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ARTICLE INFO ABSTRACT

The performance of a dual helical ribbon impeller in a gassed stirred tank reactor filled with a shear-thinning
polymer has been investigated experimentally in this study. Sodium carboxymethyl cellulose with different
concentrations were applied to change the viscosity and rheological behaviour of working fluid. Titration re-
action between HCl and NaOH then took place inside the reactor under controlled pH, evaluating the influence
of a dual helical ribbon impeller on the performance of a two-phase agitated reactor. The impact of impeller
rotational speed, gas flow rate, viscosity, and clearance to the bottom on power uptake and mixing time are
explored. The results thus reveal that the presence of bubbles reduces both required power uptake and mixing
time to reach an endpoint reaction. Contrary to expectations, this study indicates that increasing the impeller's
speed beyond a certain level, not only fails to further reduction in mixing time, whilst the power uptake increases
exponentially.

Furthermore, for the first time, this study suggest that power number is inversely proportional to the square
root of Reynolds number when systems are equipped with a dual helical ribbon impeller. The response surface
method and quadratic numerical models are applied to suggest models in order to calculate the mixing time and
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power consumption.

1. Introduction

Stirred tank reactors (STRs') are one of the most widely used pieces
of equipment in process industries. Gas-liquid STRs are involved in
many chemical and biochemical processes including various multiphase
reactions, polymerization, fermentation, foam food processing, pro-
duction of antibiotics, and digestion [1-6]. The efficient and cost-ef-
fective heat and mass transfer and homogeneity of dispersed phase and
nutrients are the main objectives of these multiphase mixing processes
[7]. To date, various methods have been developed and introduced to
enhance the mixing performance of gas-liquid reactors that contain
shear-thinning fluids [8-13]. An increase in rotational speed seems to
be one promising method that prevents the development of unmixed
regions, of forming nutrient segregations and non-uniformity of the
dispersed phase. Although using a high rotational speed in some cases
might reduce mixing times, it also reduces the productivity of micro-
organisms in biological units, and the performance of final products,
where it similarly increases the operational costs of chemical processes.
The main explanation for this limitation is that some materials and
microorganisms are extremely shear-sensitive. For example, a high
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rotational speed disturbs the environment in which microorganisms
seed and grow [11,12,14]. Microorganism cannot tolerate momentum,
heat, and mass variations in their living environment, where high ro-
tational speed or nonhomogeneous environments may consequently
lead to switching metabolic pathways [7]. In cases where the shear
sensitivity of substrate is an issue for reactor performance, using low
rotational speed impellers has been suggested within the literature
[14,15].

Using an ordinary small impeller including a Rushton turbine and
pitched blade in a vessel filled with a non-Newtonian fluid has been
shown to be inefficient and causes stagnant regions [16]. This phe-
nomenon occurs because the central impeller fails to generate effective
momentum and a sufficient shear rate in regions which are located far
from the impeller itself. Close-clearance impellers including gate, an-
chor, screw and helical ribbon have been identified as ideal impellers
by literature to complete mixing in a single-phase agitated systems in-
volving non-Newtonian fluids [14]. Close-clearance impellers provide
an almost tangential shear rate in the whole system, especially near the
wall of the vessel which remains stagnant when non-Newtonian fluids
rotate with an ordinary impeller [17]. In close-clearance agitator, the
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Nomenclature

A Cross sectional area (m?)

AR Aspect Ratio

D Vessel inner diameter (m)

d Impeller Diameter (m)

d; Impeller blade diameter (m)

dg Shaft diameter (m)

Flg Gas flow number

g Gravitational acceleration (m/s%)
G¢ Gas Flow Rate (Lpm)

H Depth of Fluid (m)

h Impeller Height (m)

HCl Hydrochloric Acid

IC Impeller Clearance

K Consistency Index (Pa.s™)

Ks Metzner and Otto’s constant
Magjustea  Actual torque required to rotate the shaft (N.m)
Muisplay ~ Torque displayed by torquemeter (N.m)
Mgriction  Friction torque (N.m)

N Impeller Rotational Speed (rpm)
NaCMC Sodium Carboxymethyl Cellulose
NaOH  Sodium hydroxide

Np Power number (Dimensionless)

n Flow index behaviour

Py Input power (W)

P, Power consumption after injection of gas (W)
Qp Upward pumping rate by fluid (Lpm)
Qax Pumping rate by rising bubbles (Lpm)
Re Reynold number (Dimensionless)
RSM Response surface methodology

STR Stirred Tank Reactor

ug Superficial gas velocity (m/s)

wt% Weight percentage (%)

X Variables

Y RSM Response

Bo RSM regression coefficients

Bs RSM regression coefficients

Bii RSM interaction coefficient

Bi RSM interaction coefficient

Yg Gas shear rates (1/s)

Y1 Liquid shear rates (1/s)

Vr Average shear rates (1/s)

n Average apparent viscosity (Pa.s)

p Density (kg/m>)

T Average shear stress (N/m?)

high shear rate region is located between the wall and impeller blade,
where the impeller sweeps wall and returns the stagnant volume of
fluid into the bulk.

