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a b s t r a c t

An experimental and numerical simulation analysis of the hydrodynamic behavior for aromatics extrac-
tion with 4-methyl-N-butyl-pyridinium tetrafluoroborate is presented. Room temperature ionic liquids
(RTILs) have proven to be promising solvents for the extraction of aromatic hydrocarbons, because
of their non-volatile nature and their tailoring properties. The RTIL 4-methyl-N-butyl-pyridinium
tetrafluoroborate ([4-mebupy]BF4) was therefore tested as a solvent for the extraction of toluene from
toluene/n-heptane in a rotating disc contactor (RDC). Hydrodynamic characteristics, like Sauter mean
diameter and hold-up, were measured for different total fluxes and stirrer speeds. Unexpected behavior
for the hold-up was observed in experiments when the RTIL was applied as solvent. At lower fluxes, the
hold-up decreases with increasing rotor speed, when an increase of hold-up was expected. This behavior,
however, can very well be explained by the existence of three operating regimes in the used RDC.

Computational fluid dynamics simulations of the two-phase flow in the RDC extractor have been per-
romatics extraction
formed to investigate the unexpected hold-up behavior. The numerical simulations were done using the
commercial CFD software fluent, whereas an Euler–Euler model was applied together with the realizable
k–ε turbulence model for the solution of the liquid–liquid problem. The numerical hold-up results are
compared to the experimental profiles. Possible reasons for the hold-up anomalies, namely the path of
the RTIL droplets as well as the velocity fields in both liquid phases, are presented and discussed. The
work shows, that CFD can predict hydrodynamic characteristics even for extreme examples as in the

present RTIL extraction.

. Introduction

Room temperature ionic liquids (RTILs) are promising solvents
or extraction processes [1–4]. The extractive separation of aro-

atic from aliphatic hydrocarbon is an important application in
he petrochemical industry [5]. Current processes mostly use polar
olvents such as sulfolane (UOP, SHELL [6]) and N-methyl pyrroli-
one (Lurgi) [7]. RTILs are a new class of solvents and next to
heir almost negligible vapor pressure; they also offer the oppor-
unity to be tailored for the targeted separation. With RTILs higher
istribution ratios and selectivities are achieved compared to the
ommon solvents used [8,9]. Of course, this has a major impact

n the column design. Smaller columns can be used to achieve
he requirements compared to the commonly used solvents. The

ain difference between RTILs and common solvents is their often
onsiderably higher viscosity. For this reason, successful intro-

∗ Corresponding author. Tel.: +31 620245608; fax: +31 402463966.
E-mail address: s.a.f.onink@tue.nl (F. Onink).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.03.062
© 2010 Elsevier B.V. All rights reserved.

duction of RTILs into extraction operations requires knowledge
on their hydrodynamic characteristics in extraction equipment.
Although the hydrodynamic behavior of classical solvents has been
extensively studied [10–15], to our knowledge no studies have
been reported for RTILs, except for our previous preliminary work
[16,17]. In hydrodynamics, an important parameter determining
the available mass transfer area is hold-up, the fraction of the active
volume in an extraction column occupied by droplets of the dis-
persed phase [13]. For this study, we have selected a pilot plant
rotating disc contactor (RDC) because it is the most commonly used
extractor for aromatics extraction in the petrochemical industry
[18]. As model system for the extraction of aromatic hydrocar-
bons from aliphatics, the extraction of toluene from a mixture
with n-heptane with 4-methyl-N-butyl-pyridinium tetrafluorobo-
rate ([4-mebupy]BF4) as the solvent is chosen [19]. In this research,

a RDC with five segments and eight compartments per segment is
applied and experiments have been conducted to determine the
hold-up and Sauter mean drop diameter as function of the flux
and rotation speed. At the same time, an effort has been made to
deepen the understanding of RTILs hydrodynamic behavior in an

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:s.a.f.onink@tue.nl
dx.doi.org/10.1016/j.cej.2010.03.062
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Nomenclature

Symbols
C constant
CD drag coefficient
d droplet diameter
d32 Sauter mean diameter
f drag coefficient
F interaction force
F feed
g gravity
G turbulence production term
k turbulent kinetic energy
Kd distribution coefficient
n number of droplets
p pressure
Re Reynolds number
S strain rate
S solvent
u velocity
V volume

Greek letters
˛ volume fraction
ε turbulent energy dissipation
� dynamic viscosity
�t turbulent viscosity
� density
� interfacial tension
� relaxation time
� shear stress

Subscripts
c,d continuous and dispersed phase
l liquid phase l
m mixture
min minimal

Abbreviations
CFD computational fluid dynamics
RTIL room temperature ionic liquid
RDC rotating disc contactor
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STD standard deviation
rpm revolutions per minute

DC by predictive simulations using computation fluid dynamics
CFD).

