the critical speed required to lift particles from the vessel bottom. The
Newtonian suspension theories can be divided into seven groups:

1. based on the balance between the energy dissipated by the settling particles
and the energy dissipated in the fluid by the agitator [7, 10];

2. based on the presumption that the energy needed to suspend the particle
from the bottom is proportional to that of turbulent vortices [1];

3. based on a balance between the upward fluid velocity and the particle set-
tling velocity [16-18];

4. concerning the balance between the force of a fluid affecting the particles
and the gravity force reduced by buoyancy (for fine particles, Ar < 40) [12];

5. based on the presumption that the agitator must overcome the pressure
difference caused by the differences in particle concentrations in upward
and downward flows (for large particles, Ar > 40) [13, 19];

6. concerning the balance between the potential energy necessary to achieve
suspension and the kinetic energy of fluid flow being discharged from the
agitator [17];

7. based on the assumption of proportionality of kinetic energy of turbulent
eddies and potential energy gained by the particles — suspension rise is due
to turbulent eddies whose sizes are comparable with particle diameters and
energy transferred to the particles from these eddies lifting them off the
base [5].

It should be emphasized that in several papers the theoretical results are
described in dimensionless forms. For example the final process equation resulted
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from the solution of a problem in [5] is presented as follows:

1/6 1/2
Re =4 n (d—;> (%) Arl/zg. (1)
l

Experimental methods for determination of suspension speed can be divided
into two groups: direct and indirect measurements. The direct methods are visual,
~ontactual, radiative and based on observing the interface between sediment and
transparent liquid [15]. The direct visual method for determination of the critical
impeller speed was firstly used by Zwietering [21]. The method is based on the
continuous measuring of the relationship between the height or radius of the
non-suspended particle layer and the agitator speed. This method is recommended
as giving the most correct results in transparent tanks. Otherwise, other direct
methods are useful in industrial vessels, where visual methods cannot be applied
'15]. There are various types of solid — Newtonian liquid suspension forming,
which are reviewed in [2-4]. The analysis of the literature data directed to the
zeneralized correlation equation has been carried out too. As a result the following
dimensionless relationship:

() (3@ (@) &) )G
(1+Us)bI‘§ 1—rg d e d d ol We Vs
(2)
has been obtained. In most publications the experimental data were elaborated
in the following form:

Re,=C

D
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The other moduli which appear in the analyzed studies, have only been used

occasionally. In the majority of previous studies the rheological properties of a
fluid have been taken into account only in the Reynolds number formula:

nod2 Pl
n

Re, = (4)

and in an equivalent linear dimension J,
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Studies [2] were carried out in wide ranges of process parameters: U, € (0.010; 0.250)
kg s/ke 1], T,% € (0.996;18.73), n € (0.00105; 0.0565) [Pa -], p; € (998;1286)
'kg/m?3]. The Rushton turbines were tested with the diameters d = 0.050; 0.075;

0.1125 and 0.150 m in the vessels of diameters D which satisfied the requirements
of geometry factors D/d = 2; 3 and h/d = 2/3; 1; 3/2. The following experimental



26 L. Broniarz-Press, J. Borowski and A. Szymanska

relationships with account of the scale-up, have been obtained:
—for D/d =3

0.1762—0.029 d 0.35 5 —-0.92 h 1.45 D2 0.48 :
= 1135 G r _p) <_) (_) .
Re, 6Us ( P 66 V 4 D ( )

—for D/d =2

2
0.1762-0.029 dp>°'35 ( o )—0.92 I D2
% 5 e = 0L 7
i (F” 0e Vo Zr B (7)

where: d; = 0.050 m; D; = 0.150 m.

The comparison of the viscosity effect on a critical value of Reynolds number
(for D/d = 3) from various exemplary studies performed for standard Rushton
turbine shows the evident quantitative divergences (Fig. 1). The critical values
decreased with the increase of fluid viscosity.
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Fig. 1. Effect of the viscosity on critical value of Reynolds number resulting from literature data: 1 —
Zwietering [21]; 2 — Hobler, Zablocki [8]; 3 — Borowski [2]; 4 — Kneule [9].

A number of fluids, in common industrial use, show highly non-Newtonian be-
~ haviour. In biotechnological processes liquids have pronounced even visco-elastic
properties [20]. In available literature the studies on the fundamental nature of
the factors which affect the performance of agitation equipment for the suspen-
sion of solid particles in non-Newtonian liquids have not yet been found. The
purpose of this study is to determine the suspension speed for liquids obeying the
power-law.
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2. Experimental procedure

Measurements were carried out in a flat-bottom plexi-glass vessel with inside
diameter of D = 0.225 m with four baffles of the width b = 0.1D. The tested
agitator was a standard Rushton turbine of diameter d = 0.075 m with six bla-
des. The impeller was placed centrically in the axis of the tank. The ratio of the
vessel diameter to agitator diameter was D/d = 3 and ratios of h/d were equal
to 1 and 3/2. By employing the MIN-2 control system both, the smooth change
of impeller rotation and its stability, have been obtained. The real rotation speed
was determined by the use of the system equipped with the disk with a port pla-
ced on the agitator shaft and with the photo-electric cell which transferred the
impulse to the automatic frequency meter PFL-2. Process temperature was fixed
at 7'= 293 £'0.5 K,