Power consumption and levels of homogeneity are two main factors
affecting the design of an efficient reactor, have been investigated
widely in the literature [7,14,16]. Power consumption determines the
cost efficiency of using stirred tank reactors in process industries. Si-
milarly, mixing time is an indicator of homogeneity in stirrers. Ameur
and Bouzit [18] have indicated that a helical ribbon is the most efficient
impeller, reducing mixing time when a fluid is shear-thinning. Dela-
fosse et al. [19] have defined the mixing time as the time interval be-
tween the injection of the tracer and 95 % of the full homogeneity
degree. They further indicated that the mixing time is a function of
impeller geometry and tracer injection methods. The power consump-
tion and mixing time have been investigated by Bao et al. [17], with
different coaxial mixers for two different non-Newtonian fluids. The
above author concluded that a combination of Paddler and helical
ribbon impellers reduce the mixing time significantly.

To date, various methods including conductivity, thermal refractive
index, redox ionic reaction, and decolouration have been developed
and introduced to measure mixing time in agitated systems [20-25].
However, all of these techniques depend on the location of deliberately
placed detectors, lights and cameras [26-28]. Titration has typically
been applied as one of the most common techniques to evaluate mixing
time in agitated vessels without any physical interference [27,28]. This
non-intrusive technique has been used to measure the degree of
homogenization and qualitatively to visualize the flow pattern in-
cluding the formation of caverns, stagnant regions, and dead zones.
Since the titration method is based on human observation, com-
plementary approaches like the image processing method have been
developed to reduce errors related to human eyesight [26,29]. Titration
acid-base reaction has been used in this study to explore mixing times.

Apart from studies investigating the efficiency of agitators working
in single-phase systems, there is a general lack of research on the per-
formance of multiphase STRs filled with shear thinning fluid. Bouaif
and Roustan [30] developed a dimensionless correlation between
power consumption and mixing time in an aerated mixing system
equipped with multi-impellers. Machon and Jahoda [31] have studied
the effect of aeration on the mixing process in a multi-impeller vessel,
where they concluded that aeration improves homogeneity and reduces

the mixing time significantly. Further, Hashemi et al. [32] have mea-
sured bubble characteristics and gas holdup in mixing systems equipped
with a combination of an anchor and central impeller. Some researchers
have indicated that the presence of gas in gas-liquid systems enhances
the homogeneity of the system and reduces mixing time [33-35].
Furthermore, many studies have shown that the gas flow rate and im-
peller speeds play a pivotal role in forming different flow patterns
[36,37]. By changing the gas flow rate and rotational speed of an im-
peller, various flow patterns can be observed including flooding,
loading, and complete dispersion [38,39]. In flooding pattern, gas
bubbles rise quickly, thus the impeller speed fails to influence the
bubble behaviour. The loading regime occurs when the gas flow rate
decreases or the impeller speed increases. In this case, bubbles accu-
mulate and become trapped behind the impeller or around the impeller
shaft. The optimum scenario for gas-liquid systems is complete dis-
persion, where the gas bubble is well-distributed in the whole volume
of the vessel [40]. A well-distributed mixing system holds bubbles in-
side for sufficient time in order to maintain bubbles and optimize heat
and mass transfer [39].

A dual helical ribbon is a close-clearance impeller used in low
Reynolds number under laminar and transient flow regimes to agitate
shear sensitive non-Newtonian fluids. Dual helical ribbon impellers
have been extensively studied in single-phase to evaluate the effect of
geometry, rheology, kinematics (impeller speed), and impeller design
on mixing time, homogeneity, and power uptake [41-47]. Chavan and
Ulbrecht [47] have suggested a model based on geometry predicting
power consumption for different types of helical ribbon impellers in the
liquid phase. The influence of viscosity, viscoelasticity, and pseudo-
plasticity on the performance of an agitated system equipped with he-
lical ribbon and helical ribbon screw impellers has been investigated by
Brito-De La Fuente et al. [48]. They developed a model which indicates
the deviation of pseudoplasticity from Newtonian power uptake for a
helical ribbon impeller. Their findings are consistent with the general
equation reported by Mentzor and Otto [41], although more research is
needed to study the Mentzor- Otto correlation for strongly shear-thin-
ning fluids.

Many reactions occur in gas-liquid phases, where, the presence of
bubbles inside systems is unavoidable. Accordingly, researchers have
shown an increased interest in the behaviour of bubbles and their in-
fluence on the flow pattern. Apart from Espinosa-Solares et al. [7] and
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Cheng and Carreau [45] who have reported the influence of the pre-
sence of bubbles on power consumption of dual helical ribbons, pre-
vious studies are limited to single phase agitated systems. Therefore,
little is known about the influence of impeller speed, gas flow rate,
impeller clearance, and viscosity on mixing time and power consump-
tion of multiphase agitated reactors driven by a dual helical ribbon
impeller. Further, it is not clear how these factors are related to the
desired mixing time and cost-effective power uptake when gassed STRs
are filled with shear-thinning fluids. Additionally, there has been little
information about the generalized correlation between power con-
sumption and Reynolds number when a reactor tank is equipped with a
dual helical ribbon impeller. Furthermore, little is known about the
impacts of sparging gas into the system agitated with a helical ribbon
impeller and it is not clear that rising bubbles has a positive or negative
impact on the mixing performance.

