A. BOMBAC et al., Power Consumption in Mixing and Aerating of Shear Thinning ..., Chem. Biochem. Eng. Q. 21 (2) 131-138 (2007) 131

Power Consumption in Mixing and Aerating of Shear Thinning Fluid
in a Stirred Vessel

A. Bomba¢&®, M. Zumer™, and 1. Zun

University of Ljubljana, Faculty of Mechanical Engineering, LFDT,
Askeréeva 6, 1000 Ljubljana, Slovenia

" University of Ljubljana, Faculty of Chemistry and Chemical Engineering,
Askerceva 5, 1000 Ljubljana, Slovenia

Original scientific paper
Received: April 22, 2006
Accepted: September 16, 2006

The paper presents an analysis of power consumption in mixing and dispersing of
air into a shear thinning fluid in a standard cylindrical vessel stirred with a Rushton tur-
bine. Water-CMC solutions at w=0.5 % and w =1 % mass fraction and compressed air
were used. The apparent viscosity enabling the power vs. Reynolds number relation was
calculated using the Metzner-Otto method. A comparison of the power-consumption
measurement results in single-phase mixing is in good agreement with the results found
in the literature.

When air is dispersed into a shear thinning fluid, an obvious reduction of power
consumption can be noticed especially at higher impeller speeds and gas flow rates,
which is more noticeable in an w = 0.5 % than in an 1.0 % CMC solution. In fact, the
dissipated mixing power depended on gas-filled cavity structures behind the blades,
which affected the impeller pumping efficiency. All experimental flow regimes were an-
alyzed and depicted in a generalized flow regime map as Froude vs. Flow number de-
pendence. Developing of structures was shown from high effective to low effective oper-
ation, e.g. complete dispersion and bubble column operation, respectively. Mixing power
was found to be independent of airflow rate at low Reynolds numbers. A comparison of
the measured values in air-dispersion and the results from correlations found in the liter-
ature confirms a general trend of impeller power reduction.
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Introduction lulose (CMC) and xanthan gum, are often used as
model fluids. The latter two were found to be suit-
able for the study of the quality of agitation, sys-
tematic investigation of flows generated by a disk
turbine,!! to reveal the effect of pseudoplasticity on
gas hold-up,'® gas-filled cavity structures,® power
requirements in a mixing vessel,>31%13.14 flooding
transition,® or to test CFD-study results,'? etc.

In many technological processes, e.g. broth fer-
mentation in the pharmaceuticals industry air-dis-
persion into rheologically complex fluids has been
performed by turbine impellers. Due to the changed
rheological properties of the broth during the pro-
cess, the mixing intensity can be changed with re-
spect to the initial state. A question arises of how
the change in viscosity influences the mixing power
in stirring the liquid and in the dispersing of gases
into such fluid with a turbine impeller. Transforma-
tion from a Newtonian (low viscosity fluid at the
beginning of fermentation) to a non-Newtonian
fluid (high viscosity at the end of the process) can
cause a change in viscosity at a magnitude rate of
100 or more. The viscosity then becomes the most
important parameter, which then dictates the hydro-
dynamics of the liquid bulk. To avoid complexities

This study, carried out with a non-Newtonian
CMC fluid, aims to contribute to previous studies
on the analysis of power consumption in mixing
and aerating in a standard cylindrical vessel stirred
with a Rushton turbine.

Experimental

Equipment

within the biological process where most of the
properties change over time, the fluids used for re-
search studies, such as glycerol, carboxymethyl cel-

* Corresponding author: andrej.bombac@fs.uni-lj.si

Dispersion of air into a water solution of CMC
was done in a cylindrical vessel of 7=450 mm
equipped with four baffles of width 7/10 with acflat
bottom and rounded edges. A standard Rushton tur-
bine of 150 mm diameter at clearance 7/3 was used
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Fig. 1 — Experimental setup

in all experiments. The geometrical configuration
and setup are schematically depicted in Fig. 1, and
described in detail elsewhere.!*!” Impeller rota-
tional speed and gas flow rate were varied through
two sets of measurements, as follows: (set #1) at
three constant gas flow rates i. e. Q =1.55, 2.5 and
5 m? h™!, the rotational speed (kept constant while
measuring) was increased stepwise from n,= 50 to
614 min!, and (set #2) at four constant rotational
speeds, i. e. ng= 153, 266, 376 and 460 min!, where
the gas flow rate (kept constant while measuring)
was increased stepwise from Q =0.37 to 3.62 m? h™!,
respectively.

