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h i g h l i g h t s

• Experiments and CFD modeling of molasses–water mixing behavior in a stirred-tank.
• The rheological characterization molasses is a non-Newtonian fluid exhibits shear thinning behavior.
• Combined Eulerian-LES model is the closest to the experimental results.
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a b s t r a c t

Molasses is a first-generation bioethanol feedstock that is a byproduct of sugar production. Molasses
is a viscous fluid; consequently, when it serves as a substrate, it needs to be dissolved in water to
obtain the appropriate conditions for the yeast. Therefore, the mixing process of molasses and water
is an essential factor that significantly affects the efficiency of the fermentation process. This work
aims to study the molasses–water mixing behavior in a cylindrical cone-shaped stirred-tank system
reviewed by the effect of the molasses–water rheological characteristics. The molasses–water mixing
behavior was investigated through a simple visualization method by using a camera and a 650 nm red
laser as an observation plane of molasses–water interface height changes. Based on the results of the
rheological characterization, it is known that molasses are a non-Newtonian fluid that exhibits shear
thinning behavior. A rheological model molasses–water mixture has been developed. The behavior
of molasses–water mixture comprises three zone mechanisms. The Eulerian multiphase model is the
closest to the experimental results, and the combination of the Eulerian multiphase model and Large
Eddy Simulation can be applied to predict the mixing behavior in an industrial scale stirred-tank.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Fossil-fuel-based energy sources are being increasingly de-
pleted, encouraging the efforts to fulfill the need for energy by
using alternative energy sources. Bioethanol (C2H5OH) is one of
the alternative energy sources that is derived from plants and can
function as a substitute fuel. The use of bioethanol as a substitute
is expected to minimize the use of fossil fuels and reduce CO2
emissions. Bioethanol can be produced through the fermentation
process by using raw materials such as sucrose-containing ma-
terials (e.g., sugarcane de Carvalho et al., 2016, sugar beet and
fruits), starch materials (e.g., cassava, corn Chao et al., 2017, sweet
potatoes Virgínio e Silva et al., 2017), lignocellulosic materials
(grass (Liu et al., 2017), waste paper (Wang et al., 2012; Byadgi
and Kalburgi, 2016), corncob (Boonchuay et al., 2018), and wheat

∗ Corresponding author.
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straw (Tomás-Pejó et al., 2009) and algae (Khambhaty et al., 2012;
Bibi et al., 2017)

Much effort has been made to increase the production yield of
bioethanol, such as process optimization of distillation (Tgarguifa
et al., 2017) and increasing the efficiency of fermentation by using
immobilized yeast (Mohd Azhar et al., 2017). Stirring of the raw
materials is expected to improve the efficiency of fermentation.
Optimal mixing causes the yeast to be evenly distributed in the
fermenter so that the contact between the yeast and the broth
is maximum, which renders the fermentation reaction efficient.
Computational investigations are more efficient and economical
for studying the influence of the mixing process in an industrial-
scale system. However, for implementation, some information is
needed, such as the flow field characteristics of the geometry
system, the rheological characteristics, and the mixing behavior of
the fluids. There are several computational studies on influential
parametric in the mixing process i.e., an impeller layout (Rahimi,
2005), impeller rotational speed, position and flow rate of the
feed (Zhang et al., 2009), working fluid rheology (Wu, 2011),
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various impeller and working fluid rheology (Sossa-Echeverria
and Taghipour, 2015), and propeller layout and working fluid
rheology (Wiedeman et al., 2018).