Thus, the major objective of this study is to investigate the mixing
performance of a helical ribbon impeller when the bubbles are dis-
persed, and the fluid phase is non-Newtonian. Further, this study
evaluates the impacts of impeller speed, gas flow rate, impeller clear-
ance from the bottom, and viscosity on mixing time and power con-
sumption. It is believed that the empirical findings in this study would
provide a new understanding of the flow pattern in the mixing process
of gas-liquid STRs. The findings confirm that the association between
impeller speed, gas flow rate, impeller clearance, and viscosity on the
mixing time and power uptake. Data gathered from the experiments
have identified that increases in impeller speed and gas flow rate are
not always connected with reducing the mixing time and power con-
sumption. Therefore, this study suggests a valuable correlation between
Reynolds number and power number which remarkably influence the
design, planning, and cost of gas-liquid reactors involving in process
industries. The relationships between mixing time and power con-
sumption with impeller speed, gas flow rate, impeller clearance, and
viscosity have been suggested by ANOVA test. Therefore, the optimum
response can be predicted in various operating conditions by using
these two statistical equations achieved through response surface
methodology (RSM?).

2. Materials and methods
2.1. Experimental setup

A transparent flat bottom and open-top cylindrical STR with an
aluminium central shaft is studied, where the driven force of the stirrer
is supplied by an electric motor. This type of system is widely used in
mineral processing and oil storage. The® aspect ratio (AR: height to
diameter) of the reactor has been determined to be 1.4. This ratio is
kept in the range of 1-3 when an insoluble gas exists in the system
where higher heat and mass transfer is the main requirement. The
geometric configuration of the experimental set up is presented in
Table 1 and shown in Fig. 1.

Gas flow was supplied at the bottom of the stirred tank equipped
with a surface sparger consists of 10 equally spaced holes drilled on the
periphery of the surface, each having a diameter of 0.00025m. The
compressed air is supplied to the system through a central air system
and a flowmeter (Omega engineering flow meter with accuracy of = 2
% Full Scale) with the range of 0-2.2 LPM is applied to control the
airflow.

The calculated Reynolds number (Eq. 9) in the current experiment
was between 10-1000, therefore, the flow regime was considered as a
transient flow. While this study focuses on the transient regime, the
combination of both laminar and turbulent flows exist in the system.
This means that inertial forces dominate in turbulent regime, while

2 Response surface methodology (RSM)
3 Aspect Ratio (AR)
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viscous forces overcome in laminar flow.

In this study, NaCMC was used as working fluid due to its optical
transparency and resistance to pH changes [49]. The reactor was filled
up to 0.27 m of its height with NaCMC solution in four different con-
centrations of 0.1, 0.5, 1, and 1.5 wt%.

2.2. Acid-base reaction

Acid-Base titration reaction as an ordinary method of measuring the
mixing time has been applied in this work for two different purposes
[20-25]. The first one is to make it possible to see the evolution of
colourful mixed region throughout the reactor as the impeller rotates.
The second one is to find the mixing time by controlling the normality
and volume of acid, base, and pH of the NaCMC solution. Adding the
purple solution of NaOH and phenolphthalein into the agitated reactor
followed by acid injection helps to visualize the chaotic movement of
colour particles, homogenization process, and the formed vortices.

According to the previous study, to monitor fluid chaotic move-
ment, 7ml NaOH of 2N and phenolphthalein indicator was injected
closed the rotating shaft near the surface inside the reactor to raise pH
value until the working fluid colour turns into purple in all regions. The
reaction was recorded using a high-speed camera (Samsung digital
Camera 12 M P with speed of 1.4 um including dual-pixel autofocus) for
further evaluation. Then, 5 ml of HCl solution was injected at the same
location (near the impeller shaft) to decolourize the working fluid and
the growth of decolouration of the working fluid was observed and
recorded by the camera [20-25].

In this paper, mixing time is considered as the time taken for the 95
% of complete mixing where the solution was homogenous. Mixing time
is determined by using RGB method and post processing software
(ImageJ). This method is presented and described in literature in a
systematic and detailed way [50,51].

Each experiment was repeated three times under the same condi-
tions to ensure the consistency of the results. Additionally, the nor-
mality and volume of the required solution of acid and base were
verified by titration before each set of experiments.

2.3. Torquemeters

The dissipated power of an impeller is correlated with impeller
speed and rheological properties of liquid in which agitator is carried
out. In this study, the power uptake by a mixing system was measured
by a commercial torquemeter (GUNT system with = 0.1 N.m). The
consumed power and the adjusted torque were calculated from Eq. 11
and Eq. 12, respectively.

2.4. Rheometer

The viscoelastic characteristics of the polymer solutions was mea-
sured with a DHR-3, TA rheometer with normal accuracy = 0.005,
equipped with a coaxial cylinder cup with a diameter of 0.304 m, bob
diameter of 0.28 m, bob height of 0.42 m, and gap distance of 0.001 m.
Further, the temperature was controlled to 25 °C with a Peltier system
during the tests.

Oscillation tests were carried out with increasing and decreasing
ramp of strain from 1 to 300 % and vice versa at a constant frequency of
1 Hz in order to collect 30 points per decade. To remove the molecular
network memory completely, the sample was pre-sheared at 300 s~ * up
to 15 min, after loading the cup and reaching to the equilibrium stage.
Then, this procedure was followed by a 5min rest at zero shear rate
[49].

2.5. Theoretical considerations

Flow regime, formation, and distribution of bubbles, and fluid
rheological behaviour inside STRs are affected by the pumping rate of
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Table 1
The geometric configuration of the stirred system.