The solid phase was made up of high-silica sand particles with the density
of ps = 2549 [kg/m?] and mean diameter of d, = 0.008 — 0.0010 m. The New-
tonian liquid was water with viscosity n = 1072 [P - s] and density p; = 998
kg/m3]. The non-Newtonian fluids were aqueous CMC solutions and the CMC
solutions with sodium chloride (NaCl) additives of various concentrations. The
-oncentration of CMC in water was equal to ucymc € (0.003;0.015) kg CMC/kg].
The high-molecular CMC aqueous solutions as Tomsian fluids can undergo a me-
~hanical degradation. The sodium chloride added to the solution stabilizes its
rheological properties. In the experiments the mass ratio of particles to liquid
were equal to Unac1 = 0.010; 0.041; 0.076; 0.120 and 0.150 [kg NaCl/kg 1]. In the
oresent report the effect of sodium chloride on critical speed was studied for the
CMC /water solution of concentration of ucyvc = 0.006 [kg CMC/kg].

The measurements of rheological characteristics of studied non-Newtonian li-
quids in Rheotest RV2 in the range of shear velocities v € (300; 1500) [s~!] have
been carried out. As a result of the analysis there emerged the possibility of the
description of the flow curves in a form of two-parameters equations in given
limited ranges of shear velocity:

/ T
r= Ky =K =K ()

i G (8)

Additionally, the effect of NaCl concentration on consistency index has been eva-
lnated (Fig. 2).

The preliminary measurements performed in water (Fig. 3) showed that the
critical agitator speed obtained for h/d = 1 is lower than that for h/d = 3/2.
This regularity has been observed for all studied systems. Thus the experimental
data in a majority of the study for h/d = 1 have been analyzed. The results of
this study are comparable to the literature data (Fig. 4). The function of the
impeller speed required for the particle suspension depending on the CMC solu-
tion concentration, ucmc, and solid mass ratio to liquid in a suspension U; (Fig.
5) showed that the critical value of n, increases with both concentrations. The
exemplary relationships n, = f(Us, unaci) are presented in Fig. 6.

Addition of the sodium chloride to CMC solution causes the decrease of the
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Fig. 2. Sodium chloride concentration effect on the consistency index for CMC solution with ucmc =

0.006 [kg CMC/kg].
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Fig. 3. Effect of the impeller clearance above the vessel bottom on critical speed for water-sand: 1 —
hid=1:2=hld=""
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Fig. 4. Comparison of the results for standard Rushton turbine with the literature data (system wa-
ter/sand): 1 — Zwietering [21]; 2 — Hobler, Zablocki [8]; 3 — Borowski [2]; 4 — Kneule [9]; 5 — own results.
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Fig. 5. Effect of concentration of CMC aqueous solutions on critical agitator speed: 1 — water; 2 —
ucyvc = 0.003; 3 — ucmc = 0.006; 4 — ucmc = 0.009; 5 — ucmce = 0.012; 6 — ucmc = 0.015.
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Fig. 6. Effect of concentration of NaCl on critical agitator speed for CMC/water solution of mass fraction
ucmc = 0.006 kg CMC/kg]: 1 — unact = 0; 2 — unact = 0.03; 3 — unact = 0.06; 4 — unacy) = 0.15; 5 —
unaci = 0.18 [kg NaCl/kg].

impeller speed required for suspension. This phenomenon can be explained by the
electrolytic effect on the apparent viscosity values in aqueous solutions. Additio-
naly, the following phenomena have been observed: holding in suspension in CMC
solutions is easier than in clear water, departure of the particles from the vessel
bottom was more difficult because the settling velocity of the particles increases
with the increase of shear-thinning properties of a liquid, addition of the sodium
chloride stabilized both the CMC solution and the suspension properties.

3. Conclusions

It has been shown that the critical agitator speed obtained for h/d = 1 is
lower than that for h/d = 3/2. The impeller speed required for particle suspension
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increases with the CMC solution concentration, ucymc, as well as with the solid to
liquid mass ratio in a suspension Us and decreases with the NaCl concentration
in shear-thinning fluid. The addition of the sodium chloride stabilized both the
CMC solution and the suspension properties.
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Wplyw wlasnosci reologicznych ptynu na mieszanie zawiesiny ciata
stalego w cieczy

Streszczenie

racy opisano badania wplywu nienewtonowskich wlasnogci cleczy na wytwarzanie zawiesiny w
- Podstawowym elementem byto mieszadlo standardowe turbinowe Rushtona. Wykazano, ze
p wartos¢ liczby obrotéw mieszadta jest mniejsza dla stosunku wysokosci zawieszenia mieszadla
i o Srednicy h/d =1 niz dla h/d = 3/2.
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Predko$é obrotowa niezbedna do wytworzenia zawiesiny rosta zaréwno ze stezeniem CMC w roz-
tworze, jak i stosunkiem masowym ciala stalego w ukiadzie. Dodatek soli sodowej do roztworu CMC
powodowal obnizenie wartosci liczby obrotéw mieszadla, niezbednej do wytworzenia zawiesiny i jedno-
czeénie stabilizowal zaréwno nienewtonowskie wlasnoéci roztworu CMC, jak i wiasno$ci samej zawiesiny.



