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heat transfer because adequate mixing can be achieved. Numerous studies have been
conducted on small-scale stirred-tank reactors. However, upscaling such reactors is
challenging because of the complex flow behaviorinside the system, especially for the
mixing of immiscible liquid-liquid systems. Thus, the objectives of this study were to
examine the flow behavior and upscale an immiscible liquid—liquid stirred tank using
CFD simulation by investigating a flat-bottomed stirred tank reactor, equipped with a
six-blade Rushton turbine. The simulated results were in good agreement with those
obtained experimentally. The scale of the reactor significantly affects the
hydrodynamic behavior, and the uniformity of the radial distribution of the velocity
Keywords: decreases with increasing Reynolds number. Furthermore, the upscaling criteria were
Immiscible liquid-liquidstirred tank; evaluated for geometric similarity and equal mixing times. The proposed scaling law
Computational fluid dynamics; Scale up; reliably scaled up theimmiscible liquid—liquid mixingin a stirred tank with a difference

Hydrodynamic; Mixing time in the range of £10%.

1. Introduction

Stirred tank reactors are widely utilized in industry and are crucial for manufacturing various
products. The stirred tank reactor works as a mixer, wherein the material is mixed usingan impeller,

therebyimprovingthe mass and heat transfer. Consequently, the reactionis enhanced. Additionally,

the stirred tank reactor is suitable for mixing multi-phase systems, such as solid—liquid, solid—liquid—
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gas, and liquid—liquid, wherein flow characteristics are commonly differentiated and complicated.

Immiscible liquid—liquid dispersions are relevant in several applications in the chemical,
pharmaceutical, food, polymerization, and petroleum sectors [1]. Dispersionis hindered due to the
occurrence of several phenomena, such as the interaction of continuous and dispersed phases,
dynamics of droplet characteristics, and presence of small amounts of impurities [2].

The flow characteristics of continuous and scattered phases of the immisci ble liquid were studied.
Distinct dispersion regimes occurring in tanks were observed by varying the impeller speeds [3, 4].

Furthermore, the agitation speed required forcomplete liquid—liquid dispersion was investigated [5
7]. In addition, the impeller configurations and physical properties of fluids, including viscosity,
density, fluid ratio within the system, and surface tension, were considered for studying the flow

characteristics [8-13]. However, the flow characteristics in immiscible liquid—liquid stirred tanks are
still not completely understood.

Effective upscaling of immiscible liquid—liquid stirred tank is not easily achieved, owing to
significantalterationsin the flow behaviorat the reactor scale. Several upscaling criteria have been
proposed for stirred tanks based on the similaritiesin geometries,dynamics, and kinematics [14, 15].
Generally, four upscaling criteria are considered: equal power input per unit mass and geometric
similarity; equal average circulation time and geometric similarity; equal powerinput per unit mass,
equal averaged circulation time, and no geometricsimilarity; equal impellertip speed and geometric
similarity. The selection of upscaling criteria depends on the purpose of the study. In chemical
reaction systems, the degree of mixing significantlyinfluences the chemical performance. The mixing
time should correlate with the reaction time to ensure a high reaction conversion. Thus, the mixing
time is a suitable criterion for the scale-up of a stirred tank with a chemical reaction.

2. Methodology
2.1 Reactor Geometry

A flat-bottomed stirred tank reactor equipped with four baffles was considered in this study. The
configurationis shown in Figure 1. The diameter and the height of the stirred tank are 0.14 and 0.28
m, respectively. A Rushton turbine impellerequipped with six blades was used. Each blade is 0.094
m wide and 0.0175 m long, as illustrated in Figure 1(b). The detailed configuration and installation of
the stirred tank can be found in the existingliterature [16]. The size of the upscaled stirred tank was
thrice that of the original. The similarity of the reactors was determined using Eq. (1),

3 T, D H

1- 75 Ds Hs (1)

The configurations of the smalland large stirred tanks are illustratedin Figure 2. The immiscible
liquid—liquid mixing of silicone oil as hydrophobic phase and solution of sodium iodide (Nal) as
aqueous phase was investigated. The Nal solution was prepared by dissolving of solid Nal in water.
The physical properties of Nal solutionand silicone oil employed in this study are identical to those
of Svensson and Rasmuson’s experimental study [16]. The densities of the Nal solution and the
silicone oil are 1.34 and 0.94 g/cm3, respectively; their viscosities are 1.4 and 11.0 mPaes,

respectively.