Molasses is a bioethanol production feedstock that contains
non-sugar ingredients such as organic acids, lipids and inorganic
salts, and macromolecules; these constituents affect the inher-
ently high viscosity of molasses (Kaur et al., 2002). A viscous
fluid tends to exhibit non-Newtonian behavior; for that reason,
the influence of the rheological parameters cannot be ignored
in the mixing system (Oropeza-De la Rosa et al., 2017). The re-
search related to non-Newtonian fluid mixing includes the mixing
to a pseudoplastic fluid (Wiedemann et al., 2017; Conti et al.,
2018), a yield-pseudoplastic fluid (Jegatheeswaran et al., 2017)
and a viscoelastic fluid (Ramsay et al., 2016b,a). Furthermore,
the rheological properties of molasses are affected by the shear
rate, which is in turn strongly influenced by the temperature and
concentration of molasses in the mixture. Several studies have
been conducted to study the effect of the addition of ethanol
(Toǧrul and Arslan, 2004), dextran (Oropeza-De la Rosa et al.,
2017), and starch (Kaur et al., 2002) on the rheological properties
of molasses. The mixing of a highly viscous molasses fluid leads
to flow in the tangential direction that is generated by the im-
peller; as a result, fluid flows were limited to the region near the
impeller (Gómez et al., 2010). Consequently, it necessary to dilute
molasses by adding water to obtain the suitable conditions for the
yeast. Therefore, it is essential to investigate the effect of water
content on the rheological characteristics of molasses in order to
determine the right conditions for the fermentation process.

This research is a continuation of the previous research that
reviewed the effectiveness of mixing of different propeller in-
stallments (Madhania et al., 2017) and the mixing phenomena
are observed for the different computational solution strategies
(Madhania et al., 2018). However, in the previous work, the
rheological factor was neglected. Thus, in this work, we will
experimentally study the molasses–water mixing behavior inside
a stirred vessel by simple visualization method include rheol-
ogy characteristic and computationally study in revealing the
turbulence phenomena through CFD.

2. Methods

Experiments were carried out to obtain the rheological char-
acteristics of pure molasses and molasses–water mixture, also the
mixing behavior of molasses–water in a stirred tank. Then, com-
putational modeling was performed to reveal the fluid dynamics
of the molasses–water mixing under turbulent conditions. The
modeling was carried out by using the commercial code of ANSYS
Fluent version 18.2.

2.1. Experimental

The experiments were divided into two steps. The first step
was to characterize the rheological properties of pure molasses
and molasses–water mixture. The second step was to analyze
the mixing behavior based on the data obtained by using a
visualization method.

2.1.1. Rheological characterization
The rheological characterization was carried out on two types

of molasses, referred to as type-A and type-B, where type-A seem
more viscous than type-B. An experiment was conducted by using
a Brookfield rheometer to investigate the rheological character-
istics such as shear stress, shear rate, also apparent viscosity of
the molasses and obtain a quantitative difference between each
sample, especially since it is possible that both samples represent

Table 1
Dimensions of the computational domains and grid-generation information.

Small scale Industrial scale

Geometry
Tank diameter (m) 0.28 7
Tank height (m) 0.395 9.87
Propeller diameter (m) 0.036 0.9

Meshing

Nodes :
- Static zone 26734 134161
- Moving zone 132437 127184

Element :
- Static zone 112848 713610
- Moving zone 536719 689081

Average dimension 0.25 0.83

a non-Newtonian fluid. The viscosity of the pure molasses was
measured.

τ = K γ̇ n (1)

Where τ is the shear stress (Pa), K is the consistency index (Pa
sn), and γ̇ is the shear rate (s−1).

2.1.2. Mixing behavior
The mixing of molasses and water was carried out by using a

half-cylindrical, half-coned stirred-tank. The tank has a cylindrical
geometry for the upper part and is cone-shaped in the lower
part. A propeller is located in the cone part and is positioned
perpendicular to its surface, as can be seen in Fig. 1a. This tank
was filled with molasses up to a height of 0.155 m in the cylinder
part, and tap water was carefully filled from this side. The three-
bladed propeller was then rotated at the velocities of 1000 rpm,
1100 rpm, 1200 rpm, and 1300 rpm. A tachometer was used to
ensure the accuracy of the rotational speed of the propeller.