In the field of liquid–liquid extraction, some good progress was
ade in determining column design parameters using CFD sim-

lations. Flow fields and flow patterns in stirred RDC columns
ere studied both in single-phase [20,21] and two-phase oper-

tional mode [22,23]. Comparisons to experimental PIV (particle
mage velocimetry), LDV (laser doppler velocimetry) and LDA (laser
oppler anemometer) data showed that CFD is a suitable design tool
or the prediction of the hydrodynamic phenomena such as flow
atterns, velocities, reversal vortices and backmixing [21,22,24].
ver the last years the Euler–Euler approach emerged as the stan-
ard approach to model multiphase problems and was successfully
pplied to model stirred RDC extractors of various geometries
22,23,25]. Generally, a two-fluid model is successfully applied for a

wo-phase problem, whereas the Sauter mean diameter represents
he different sizes of the particles in the dispersed phase, while the
nfluence of the size-specific terminal velocity resulting from the
rop size distribution, could be neglected (e.g. [22,26]). For these
g Journal 160 (2010) 511–521

reasons, the liquid–liquid flow is modeled using a Reynolds aver-
aged turbulence model in conjunction with the Eulerian two-fluid
equations for the hold-up simulations of the described system. In
previous work, the simulated flow fields of the two-fluid model
with constant d32 were compared to PIV measurements, taken on
a pilot plant column, and agreed well with each other [22]. In the
same work, the realizable k–ε model delivered the best results for
the present two-phase flow [22]. The two-fluid model could also
predict average volume fractions in one extraction compartment
and single droplet terminal velocities in stagnant aqueous phase
[27]. Governing equations are described in detail in the model sec-
tion.

The paper is structured as follows: first the experiments and
the governing CFD equations as well as the numerical scheme are
introduced. After that, both experimental and numerical results are
shown and compared to each other. Finally, the main conclusions
are presented.

2. Experiments

2.1. Chemicals

The ionic liquid 4-methyl-N-butyl-pyridinium tetrafluorob-
orate (>97%), n-heptane (>99.9%) and toluene (>99.9%) were
purchased from Merck and used without additional treatment.

2.2. Physical properties

Densities of the streams were measured at atmospheric pres-
sure and at a temperature of 313 K using a density-meter Anton
Paar DMA 5000 with a repeatability 1 × 10−6 g cm−3 and 0.001 ◦C.
The cell of the density-meter was extensively cleaned and dried
before each of the liquids was introduced. The density-meter was
calibrated for the whole temperature range with a high purity water
standard provided by Anton Paar. Each density measurement was
repeated three times and the standard deviation (STD) was smaller
than 2.0 kg m−3.

The viscosities of the streams were measured at atmospheric
pressure and a temperature of 313 K using an Ubbelohde viscome-
ter, Schott, placed in a heated water bath. The time was measured
using a digital stopwatch with precision of 10−3 s and each viscosity
point was measured two times, the deviation between these two
measurements was always <0.5%.

2.3. Analysis

Samples (for the extract phase approximately 0.5 mL and for
the raffinate approximately 0.15 mL) were taken from both phases.
0.3 mL ethylbenzene was added to samples as the internal stan-
dard for GC analysis. Acetone (1.0 mL for the extract and 1.35 mL
for the raffinate phase) was added to each sample to avoid phase
splitting and to maintain a homogeneous mixture. The concentra-
tions of toluene and n-heptane in the samples were analyzed by a
Varian CP-3800 gas chromatograph with an Alltech Econo-Cap EC-
Wax column (30 m × 0.32 mm × 0.25 �m) and with a Varian 8200
AutoSampler. Because the ionic liquid has no vapor pressure, it can-
not be analyzed by GC. The RTIL was collected in a precolumn in
order not to disrupt the analysis. The samples were analyzed in
duple with a maximum deviation of <1%.

2.4. Experimental setup
The pilot RDC extraction column is schematically depicted in
Figs. 1 and 2. The column consisted of five jacketed glass seg-
ments of each 360 mm in length and an inside diameter of 60 mm,
with eight stirred compartments in each segment. Alternating glass
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Table 1
Pure components physical properties and composition and physical properties of
streams at T = 313 K.