116



CFD Letters
Volume 14, Issue 6 (2022) 115-133

| 0.14 m :
o fo
3 2
'B‘ ~l
Ly E
0.046 m .
0.012 m
o
=
E=Sifi ﬁf\._g
0.0175m
(a) (b)
Fig. 1. Configurations of the stirred tank
reactor (a), Rushton turbine agitator (b)
i 0.42m i
0.14m_
=
IS0
> =
J = L lm
0.046 m 0.138 m .
(R (-
0.012m 0.036 m
(a) (b)

Fig. 2. Configurations of the small (a) and large
(b) reactor tanks

2.2 Mathematical Model

In recent years, computational fluid dynamics (CFD) has been developed to solve the complex

flow systems [17-22]. In this study, a two-fluid model based on the Eulerian—Eulerian approach was
used to simulate flow behavior in a stirred tank. The following assumptions were considered:
isothermal process, no mass transfer between phases, and no chemical reactions. Several forces
affect the interphase momentum transfer, including the drag, added mass, lift, and Basset forces
[23]. However, only the drag force was considered in this study because the other forces contribute
minimally to interphase interactions [24-26]. The standard k—e turbulence model was adopted to
predictturbulent flow behavior [24, 27, 28]. The governing equations are presented as follows below.
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The continuity equationis

d(akpi)

9 —
ot o (akprti + preauy) = 0 (2)

The momentum equation for the gas phase is given by

o(agpruki) 0
TL + ax; (akpkukiukj)

oP — — —
=~ t apgit Fii — px ™ (U Up )+ Upi Uy, + Upjaglly, )
l L

(3)

The Reynoldsstresses, uy,uy, , is definedas

U Uy = _th(axj %, + 3 kdyj (4)

The correlation of the velocity and holdup fluctuations, a;(u'k] is

ro Vit aak
AU, = ————
k™kj Ot axi

(5)

In Eq. (3), term F;, denotes the momentum exchange between the continuous and scattered
phases, which is a linear combination among several momentum exchange mechanisms. Three
separate forces are frequently considered: drag (Fgrqg), added mass (Fgy), and lift (Fy;f¢). This

equation can be usedto depict the drag force betweenthe dispersed and continuous phases.

__ 3pcacagCplug—ucl(ugi—uc;)

Fci,drag = _Fdi,drag = 4dg (6)

Schiller-Naumann drag model was usedin this study.

. {;—; (1+ 0.15Re$87) Re < 1000 )
0.44 Re > 1000

where

e = s

and

dyq = 1072316+0672aq v?,‘ffﬂﬁze“"‘“”‘(%) 0.196 (9)

The standard k-gtwo equation turbulent model is obtained from
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9

2 (@cpe®) + o (@epetiei®) = (@ B2 22) + 5 (10)

xi ax; op Ox;

where @ can be eitherk or € and g is the model parameter describing turbulentdispersion of k

The turbulentviscosity of the continuous phase, ., is expressas

tee = Cupck? /e (11)
The turbulentviscosity of the dispersed phase, 4, isgiven by

Mat = Kiict (12)

A correlation of uy; tou ; isexpressas

, : t
Ug; = Ugi[1 — exp (— é) (13)

where t; = 0.41k /e is the mean eddy lifetime and ¢, is the particle response time derived using

Lagrangian integration of the motion equation of a swarm of droplets travelingthrough a fluid eddy
using the expression

4pddd

=——Pd%d (14)
2PACDAg[ug-uf

p

2.3 Numerical Solution

In this study, the hydrodynamic flow behavior of a three-dimensional liquid—liquid stirred tank
was simulated using the commercial computational fluid dynamics (CFD) software Ansys Fluent. The
governing equations were solved numerically using the finite volume method. The least-squares cell-
based method was chosen for gradient discretization. First-order upwind schemes were defined
discretizing turbulent kinetic energy, turbulent dissipation rate, momentum, and volume fraction.
The semi-implicit pressure-linked equation (SIMPLE) algorithm was used for pressure and velocity
coupling in the momentum equation. Multiple reference frames, widely used in previous research
[29-32], were consideredinthis study. The wall boundary conditions of the tank, impeller, and baffles
were set as the no-slip conditions. The agitation speed variedin the impellerandrotor regions.