A simple visualization experiment based on a coloring
/decoloring method (Conti et al., 2019) by using a high speed
camera as seen in Fig. 1(b). A camera is positioned in front of
the tank to record the change in the height of the interface
that separates the molasses and water during the entire mixing
process, which is indicative of the mixing behavior. In order to
add contrast between the molasses and the water, a red laser
of wavelength 650 nm was used to illuminate the fluid inside.
The use of a laser as an observation plane is adopted by the PIV
principle, to observe changes in interface height between two
fluids.

The images were then processed by data acquisition by using
an image processing technique to obtain the location of the
interface. The sequence of image processing is shown in Fig. 2.

2.2. Computational

The turbulent phenomena related to the mixing process of
molasses and water are based on the turbulent flow regime that
is observed during the mixing experiment. This phenomenon
was modeled computationally by applying the commercial code
ANSYS Fluent 18.2. The calculations were performed in 3D and
transient. This research involved two studies; the first was the
determination of an appropriate multiphase model of molasses–
water mixing based on the experimental scale while the second
in an industrial-scale fermenter. The dimensions of these two
studies are summarized in Table 1.

The geometry of the computational domains was generated
by the ANSYS design modeler, and the flow domain was divided
into tetrahedral meshes by using ANSYS, as shown in Fig. 3. This
geometrical models are similar with mesh models and its stirred
vessel comprised of static zone and moving zone as the previous
study (Wiedeman et al., 2018).
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Fig. 1. Dimensions of the system (a) and the experimental setup (b).

Fig. 2. The sequence of image processing.

Fig. 3. The computational domain (a) and grid generation (b).
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Table 2
Rheological characteristics of molasses.

Type-A Type-B

K 11017 1320.3
n 0.9057 0.9364
R2 0.9726 0.9933

The working fluids consist of molasses and water, which are
mutually dissolved with the viscosities of 0.001003 Pa.s for water
and 0.076044 Pa. s for molasses. The initial mass fraction of
water–molasses in the liquid system is defined relative to their
heights in the vessel. The height of the molasses inside the vessel
was set at 0.155 m, and the height of the water that fills the vessel
was set at 0.235 m above the molasses. Two distinct layers are
formed because of the difference in density.

The stirred vessel comprised two parts: a moving zone around
the impeller and a stationary zone which attached to the vessel
wall. The interface between a moving zone and a stationary zone
was treated as an interface boundary condition. The shaft can be
regarded as an absolute moving wall. The propeller was set to
the moving wall, which was relative to the moving zone. The
model describes the turbulence phenomenon that observed at
the propeller rotational speed of 1300 rpm; thus, the velocity
of the moving zone and shaft were set to the angular velocity
(N = 1300 rpm). This study applied Large Eddy Simulation (LES)
to model the turbulent flow as based on previous work (Madhania
et al., 2018). The Mixture and the Eulerian model were applied
to represent the multiphase flow. At the liquid surface, the axial
gradient of the dependent variables was set to zero (symmetry
boundary condition). The conical bottom and cylindrical walls
were those derived by assuming non-slip conditions and were
treated as stationary walls. No-slip implies that the velocity of
the fluid at the wall boundary is zero.

The operating conditions were defined by considering grav-
ity along the y-axis (g = −9.81 m/s2) and setting the unit of
the angular speed to rotations per minute. Coupling between
the continuity and momentum equations was achieved by using
Semi-Implicit Method for Pressure-Linked Equations (SIMPLE)
(Van Doormaal and Raithby, 1984). The spatial discretization was
set to first-order upwind for the momentum, volume fraction,
turbulent kinetic energy, and turbulent dissipation rate equations
(Ansys-Fluent, 2013). The Pressure Staggering Option (PRESTO)
was used for the spatial discretization of pressure (Bender, 1981).
The convergence criterion was set to 1 × 10−5 for the velocities
and 1 × 10−4 for the volume fractions. The first-order implicit
scheme was used for the time step of the turbulence model. The
time step was set to 0.001 s. The under-relaxation factors of the
numerical scheme were initially set to 0.3 for pressure, 0.5 for
momentum, and 0.5 for volume fraction.

