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Abstract—Mixing of two stratified miscible fluids in an eccentric stirred tank agitated by a four pitched-blade turbine
was studied by using the detached eddy simulation (DES) model and volume of fluid (VOF) method. The fluids were
operated in the transitional and mildly turbulent flow regimes. Interfaces between the two miscible fluids during the
mixing processes were captured and mixing times were computed. Effects of the Richardson number and eccentricity
on the mixing times were quantificationally analyzed. Results show that the spatial and temporal variations of volume
fractions of the fluids can be well captured by the method presented in this study. Mixing time increases with the increase
of Richardson number. Effect of eccentricity on mixing time depends on Richardson number and the eccentric agitation
scheme is not advisable to use to blend the low-viscosity miscible fluids starting from a stratified state, especially for

lower Richardson values.
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INTRODUCTION

Mixing of fluids with different viscosities and densities is a basic
unit operation in food processing, (petro) chemical, fermentation,
pharmaceutical, polymerization and other process industries. Viscos-
ity and density differences between the fluids will inevitably affect
the flow patterns and, therefore, the homogenization process. To
date, mixing of immiscible fluids in baffled stirred tanks, which in-
volves the mixing of a dispersed fluid phase in a continuous fluid
phase, has received much consideration [1-7]. However, less atten-
tion has been devoted to the mixing of miscible fluids. Among the
relevant studies, the objective is mainly to take two or more misci-
ble fluids and blend them to a predetermined degree of homogene-
ity [8]. The time taken to reach this degree of homogeneity and to
get a uniform mixture of miscible liquids is called mixing time, which
has been investigated extensively.

Some of the studies on the mixing of miscible liquids in stirred
tanks are presented as follows. Smith and Schoenmakers [9] inves-
tigated the assimilation of various aqueous solutions into water in a
stirred vessel. The mixing times were measured using the conduc-
tivity method. It was found that, when blending small quantities of
high viscosity fluid into a turbulently stirred low viscosity bulk, the
viscosity of the additives had little effect on the mixing time except
when discrete masses came in contact and adhered to solid surfaces
within the mixing vessel. It was the density difference that caused
longer mixing time. The effect of density difference on the mixing
of two miscible fluids in a semi-batch reactor was studied by Bouw-
mans and van den Akker [10]. It was identified that density differ-
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ences are more likely to delay the mixing process than viscosity dif-
ferences. Bouwmans et al. [11] visualized the turbulent mixing of
small additions of liquid, which has a density lower than that of the
bulk. They also found that the effects of density differences on mixing
times are stronger than that of viscosity differences. In addition, they
defined the Richardson number (Ri), which includes the density
difference between the liquids to be mixed. Gogate and Pandit [12]
studied the mixing of tracer fluid and the bulk in a stirred tank. The
mixing time was found to be proportional to the density difference.
Mann et al. [13] considered the unsteady semi-batch mixing of misci-
ble fluids in a plant-scale stirred tank by using electrical resistance
tomography (ERT). The experiments involved injecting a small quan-
tity of brine solution into water and reconstructing the resistivity field
from the sensors installed in the tank. Through this method, the lami-
nar mixing patterns were clearly illustrated. The ERT method was also
employed by Kim et al. [14] to measure the mixing of two miscible
liquids with distinct conductivities in a tank agitated by a Rushton
turbine impeller. The mixing process was visualized, the mixing
times and the dispersion velocity of the secondary liquid in the pri-
mary liquid were determined. Madras and McCoy [15] simulated
the diffusion of tracer into a miscible bulk fluid by the population
balance modelling (PBM) approach. The interfacial area between
dispersed and bulk fluids, which controls the transfer of a scalar
molecular property, was successfully modelled. Direct numerical
simulation (DNS) on the turbulent mixing of miscible fluids with
different densities and the same viscosities was conducted by Jang
and de Bruyn Kops [16]. It was observed that density ratio has little
effect on the mean energetics of isotropic homogeneous turbulence.
In addition to the mixing operations involving the addition of a
small amount of the liquid with a difference in the viscosity and/or
density into a bulk of another liquid, mixing of miscible liquids ini-
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tially segregated and stably stratified systems has also been studied.
For example, van de Vusse [17] discussed the mixing of miscible
liquids starting from stable stratifications in batch operation. An
optical technique, known as the Schlieren method, was used to deter-
mine the mixing time. In the turbulent flow regime, mixing time
was found to be equal to the ratio of the liquid volume to the pumping
capacity of the impeller. Rielly and Pandit [18] examined the mix-
ing of two layers with different viscosities, initially stratified as a
result of a density difference in a batch mixing situation. The authors
found that mixing time is a function of Richardson number. Recently,
homogenization of miscible liquids with different densities and the
same kinematic viscosity in a stirred tank starting from a stratified
state was numerically studied by Derksen [19] using the lattice-Boltz-
mann method (LBM). The influence of Richardson number on the
flow field and the density distribution was examined. Subsequently,
Derksen [20] modeled the effect of density and viscosity differences
on the mixing times. The fluids were operated in transitional and
mildly turbulent regimes. The author concluded that mixing times
increase steeply with increasing Ri. The viscosity ratio has a much
weaker influence on the mixing time. To the best of our knowl-
edge, these are the first two papers that discuss the impact of den-
sity and viscosity differences as well as stratification on the mixing
processes in stirred tanks. And most investigations on the mixing
of stratified fluids have been given much attention in environmen-
tal fluid mechanics [21-25].