Component Density (kg/m3) Viscosity (mPa s)

n-Heptane 669a 0.336a

Toluene 850a 0.467a

[4-Mebupy]BF4 1179 ± 2 80.4 ± 0.05

Composition/wt%

Stream Toluene n-Heptane [4-Mebupy]BF4

deviation for the drop sizes was 5%.
ig. 1. Schematic representation of the rotating disc column being operated in recy-
le (hydrodynamic) mode.

egments had sample ports attached for measuring the hold-up.
ettlers with a height of 240 mm (bottom) and 210 mm (top) with
n internal diameter of 90 mm enclosed the stirred segments. The
nternals of the stirred segments consisted of alternating discs and
oughnuts and were made of stainless steel. The outside diameter
f the doughnuts was 60 mm, the inner 22 mm and the thickness
as 1.5 mm. The discs had a diameter of 40 mm and a thickness of

.5 mm. The distance between two doughnuts was 32 mm, equal to
he distance between two discs. The RTIL solvent was fed to the top
f the column and dispersed as the extract phase, which was col-
ected from the bottom settler. The continuous n-heptane/toluene
hase was fed from the bottom and the raffinate phase was col-

ected from the top settler.
.5. Hydrodynamic characteristics

For determination of the drop size and hold-up, the total flux
nd rotor speed were varied while keeping the solvent-to-feed (S/F)

Fig. 2. Rotating disc contactor segme
Raffinate 60 ± 3 40 ± 3 760 ± 1 0.389 ± 0.002
Extract 12 ± 1 88 ± 1 1150 ± 2 19.0 ± 0.05

a From Ref. [39].

ratio constant. The minimum desired S/F ratio was calculated as:

S

Fmin
≥ 1.5

1
Kd

(1)

where S and F, respectively, are solvent and feed flow in kg/h;
Kd is the weight-based distribution coefficient of toluene over the
two-phases. Meindersma et al. [9] found for the weight-based dis-
tribution coefficient of toluene in [4-mebupy]BF4 and n-heptane
0.20 for a concentration of 60 wt% toluene in n-heptane and thus
the desired solvent-to feed ratio became 7.5.

When performing these hydrodynamic experiments, the system
had to be operated in steady state and the phases had to be in equi-
librium. The compositions and properties of the streams are shown
in Table 1. To ensure equilibrium had been reached, the column was
operated in recycle mode until no further change in the composi-
tions of the streams could be noticed (Fig. 1). The flux (m3/m2 h)
is defined as the volume that passes through the cross-section of
the column in a certain time period. The drop sizes in the column
were determined by taking digital photos of the column contents.
The drop size was determined as the Sauter mean diameter as:

d32 =
∑

nid
3
i∑

nid
2
i

(2)

where ni is the number of corresponding drop diameters, di is
the measured drop diameter in meter. The mean average standard
Hold-up is determined by taking 250 ml samples of the column
content through the different sample ports at different heights in
the column. These samples were collected in a separation funnel
and were given a time to settle. The hold-up was then determined

nt: geometry and dimensions.
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y measuring the total volume and the dispersed phase volume as:

= Vd

Vd + Vc
(3)

here Vd and Vc, respectively, are the volumes of the dispersed and
ontinuous phases in mL. The error made in this determination is
stimated as 10%.

. CFD model

.1. Mathematical model

The two-phase flow in the RDC extractor was modeled using
he commercial CFD code Fluent 6.3. An Euler–Euler model where
oth phases are treated mathematically as interpenetrating con-
inua was applied for the two-phase simulations of the extraction
olumn. Coalescence and breakage events were ignored. The RTIL
hase is in the form of spherical-dispersed droplets. The conser-
ation equations are solved for each phase and can be written as
ollows:

Continuity (for the liquid phase l):

∂(˛l�l)
∂t

+ ∇(˛l�l �ul) = 0 (4)

omentum (for phase l):

∂(˛l�l �ul)
∂t

+ ∇(˛l�l �ul �ul) − ∇�l = −˛l∇p + ˛l�lg + Fk (5)

here ˛ is the volume fraction, that represents the space occupied
y each phase, � is the phase density, u is the phase velocity, � is the
tress–strain tensor, p is the pressure shared by all phases, g is the
ravitational acceleration and F represents the interfacial forces. In
ddition to Eqs. (4) and (5) the constraint for the volume fractions
ust be satisfied:

1 + ˛2 = 1 (6)

The inter-phase interaction term Fk consists of different
omentum exchange mechanisms. The work by Wang and Mao

26] showed that the drag force is the determining interaction force
or liquid–liquid problems, while the lift force and the virtual mass
orce can be neglected. Therefore, only the drag force was taken
nto account as in our own previous work [22,27]. The drag force is
hen calculated as:

c,d = �d˛c˛df

�d
(�ud − �uc) (7)

here the subscripts c and d stand for the two liquid phases, while
is the drag coefficient and �d the particulate relaxation time.