2.4 Estimation of Mixing Time

The mixing time in a stirred tank can be investigated experimentally or numerically using the
tracer method [33-35]. Several modelsand correlations have been proposed to estimate the mixing

time [36]. The mixing time of miscible liquids (ethanol in glycerol) in semi-batch and batch stirred
tanks was investigated using CFD simulations [37]. The degree of mixing was estimated using the
viscosity of the liquid mixture and the ethanol mass fraction. In the batch reactor, two distinctlayers
of ethanol and glycerol were observed during the initial conditions. The liquid mixture viscosity and
mass fraction of ethanol were investigated as a function of time at nine positionsinthe reactor. The
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mixing time was obtained when all investigated points exhibited the same properties. The simulated
mixingtimeswere in good agreement with the experimental values. Thus, this concept was applied

to estimate the mixing time of an immiscible liquid—liquid (silicone oil in Nal solution) stirred tank.
Att = 0s, silicone oil and Nal solution were filled in astirred tank; two distinctlayers were observed.
The progress of mixingis determined fromthe contour of the silicone oil volume fraction as afunction

of time, as shown in Figure 3.
I3$ I45 ISS 6s 7s 8s
- l , Al I vl ll II
I9I 10 s 11s 12 s 13s 14 s 15s 16 s

Fig. 3. The contour of the silicone oil volume fractionas a function of time

ls 2s

The mixingtime is defined as the time at which the contour of the silicone oil volume fraction is
uniformly distributed throughout the system. The mixing time is determined from the standard
deviation (S. D.) of the silicone oil volume fraction in the system using Eq. (15),

(xi—x)?

n

S.D.= (15)

where x; is the volume fraction at positioni; x is the average volume fraction; and n is the total
number of data points. In this study, the volume fraction was investigated at different heights Z/H
(0.1, 0.3, 0.5, and 0.7) and r/R positions (0.35 and 0.7), equivalent to 16 data point measurements,
as shown in Figure 4. Figure 5 shows the distribution of the S. D. of the dispersed-phase volume

fraction as a function of time. t95, representing95% of the perfect uniformity, was considered the
mixing time (tmi).
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3. Results and Discussion
3.1 Grid Sensitivity Study
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Fig. 5. The distribution of the S.D. of disperse
phase volume fraction as a function of time

Studying the grid size sensitivity is crucial for numerical investigation because the grid size
significantly affects the accuracy of the CFD prediction. Afine grid resultsina highly accurate answer

but requiresa long computational time, whereas a coarse grid requiresa short calculation time but
generates a considerable margin of error in the simulated results. Thus, the effect of grid size on the

simulated results should be analyzed to obtain the optimum grid system. Four grid distributions were
investigated with a varying number of cells: coarse (33,109 and 68,605), medium (94,961), and fine

(191,647) grids—depictedin Figure 6.

33109 68605

E 3

33109 68605 94961 191647 94961 191647

(a) (b)
Fig. 6. Four different grid distributions of 33,109 (coarse),
68,605 (coarse), 94,961 (medium) and 191,647 (fine) grids
at cross-section X-Y (a) and cross-section X-Z (b)
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Figure 7 displays the radial distribution of the axial (a), radial (b), and tangential (c) velocities of

the disperse phase for various grid distributions at heights of 10 and 103 mm from the bottom of the
tank. The simulated results for all cases exhibit a similar trend. The differences between the

simulated results obtained from the coarsestand finest grids are insignificant. Based on the accuracy

and computational time, the optimum grid was the 94,961 grid system that was used for all
subsequentsimulationsin this study.
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Fig. 7. The radial distribution of the axial velocity (a), the radial velocity
(b), and the tangential velocity (c) of the disperse phase for various grid
distributions at the heights of 10 and 103 mm from the tank bottom

3.2 Model Validation

The model was initially validated by comparing the velocity distribution obtained from the CFD
simulation with that of the experimental results based on laser doppler anemometry (LDA) [16].
Figure 8 shows a comparison of the axial, radial, and tangential velocities versus the radius of the
reactor obtained from the simulation with experimental data at 540 rpm and 10% dispersed phase.
The simulated results reasonably agree with the experimental data.

The dispersed-phase volume fraction is validated in Figure 9, wherein the simulated results are

compared with those experimentally obtained by Wang and Mao (2005) [24]. The simulated results
gualitatively and quantitatively exhibit the same trend as those of the experiment. An almost uniform
distributionis observed, indicatinga good dispersion of the silicone oil inthe system.
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Tip velocity, a critical characteristic that influences reactor performance, is defined as the velocity
of the fluid at the impellertip. Theoretically, itis calculated from the angular velocity and radius (R)

of the agitator, as shown in Eq. (16)
Viip = 2mNR (16)

where N is the agitator speed. In addition, this term can be directly measured from the velocity of
the fluid near theimpellertip.