In this paper, we discuss the stratified mixing of two miscible
fluids with different viscosity and density in an eccentric stirred tank.
The unbaffled stirred tank was chosen for the purpose of validating
the capability of eccentric agitation in the mixing of the miscible
liquids, and the unbaffled concentrically stirred tank was chosen
for the purpose of comparison. It has been identified that eccentric
agitation performs better than concentric agitation as it enhances
the axial circulation in the tank. This is done by employing eccen-
tricity as a measure to trigger chaos. In the mixing of two miscible
fluids, the mixing process is dominated by the properties of the two
fluids. The stirred tank configurations used here are the same as
those investigated by Yang et al. [26] when they simulated the mixing
processes of introducing a scalar tracer into a miscible bulk fluid
by detached eddy simulation (DES) model. In that case, the mixing
process was determined mainly by the bulk fluid. In the present study,
spatial and time evolutions of the interfaces between the two misci-
ble fluids, which will be eliminated when a homogeneous mixing
state is obtained, are simulated by using the volume of fluid (VOF)
method, which can be used to study the mixing of immiscible and/
or stably stratified miscible fluids.

The first application of VOF to the modeling of fluids flow in
stirred tanks was reported about ten years ago by Serra et al. [27].
They simulated the flow with wavy free-surface in a fully baffled
stirred tank. The numerical predictions were compared with the LDV
measurements and some discrepancies were observed. Haque et al.
[28] for the first time used a homogeneous multiphase flow model
coupled with VOF to determine the gas-liquid interface in unbaf-
fled vessels. The predicted liquid surface profiles using VOF are
generally in good agreement with experimental measurements. Cart-
land Glover and Fitzpatrick [29] used the same approach for the
modeling of vortex in an unbaffled stirred tank operating in the turbu-
lent flow regime. A reasonable representation of the flow phenom-
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ena was achieved. However, some questions remain over the ac-
curacy of the modeling technique. They suggested that the numeri-
cal model should include the whole domain. Besides, large eddy
simulation, detached eddy simulation, scale adaptive simulation or
Reynolds stress model that can improve the calculation of turbu-
lence should be adopted. The same conclusion was also reached
by Torré et al. [30] when they used the single-phase RANS model
and multiphase inhomogeneous CFD approach for modeling the
turbulent flow in partially baffled stirred tanks. The combination of
RSM and VOF was first employed by Mahmud et al. [31] to simu-
late the turbulent flow with free-surface vortex in an unbaffled reac-
tor agitated by a cylindrical magnetic stirrer. The predicted general
shapes of the liquid free-surface are in good agreement with the
experimental measurements, but the vortex depth was underpre-
dicted. In a recent study, a two-phase, turbulent and transient flow
in an unbaffled stirred tank was modeled by Lamarque et al. [32]
using the LES model and front-tracking method. Evolution of free-
surface vortex height with time during its growth was successfully
captured. Very recently, VOF together with the LES model was used
to predict the free liquid surface motion in a stirred tank by Jahoda
et al. [33]. The predicted results of the free surface elevation/depres-
sion were in good agreement with the experimental investigations.