d = �dd2
d

18�c
(8)

In the above equation dd is the Sauter mean diameter of the
roplets of the dispersed liquid phase and � is the dynamic viscos-

ty. For the evaluation of the drag coefficient, the model of Schiller
nd Naumann (1935) is applied. The drag law can describe the
ise velocities as a function of the drop size diameters as shown
n previous work [27]:

= CD Re
24

(9)

D =
{

24(1 + 0.15 Re0.687)
Re

Re ≤ 1000

0.44 Re > 1000
(10)
With the relative Reynolds number Re defined as:

e =
�c

∣∣�ud − �uc
∣∣dd

�c
(11)
g Journal 160 (2010) 511–521

The drag force (Eq. (7)) results finally in:

Fc,d =
3�c˛c˛dCD

∣∣�ud − �uc
∣∣ (�ud − �uc)

4dd
(12)

For the calculation of the multiphase turbulence, the Fluent
mixture turbulence model was used, which is an extension of the
single-phase model. The turbulence is modeled through the realiz-
able k–ε model [28]. The k–ε models generally include solving the
transport equations separately for the turbulence kinetic energy k
and its dissipation rate ε. The k and ε model equations are:

∂

∂t
(�mk) + ∇(�m �umk) = ∇

(
�t,m

�k
∇k

)
+ Gk,m − �mε (13)

∂

∂t
(�mε)+∇(�m �umε)=∇

(
�t,m

�k
∇ε

)
+�mC1Sε−�mC2

ε2

k + √
�ε

(14)

C1 = max
(

0.43,
	

	 + 5

)
(15)

	 = S
k

ε
(16)

where S is the strain rate tensor. Gk in Eq. (13) represents the gener-
ation of turbulent kinetic energy due to the mean velocity gradients.
The density, velocity and turbulent viscosity of the mixture are:

�m = ˛c�c + ˛d�d (17)

�um = ˛c�c �uc + ˛d�d �ud

˛c�c + ˛d�d
(18)

�t,m = �mC�
k2

ε
(19)

Default values were used for the model constants C1, C2 and C�.
Our own previous investigations lead to the conclusion that the
current model is the most suitable available multiphase-model in
Fluent for the description of the liquid–liquid flow [22]. The deriva-
tion of the conservation equations for mass and momentum for
each of the both phases is done by ensemble averaging the local
instantaneous balances.

3.2. Numerical procedure

All flow conditions as phase volume flows, stirrer speeds and
Sauter mean diameters were the same as in the experiments. A 2D
axis-symmetric grid of one segment (8 stirred compartments) was
modeled in Gambit. Because of the rotational symmetry of a rotat-
ing disc contactor (Figs. 1 and 2), the 2D grid can be adopted without
losing information. Previous work showed that a 2D grid delivers
reliable results regarding the hydrodynamics of an RDC [22,27].
Quadrilateral elements with a grid space of 1.5 mm were adopted
to map the flow domain (5000 cells). A part of the computational
grid is depicted in Fig. 3. The complete grid represents one com-
plete segment (see Fig. 2) and two settling zones (100 mm length)
at the top and at the bottom. Standard wall functions modeled the
near-wall region. Concerning the boundary conditions, the com-
mon approach with one pressure outlet condition at the top and
one velocity-inlet at the bottom was applied. The surfaces of the
rotating disc and the column wall were defined with no-slip wall
boundary conditions. The simulations were carried out unsteadily

using time steps between 0.01 and 0.001 s with the first order
implicit solver. The QUICK scheme was used for the flow equations
for the discretisation in space. The SIMPLE algorithm was used for
the pressure–velocity coupling. Convergence of the solution was
considered when the residual of the continuity equation is >10−3.
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The first regime is characterized as follows. At low rotor speeds,
there is cohesion of the droplets at the stator ring and when the
rotor speed is increased, the droplets at the stator ring tend to fall
down through the column. Because there is an almost free fall of
Fig. 3. Computational grid.

. Results and discussion

.1. Physical properties and analysis

As can be seen in Table 1, a large density difference exists
etween the raffinate and extract phase. According to Kumar and
artland [29] (Eq. (20)), this encourages the formation of small
roplets, which normally has a positive effect on the extraction
fficiency.

32 ∝
(

�c


�

)0.24
(20)

On the other hand, the high viscosity of [4-mebupy]BF4
80.4 mPa s) could lead to formation of large droplets. The viscosity
f the extract stream, however, is decreased from 80.4 to 19.0 mPa s
ue to the presence of 12 wt% toluene. Except for the viscosity of [4-
ebupy]BF4, the other physical properties of the system used are

omparable to regular systems. Because this research only focuses
n the hydrodynamic behavior without any mass transfer of the
DC, the compositions of both phases are constant over the height
f the column.