The non-Newtonian fluids used as model fluids
were aqueous solutions of Carboxymethyl Cellu-
lose (manufacturer Aqualon) at two mass fraction:
w=0.5and 1 %, respectively. Compressed air was
used for air-dispersion in CMC fluids. In all experi-
ments, the fluid temperatures were measured and
varied between 20 and 23 °C.

Shear thinning fluid

Knowledge of the transport properties of the
fluid used in the experiment is of fundamental im-
portance to describe the phenomenon with
dimensionless numbers and particularly in the case
when the property is strongly dependent on temper-
ature. For this reason, the properties of water and
CMC solutions were measured at 20 °C and are
presented in Table 1.

One distinctive feature of shear thinning fluids
is that they do not exhibit certain finite shear
stresses. T do not change linearly with increasing
shear rate y, while the apparent viscosity #, de-
creases with increasing y. At very high or at very
low v, the relation of 7 vs. y is almost linear, other-

Table 1 — Transport properties of aqueous CMC solutions
and water at 0 = 20 °C

Fluid o/N m! plkg m3
w=0.5 % CMC 0.071 1000
w=1.0 % CMC 0.070 1002

water 0.075 998

wise in the wide region of y it is not. The power
law rheological model

n,=_=K-y" €]

was used to describe this relation. The power # rep-
resents the flow behavior index of the fluid (re-
ferred as: n = 1 for a Newtonian fluid, less than 1
for a shear thinning fluid and greater than 1 for a
dilatant fluid), while the coefficient K represents the
index of fluid consistency. Both quantities were
measured (with a HAAKE viscosity meter type
Rotovisco RV 100 equipped with a thermostat) at
the same temperature as in measurements in mixing
of fluid and in dispersing of air into fluid, respec-
tively. K and n were always measured soon after the
experiments were finished. To detect the tempera-
ture dependency of K and n, a set of measurements
was performed; the resulting data are given in Table
2. Comparing only the influence of temperature on
apparent viscosity, the relative difference defined as
(y,. =My, )/My._ was found to be:

—in 0.5 % CMC; up to 0.2 % in mixing of lig-
uid and between 3.1 — 5.4 % in aerating

— while in 1 % CMC the differences were be-
tween 2.1 — 4.4 % and 2.1 — 2.5 % in mixing and
aerating, respectively.

A test was made to check the mechanical deg-
radation of CMC solution in mixing over several
hours. No significant differences were found in
measured values of K and »n before and after mix-
ing. As can be found in the literature,'* the viscosity
of a w=04 % CMC solution was found to de-
crease by less than 10 % after six days of continu-
ous shearing in the stirred vessel. For the power
consumption measurements, the effect of degrada-
tion was negligible since the duration of separate
measurement was less than two hours.

The degassing of viscous fluids, especially
non-Newtonian fluids, is a difficult task from an ex-
perimental point of view. In a mixing tank, as is
well known, the apparent viscosity decreases from
its maximum value near the vessel wall (lowest
shear rate) to the vicinity of the stirrer where the
shear rates are greatest. Complex fluids present a
generally viscoelastic character, especially when
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stirring is stopped or even at low shear conditions,
which induces an apparent decrease in the viscosity
of the CMC solution after aeration. This phenome-
non can be explained by the fact that tiny bubbles
remained captured in the fluid, which influenced
the rheological properties. In some fermentation
processes when broth rheology changes rapidly
with fermentation time, samples of broth have been
taken periodically to characterize the biomass.
These test samples also contain dispersed fine bub-
bles, which probably influence the rheological
properties similarly.'®-?2 As shown in Fig. 2, the ap-
parent viscosity of the 1 % CMC solution after aer-
ation showed, quite coincidently, very close values
at all shear stresses to the 0.5 % CMC solution be-
fore aeration. To avoid further temperature influ-
ence, only the values at the same temperature, i. e.
20.5 °C, were compared in Fig. 2. All other repre-
sentative values for all sets of measurements are in-
cluded in Table 2.