Vessel inner diameter (m)  Vessel height (m)  Impeller height (m)  Impeller diameter (m)  Impeller blade diameter (m)  Impeller clearance (m)  Shaft diameter (m)

D H h d di IC ds
0.19 0.4 0.155 0.14 0.02 0.02, 0.04, 0.06 0.015

1. Electric M otor

. Torquemeter
Shaft & Impeller
Reactor

Camera

. Light source

. Compressed Air
. Flowmeter

. Computer

10. Outlet Valve
11. Sparger

VENOU A WN

Fig. 1. Schematic of experimental setup.
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the agitator which Q," is upward pumping rate by fluid (Lpm) and Qax’
is the volume rate of liquid pumping upwards by rising bubbles (Lpm)
[34]. Smith [34] has suggested the following two equations to predict
the flow regime of gas-liquid agitated systems. If Qax # Q,, the reactor
flow pattern in loading/ flooding transition is not desirable.

Quax x (GrgH?) @

Qp  (Nd*) 2)

where H is the depth of fluid in the reactor (m), G¢ is the gas flow rate
(LPM), D is the diameter of impeller (m), N is the impeller rotational
speed (rpm), and g is the gravitational acceleration constant (m/s?).

This study examines Qp, and Qax for various impeller speeds and
different gas flow rates combined with visual observation in order to
assure the flow regime undergoes complete dispersion inside the re-
actor.

In gas-liquid agitation reactors, the maximum shear rate is imposed
by the rotary mechanical part. However, rising gas bubbles can also
have some impact on the fluid bulk. In this case, the average total shear
rate can be calculated from;

. _ [,z
o=\ T 3

where, 7 is liquid shear rates (1/s), 1A is gas shear rates (1/s), and y; is
average total shear rates (1/s).

According to Metzner and Otto’s correlation [52] the average shear
rate for shear-thinning fluids inside an agitated system (j) can be de-
fined as follows:

Ji= KN @

where ¥, is the average shear rate in a stirred vessel depending on the
impeller geometry and characteristics reflecting in Mentzer and Otto’s
constant (Ks) [52]. Additionally, the strong dependency of K to fluid
rheology has been widely investigated in the literature. Some re-
searchers have indicated that flow index behaviour (n) is proportional
to K [53], while others report the decreasing value of Kj is correlated to
increasing flow index behaviour [54,55].

Additionally, the gas shear rates (yg) can be calculated by
Hashikawa’s correlation [56], which shows the effect of bubble motion
on liquid and defined as;

}'/g = 1500u, 5)
G
Y ®)
where u, is the superficial gas velocity (m/s) which is consider equal to
1500 m/s as a proportional constant and A is Cross sectional area (m?).
n° is the average apparent viscosity (Pa.s) and can be calculated by
the correlation between the y; and " as a shear stress (N/m?).

T
\/(KXN)Z + (1500ug)? )

7= =

Further, a previous study noted NaCMC as a shear-thinning fluid
that follows the Power-Law equation [49].

T=Kj" = K(K,N)" @®

where n is the flow index, K is the consistency index (Pa.s™). All these
rheological parameters have been investigated in a previous study [49],
where the rheological factors for NaCMC are summarized in Table 2.
Eq. 9 shows the Reynolds number for a stirred system. Substitution
of the Power-Law model in Eq. 8 leads to obtaining Reynolds number

4 Upward pumping rate (Qp)

5 Volume rate of liquid pumping upwards (Qax)
© Average apparent viscosity (1)

7 Shear stress (1)
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Table 2
The rheological parameters of NaCMC [49].
Concentration (wt%) n(-) K (Pa.s")
0.1 0.98 0.08
0.5 0.92 0.13
1 0.82 0.46
1.5 0.58 4.3

for a dual helical ribbon. Fuente et al. [48] have reported
K = 32.9-35.7 for a dual helical ribbon impeller in a shear-thinning
fluid, whereas n is close to 1.

_ pNd?
7 ©)

In most recent studies, the mixing time as an indicator of homo-
geneity has been measured in different approaches including local and
general mixing time [57]. Within the realm of macromixing, bulk
mixing time t(s) is the time taken for the complete mixing, where the
solution is homogenous.

The Power number represents the rate of energy dissipation within
the liquid and the power consumption by impeller in a specific rota-
tional speed. Ungassed power number as the most important para-
meters in coaxial mixers have been studied widely [58,59].

Py
Ny= —2_
P NS (10)

Re

where p is density (kg/m?).

P, as input power (W) is one of the main parameters evaluating the
efficiency of ungassed impeller which can be calculated by using the
following formula [60-62]:

Py =2. 7. N. Mpgjusted an

Furthermore, Bourne and Butler [63] have proven that there is a
correlation between Reynolds number and Power number in single
phase viscose fluid. Finally, torque should be obtained from the fol-
lowing formula:

MAdjusted = Mdisplay‘Mfriction 12)

MAdjusteds is the actual torque required to rotate the shaft (N.m). It
can be calculated from the subtracting the friction torque (Mgiction )
from what is monitored on the power meter (Mdisplaylo) (N.m). If the
impeller rotates in the open air, the magnitude of torque will be con-
sidered as friction torque.