.2. Hold-up

The experimental hold-up fraction for constant flow rates of
oth phases vs. rotor speed is shown in Fig. 4. At a high flux of
0.5 m3/m2 h, the hold-up increases with increasing rotor speed
s expected and as reported by others [30,31]. At lower fluxes, 8.2
nd 3.7 m3/m2 h, the hold-up first decreases with increasing rotor
peeds but when the rotor speed is increased further, the hold-
p rises again with increasing rotor speed. Increasing rotor speeds
enerally results in the formation of smaller droplets and, hence,
decrease in velocity of the droplets, which in turn results in an
ncrease in hold-up. Decrease of the hold-up with increasing rotor
peeds, therefore, seems an anomaly, but is encountered more often
n RDC’s, as will be explained hereafter.

Vermijs and Kramers [32] did not discern this hold-up decrease
or the hydrodynamic behavior of the RDC, which they used for
Fig. 4. Hold-up, as function of rotation speed at various fluxes, for extraction
of toluene from n-heptane with [4-mebupy]BF4 with S/F = 7.5 and T = 313 K, RDC
being operated in recycle (hydrodynamic) mode, dashed lines represent operating
regimes.

extraction of acetic acid from methyl isobutyl ketone with water.
However, rearrangement of their results shows a decreasing hold-
up with increasing rotor speed up to rotor speeds of 600–800 rpm
(Fig. 5), while there is an increase in hold-up with increasing rotor
speed at higher fluxes. A decrease in hold-up with increasing rotor
speed, up to rotor speeds of about 600–800 rpm, is also reported by
Kamath et al. [33] for a system consisting of kerosene and water in a
RDC with dimensions comparable to the one used in this research.
At higher rotor speeds, above 600–800 rpm, the hold-up increases
with increasing flux and this increase is larger at higher fluxes.

One can distinguish different working regimes for an RDC, as
Kasatkin et al. [34] reported in analogy with the results of the
hold-up profiles for other agitated contactors. For pulsed sieve-
plate columns, Karr reciprocating-plate columns (KRPC) and for
multistage vibrating disc contactor (MVDC), three regimes can be
distinguished, respectively the mixer-settler, dispersion and finally
the emulsion regime [13].

When operating a RDC in the first regime with increasing rotor
speed, hold-up decreases. In the second regime, a transition regime,
an increase of the rotor speed does not affect the hold-up. Finally,
when being operated in the third regime, an increase of the rotor
speed leads to an increase in the hold-up see Fig. 6.
Fig. 5. Effect of rotor speed on hold-up for the system water–acetic acid–methyl
isobutyl ketone at a constant solvent (water) to feed (MIBK) ratio of 1 with different
fluxes [32].
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Fig. 6. Hydrodynamic operating regimes of a rotating disc extractor.

roplets of the dispersed phase, drops just fall faster if the rotor
peed increases, causing a decrease in the hold-up. For the KRPC
nd MVDC this phenomenon is also observed when the column is
perated at low levels of agitation in the mixer-settler or dispersion
egime.

The third regime is revealed when an increase of the rotor speed
eads to an increase in the hold-up. Comparable to the already men-
ioned KRPC and MVDC, being operated in the emulsion regime
13], an increase of the rotor speed leads to the formation of
maller droplets. Because the gravitational force on small droplets
s smaller than for bigger droplets, the down coming velocity is
ower for small drops, hence the hold-up increases.

The second regime is a transition state between the first and
hird regime. An increase of the rotor speed has no influence on
he hold-up: the effect of the droplets falling down from the sta-
or is compensated by the fact that the droplets become smaller
nd therefore their down coming velocity decreases. This regime
orresponds to crowded settling of the droplets respectively the
ixer-settler regime.
The clearly visible influence of the flux on the above mentioned

henomena will be explained in the next paragraph.

.3. Drop size
Fig. 7 shows the results for drop size vs. rotor speed for the
xtraction of toluene from n-heptane for different fluxes. It is
lear that, as expected, the drop size decreases with increasing
otor speed, because increasing rotor speed leads to an increase in

ig. 7. Drop size, as function of rotation speed at various fluxes, for extraction of
oluene from n-heptane with [4-mebupy]BF4, with S/F = 7.5 and T = 313 K, RDC being
perated in recycle (hydrodynamic) mode.
g Journal 160 (2010) 511–521

breakup of the droplets. In other words, an increase in the energy
supplied by the rotors to the dispersed phase overcomes internal
forces of the droplets and, therefore, they break up.