The flow dynamics and mixing efficiency of miscible fluids de-
pend not only on the Reynolds number (Re), but also on the Rich-
ardson number, which is defined as the ratio of buoyancy forces to
inertial forces. If Ri is much less than unity, buoyancy is unimpor-
tant in the flow. If it is much greater than unity, buoyancy is domi-
nant in the sense that there is insufficient kinetic energy to homogenize
the fluids. If Ri is on the order of unity, then the flow is likely to be
buoyancy driven. Here we discuss three cases: Ri less than one, ap-
proximately equals to one, and slightly greater than one. In addition,
the effect of eccentricity on the stratification mixing process was
also considered.

The rest of this paper is organized as follows: Section 2 presents
the stirred system and the operating conditions. In section 3, the
governing equations, computational grid and numerical solution
method are described. In section 4, the effect of Ri and eccentricity
on the stratification is discussed and the mixing times are quantifi-
cationally analyzed. Finally, conclusions are summarized in section 5.

STIRRED SYSTEM

Configurations of the investigated stirred tank and impeller are
given in Fig. 1. The system is an unbaffled, flat-bottomed, cylindrical
tank (of diameter T=0.15 m) agitated by a down-pumping pitched-
blade turbine with four blades (named as PBT-4), each angled at
30° to the horizontal and is attached to a hub mounted on the impeller
shaft with a diameter d=0.008 m. The top of the stirred tank is covered
with a lid to inhibit vortex formation and air entrainment. The thick-
ness and width of the impeller blade are t,=0.001 m and w,=0.01 m,
respectively. The tank is filled with two miscible fluids: glycerin
(volume fraction: 50%) and water at 20 °C. The total height of the
fluids is H=T. The lighter liquid, water, occupies the upper part of
the tank, and the heavier liquid, glycerin, is located in the lower part.
The interface is at half the tank height: z=0.5H. In the numerical
simulations, the fluids are assumed to be incompressible. The den-
sity and dynamic viscosity of water is p,=998 kg'm™ and z,=1x
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(a) E (b)

Fig. 1. Configuration of the unbaffled stirred tank (a) with a pitched
blade impeller (b).

107 Pass. For glycerin, the density is p,=1126 kg'm™ and the dynamic
viscosity is £4,=6x10" Pas.

In addition to the Richardson number, the effect of the impeller
locations in the stirred tank on the evolution of the interface between
the two miscible fluids during the mixing process was also taken
into account. The concentric and eccentric agitations were investi-
gated. As for the concentric agitation, the shaft of the impeller was
concentric with the axis of the tank. For the eccentric agitation, the
impeller was positioned at an off-axis location of E=0.015 m from
the tank axis, which corresponds to an eccentricity of e=2E/T=0.2.
In both cases, the diameter of the impeller is D=T/3 and the impeller
off-bottom clearance is C=T/3. Reynolds and Richardson numbers
considered here are defined as Re=(oND/) and Ri=(gAp/oN"D),
respectively. In these two expressions, g is gravitational acceleration,
p s the volume-averaged density of the fluids in the tank, and # is
the volume-averaged viscosity. Since the density difference between
the two fluids studied here is not so large (Ap/p=0.12), the Ri number
was altered by adjusting the impeller rotation speeds, which are N=
4,5 and 10s™ (clockwise as viewed from the above). With the afore-
mentioned settings, the Ri number is in the range of 0.236-1.478.
The Reynolds number ranges about from 3000 to 7600, indicating
that the mixing is operated in transitional and mildly turbulent flow
regimes.