Figure 10 shows the parity plot of the tip velocity obtained from simulations and calculations,
exhibiting good quantitative agreement of the tip velocities. In summary, the results from the CFD

simulation correspond well with the experimental data.
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3.3 Flow Behavior

The flow behavior within the stirred tank reactor can be used to efficiently optimize reactor
designand operation. Figure 11 shows velocity vector plots of the continuous and dispersed phases,

with both phases exhibiting identical flow patterns. The fluid moves rapidly from the tip of the
agitator in a direction perpendicularto the shaft axis (radial direction) before divided into two zones
at the tank wall. A portion of the liquid flows upward, circulated to the agitator (region above the
agitator blade), while another portion flows downward and returned to the agitator (under the
agitator blade). These flow characteristics are consistent with the radial flow pattern of a Rushton
turbine agitator, which has also been observedin previousstudies [7, 24, 38].
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Figure 12 displays the contour plot of the steady-state dispersed-phase volume fraction for the
small (a) and large (b) stirred tanks at various Reynolds numbers. The agitator speeds are in the

range of 400-1100 rpm (Reynolds number = 8,000-24,500) and 310-910 rpm (Reynolds number =

50,000-150,000) forthe small andlarge stirredtanks, respectively.All cases exhibittwo blue-colored
regionsin the upper zone, representing the free space (without liquidinthis region), and a sky-blue
regioninthe lower part, representingthe liquid layerregion. A uniform color distribution is observed
in the liquid region, indicating a uniform distribution of the dispersed phase in the liquid mixture.
However, a vortex is observed (dark sky-blue contour around the shaft of the agitator) when
operatingunder a high Reynolds number.

Figure 13 shows the velocity vector plot of the dispersed phase at steady state for the small and
large stirred tanks. All cases exhibit a radial flow pattern with a high radial velocity in the cross-
sectional area of the agitator. As expected, the velocity increases with increasing agitation speed.
Figure 12 shows the contour plot of the velocity corresponding to Figure 13. Evidently, the velocity
increases with increasing Reynolds number.
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Figure 14 depictsthe effect of the Reynolds numberon the radial distribution of the radial velocity
of dispersed phase withinthe small (a) and large (b) reactors at heightsz/H = 0.1 and 0.5 from the

bottom of the tank. These dimensionless heights are located below and above the impeller,
respectively. A positive velocity represents the fluid moving from the agitator to the wall, whereasa
negative velocity represents the fluid moving from the wall to the agitator. At z/H = 0.1, negative

radial velocities are observed in small and large stirred tanks, indicating that the fluid moves
backward from the wall to the center of the tank. At z/H = 0.5, most of the fluid flows backwards

from the wall to the center of the tank. However, a positive velocity is observed near the center of
the large tank, indicating the fluid returning to the impeller. Increasing the Reynolds number results
in a uniform radial distribution of the radial velocity.

Figure 15 shows the radial distribution of the axial velocity in the small and large stirred tanks for
various Reynolds numbers. Positive and negative magnitudes represent upward and downward
flows, respectively. At z/H = 0.1, two regions of fluid flow are observed, wherein the fluid flows
upward in the center regionand downward inthe annular region. This flow pattern represents fluid
recirculated from the annulus to the center of the tank. In addition, the annular region of the small
tank is greater than that of the large tank because of the high wall frictional effect. At z/H= 0.5, a
contrasting trend is observed, wherein the fluid flows upward in the annular region and downward
in the center region, representing the recirculation of the fluid in the upper region. However, the
annular regions of the small and large tanks are not significantly different (0.85 < r/R < 1.0). The free

space above the liquid layer potentially decreases the effect of wall friction on the fluid flow in the
annular region. The high axial velocity magnitude near the center and the wall regionsis consistent

with that observed experimentally using LDA [16]. In addition, the uniformity of the radial
distribution decreases withincreasing Reynolds number.
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Fig. 14. The effect of the Reynolds number on the radial distribution of the radial velocity of
dispersed phase within the small reactor (a) and large reactor (b) at the height Z/H =0.1 and
0.5 above the tank bottom
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Figure 16 shows the radial distribution of the tangential velocity. A positive velocity represents
the liquid moving clockwise, and a negative velocity represents counterclockwise motion. The reactor
size significantly affects the tangential velocity profile. At z/H = 0.1, the tangential velocity at the
center is low because the fluid moves upward (Figure 11). A uniformdistributionis obtained for the
small tank. Inthe large stirred tank, the tangential velocity profile is non-uniform, particularly at high

rotational speeds. The maximum velocity magnitude is observed at r/R = 0.8. At z/H = 0.5, the
magnitude of the tangential velocity tends to increase with the radial position of the small tank. For
the large stirred tank, two minimum peaks at r/R = 0.2 and 0.9 are observed.
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3.4 Tip Velocity and Mixing Time

Figure 17 demonstrates the effect of the Reynolds number on the tip velocities of the small and
large stirred tanks. The tip velocity tends to increase with increasing Reynolds number owing to a

simultaneous increase in the stirring speed. Although a large stirred tank is operated at a lower
stirring speed than that of a small stirred tank, its large angular velocity generates a high tip velocity.