It can be seen from Fig. 7 that the influence of the rotor speed on
the drop size is the largest for the lowest flux and that this influence
decreases with increasing flux. At constant low flux, there exist
relatively few but large droplets. Therefore, if the energy supplied
by the rotor is increased, the size of the droplets decreases fast,
because the energy dissipation is distributed over a small amount of
droplets, in other words, this small amount of droplets experiences
a relatively large shear force from the rotor.

As already stated above, at low flux and at low rotor speed, the
size of the droplets is relatively large. When the flux is increased at
constant low rotor speed, the size of the droplets decreases, as was
also found by Al-Rahawi et al. [35]. This is caused by the fact that
when the flux is increased, the dispersed phase droplets experience
a higher shear force from the continuous phase leading to smaller
droplets. The flux is defined as the sum of the flow of the dispersed
and continuous phase, which are coupled via the solvent-to-feed
ratio This ratio is kept constant at 1.5(S/F)min = 7.5.

If the flux is increased, the amount of the droplets is also
increased, their size, however, being less influenced by an increase
of the rotor speed than in the case for lower fluxes. The reason for
this is the fact that the supplied energy now has to break up more
droplets. From Fig. 8 can be seen that at a constant rotor speed of
560 rpm, but with increasing flux, accumulation of the dispersed
phase at the stator increases. Therefore, the energy available per
droplet, supplied by the shear force of the rotor, is decreased.

Now the occurrence of the operating regimes can be endorsed
with the influence of the flux. At high flux, the column is operating
fully in the third regime. Because of the high flux, the droplets are
relatively small. So if the rotor speed is increased, smaller droplets
are formed, their down coming velocity is decreased and the hold-
up increases. For low fluxes, the column is being operated in the
first regime for low rotor speeds. An increase of the rotor speed
leads to a rapid decrease of the drop size, but because the fact that
at low fluxes relatively a small amount of droplets is present, these
droplets undergo less shear force from the continuous phase. Con-
sequently, their down coming velocity is not affected by this shear
force. Until a rotor speed of approximately 500 rpm for a flux of 3.7
and 300 rpm for a flux of 8.2 m3/m2 h, the column is being operated
in the first regime (Fig. 6); the hold-up decreases with increasing
rotor speeds. If rotor speeds exceed 700 rpm for a flux of 3.7 and
450 rpm for a flux of 8.2 m3/m2 h, the column is being operated
in the third regime; the hold-up increases with increasing rotor
speeds. Between 500 and 700 rpm for a flux of 3.7 and 300 and
450 rpm for a flux of 8.2 m3/m2 h, the column is being operated in
the transition, second, regime.

4.4. CFD simulations

The hold-up results of the CFD simulations are presented and
discussed in the following section. The simulated hold-up for the
low flow rate (3.7 m3/m2 h) of both phases is shown in Fig. 9. One
can see the path of the dispersed phase for a stirrer revolution of
285, 561 and 800 rpm through the compartment in Fig. 9. The same
drop sizes are applied as determined from the experiments (2.52,
1.31 and 0.74 mm). The droplets do not penetrate the outer regions
of the compartments and move mainly above stirrer and stator and
near the stirrer shaft. The path of the RTIL droplets is straightfor-
ward through the compartment and almost not affected by the

stirrers. Similar observations about the path and hold-up of the
droplets were also made in experiments. It is also obvious that the
hold-up of the RTIL decreases with increasing rotor speed. The sim-
ulated hold-up fraction for the low flow rate (3.7 m3/m2 h) is again
depicted in Fig. 10, but now scaled from 0% to 10% volume frac-
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Fig. 8. Photographs of increase of dispersed phase at the stators with increasing fluxes (3.7–10.5 m3/m2 h) during hold-up experiments and at a rotor speed of 562 rpm.
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Fig. 9. Simulated hold-up of the RTIL as a function o

ion to resolve the small volume fractions better. It seems that the
maller droplets are swept out more easily resulting in less hold-
p above stirrers and stators. Although the volume fraction near
he stirrer tip towards the column wall increases and the droplets
enetrate the region between the stators slightly more with higher
tirrer speed, the higher stirrer speed cannot account for a higher
old-up. The same trend as before is also visible in Fig. 10. The aver-
ge volume fraction in one compartment for 285 rpm is around 3.6%
nd reduces to 2.2% for 800 rpm.