NUMERICAL SIMULATION

1. Flow Field Modeling

The fluid flow in the stirred tank was simulated by the DES model.
Capability of this model in simulating the turbulent flow and mix-
ing processes in stirred tanks has been validated by several authors
[26,34,35] very recently. The DES model is formulated by replac-
ing the distance function d in the Spalart-Allmaras (S-A) model with
amodified distance function:

d=min{d;C A} O]

where C,;~0.65 is the model empirical constant and A is the largest
dimension of the grid cell in question. This modification of the S-A
model changes the interpretation of the model substantially. In regions
close to the wall, where d<C,A, it behaves as a RANS model.
Away from the wall, where d>C,;¢A, it behaves in a Smagorinsky-
like manner and is changed to the LES model. The govermning equa-

tion of DES model can be given as follows:
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The modified vorticity S is defined in terms of the magnitude of
vorticity S in the following equation:
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The functions f, and £, in Eq. (2) are defined as:
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DES model was proposed based on the one-equation S-A model.
Since then, some variants, such as the DES model based on the SST
k— @ and Realizable k— & model, have been proposed by Strelets
[36] and Li and Ren [37], respectively. No matter what kind of RANS
model was used, the principle was the same. In this paper, the DES
model proposed by Spalart et al. [38], which is referred to as the
standard edition, is adopted. The closure coefficients in the govern-
ing equation of DES model are given as follows:

0=2/3,c=041, C,,=0.1335, C,,=0.622, C,,=C,/K'+(1+Cy,)/q;
C,.=03,C,;=2,C,,=7.1,C,=1.1 and C,=2.

2. Simulation of the Interface

The interface between the two miscible fluids was captured by
the VOF method, which is a surface-tracking technique applied to
a fixed Eulerian mesh. In this method, the two fluids share the same
velocity and turbulence fields within the whole domain, which can
be determined by solving a single set of governing transport equa-
tions with the volume-weighted mixture density and viscosity. The
mass and momentum conservation equations of the VOF model
are given as follows:

aa—'?+V-(pu)=0 ¥)
agt(pu)+V-(puu):—Vp+V- [ﬂ(Vu+VuT)]+pg+F ®)

where t is time, u is velocity, p is pressure, g is gravitational accel-
eration, F is the force acting on the fluid element, p is the volume-
averaged density of the fluids in the tank, 4 is the volume-aver-
aged viscosity:

pP=a.p o, ©

H= 0t b+ Ol (10)
Korean J. Chem. Eng.(Vol. 30, No. 10)
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where «, and o, are volume fraction of water and glycerin, and can
be determined by solving a continuity equation for one (or more)
of the phases. For the i~th phase, this equation has the following
form:

og;

= V(g u)=0 )

where ¢ is ¢, or a,. For the present homogeneous multiphase sys-
tem consisting of water and glycerin, the above equation is solved
for the volume fraction of glycerin. For the primary phase, which
is water in this study, the volume fraction equation is not solved
because in each computational cell, the volume fractions of all phases
sum to unity. The volume fraction of water can be obtained from
the following correlation:

ot a,=1 (12)

3. Computational Grid

Considering the unsteady nature of the flow, the whole stirred
tank was simulated. The determination of the grid resolution is a
critical issue for numerical simulation. In this work, the grids were
prepared by the pre-processor Gambit 2.3 according to the guide-
lines of Spalart [39,40]. A non-uniformly distributed hybrid unstruc-
tured mesh consisting of about 500,000 nodes was used. Much at-

rm

(c)

tention has been taken to putting more cells in the regions of high
gradient around the blades and discharge region, where about 220,000
nodes were employed. Along the impeller width, 25 nodes were
assigned with the minimal grid length equals to 0.008D. A similar
grid resolution (970,997 cells for a stirred tank with a diameter T=
0.3 m and Re=4.17x10") was employed by Zadghaffari et al. [41]
in their LES study of the turbulent flow and mixing in a stirred tank
driven by a Rushton turbine, and satisfactory results were obtained.
The grid used used here is also finer than the locally refined grid
(0.023D) used by Revstedt et al. [42], who reported a good LES
prediction of the turbulent flow. This implies that the grid resolu-
tion used here is adequate to resolve the turbulent flow accurately.
4. Modeling Method