2.6. Response surface method

Response surface method (RSM) approach was used to predict the
mixing time and power consumption under different operating condi-
tions. The main objective of the RMS is e to identify the correlation
between variables including impeller speed, gas flow rate, impeller
clearance, and viscosity as well as responses including mixing time and
power consumption. For this purpose, the Box-Behnken method is used
to design the experiments. Next, the response surface methodology
(RSM) is applied to optimize the factor levels and find the most influ-
ential parameters. For each experiment, three replicates are considered
to ensure the reproducibility of the experiments. The correlation is
defined as:

3 3 3
3
Y =8+ 2. BXi+ Y BiX2 + Zz=1 D’ B XiX; + error
i=1 j=2

i=1

13)

8 Actual torque required to rotate the shaft (Magjusted)
9 Friction torque (Mgicton)
19 Torque displayed by torquemeter (Maisplay)
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Table 3

Chemical Engineering & Processing: Process Intensification 148 (2020) 107811

Variables used in RSM method to optimize the mixer performance and uncertainty analysis for different variables.

Symbols Variables Low level Central level High level Instrument Systematic Uncertainty ( = Random Uncertainty ( + Total Uncertainty ( =
%) %) %)

X Impeller speed (1/s) 50 75 100 Torquemeter — 1 1.00

Xy Gas flow rate (Lpm) 0.5 1.35 2.2 Flow meter 1.5 0.66 1.64

X3 Impeller clearance (m) 0.02 0.04 0.06 Ruler 0.5 0.83 0.97

X4 Concentration (wt %) 0.1 0.8 1.5 Scale 0.1 0.32 0.34

In this equation, X shows variables, Y indicates the response such as
mixing time, while Bo'*, B;'?, B;'°>, and [Sij“ are regression coefficients
and interaction terms. Different 3D surface plots are plotted to find the
most influential factor when the other factor are at optimized level
[64].

The list of variables and their maximum and minimum levels are
summarized in Table 3. These maximum and minimum levels are se-
lected based on the preliminary study.

Further, uncertainty analysis has been done for measured and cal-
culated data, as well as instrument accuracy. The result of uncertainty
analysis is summarized in Table 3.

3. Results and discussion

In this study, the impeller speed, gas flow rate, impeller clearance
from the bottom, and viscosity are considered as principal factors in-
fluencing the mixing process of a shear thinning fluid. It is worth noting
that the maximum impeller speed in the current investigation was
limited to 100 rpm. This limitation was considered because of the ex-
treme shear sensitivity of some materials and microorganisms [11,65].

As mentioned earlier, the experiments were carried out in the op-
timal range where the hydrodynamics of a gas-liquid system is com-
pletely dispersed. The influence of gas flow rates of 0.5-2.2 Lpm is
examined when the system is agitated by a dual helical ribbon impeller
between 50-100 rpm under transient flow regime. Generally, the effects
of bubble motion, impeller speed, gas flow rate, and viscosity on power
consumption and mixing time are discussed and interpreted in this
section.

3.1. Mixing pattern

The two-dimensional cross-section of the mixing pattern in the
vessel when the reaction between acid and base occurs is shown in
Fig. 2.

The visual evidence presented in this section shows that initially,
the radial movement of fluid bulk is stronger than the axial movement
for a dual helical ribbon. The impeller drives fluid towards the walls of
the vessel where the shear rate is at the maximum, where little move-
ment of fluid can be observed in the axial direction near the central
shaft. Then, fluid moves downward alongside the cylinder wall.
Following this, the axial movements become stronger and the top sur-
face becomes clear. Decolouration of the purple fluid shows that the
maximum mixing in this type of impeller happens close to the clearance
between the wall and impeller where the high shear imposes on the
fluid film as well as areas near to the inner edge of the blade. Whilst,
there is still an unmixed zone located at the bottom of the tank, the
efficiency of the impeller in the region near the wall is significant.
Therefore, the mixing time is controlled by the mixing pattern of the
low-shear central regions located far from the blade edges. A possible
explanation for these results may be the reduction in viscosity when the

1 RSM regression coefficients (3,)
12 RSM regression coefficients (5,
'3 RSM interaction coefficient (8,)
14 RSM interaction coefficient (51-]-)

high shear rate region rotates near the inner and outer edges of the
blade. The enclosed volume of fluid between impeller and wall as well
as the bulk of fluids around the inner edge of the blade can be con-
sidered as a low viscosity film which can be easily influenced by this
type of impeller. Generally, these regions are introduced as a stagnant
zone in other types of impellers.

Although extensive research has been carried out on the effects of
dual helical ribbon impellers on single phase flow pattern, few studies
have paid attention to the influence of chaotic bubble motion on multi
phases mixing process [56]. Fig. 3 indicates the qualitative mixing
pattern over time when air bubbles are introduced. Rising a bubble
from bottom of the tank imposes shear rate to the bulk of the fluid. As a
result, the viscosity of the shear-thinning fluid is reduced to some extent
depending on the gas flow rate, general gas hold-up, and rheology of
the fluid. The more reduction in viscosity, the more desirable results are
achieved including less energy consumption and shorter mixing time.
Since bubbles are dispersed everywhere, the mixed area near the cen-
tral shaft can gradually develop, which enhances the mixing perfor-
mance of the dual helical ribbon impeller.

Fig. 3 indicates that in a low rotational speed helical ribbon im-
peller, the formed bubbles rise without significant breakage or coales-
cence. They are trapped behind the impeller blade and form a film of
gas which follows the impeller patterns to reach the free surface. The
interesting point here is the enhancement of the uniformity of homo-
genization and dispersion of liquid inside the system. In the presence of
bubbles, after the injection of acid, clear liquid not only moves toward
the clearance of the vessel and impeller but also gradually penetrates
downward. Although this requires more investigation, this phenom-
enon could be interpreted by increasing the internal liquid shear stress
as a result of bubbles motions. In completely disperse mixing patterns,
bubbles disperse completely in the whole system, even in stagnant re-
gions. The presence of bubbles in the stagnant zones increases the shear
stress resulting in the breakdown of the NaCMC internal network [49].
Weakening the network structure of shear-thinning fluids increases
both molecular and bulk diffusions resulting in enhancement of the
mixing process.

