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The residence time distributions of a dispersed phase in a multi-element process coupled cyclone

reactor for ionic liquid-catalyzed isobutane/butene alkylation were numerically studied with a CFD

method. The Eulerian—Eulerian multiphase flow model and Reynolds stress model were applied to

simulate the flow field distribution in the cyclone reactor. The time in which the dispersed phase flows

from the inlet slot to the overflow outlet tube is defined as the mean mixing-separation time between
two phases in the cyclone reactor. The effects of the structural parameter of the slot on the mean

mixing-separation time were investigated in this work. The results show that the residence time

distributions are unimodal except for the condition that the number of slots is 1. Besides, it is
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concluded that the velocity of dispersed phase flow into the reaction chamber and the relative

velocity between two phases in the cyclone reactor are the main influence factors. Based on the
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1. Introduction

Energy-saving and emission-reduction have been a research focus
due to the increased consciousness of the importance of environ-
ment protection. Therefore, improving the quality of oil, reducing
the harmful substances in automobile exhaust emissions and
promoting the development of low sulfur, low olefins, low
aromatics, and low benzene content, as well as low vapor pressure of
gasoline, are becoming development trends of global fuel cleaning.
In the petroleum industry, isobutane/butene alkylation is widely
used to produce high-quality gasoline.™” The alkylate produced in
the alkylation process is characterized by a high octane number, low
vapor pressure, and low contents of sulfur, olefins, and aromatics.’

Concentrated sulfuric acid alkylation and hydrofluoric acid
alkylation processes are the widely used traditional alkylation
processes at present. However, these two processes are corrosive
to equipment and cause environmental pollution. Ionic liquid
is a novel chemical material, which is mainly composed of
organic cations, inorganic or organic anions.*” As the catalyst
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results, a prediction model to explain the relationship between the mean mixing-separation time and
the velocity of two phases was established.

for alkylation, ionic liquids show a high reactivity and broad
prospect for development. The articles by Yoo et al. show that
ionic liquids are a promising substitute for H,SO, and HF as the
alkylation catalyst because of their safer operation, low
consumption, and strong catalytic performance.®

Ionic liquid catalyzed isobutane/butene alkylation is a hetero-
geneous system wherein reactions occur in or near the interface
between the ionic liquid and hydrocarbon phases. The intrinsic
reaction rate is extremely fast due to the highly reactive carbonium
intermediate.’ Therefore, the residence time of the ionic liquid-
hydrocarbon mixture is of fundamental importance to the alkylate
quality. Thus, it is necessary to study and develop a matched
reactor for ionic liquid-catalyzed isobutane/butene alkylation. A
pioneering investigation of the novel reactor for the ionic liquid-
catalyzed isobutane/butene alkylation was performed by Zhou
et al.*® They proposed a loop reactor for the alkylation process.
However, the ideal time to separate alkylate from the ionic liquid is
unclear, which limits its industrial application.

Based on hereinbefore problems, we proposed a multi-element
process coupled cyclone reactor for ionic liquid-catalyzed
isobutane/butene alkylation. Cyclone reactor is developed from
the cyclone and hydrocyclone, which can be used in the multi-phase
reaction system with the aid of other equipment. Recently, many
experts and scholars applied the cyclone and hydrocyclone as
a reactor to the heterogeneous reaction system, such as wastewater
treatment," pyrolysis processes,”” hydrogen production,”® dry
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scrubbing of HCL,* fermentation processes," petroleum industry'®
etc. The works show that the cyclone reactor is a perspective subject.

Residence time refers to the time of the material flowing
through an equipment. The work of Danckwerts was the first to
introduce the concept of residence time distribution (RTD),"”
presenting the flow and mixing of fluids in non-ideal tubes,
mixers and reactors. The works on RTD in the hydrodynamic
study of equipment were by the method of experiments and
simulations.”" Gamba et al. simulated the RTD in a stirred
tank by CFD software and validated the results of tracer method
by experimental data and literature information. Adeosun and
Lawal investigated the mixing characteristics in a T-junction
microchannel using residence time distribution. They used
the RTD and coefficient of variation to quantify the mixing
behavior. Besides, RTD in a reactor is also an important
parameter required for the design of reactor.

In our previous works, a cold-model system was established.
The pioneering investigations of the mixing and separation
characters in the cyclone reactor were conducted. In these
works, the concentration distributions of dispersed phase were
investigated.”* And a parameter, named dispersion uniformity
was used to evaluate the dispersion performance of dispersed
phase in the cyclone reactor. The recoveries of two phases were
used to evaluate the separation performance of the cyclone
reactor.”> Moreover, a numerical simulation method for flow
field distribution of the cyclone reactor was established.”**
Besides, the droplet size distributions of dispersed phase were
obtained by the focused beam reflectance measurement (FBRM
D600L) and population balance model (PBM).