All the simulations were performed with the commercial ANSYS
13.0 code, using the FLUENT fluid dynamics package, on a DEIl
T7500 workstation with two hex-core Xeon X5650 (2.67 GHz) pro-
cessors and 32 GB RAM in a parallel model. To ensure smooth and
better convergence, initially the k— & computation was performed
until the steady state flow field was obtained. Subsequently, the result
of the steady-state computation was used as the initial solution to
carry out the unsteady DES computation. For modeling the impel-
ler rotation, the multiple reference frame (MRF) method was used
in the k— & computation. Then we switched to the fully transient

r/m

(b)

0.00
r/m

(d)

Fig. 2. Volume fraction of water in the cross section of the stirred tank at Ri=0.946: (a) 10, (b) 20, (c) 40 and (d) 60 impeller revolutions

after startup.
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Fig. 3. Volume fraction of water in the cross section of the stirred tank at (a) Ri=0.236 and (b) Ri=1.478: (1) 10, (2) 20, (3) 40 and (4) 60

impeller revolutions after startup.
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Fig. 4. Volume fraction of water in the cross section of the eccentrically stirred tank with e=0.2: (1) 10, (2) 20, (3) 40 and (4) 60 impeller
revolutions after startup. From top to bottom, Ri=(a) 0.236, (b) 0.946 and (c) 1.478.

October, 2013



Mixing of initially stratified miscible fluids in an eccentric stirred tank: DES and VOF study 1849

Fig. 4. Continued.

sliding mesh (SM) method for the DES computation. In this method,
the rotation of the impeller is explicitly taken into account and two
fluid zones are defined: an inner rotating cylindrical volume centered
on the impeller (rotor region) and an outer stationary zone contain-
ing the rest of the tank (stator region). In our simulation, the bound-
ary of the rotor region was positioned at r=0.075 m and 0.03 m<z<
0.07 m (where z is the axial distance from the bottom of the tank).
The initial condition for each simulation was that of still liquid. A
flat liquid surface was assumed at the liquid surface. No-slip bound-
ary conditions were used at the impeller blades, the shaft and the
tank walls. For the steady-state k— & simulation, the standard wall
function was used to solve the near-wall flow. The SIMPLE algo-
rithm was performed to couple velocities and pressure terms. The
continuity equation, momentum conservation equation and k—¢equa-
tion were all discretized using the second order upwind scheme to
obtain a high-precision result. For the DES computation, the PISO
discretization scheme was adopted to couple velocities and pres-
sure terms. Since second-order time discretization is not available
with explicit VOF, the first-order implicit scheme was used for time
discretization. An explicit VOF scheme with the implicit body force
formulation was selected with the modified high resolution inter-
face capturing (Modified HRIC) scheme to capture the interface.
The modified HRIC scheme overcomes the deficiencies with the
diffusive nature of upwind schemes and the unphysical results of
central differencing schemes. This provides improved accuracy when
compared to QUICK and second-order schemes, and is generally
less computationally expensive than the Geo-Reconstruct scheme.

2'm

r’m

(c2)

z/m

(c4)

The body force weighted scheme was employed to compute the
pressure. The bounded central differencing scheme was utilized for
spatial discretization of momentum and the modified turbulent vis-
cosity equation. This scheme blends the pure central differencing

Fig. 5. Arrangements of the monitoring points (+) in the vertical
middle plane of the stirred tank. From left to right, radial
coordinates of the monitoring points are x*=—0.9, 0.5, 0,
0.5, 0.9. From top to bottom, axial coordinates of the moni-
toring points are z*=0.9, 0.5, 0.2.

Korean J. Chem. Eng.(Vol. 30, No. 10)
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scheme with first- and second-order upwind schemes, and can reduce
the unphysical oscillations in the solution field induced by the central
differencing scheme. For the VOF multiphase model, water was set
as the primary phase and glycerin was set as the secondary phase.
No effect of surface tension was considered.