3.2. Impact of impeller speed

The impact of various rotational speeds on the performance of the
mixing system has been studied widely in the literature. Results show
that an increase in rotational speed reduces the time of mixing and
improves the homogeneity of heat, mass, and nutrient [7,10,37,66,67].

Fig. 4a and b depict both mixing time and power consumption over
various rotational speeds for different concentration of NaCMC solu-
tions. The results indicate that a higher rotational speed leads to
shortened mixing time, while power uptake increases exponentially.
The results indicate that an increase in rotational speed up to 75 rpm
could reduce the mixing time of viscous fluid to some extent.

Fig. 4a shows the expected time to reach homogeneity in different
impeller rotational speeds. For the same rotational speed, the more
concentrated solution the more time required to reach homogenous
conditions, where the natural gel structure of polymer requires more
energy and time to destroy. Therefore, the diluted solution requires less
time in a lower rotational speed to reach a certain level of homogeneity.
Further, it can be noted that the homogeneity graphs are exponential
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20 sec

which become level off at the end. Thus, it seems that the system has
become homogenous in somewhere between rotational speed of
0—50 rpm when the concentration of NaCMC solution is 0.1 %.

However, increasing the rotational speed beyond 75 rpm not only
has insignificant contribution in reducing the mixing time but also
exponentially increases power consumption. This finding suggests that
increasing the impeller speed up to optimum value could enhance the
performance of the mixing system. Whilst, after this certain level, the
power consumption increases sharply with a limited positive con-
tribution to mixing performance.

Two different dimensionless terms have been defined to investigate
the extra power consumed by the impeller compared to mixing time
reduction. The first term is the extra power consumed when the im-
peller speed increases from 75 to 85 and 100 rpm and the second term is
the decrease of the mixing time when the impeller speed increases to 85
and 100 rpm.

Fig. 5 represents these two dimensionless terms for different

30 sec
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15 sec

45 sec

Fig. 2. The evolution of mixed area inside the reactor when the impeller speed is 75 rpm and concentration of NaCMC solution is 1 %.

concentrations of NaCMC. According to this figure, a remarkable in-
crease is observed in the percentage of power uptake compared to the
reduction in the percentage of mixing time when the solution is more
concentrated. For example, when impeller speed changes from 85 to
100 rpm in a concentration of 1.5 % solution, the power consumption
has been increased by 60 %, while the mixing time decreased by 10 %.
This finding is vital in terms of cost efficiency and scaling up the system.

3.3. Influence of bubble motion

The mixing time versus gas flow rate for gassed cases in both stirred
and non-stirred conditions is shown in Fig. 6. Hollow markers show the
mixing time in different gas flow rates for various concentrations of
NaCMC solutions when the impeller speed is 75 rpm. Filled markers
demonstrate the mixing time under the same operating conditions when
the impeller is off (impeller speed = O rpm). The results in this figure
reveal that the gas flow rate is an influential factor in mixing time when
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15 sec

Fig. 3. The evolution of mixed area inside the aerated reactor when the impeller speed is 75 rpm and concentration of NaCMC solution is 1 %.

the mechanical agitator is not working. Increasing the gas flow rate
from 0.5 to 2.2 LPM could reduce the mixing time to half in non-stirred
systems. However, hollow markers show that the mechanical agitator is
more influential on mixing time compared to the gas flow rate.

Some previous studies suggest that for a system with a Rushton
turbine and PBD- anchor, the gas flow rate increases the mixing time
[36,37]. It has been argued that in high gas flow rate, the buoyancy
force overcomes the hydrodynamics of system and the gas-liquid system
flooded [36,37]. Other researchers, however, have reported an im-
provement in the mixing performance by the presence of bubbles inside
the system [33-35]. This inconsistency may be due to the complex
hydrodynamics of gas-liquid agitated flow patterns. The variety of hy-
drodynamics in gas-liquid STRs can be almost considered as a function
of impeller type, rheology of fluid, gas flow rate, impeller speed, and
bubble size [39].

3.4. Power consumption

Power uptake is another influential design parameter representing
the economic performance of a mixing system. The power consumption
of the impeller should be taken into account when the cost efficiency of
a mixing process is important. Power consumption displays the per-
formance of the agitating process depending on the geometry of im-
peller and physical properties of the fluid [68]. The power consumption

Chemical Engineering & Processing: Process Intensification 148 (2020) 107811

measurement has been carried out on NaCMC solution with different
concentrations of 0.1, 0.5, 1, and 1.5wt% for five different impeller
speeds of 50, 65, 75, 85, and 100 rpm.

Fig. 7a indicates the power uptake by impeller versus Reynolds
number for the rotational speed of 50, 65, 75, 85, and 100 rpm for
different concentration of NaCMC solutions. The greater the viscoelas-
ticity of the fluid, the greater the energy required to achieve complete
mixing. It can be observed that an increase in viscosity shifts the power
curve to the lower Reynolds numbers and higher energy consumption.