3. Results and discussion

3.1. Rheological properties

The rheological properties were characterized in terms of the
shear stress and shear rate data. The shear rate versus shear
stress relationships representing the rheograms of the different
molasses samples are shown in Fig. 4.

As depicted in the rheogram, disproportionality between the
shear stress and the shear rate is observed for both the molasses
types, which indicates non-Newtonian fluid behavior. The type-
A molasses requires higher shear stress to flow than the type-B
molasses. The rheological characteristics of both the molasses
types are shown in Table 2.

Based on Table 2, the flow curves were well fitted to the power
law model with n < 1 was obtained. It can be concluded that

Fig. 4. Rheological behaviors of pure molasses.

both of the samples belong to the category of shear thinning
or pseudoplastic fluids, which is in accordance with a study of
Oropeza-De la Rosa et al. (2017).

As for type-B, it also reveals the shear thinning fluid behavior,
though it is much less significant because it decreases only in a
small range of shear rates before stabilizing at the observed value.
As such, it is possible to consider type-B as a Newtonian fluid, but,
in this case, we would still consider it as a shear thinning fluid.

The apparent viscosity profile is shown in Fig. 5. It is observed
that for both the samples, even though the viscosity decreases
with time, it stabilizes relatively quickly. The viscosity decreases
with an increase in the shear rate, and this relation is much
more apparent in the type-A molasses. This is because the long
chains of molecules disentangle with an increase in the shear rate
so that the intermolecular resistance to flow becomes smaller
(Toǧrul and Arslan, 2004). However, the most significant change
is observed upon the addition of water. Even a small amount of
water in the molasses could drastically reduce its viscosity. Owing
to the water molecules that position themselves between the
molasses molecules, the molecular attractions can substantially
change, which in turn reduce the viscosity. This effect is observed
in both types of molasses.

The existing mathematical models which used to calculate for
non-Newtonian fluid are include the power law model, Cross
model (Cross, 1965), and Carreau model (Akbar and Nadeem,
2014; Yasuda, 2005; Carreau, 1972). There are current studies
on the effect of temperature and concentration of the ethanol
added (Toǧrul and Arslan, 2004) and presence of starch (Kaur
et al., 2002) on the apparent viscosity of molasses, however there
is no model has been yet developed that calculates both the
variables of shear rate (γ ) and the amount of water added (χ )
simultaneously. As a result, a new apparent viscosity model of
the molasses–water mixture was developed empirically (R2

=

0.9962 for type-A molasses and 0.9977 for type-B molasses) for
predicting with both the variables as follows:

µA =
(
2000e−28.5χ+1.305

+ 150.12 − 148χ3.5)
×

(
1.46e−0.125γ

+ 0.4666
)

(2)

µB =
(
378e−17.5χ+1.05

+ 45 − 44χ20) (
1.47e−1.51γ

+ 1
)

(3)

3.2. Mixing behavior

As the interface would rise as the molasses is mixed with
water, it reveals how the molasses molecules move or mix with
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Fig. 5. Type-A and type-B molasses.

Fig. 6. Mixing behavior of molasses–water as functions of time for different propeller rotation speeds for both type-A and type-B molasses.

the water. The changes in the interface height during the entire
mixing process can be seen in Fig. 6.

Based on visual observations, the proposed mechanism of the
molasses–water mixing process comprises three different zones
as can be seen in Fig. 7. In zone one, the height of the interface
is slightly increasing in the short period corresponds to the pro-
peller which has just started to rotate. As the propeller spins, the
molasses that are in direct contact with it get sucked into the
negative-axial direction toward to propeller. This phenomenon
happens due to the propeller lost its pumping ability because
of the high of molasses viscosity level. The energy shifted by
the propeller, initially reach only the molasses at the blade tip.
The longer of the stirring process, the effect of propeller ro-
tation become wider until it reaches the interface area causes
water sucked in and penetrate the interface boundary then move
following the direction of the flow pattern generated by the
propeller rotation. As the region where the sucked-up molasses
usually resides is then occupied by water, the molasses would
need some other place to occupy, which leads to an increase in
the interface height.