In addition, the tip velocity of the small stirred tank is more sensitive to the Reynolds number than
that of the large stirred tank.

7
6
5
= #Small scalc
é 4 +Large scale
=3
>
2
1
0
0 5 10 15 20
Re (x10%)

Fig. 17. The effect of Reynolds number on the tip velocity of the small
and large stirred tanks

For immiscible liquid reactions, mass transfer resistance significantly affects overall reactor
performance. The mixing performance was characterized by the mixing time (tmi). Figure 18
indicates the effect of the Reynolds number on the mixingtime in the small and large stirred tanks.

In the small tank, the mixingtime substantially decreases with increasing Reynolds number because
of the high impellerspeed. In the large stirred tank, the mixingtime tends to decrease slightly with

increasing Reynolds number and subsequently approaches a constant at a considerably high
Reynolds number.
3.5 Scale Up of Stirred Tank

The reactor scale significantly affects the flow behavior in the stirred tank, as discussed in the
previous section; thus, upscaling such reactors is difficult. A constant mixingtime was chosen for this

upscaling process. A upscaling law based on a single-phase liquid mixture proposed by Norwood and
Metzner (1960) [39] was usedin thisstudy. The correlation can be written as,

Ny = N5 T = Ns() 2 (17)
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where N isthe impellerspeed (rpm), and Tisthe tank diameter (m). The subscripts L and S represent
large- and small-scale reactors, respectively.

30

#Small scale

[
Ln

+Large scale

[\]
=

Mixing Time (s)
S O

N

0 5 10 15 20
Re (x10%)

Fig. 18. the effect of Reynolds number on the mixing time in the small
and large stirred tanks

Table 1 lists the impeller speeds of the small and large stirred tanks, corresponding to the
proposed scaling law. Figure 19 depicts the parity plot of the mixing time in the small- and large-

scale reactors usingthe Norwood and Metzner upscalinglaw. The mixingtimes of the smallandlarge
stirred tanks are similar, demonstrating a difference in the range of +10%. Therefore, the scaling

law based on a single-phase liquid mixture can be effectively used to scale up an immiscible liquid—
liquid stirred tank.

Table 1
The impeller speeds of the small and large stirred tanks
corresponding to the proposed scaling law

Smalltank reactor Largetankreactor
Ng Re () N, = 0.760N, Re (—)
276 5,605 210 37,788
407 8,247 310 55,782
460 9,341 350 62,980
500 10,142 380 68,378
540 10,943 410 73,776
671 13,621 510 91,711
802 16,281 610 109,766
934 18,950 710 127,760
1066 21619 810 145,754
1197 24288 910 163,749
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Fig. 19. The parity plot of the mixing time in a small- and
large-scale reactors using Norwood and Metzner scaling
law

4. Conclusions

Immiscible liquid—liquid stirred tanks are extensively used in various industries owing to their
excellentheatand mass transfer. Upscaling such reactors is essential forindustrial-scale production.

However, the upscaling process is challenging, owing to the complexity of the flow behavior within
the system. Thus, the objectives of this study were to investigate the flow behavior and upscale an

immiscible liquid—liquid stirred tank using CFD simulations. Asilicone oil-Nal solution was mixedina
flat-bottomed stirred tank reactor, equipped with a six-blade Rushton turbine, and subsequently
analyzed. The hydrodynamic behavior was used to validate the CFD model. The simulated results
were in good agreement with the experimental data. The operating conditions and reactor scale
significantly impacted the hydrodynamic behavior. The velocity distribution became less uniform as
the Reynolds numberincreased. Two reactor sizes with a tank diameter of 0.14 m (base size) and
0.42 m (three times larger than base size) were used for the upscaling study considering geometric
similarity. The scaling law for a constant mixingtime based on that of Norwood and Metzner (1960)

was defined in the study. The proposed scaling law reliably scaled up the immiscible liquid-liquid
mixingin a stirred tank with a difference inthe range of +10%.
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