Mixing power

Mixing power was calculated based on mea-
sured torque and rotational impeller speed accord-
ing to:

P=2-7n, M. 2)

The value of maximum shear rates was esti-
mated in the impeller region as well as in a bulk re-
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Fig. 2 — Apparent viscosity n, vs. shear rate y in aqueous
CMC solution at reference temperature 0 = 20.5 °C

gion. On this basis, the Reynolds number can be
obtained by the Metzner-Otto correlation. The aver-
age shear rate of CMC solutions was expressed for
a shear thinning fluid:

y=kg ng 3)

where k, denotes a shear rate constant dependent
only on stirrer type. According to literature data,
the appropriate shear rate constant of a Rushton tur-
bine can be found in the range from 10 to 11.6!112.16,

Table 2 — Measured values of K and n in mixing and air-dispersion

Without aeration

After aeration

Fluid @ [°C]
n K/Pa s n K/Pa s

20 0.669 0.344 0.781 0.119
20.5 0.684 0.309 0.845 0.082
21.4 0.693 0.304 / /
21.5 / / 0.832 0.084

0.5 % CMC
22 / / 0.831 0.083
22.5 / / 0.807 0.096
22.7 0.685 0.301 / /
229 / / 0,775 0,116
20 / / / /
20.5 0.628 0.99 / /

1.0 % CMC 21 0.623 1.001 0.669 0.343
214 / / 0.685 0315
21.5 0.634 0.94 / /
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where those adopted values were recommended for
high-speed impellers. On the other hand, Nouri and
Hockey'* have recently found that a shearing con-
stant of 54 provided better correlation between the
power numbers of Newtonian fluids and CMC solu-
tions. This value was taken as a validation of our
experimental data. Finally, the apparent viscosity of
the fluid in mixing with a Rushton turbine was re-
calculated as:

N, =K-(54-n)"". “)

Considering the egs. (3) and (4) the Reynolds
number can be written as:

_pnl"-D?

Re =
K -54"

®)

All the measurements, including both single-
and two-phase mixing, respectively were taken in
the range 39 < Re < 7689. Due to temperature de-
pendency of the viscosity, the fluid temperatures
were measured as well; a detailed description can
be found in reference.’

Results and discussion
Mixing power in single phase

Mixing of the CMC-water solution was per-
formed in the range 39 < Re<2914 in 1 % CMC
and 105 < Re=< 6556 in 0.5 % CMC, respectively.
The dependence of power vs. Reynolds number is
depicted in Fig. 4 with full lines marked as ungassed.
As may be seen in both CMC solutions, a signifi-
cant steep increase of the Power number, indicating
a transition to laminar regime, occurred with de-
creasing the Reynolds number (impeller speed)
from its minimum at Re = 362 and Re = 880 for
1 % and 0.5 % CMC solution, respectively. Further
increasing of impeller speed led to a slight rise of
the Power number values in both solutions. The re-
sults were consistent with the fact that increasing
impeller speed led to decreasing the apparent vis-
cosity, which controlled the impeller discharge
flow. At Re= 1640 the curves overlapped. From
this value, a further increase of impeller speed gave
identical values of Po, which can be indicated as
the beginning of induced turbulence that prevailed
over the viscosity. In the region Re = 1640, the av-
erage value of both solutions was found to be Po =
4.52, otherwise the power numbers increased
slightly with Reynolds number and are in good
agreement with measured data of Nouri and
Hockey.'"* On the other hand, a plateau value of Po
= 5.13 was measured' for a Newtonian fluid in the
region Re = 2.5 - 10* by using the same setup where
tap water was used as a working fluid.