Fig. 7b displays the dimensionless energy consumption (N;) as a
function of Reynolds number (Re) or power curve for a dual helical
ribbon in five different rotational speeds of 50, 65, 75, 85 and 100 rpm
and constant gas flow rate of 1 LPM. The power curve is unique for each
impeller type. The single most striking observation to emerge from the
plotted data is the relationship between N and Re, which for the first
time this result has been presented. Regression analysis was used to
predict the correlation between these two parameters which is im-
portantly repeated for all concentrations of NaCMC, whereas the flow
regime is transient. This practical correlation has been reported in Eq.
14. It is noticed that this practical correlation is unique and demon-
strating how a dual helical ribbon impeller performs in a transient two
phases flow regime.

Np. Ref = aor N, = 918.9Re 0% a4
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Fig. 4. a) Mean mixing time and b) mean power consumption with error bars
over impeller speed in different concentration of NaCMC solutions.
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concentrations of NaCMC.

* Conc. 0.1% o Conc. 0.5% ---4---Conc. 1% < Conc. 1.5%
35 4
30 % % }
o

Gas flow rate increases
-—
Impeller Speed is 75 rpm

Mixing Time (s)

i

10 60 110 160
Power Number (Np)

Fig. 8. Influence of gas injection on mean mixing time with error bars over
power number (Np).

where, B = 0.5 and a = 918.9 are constant for a dual helical ribbon
impeller in different concentration of NaCMC solutions from 0.1 wt% to
1.5 wt%.

What is surprising here is that the trend of the power curve is not
influenced by changes in concentration. Patel et al. [69] have indicated
that Re.Nj, is a constant value for the Scaba and the A320 impellers in
single-phase flow. They also mentioned that the power number changes
slightly based on Reynolds number in transient flow for the Scaba and
the A320 impeller in single-phase flow. However, this correlation has
not previously been found for a dual helical ribbon impeller in gas-
liquid interactions.

Additionally, Fig. 8 shows the power consumption as a function of
mixing time at a constant impeller speed of 75 rpm. These results show
the effect of bubble motion on mixing time and power consumption.
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Fig. 9. The role of bubble motion around the impeller on mean power con-
sumption.

Interestingly, a decrease in power consumption was observed when gas
was injected into the system. This 5-7 % reduction in power con-
sumption could be due to the presence of bubbles inside the reactor.
The reduction in power uptake by sparging bubbles in a mixing system
has also been observed by other researchers [30,70]. This finding can
be interpreted through the formation of gas pockets (cavities) under-
neath the impeller streamlining the blade movement and reducing fluid
drag resulting in lower power consumption. Further, reducing the
viscosity of shear thinning fluid as a result of axial and rotational

Table 4
Plan for ANOVA analysis.
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Table 5
Results of ANOVA test for Quadratic model.

Response Mixing time Power consumption
Source F-value P-value F-value P-value
Model 45.37 < 0.0001* 128.1 < 0.0001*
A-Impeller Speed 14.52 0.0034* 1138.3 < 0.0001*
B-Gas Flow rate 151.38 < 0.0001* 0.4454 0.5197 ™
C-Concentration 379.81 < 0.0001* 513.47 < 0.0001*
D-Impeller Clearance 13.54 0.0042* 0.1121 0.7447 ™
AB 0.0182 0.8953 ™ 0.016 0.9019 ™
AC 12.17 0.0058* 82.98 < 0.0001*
AD 5.29 0.0442* 0.3362 0.5749 ™
BC 4.96 0.051 ™ 0.1891 0.6729 ™
BD 0.0127 0.9126 ™ 0 1"

CcD 0.8933 0.3669 ™ 0 1"

A? 2.48 0.1466 ™ 20.95 0.001*

B? 2.95 0.1165 ™ 0.0326 0.8603 ™
c? 12.92 0.0049* 19.56 0.0013*

D? 0.2279 0.6433 ™ 0.206 0.6596 ™

*: Not significant at P < 0.05, ns: Significant at P > 0.05.
P —value and F —value: Indicator of significance decision.

bubble movements can be considered as another influential factor.

In addition, Fig. 8 depicts that both power consumption and mixing
time are highly affected by the viscosity of the fluid. The higher the
viscosity of the fluid, the more power required to achieve complete
mixing. Therefore, when the viscosity of the shear-thinning fluid in-
creases, more power and time are required to achieve desirable mixing.

These results differ from most published studies that reported
bubble motion causes an increase in power consumption of an aerated
stirred system [30,70]. However, the present results are in agreement
with Cheng and Carreau’s [45] findings which show the presence of
bubbles leads to a reduction of power consumption by the impeller.

Fig. 9a and b clearly describes the role of gas flow rate on power
consumption where the impeller rotational speed is constant at 75 rpm.
According to Fig. 9a, an increase in gas flow rate from 1 to 2.2 LPM
reduces the mixing power to some extent. Further Fig. 9b, represents
the ratio of power uptake by impeller when the gas sparged (Pg), watt,