In Figs. 11–13, the velocity vectors and contours of the organic

nd dispersed RTIL phase for the low flow rate (3.7 m3/m2 h) as a
unction of stirrer revolution are shown. Contours of the axial veloc-
ty and velocity vectors of the RTIL phase are depicted in Fig. 11,

hile Fig. 12 focuses on the contours of the radial velocity. It is

Fig. 10. Simulated hold-up, as a function of rotation speed (280–562–800 rpm
tion speed (280–562–800 rpm) at flux 3.7 m3/m2 h.

obvious from Figs. 11 and 12 that the main direction of the velocity
vectors is in the axial direction to the bottom of the column, which
represents the main part of the RTIL velocity. The higher stirrer rev-
olution accounts for a lower axial velocity in the regions between
the stirrers and stators on one hand (see Fig. 11), but accounts also
for a higher radial velocity at the stirrer and above the stators on
the other hand (see Fig. 12). While the former aspect should lead
to a higher hold-up, the latter accounts for a faster removal of the
droplets and counterbalances it. Fig. 13 finally shows velocity vec-
tors and contours of the axial and radial velocity in the organic

phase. The typical vortices between the stators in the continu-
ous phase are visible [22]. It is clear from Fig. 13 that the velocity
vectors in the organic phase are directed to the bottom along the
path of the RTIL. Therefore, the higher organic phase velocity with

) at flux 3.7 m3/m2 h, scaled from 0% to 10% volume fraction of the RTIL.
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Fig. 11. Simulated velocity contours (axial velocity) and vectors of the RTIL as a function of rotation speed (280–562–800 rpm) at flux 3.7 m3/m2 h.
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Fig. 12. Simulated velocity contours (radial velocity) and vectors of the

ncreasing rotor speed, also helps to carry out the RTIL droplets
ore easily. A comparison between the velocities in the RTIL phase

Figs. 11 and 12) and the organic phase (Fig. 13) shows the huge
ifferences. The velocity in the RTIL phase is almost one order of
agnitude higher than in the organic phase because of the big den-

ity difference and the small hold-up. Furthermore, the increasing
otor speed influences the organic phase velocities much more (see

igs. 11–13). The same trends are obvious for the higher fluxes (8.2,
0.5 m/h) and only results of the dispersed phase hold-up at 8.2 m/h
re plotted in Fig. 14, where a higher overall hold-up is visible.

The numerical hold-up results are summarized and compared to
he experimental hold-up results in Fig. 15. The experimental trend

ig. 13. Simulated velocity contours (axial and radial velocity) and vectors of the organic
as a function of rotation speed (280–562–800 rpm) at flux 3.7 m3/m2 h.

for the low flux (3.7 m/h) can be confirmed in the simulations. An
increasing rotor speed results in a decreasing hold-up. The devia-
tions between experimental and simulated data are small for the
lower flux. In summary, the CFD simulations confirms the unex-
pected hold-up behavior at low flux and provide some explanation
approaches, which are the path of the RTIL through the compart-
ment and the velocities in the organic and RTIL phase.
However, the CFD model fails to predict the expected hold-up
result at the higher fluxes (8.2, 10.5 m/h, red dots in Fig. 15). On the
one hand, the hold-up is not increasing with higher flux as much
as in the experiments, on the other hand, the CFD model cannot
predict the “usual” behavior at the higher flux (8.2, 10.5 m/h), but it

phase as a function of rotation speed (280–562–800 rpm) at flux 3.7 m3/m2 h.
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Fig. 14. Simulated hold-up of the RTIL as a function of rotation speed (280–562–800 rpm) at flux 8.2 m3/m2 h.
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ig. 15. Comparison simulated and experimental hold-up as a function of rotation
peed and fluxes, original basic drag law (Eq. (7)).

till predicts the same trend of decreasing hold-up as before. That
s why a modified drag law was adopted that takes into account the
ffect of turbulence. It is based on a modified viscosity term in the
elative Reynolds number and was also applied by Kerdouss et al.
36]. A model parameter was introduced in Eq. (11) to account for
he effect of the turbulence in reducing slip velocity [36],

e =
�c

∣∣�ud − �uc
∣∣dd

�c + C�t,c
(21)

here �t is the turbulent viscosity and C was set to 0.5. The pre-
icted hold-up results for the modified drag law are summarized
nd compared to the experimental hold-up results in Fig. 15. Now
t is visible that the hold-up is increasing with higher stirrer speeds.
he deviations are now higher at the lowest flux but the prediction
s much better at the higher fluxes (8.2, 10.5 m/h). At the highest
ux, flooding occurs in the simulations at 420 and 560 rpm. This is
robably caused by the fact that the column is almost operated at
ooding for the highest flux. Therefore, the volume fractions cannot
e compared for these two stirrer speeds (see Fig. 16). The simu-

ated hold-up for the higher flow rates using the modified drag
aw (Eq. (21)) are finally shown in Figs. 17 and 18. It is visible that
he hold-up is now increased along the path of the IL through the
ompartments due to a higher drag force at higher stirrer speeds.
herefore, by means of the modified drag law, it is possible to pre-

ict the hold-up results at the higher fluxes. In the present case,
he value for C is an engineering estimate. One could obtain better
esults for each operating point if this factor is fitted.