Mixing power in air-dispersion

Actually, the Power number depended on
gas-filled cavity structures, which affected the im-
peller pumping efficiency. The bigger the cavities,
the weaker the radial discharge two-phase flow,
which was detected by visual observation through
the vessel wall. These phenomena were dependent
on the rheological properties of the fluid as can be
found from the literature.”!>!> For an exact under-
standing of mixing power drawn, it is necessary to
know the ‘rules’ of gas-filled cavity structures. Re-
cently,® gas-filled cavity structures in air-dispersion
in shear thinning fluid were analyzed using the
same experimental setup. It was found that
gas-filled cavities in CMC solutions became more
distinctive than those in water. First, they were
larger, with a slightly different shape. Moreover,
another phenomenon was found, i.e. large gas-filled
cavities remained behind the impeller blades after
the air was cut off, similarly as found in highly vis-
cous Newtonian fluids.!® Full details of the experi-
mental work outlined here and the criterion for
gas-filled cavity structure recognition has been de-
scribed in detail.?> Gas-filled cavity structures in the
dispersion of air into aqueous CMC solutions can
be divided into: (i) stable structures with cavities
persistent at the same blades throughout the disper-
sion, i. e. vortex-clinging structure (V'C), structure
with two large cavities (2L), structure with three
bigger and three smaller large cavities (33), struc-
ture with six equal-sized large cavities (L6) and rag-
ged cavity structure (R), respectively; and (ii) tran-
sitional structures with sporadic appearance of one,
two or three bigger cavities, i. e. structures with one
(I1L), (I1L-33) or two (I/L-2L), (2L-33) bigger cavi-
ties, respectively.

The corresponding flow regime map is de-
picted in Fig. 3 with experimental data marks
shown for both aqueous CMC solutions. To find out
the dependency of gassing power on Re and FI
numbers, aeration was done at three constant gas
flow rates: O =1.55, 2.5 and 5 m* h™' (correspond-
ing superficial velocities v,=2.71 - 1073, 4.37 - 1073
and 8.73 - 103 m s7!, respectively) and increasing
rotational impeller speed stepwise while frequency
was kept constant during the measurement. As may
be seen from Fig. 3, the majority of data at Fr >
0.043 corresponded to the stable 33 structure with a
trend to complete dispersion regime at higher Fr
numbers, and conversely, at low Fr the flooding re-
gime and even a bubble column regime was found,
respectively.

The effect of aerating at different gas flow rates
into CMC solutions may be given as the relation
power vs. Reynolds number as depicted in Fig. 4
(dashed lines). The resulting measured gassing Po
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Fig. 3 — Flow regime map in aqueous CMC solution with marked sets of experimental data at different
gas flow rates: (a) 1.55, (b) 2.5 and (c) 5 m* ™!, respectively

numbers were of lower values compared to
ungassed, reaching the minimum at higher Re num-
bers. The increased apparent viscosity of 1 % CMC
solution compared to 0.5 % CMC resulted as a
‘shift’ from higher to lower Re numbers, which may
be observed in both operations of mixing and
aerating, respectively. At high viscosities, i. e. low
Reynolds numbers, no affect of aeration was ob-
served; aerated results at three different gas rates
were overlapping in 1 % CMC and two in 0.5 %
CMC, respectively. The corresponding flow re-
gimes were found as an ineffective operation and
flooding represented by ragged cavity structure (R),
see Fig. 3. Above a critical Reynolds number
(Re,, 1o, = 489 and Re,, 5, = 720) these curves sepa-
rated from one another according to the value of the
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Fig. 4 — Po number vs. Re number by mixing and aerating
into aqueous CMC solution
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gassing rate: the higher the gassing rate the greater
the power reduction, see Fig. 4. A similar value
(Re, =500, n = 0.2 Pa s) was reported by Ozcan et
al.’ studying the effect of viscosity and power
characteristics in a Newtonian fluid.