Order Impeller speed (N) Gas flow rate (Gf) Impeller Clearance (IC)* Concentration (C) Mixing Time Power consumption
rpm LPM m wt% s w
1 100 0.5 0.04 0.8 57 30.8
2 75 0.5 0.04 1.5 102.4 27.88
3 75 1.35 0.02 0.1 34 10.6
4 75 0.5 0.04 0.1 48.7 10.6
5 75 1.35 0.06 0.1 45.5 10.6
6 75 1.35 0.06 1.5 91.1 27.1
7 75 0.5 0.02 0.8 65.5 16.3
8 75 2.2 0.04 0.1 27.8 10.2
9 75 1.35 0.02 1.5 88 27.1
10 50 1.35 0.06 0.8 63.25 6.5
11 75 2.2 0.02 0.8 31.5 15.3
12 50 1.35 0.02 0.8 42.8 6.5
13 100 1.35 0.04 1.5 95.8 52.8
14 75 2.2 0.06 0.8 42.8 15.3
15 75 0.5 0.06 0.8 75.8 16.3
16 100 1.35 0.06 0.8 46.5 32.46
17 75 1.35 0.04 0.8 57.1 15.1
18 50 2.2 0.04 0.8 39 6.54
19 50 1.35 0.04 0.1 49.8 4.45
20 75 2.2 0.04 1.5 61.7 26.31
21 100 1.35 0.04 0.1 23.9 20.94
22 100 2.2 0.04 0.8 26 31.4
23 50 0.5 0.04 0.8 68.8 6.28
24 100 1.35 0.02 0.8 46.5 30.9
25 50 1.35 0.04 1.5 90.7 11.8

@ Impeller Clearance (IC).
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Fig. 10. Influential interaction model parameters analysed by ANOVA test.

to the power consumption of single-phase system (Py), watt, over the
gas flow number (flg'®) which shows the flow developing in the im-
peller zone independent to impeller geometry.

This figure shows that power consumption experiences a significant
fall after a certain value of gas flow rate. Dispersed bubbles can reduce
the viscosity of the fluid around the blade to some extent and reduce the
power uptake. By increasing the impeller speed, the bubbles disperse
everywhere in the fluid bulk and some of them still follow the impeller
path. As a result, the impeller has the maximum level of contact with
the air bubbles trapped behind the blade which slightly decrease the
power consumption of the aerated system compared to single-phase
one.

3.5. Statistical analysis

This proposed study investigates the impacts of four listed factors
shown in Table 3 through the three-level Box-Behnken method [71].
Then, the response surface methodology (RSM) is applied to optimize
and to find the most influential factors and their interactions. Table 4
summarizes the plan, the number of experiments and variables applied
in RSM.

The result of statistical analysis suggests strong correlations be-
tween responses and all independent and dependent variables lead to
Eq. 15 and Eq. 16.

15 Gas flow number (flg)

11

Mixing time = —1.26 + 0.88N + 5.5Gf — 11.31C + 13.56 IC
— 0.014N X Gf + 044N x conc. —=0.1N x IC
— 8.3Gf X conc. +0.14Gf x IC — 1.5 Conc. XIC
+ 0.0067 N2 — 6.3Gf? + 19.4C? — 0.321C?(Adjusted R2
= 0.9628) (15)

Power Consumption = 28.53 — 0.67N — 0.75Gf — 1.25IC — 24.58C
+ 0.004N X Gf + 0.35N x C + 0.007N x IC
— 0.49Gf X C + 3.9E7'Gf x IC — 1.07715C x IC
+ 0.00581S? + 0.2Gf? + 7.23C?

+ 0.091C(Adjusted R2 = 0.9867) (16)
where N is the impeller speed, Gf is the gas flow rate, C is the con-
centration of the solution, and IC is the impeller clearance.

Further, the result of ANOVA test has been summarized in Table 5
for the response surface quadratic model. This table demonstrates P-
values and F-values for all variables. In this case, A, B, C, D, AC, AD, BC,
AZ, and C? are significant model parameters.

The Model F-values of 45.37 for mixing time and 128.1 for power
consumption confirm that the proposed Eq. 14 and Eq. 15 are reliable
and remarkably accurate to predict the mixing time and power con-
sumption in different operating conditions. These equations have sig-
nificant practical value for industrial designing, operating, and cost
studying of STRs.

To sum up, the statistical analysis indicates that impeller speed, gas
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flow rate, impeller clearance, and viscosity influence the mixing time
and power consumption, respectively.

Further, analysis of interactions between variables and the model
coefficients are displayed in three-dimensional response surfaces and
are shown in Fig. 10a, b. This figure displays the significant interaction
model parameters based on P-value < 0.05. Fig. 10a shows the most
influential interactions on mixing time including impeller speed-con-
centration, and impeller clearance-impeller speed. Additionally, ac-
cording to P-value, the most influential model parameter on power
consumption is interaction of concentration-impeller speed as shown in
Fig. 10b.

4. Conclusions

Collectively, this study outlines the role of a helical ribbon impeller
on mixing performance and cost of operation of a gassed STR. The
range of gas flow rate and impeller speed has been adjusted in the
preliminary study. In addition, this work provides a conceptual un-
derstanding of the flow pattern inside a gassed reactor equipped with a
dual helical ribbon impeller and filled with a shear thinning fluid. The
findings of this study suggest that increasing the rotational speed more
than 75 rpm not only fails to reduce mixing time but also increases the
power consumption. It can be concluded that the optimum rotational
speed should be selected with caution because boosting impeller speed
may impose the extra operating cost while the efficiency of mixing
remains unchanged. Additionally, aeration enhances power uptake and
mixing time to some extent. Further, based on the experimental data in
this study, two equations are proposed using ANOVA test to predict the
mixing time and power uptake for a helical ribbon impeller in different
operating conditions. The statistical analysis demonstrates the sig-
nificant role of viscosity and impeller speed on the mixing performance.
Suggesting a practical correlation between Reynolds and power num-
bers, this study provides unique and valuable results that can be applied
to process industries.
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