The time step and number of iterations are crucial to transient
DES modeling. The time step must be small enough to capture the
flow features induced by the motion of the impeller. Furthermore, it
also must be considered with the grid to ensure a stable and con-
verged solution, especially when the VOF method is used. A vari-
able time stepping method was used here, and an initial time step
of At=1x10"° s was adopted. The global courant number was set at
no more than 2. Within each time step, a maximum of 20 iterations
were performed and the solution was considered to be fully con-

verged when the normalized residuals of all variables were less than
1107

RESULTS AND DISCUSSION

1. Images of Concentration Fields

The results of our simulations will be mostly discussed in terms
of the spatial and temporal evolutions of the volume fractions of
water and/or glycerin under different operating conditions. The con-
centration fields from a still, stratified state across the cross-section
of the stirred tank are mainly presented. As an illustration, the contours
of volume fractions of water at Ri=0.946 at four different moments
are given in Fig. 2.

It is apparent that each plot is almost symmetric about the axis
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Fig. 6. Time variations of the volume fraction of water at radial positions x*=(a) —0.9, (b) —0.5, (c) 0, (d) 0.5, () 0.9. All cases: e=0, Ri=0.946.
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of the stirred tank. After startup of the impeller, the fluids are first
discharged toward the tank wall, and simultaneously, the integrity
of the interface between water and glycerin in the impeller dis-
charge flow region is quickly broken up. However, in the regions
above and below the impeller, the interface stays horizontal and
still maintains its integrity even after 10 impeller revolutions. Then
because of the effect of the transient flow fields, glycerin appears
in the upper parts of the stirred tank, water is pulled down to the
lower region originally occupied by glycerin and is mixed with it.
After about 20 impeller revolutions, the interface between the two
miscible fluids in the regions above and below the impeller disinte-
grates. But the mixing is still not uniform at this moment. In the
cross section of the stirred tank, the largest concentration difference
exists in the vicinity of the axis and the region right underneath the
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= |
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=02
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0.0 =
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impeller, largely because of poor mixing in these regions. Subse-
quently, the concentration difference is reduced to a limited range
and a homogeneous mixing state is gradually approached.
2. Effect of Ri

The effect of Ri on the stratification of water and glycerin is dis-
cussed in this section. Here we presented the volume fraction con-
tours of water at Ri=0.236 and Ri=1.478. These plots have their
Ri=0.946 counterparts displayed in Fig. 2. The mixing patterns at
the three different Ri numbers studied here are similar. However,
as can be assessed from Fig. 3, buoyancy has an apparent influence
on the mixing process. For the lower Ri=0.236, there is a faster vari-
ation of the interface. The concentration of the fluid in the cross
section of the stirred tank is more uniform and, accordingly, the mix-
ing process can be accelerated. However, for larger Ri, the mixing
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Fig. 7. Time variations of the volume fraction of water at radial positions x*=(a) —0.9, (b) —0.5, (c) 0, (d) 0.5, (¢) 0.9. All cases: e=0.2, Ri=0.946.
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process is hindered. This indicates that the presence of an interface
acts as a barrier for the fluids mixing, which blocks the momentum
transfer between the lighter and denser fluids, i.e., water and glycerin.
3. Effect of Eccentricity

The mixing performance of a stirred tank with no baffle is usually
not perfect because of the lower axial circulation flow capacity. Ac-
cordingly, eccentric agitation was proposed by several authors. A
better performance can be obtained by this agitation scheme, which
perturbs the flow fields through breaking the spatial symmetry of the
stirred tank and induces a chaotic mixing state. It has been identi-
fied that both the mixing performance and power consumption of
eccentric agitation increase with the eccentricity. A compromise can
be made when the eccentricity is about e=0.2. The stratified mixing
processes of water and glycerin under this eccentricity are investi-
gated here. Fig. 4 shows the volume fractions of water and glyc-
erin in the cross section of the stirred tank in this case.