There are some other possibilities to improve the CFD model for
n even better prediction of the hydrodynamics and hold-up in the
Fig. 16. Comparison simulated and experimental hold-up as a function of rotation
speed and fluxes, modified drag law (Eq. (21)).

column. Only d32 of the drop size distribution was measured in the
experiments in one compartment. Therefore, in the present work,
a two-fluid model was applied using the constant d32 from exper-
iments. In the real column this d32 is probably not constant, but
could change with column height due to coalescence and break-
age of the droplets and could also vary in each single extraction
compartment. Usually, the small droplets are encountered near the
stirrer, where breakage occurs, while the bigger droplets accumu-
late under the stators. A coupled CFD-population balance model
(PBM) could take coalescence and breakage into account [27].
Furthermore, information about the drop size distribution could
also improve the simulation results, when a multi-fluid model is
applied as in Tomiyama and Shimada [37], where up to N flu-
ids of the dispersed phase with different drop sizes are applied.
Previous research could show that errors are introduced in a two-
fluid model, where these size-specific velocities are not taken into
account [27]. However, the current research still focuses on coupled
CFD-PBM multi-fluid models, which are still under development
(e.g. [27,38]). Other modeling possibilities would be to apply an
enhanced wall treatment for the wall bounded turbulent flow or to
vary the turbulence model. However, some test simulations apply-
ing an enhanced wall treatment together with a fine near-wall
meshing did not deliver better results, but lead to convergence
problems and a huge increase in CPU time.
There is also a need for future measurements with modern
equipment e.g. the phase-doppler anemometer, which could pro-
vide the local drop size, volume fraction and droplet velocity in
one extraction compartment for a better local comparison and a
further improvement of the computational models. In the present
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Fig. 17. Simulated hold-up of the RTIL as a function of rotation speed (28

F
fl

c
c
fi
f
m
i

5

m
f
n
m
b
R
d

ig. 18. Simulated hold-up of the RTIL as a function of rotation speed (280 rpm) at
ux 10.5 m3/m2 h, modified drag law (Eq. (21)).

ase, the hold-up was measured by taking 250 ml samples of the
olumn content through sample ports. Since the droplets are not
nely dispersed everywhere in the compartment, but move or even

all down mainly through the middle of the compartment and accu-
ulate above stirrer and stators, small errors could be introduced

n the measurements.

. Conclusions

The RTIL 4-methyl-N-butyl-pyridinium tetrafluoroborate ([4-
ebupy]BF4) was tested as a solvent for the extraction of toluene

rom toluene/n-heptane in a rotating disc contactor. Hydrody-
amic characteristics as Sauter mean diameters and hold-up were

easured for different total fluxes and stirrer speeds. Unexpected

ehavior for the hold-up was observed in experiments when the
TIL was applied as solvent. At lower fluxes, the hold-up first
ecreased with increasing rotor speed, at a certain rotor speed, no
0–562–800 rpm) at flux 8.2 m3/m2 h, modified drag law (Eq. (21)).

influence of the rotor speed could be distinguished and, finally,
with increasing rotor speed the hold-up increased as expected.
With increasing fluxes this behavior diminished. At a certain flux an
increase of the rotor speed resulted only in an increase of the hold-
up. This phenomenon can be explained by the existence of three
operational regimes for a rotating disc contactor; which clearly
depend on flux and on rotor speeds.

Euler–Euler simulations of the two-phase flow were carried
out in the framework of the commercial CFD software Fluent
to investigate the unexpected hold-up behavior. The numerical
hold-up results were compared to the experimental profiles. The
experimental trend for the low fluxes could be confirmed in the
simulations. The simulation results for the low fluxes match the
experimental hold-up results. The hold-up anomalies at low fluxes
could be explained by the unusual path of the RTIL droplets and
the velocity fields in both liquid phases. The CFD model could also
predict the hold-up result at the higher fluxes when a modified
drag law was applied. Possible reasons for the deviations were dis-
cussed and some further model improvements as multi-fluid CFD
models and coupled CFD-population balance models were given.
The work shows, that CFD can be used for reasonable engineering
predictions of the hydrodynamic characteristics and can provide an
insight into hydrodynamic phenomena even for extreme examples
as in the present RTIL extraction.
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