The minimum Power number values in 0.5 %
CMC solution at all three gas rates were found at a
Reynolds number of 2908, approximating to a rota-
tional impeller speed of n =266 rpm (i. e. Fr =
0.3). According to Fig. 3, at Fr = 0.3 a stable 33
gas-filled cavity structure was found at the impeller
blades. The results in the 1% CMC solution were
similar, where three different minimum values of
Power number were found corresponding to Fr =
0.9, 0.6 and 0.3 at gas flow rates of 5, 2.5 and
1.55 m® h'!, respectively. The minima of gassing Po
number corresponded to stable 33 structures, while
increasing rotational impeller speed expressed by
Froude number led to better (complete) recircu-
lation of liquid bulk in the vessel, as may be clearly
seen in the flow regime map, see Fig. 3. Con-
versely, the decreasing of rotational impeller speed
(i.e Re number in Fig. 4, Fr number in Fig. 3, re-
spectively) demonstrated a rising effect of viscosity,
which caused the stirred vessel to operate under
flooding regime or even as a bubble column, see
Fig. 3.

The dependence between gassing power and
aeration rate expressed by F/ number for different
Re numbers is depicted in Fig. 5. The gassing
power is not reduced by aeration below a Reynolds
number of 856 where viscosity prevailed. This is
consistent with our results concerning the gas-filled
cavity structures: cavities remain attached behind
the blades (1L). When this Re value was exceeded,
the gassing power became dependent on the aera-
tion rate. In a transitional as well as in a turbulent
regime the gas-filled cavity structure controls the
discharge two-phase flow and consequently the
bulk circulation; the higher the gassing rate the
lower the circulation.

The experimental results shown in Fig. 6 depict
the relation of P,/P vs. FI number. At the beginning
of aeration, P,/P decreased very steeply at lower
airflow rates expressed with F/ number, and after
that the decrease became much slighter with further
increasing of the airflow. This was evident from all
curves and in both CMC-water solutions. In aera-
tion in a CMC solution, the power drop at Fr equal
to 0.3, 0.6 and 0.9 was higher than that at Fr = 0.1
which seemed to be almost independent of the air-
flow rate. Especially in the case of 1 % CMC,
where the effect of the viscosity prevailed over the
dissipating power of the impeller discharge flow, as
was seen from visual observations, huge cavities
formed behind the blades, which ceased the radial
discharge flow. The stirred vessel operated under
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Fig. 6 — Comparison between experimental data and cor-
related data from literature



A. BOMBAC et al., Power Consumption in Mixing and Aerating of Shear Thinning ..., Chem. Biochem. Eng. Q. 21 (2) 131-138 (2007) 137

the flooding condition, recognized by two inde-
pendent parameters: typical increasing of P,/P ratio
when flooded and from gas-filled cavity structures
(R) in Fig. 3 for corresponding regimes.

Comparison of results with
correlations in literature

The measured values of P,/P ratio in air-dis-
persion in CMC solution were compared to those
obtained from correlations found in literature for
the same fluids. Michel and Miller'® reported aer-
ated power data with several fluids in vessels of dif-
ferent diameter. The given correlation was:

P2 -D3)0'45

P, =0.706- (QO% (©)

Loung and Volesky® correlated the data from a
relatively small vessel for a non-Newtonian liquid
separately in the form:

P n2.p3 —0.194 -0.38

g p ns Q
—=0514-|—— . 7
P ( o ) n,-D? )

Hughmark®, capturing data of other researchers
who carried out experiments at different vessel di-
mensions, D/T ratio and fluids, published the fol-
lowing correlation:

&_O N nSZ . D4 —0-2. 0 -0.25 "
P . g w, .V0.667 n, -V

Detailed geometrical and other conditions of
the above correlations are given in Table 3.

A comparison between measured and corre-
lated results as the relation of P,/P vs. FI number in
aerating in 0.5 and 1.0 % aqueous CMC solutions is
given in Fig. 6. At low impeller speed (i.e. Fr =

0.1), and at both fractions no correspondence be-
tween measured and correlated data can be found;
the nearest were Hughmark’s approximated data.
With increasing impeller speed (£7) the correspon-
dence improved, especially with the Michel-Miller
correlation at both concentrations as may be seen in
Fig. 6 at Fr = 0.6 and 0.9, respectively. Surpris-
ingly, while the Hughmark correlation based on
groups of datasets of different vessel scale and flu-
ids originally has an absolute deviation of 8.5 %,
here it did not fit well. In general, the highest val-
ues of P,/P were correlated by the Hughmark, while
the lowest was given by the Loung-Volesky correla-
tion. In spite of forming a separate correlation for
non-Newtonian fluids, in the latter case the wall ef-
fects due to small vessel dimensions could be the
reason for disagreement with our data.