As can be seen from these plots, the spatial and temporal evolu-
tion of concentration fields of the two miscible fluids under eccen-
tric agitation configuration are somewhat like their counterparts listed
in Fig. 2 and 3: After startup, it takes about 20 impeller revolutions
for the action of the impeller to be felt throughout the tank with the
top of the stirred tank, and at this moment, in the vicinity of the stirred
tank axis, there still exists a rather quiescent flow region where agita-
tion is largely attributed to the rotation of the shaft, and not so much
the result of the impeller. But essentially, there are significant differ-
ences between the mixing patterns of concentric and eccentric agita-
tion. For the latter, the symmetry of the mixing patterns at different
Richardson numbers is broken up. In addition, the effect of Ri on
the mixing process is different. For higher Ri (0.946 and 1.478), a
faster mixing process can be achieved when compared with that of
concentric agitation configuration. By comparison, for, Ri=0.236
an opposite effect can be observed. This will be quantificationally
analyzed in the following section.

F. L. Yang et al.

4. Quantitative Analysis of Mixing Time

The mixing process can be quantificationally evaluated by mix-
ing time. For the mixing of miscible fluids which involves intro-
ducing the scalar tracer into the bulk fluid, the t,; mixing time is
traditionally used, which is defined as the time required from a non-
equilibrium condition to achieve within a value of +5% of the final
concentration. Analogously, mixing time of the stratified miscible
fluids studied here was computed based on the time evolutions of
the volume fractions of water and glycerin. It is defined as the time re-
quired for the volume fraction to approach within +5% of the average
value. The mixing process is usually not uniform, and a total of 15
monitoring points in the vertical middle plane of the stirred tank
were selected, and the volume fraction evolutions of water and glyc-
erin with the time were examined. The arrangements of monitor-
ing points are given in Fig. 5 and their axial and radial positions
were (z*=z/T=0.2, 0.5, 0.9) and (x*=2x/T=+0.9,+0.5m 0, where
x'=x—E), respectively.

The numerically determined evolutions of the volume fraction
of water at the selected monitoring positions for the cases e=0, Ri=
0.946 and e=0.2, Ri=0.946 are shown in Fig. 6 and 7, respectively.
In these plots, the volume fractions were made dimensionless by
dividing the final averaged value. For the case of e=0, the two pos-
itions of z*=0.5 and 0.9 are occupied by the shaft of the stirred tank
and, accordingly, no data for mixing time is available at these two
points. For other positions, there are large fluctuations in the initial
stages of the mixing processes. Then there is a rapid change and it
approaches the averaged value asymptotically. For other cases, simi-
lar time evolution trend of the scalar tracer concentration can be
obtained. For the reason of simplicity, these plots are not given here.

From the plots of time variations of the scalar concentration, the
t,s mixing time for the concentric and eccentric agitations can be
obtained and the results are listed in Table 1. From this table, we
can find the relationship between mixing time and Ri: the higher

Table 1. Numerically predicted mixing times for the stratified miscible fluids in the concentric (e=0) and eccentric (e=0.2) stirred tanks

Mixing time, tos/s

Monitoring points

(x'.7) e=0 e=0.2
Ri=0.236 Ri=0.946 Ri=1.478 Ri=0.236 Ri=0.946 Ri=1.478

(=0.9,0.2) 4.97 11.29 13.84 6.00 10.75 13.36
(=0.9,0.5) 4.61 10.87 12.34 5.05 7.04 9.01
(=0.9,0.9) 4.97 11.86 14.54 5.35 9.88 13.12
(-0.5,0.2) 4.61 11.79 13.63 6.68 10.98 13.32
(=0.5,0.5) 4.32 8.56 11.82 4.08 8.40 11.64
(=0.5,0.9) 4.79 12.12 14.31 6.89 11.34 13.57
(0,0.2) 8.23 12.82 15.11 7.09 11.79 13.97
0,0.5) \ \ \ 7.22 13.29 13.64
0,0.9) \ \ \ 9.01 13.41 13.43
0.5,0.2) 4.68 11.65 13.67 7.22 10.98 13.61
(0.5,0.5) 3.89 9.53 12.63 3.93 8.77 10.07
(0.5,0.9) 4.61 11.39 13.39 6.45 10.75 12.81
0.9,0.2) 4.90 11.19 13.35 5.21 9.24 13.26
(0.9,0.5) 4.11 10.03 13.27 4.97 8.96 10.25
0.9,0.9) 4.75 12.59 13.71 5.95 10.78 12.60
t 4.88 11.21 13.51 6.07 10.42 13.18