Zone two phenomena are similar to zone one. However, the
interface height changes occur slowly over a long period because
of the ability of the propeller to distribute water in the molasses-
rich regions that were influenced by the mixture rheology, espe-
cially viscosity. Based on the rheological characterization, upon

adding a small amount of water, the viscosity of the mixture
is significantly less than the viscosity of the pure molasses. The
effect of changes in properties of fluid mixture around the pro-
peller very affected on its pumping capacity. This mixing process
requires a long time to reach a viscosity that equals to 0.007604
Pa; then in this condition, the propeller has a pumping ability in
order to push the fluid outwards. At some points, on the surface
of interface occurs turbulence condition that leads fluid to enter
zone three.

Zone three is where most of the mixing process occurs. Though
this zone is observed only for the final 6%–12% of the total mixing
time, it accounts for more than 90% of the mixing process. This
zone observed when the interface height increase occurs rapidly
as can be seen in Fig. 8. A similar study to estimate the mixing
characteristic has been reported by Conti et al. (2019).

3.3. Turbulence phenomena

The predicted phenomena for the mixing of molasses and
water under the turbulence regime of zone three as generated
by different multiphase models are analyzed by the height of
interface changes in every time on density contour which has
shown in Fig. 8 and being compared to the mixing behavior that
observed experimentally. It can be seen that the phenomenon
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Fig. 7. The photograph of the mechanism for the molasses–water mixing process
of type-B molasses at 1300 rpm.

resulting from the Eulerian approach is the closest to the exper-
imental results. It suggests that zone three phenomena are most
precisely modeled by using the Eulerian approach (see Fig. 9).

The Eulerian multiphase model was then used to model the
molasses–water mixing phenomena for industrial-scale stirred
tanks and predict the time to reach a homogeneous condition,
as shown in Fig. 10. Based on an analysis of the changes in the
density of the mixture at a point, the mixing time to reach a
homogeneous condition was obtained as 114 s.

The homogeneous conditions can also be viewed in terms of
the changes in the density in the vertical plane of observation
(plane-XY), as shown in Fig. 11, and in the horizontal plane of
observation (plane-XZ), shown in Fig. 12. Based on these two
images, the changes in the density contours over time reveal that
the process occurs from the start of stirring until a homogeneous
condition is reached. The contour change can also describe the
turbulence observed in the stirred tank. As can be seen in the

Fig. 9. Comparison of the changes in the height of the interface observed
experimentally and those predicted by computations generated by the Mixture
and Eulerian multiphase model at zone three.

final mixing condition, there is no dead zone; hence, the degree

of mixing is 0.998992.

Fig. 8. Mixing behavior of molasses–water for type-A molasses at 1300 rpm in zone three.
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Fig. 10. Time to achieve homogenization in the mixing of molasses and water.

Fig. 11. Changes in density contour on the XY -plane (plane-z).

Fig. 12. Changes in density contour on the XZ-plane (plane-y).
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4. Conclusion

Mathematical models were developed for predicting the ap-
parent viscosity of molasses based on experimental of rheology
characterization both the variables of shear rate and molasses–
water ratio. Molasses–water mixture showed shear thinning be-
havior.

The mixing behavior experimental results showed that
molasses–water mixture comprised into three zone mechanisms
which the rheological properties and propeller rotation speed are
the most influential factors.

The simulation revealed that the Eulerian multiphase model
is a model that closest to the experimental results at zone three.
Moreover, the combination of the Eulerian multiphase model
and Large Eddy Simulation can be applied to predict the mixing
behavior in industrial scale stirred tank.
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