According to the literature, the above-men-
tioned correlations described power decrease well
in a Newtonian fluid; otherwise in a shear thinning
fluid the correspondence was satisfactory. The cor-
relations applying to non-Newtonian fluids should
include apparent viscosity.

Conclusions

All experiments were performed in a pilot-scale
mixing vessel using a shear thinning model fluid of
CMC-water solutions at w=0.5 and 1 %.

When mixing in a single phase a significant steep
increase of the Power number occurred with decreas-
ing of the Reynolds number, indicating a transition
to laminar regime. Increasing of the Reynolds num-
ber led to a slight increment of the Power number
value once the minima were reached (in a transi-
tional regime) at Re = 362 and Re = 880 for w =
1 % and 0.5 % CMC solution, respectively. The con-
dition at Re = 1640 found in the power vs. Reynolds

Table 3 — Geometrical and other conditions for given correlations

Correlation
Michel — Miller Hughmark Loung — Volesky Present experiment
Property
T m 0.165 - 0.29 00"136055’051237062_2’8’0'53’ 0.222 0.45
D/T 0.25 - 0.47 023 -0.5 0.333 0.333
p, kg m 800 — 1650 800 — 1600 983 — 1104 1000, 1002
o, Nm! 0.027 — 0.072 0.025 — 0.073 0.055 — 0.072 0.071, 0.070
n, Pas 0.9-1073 - 100- 107 0.8-10°—-90-107 0.85-103 -3-107 0.065 — 0.516
0, m*s7! 9.5-10°-4.7-10* / / 1.028 - 10 - 13.88 - 104
Fli 0.0021 —0.0850 / 0.005 — 0.060 0.012 — 0.140
Fr / / 0.7 - 1.55 0.1, 0.3, 0.6, 0.9
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number relation with overlapped curves of different
solutions may be indicated as the beginning of in-
duced turbulence, which prevailed over the viscosity.

Actually, the Power number in air-dispersion
depended on gas-filled cavity structures, which af-
fected the impeller pumping efficiency. The struc-
tures were dependent on the rheological properties
of the fluid; in shear thinning fluid, it was found
that gas-filled cavities in CMC solutions became
more distinctive than those in water. As may be ob-
served from the flow regime map, the majority cor-
responded to the stable 33 structure with a trend
to complete dispersion regime at higher impeller
speeds, and conversely, the flooding regime and
even a bubble column regime was found, respec-
tively, at lower speeds. In general, the highest
power drop was found with the largest amount of
introduced air with an exception at low impeller
speed in 1 % CMC solution, where viscosity pre-
vailed over induced turbulence.

A comparison between measured and correlated
P,/P values from literature was given. Surprisingly,
the best correspondence was found only for higher
Fr numbers with the Michel Miller correlation, while
the Hughmark correlation based on groups of
datasets of different vessel scale and fluids did not fit
well here. The correlations applying to non-Newto-
nian fluids should include apparent viscosity.
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Nomenclature

— gravity, m s

— impeller diameter, m

the fluid consistency index, Pa-s™
— shear rate constant

mixing torque, N m

— impeller speed, s~

the flow behavior index of the fluid
— mixing power, W

volumetric gas flow rate, m?> s

— tank diameter, m
— liquid volume, m
— superficial velocities, m s~
— blade width, m

— Flow number, Q/(n, - D3)
Fr - Froude number, D nl /G
Po - Power number, P/(p-n’-D*)
Re - Reynolds number, n,-p-D*/y

3

SNQYIF TAADNR
|

1

<
»

nz

w  — mass fraction, %

Greek symbols

p
n
v
o
T
14
)

— density, kg m
— viscosity, Pa s
— kinematical viscosity, m? s~

surface tension, N m!

shear stress, Pa

shear rate, s!

temperature, °C
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