ave
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Ri, the larger the mixing time. As described in section 2, the two
miscible fluids have fixed properties, and Ri and Re are altered by
adjusting the impeller rotation speed N. Besides, Re is proportional
to N, and Ri decrease with increasing N. Consequently, we can also
say that the larger Ri, the lower the mixing time. This is in accor-
dance with the results of Derksen [19,20]. Table 1 also shows how
the mixing time relates to eccentricity e. For higher Ri, the mixing
time obtained when e=0.2 is slightly lower than that of e=0. For ex-
ample, the differences are within 7% for Ri=0.946. When Ri=1.478,
the differences are reduced to less than 2%. However, the situation
is reversed for lower Ri. The average mixing time is 24.4% longer
than the mixing time obtained with the concentric agitation when
Ri=0.236. This finding indicates that eccentric agitation is not suit-
able for the low-viscosity stratified miscible fluids mixing, especially
when Ri is not so large. The drawback of eccentric agitation has
also been identified by Ascanio et al. [43]. They found that the role
that impeller position plays is highly dependent on the fluid viscosity.
In some cases, an impeller off-centered position with low viscosity
fluids can lead to longer mixing times, especially when axial flow
impellers, such as the pitched-blade turbine, are used.

From Table 1, we can also see that mixing time is a local variable,
which depends on the position of the monitoring point. For eccen-
tric agitation (e=0.2), the differences in mixing times among differ-
ent positions are large and changing Ri can mitigate this effect: the
lower Ri, the larger difference. At Ri=1.478, the mixing time differ-
ences are within 55%. When Ri=0.946, this has grown to some 90%.
By Ri=0.236, the maximum difference is as high as about 129%.
By contrast, the variations in the mixing times for e=0 are not so
much: from Ri=1.478, 0.946 to 0.236, the maximum mixing time
difference is 28%, 50% and 110%. This result shows that eccentric
agitation cannot improve the uniformity for the low-viscosity strat-
ified miscible fluids mixing, even though it can somewhat reduce
the averaged mixing time for higher Ri.

CONCLUSIONS

A combination of DES model and VOF technique was used to
study the mixing of two initially stratified miscible fluids, i.e., water
and glycerin, with different density and viscosity in this study. The
impeller was considered with the details of the blade geometry and
the sliding mesh method was used to predict the impeller rotation. The
mixing processes and mixing times were simulated using the com-
mercial CFD software Fluent 13.0. The effects of Richardson number
Ri and impeller eccentricity e on the mixing time were quantifica-
tionally analyzed. It was found that mixing time increases with in-
creasing Ri. For higher Ri, the mixing time can be slightly reduced
by eccentric agitation. But for lower Ri, the situation is even reversed.
In addition, eccentric agitation cannot improve mixing uniformity.
Therefore, it is unadvisable to use the eccentric agitation scheme to
blend the low-viscosity miscible fluids starting from a stratified state.

Finally, although the studies performed here are purely compu-
tational, the results are amenable to experimental verification. Some
techniques, such as planar laser induced fluorescence (PLIF) and
electrical resistance tomography (ERT), can be employed to visu-
alize the mixing process. In this sense, another aim of this paper is
to evoke experimental investigation of the flow systems similar to
the one studied here. Because of the stirred tank layout, the initial

conditions of the fluids to be mixed and their properties have sig-
nificant consequences for the mixing process. Another demerit of
this contribution is that only one eccentricity and three Richardson
numbers are covered. Other than Richardson number and eccen-
tricity, mixing time also depends on the geometry of the mixing
device (impeller and tank layout), the operating conditions (such as
impeller speed), and the liquids involved in the mixing process. More
works should the carried out so as to establish an equation that cor-
relates all the parameters to the mixing time.
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