The aim of the present paper is to study the mean mixing-
separation time between two phases in the cyclone reactor. In
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the cyclone reactor, the residence time distribution of dispersed
phase is different from the mean mixing-separation time. The
flow time of dispersed phase in the inlet cushion chamber and
overflow outlet should be deducted from the residence time
distribution to calculate the mean mixing-separation time.
Based on this, the effects of the structure of dispersed phase
inlet on the mean mixing-separation time were investigated.
Moreover, an empirical equation for predicting the mean
mixing-separation time in the cyclone reactor was established.

The paper is structured as follows. In Section 2, the structure
and working principle of the multi-element process coupled
cyclone reactor are introduced. In Section 3, the numerical
method along with the governing equations and a brief
description of the solver is discussed. The effects of the struc-
tural parameters on the mean mixing-separation time between
two phases in the cyclone reactor are studied in Section 4. In
Section 5, a simple empirical model to calculate the mean
mixing-separation time under different conditions is suggested.

2. Experiments

2.1. The cyclone reactor

The basic structure of the mentioned cyclone reactor is shown
in Fig. 1. The cyclone reactor is designed on the base of the
axial-axial-flow hydrocyclone developed by Wang et al.>* The C4
hydrocarbon mixture (dispersed phase) is injected through the
symmetric tangential slots (inlet 2, 3), while the ionic liquid
(continuous phase) flows axially from inlet 1 into the cyclone
reactor. A guided vane lies below the continuous phase inlet.
After entering the cyclone reactor, a layer of ionic liquid forms
near the wall surface in the reaction chamber of cyclone reactor

overflow 1
2 Q18
- ;11 050
\ / x inlet I——=
. “ guided vane ) 149
42
inlet 2 Y —— inlet 3 :
W -H. z ()t 65 reaction
= 47 chamber
x(mm)] | 0
guided vane
o1
angle of discharge 11° separation _| 618
length of guided vane 42mm chamber \ s
width of guided vane 4mm i
_line segment angle | 60° inlet 2
outer alignment angle 25° m———
inner alignment angle 21?7 s -
7/ inlet 3
o 1 N
018

Fig. 1 Schematic diagram of the cyclone reactor structure.
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under the function of guided vane. Meanwhile, the C4 hydro-
carbon mixture moves to the axis with the effect of centrifugal
force after entering the LLCR through the tangential slots.*
During the moving process, the dispersed phase oscillates to
liquid film, liquid film draws to form droplets and the droplets
breakup under the action of shear force, which is the mixing
process between two phases. Afterwards, the liquid mixture
flows into the separation chamber. Under the influence of the
structure of cyclone reactor and the density difference between
reaction products and ionic liquids, the reaction products and
ionic liquids discharges from the overflow outlet and underflow
outlet, respectively. Namely, the cyclone reactor couples the
mixing, reaction and separation element process. The integra-
tion of multi-element processes in a single equipment can
effectively reduce the occurrence of side reactions, improve the
yield of target products and simplify the process flow.

2.2. The cold-model investigation system

As mentioned above, the mixing, reaction and separation
element processes occur in two phases throughout in the
cyclone reactor. Therefore, the concentration distributions and
droplet size distributions of dispersed phase obtained by the
cold-model investigation system can be used to evaluate the
mixing performance between two phases. Besides, the recov-
eries of two phases at outlets can be used to evaluate the
separation efficiency of the cyclone reactor. Hence, with the
consideration of cost, preliminary studies were conducted on
the cold-model investigation system.

In the cold-model investigation system, kerosene and
74 wt% glycerin water solution were used as the cold-model test
liquids, which were chosen for hydrocarbon-ionic liquid system

Table 1 Physical parameters of the two phases
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owing to their density and viscosity are close to hydrocarbon-
ionic liquid as shown in Table 1.

2.3. The definition of structural parameters

In this paper, four structural factors, ie., height of the slit (%),
distance of the slit (d), number of the slit (n) and angle of the slit (a)
were studied, which can be seen in Fig. 2. The height of the slit was
varied at 45, 50, 55, 60, 65, 70 mm. The distance of the slit was varied
at 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 mm. The number of the slit was varied to
seven levels, ie., 1, 2, 3, 4, 5, 6, 8. And the angle of the slit was
adjusted to seven levels, which were 5°, 7°, 9°, 11°, 13°, 15°, 17°.
Moreover, the effect of the total inlet flow on the mean mixing-
separation time was used to verify the accuracy of the empirical
model to calculate the mean mixing-separation time.

3. Governing equations and flow
solver

Numerical simulations are performed on a two-phase liquid-
liquid system using the Eulerian multiphase model and Rey-
nolds stress model (RSM), which are realized in the software
Ansys15.0, and the liquids used are considered as incom-
pressible fluids. The governing equations describing the flow
are the conservation equations for mass and momentum. The
description of multiphase flow as interpenetrating continua
incorporates the concept of phasic volume fractions, denoted
here by a4. Volume fractions represent the space occupied by
each phase, and the laws of conservation of mass and
momentum are satisfied by each phase individually. The deri-
vation of the conservation equations can be done by ensemble
averaging the local instantaneous balance for each of the

Fluids Phase Density/kg m Viscosity/Pa s Surface tension/N m !
74 wt% glycerin solution Continous 1164 0.03304 0.0223

Kerosene Dispersed 754 0.0016

Ionic liquid Continous 1312 0.0314 0.0128

C4 hydrocarbon mixture Dispersed 600 0.002

number of the slit, n

, A
distance of !
the slit, d
1
=
height of the slit, / -

Nt/

Fig. 2 The structural parameters under investigation.
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phases or by using the mixture theory approach.”**” The conti-
nuity equation for phase q is,

J —
at (aapq) + V- (tapy 7q) = 0 1)

where g, pq is the velocity and density of phase q.
The momentum balance for phase q yields

9 - o
ot (“qpq"q) + V- (“qpq"q"q)

n

= —aqu —+ Vi + aqpqg-i- Z [qu (Vp — Vq)] + (ﬁ]iﬂ.q + ﬁVm,q)

(2)

Here v, is theﬂvelocity of phase p, K, is interphase exchange
coefficients, Fjizq is a lift force, the lift force acting on
a secondary phase p in a primary phase q is computed from

Flil‘t,q = 7C1pqap(17q - Vp) X (V X Vq) (3)

where C; is the lift coefficient, the Tomiyama model was used to
calculate the lift coefficient in this paper.*®

F’meq in eqn (2) is a virtual mass force. For multiphase flows,
virtual mass effect is considered when the relative velocity exists
between the secondary phase p and the primary phase q, which
can be expressed as:*

_ dyvy  dpv
Fuma — 05050, (ﬁ _ %) (4)
d
The term d_(: denotes the phase material time derivative of the form
dy(p) _ o) -
a ~ o Ve )

i in eqn (2) is the q phase stress-strain tensor, which can be
expressed as:

= . 2 "
lq = Oqfty (V‘_;q + VVqT) taq (Aq - gﬂq)v'vql (6)

where uq and A4 are the shear and bulk viscosity of phase q.
Moreover, and the exchange coefficient was obtained with
the following equation:

K, = Sa%P/ )

pq —
Tp

where fis the drag function and 7, is the “particulate relaxation
time”, defined as

2
_ Py
TP - lgﬂq (8)
CDRe
T ©)
_ [24(1+0.15Re"®) /Re  Re =1000
Co = {0.44 Re > 1000 (10)

where dj, is the diameter of the droplets of phase p, which were
set based on the experimental data.*® Re is the relative Reynolds
number.
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In this paper, the transport equation of tracer is used to
calculate the mixing-separation time distribution. The trans-
port equation of tracer concentration is as follows,

9 77 = L P \yy
= (p¥) + V- (pY,) = V((pD,,m + SC‘)VYI)

where Y; presents the local mass fraction of each species, D; 1, is
the mass diffusion coefficient for species i in the mixture, u, is
the turbulent viscosity, Sc, is the turbulent Schmidt number, the
default Sc, is 0.7.

The pulse tracing method was used in the residence time
distribution simulation. 5% tracer was added at the dispersed
phase inlet in one time step. And the variation of tracer volume
fraction c(¢) at different times at the detection locations were
detected. Bases on the volume fraction distributions, the resi-
dence time distribution function E(¢) and the average residence
time (MRT) of dispersed phase were obtained, which can be
calculated as follows,

(11)

E(1) = j“’cc((tz))dt (12)
r E(fdr=1 (13)

0
MRT = r tE(t)dt (14)

As shown in Fig. 1, the structure of the cyclone reactor is
relatively complex, particularly near the guided vane and
overflow outlet. Therefore, the local mesh improvement
procedure and hexahedral mesh priority principle were used
to improve the mesh quality. A typical mesh of the cyclone
reactor is shown in Fig. 3. To validate the numerical results,
the grid dependence was first examined to minimize
numerical uncertainty. The turbulent kinetic energy and
axial distribution of dispersed phase concentration at the
A-A cross section (z = 55 mm) using different grid numbers
is shown in Fig. 4. The results show that the simulation

Fig. 3 Cyclone reactor meshes.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4
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Grid independence verification.

results fitted well with the experimental data when the grid
number was greater than 304 400. Therefore, a total of
304 400 cells was used to maximize simulation cost and

time.

4. Results and discussions

4.1.

Validity of the results

The CFD method mentioned above was used to simulate the
flow field in the cyclone reactor. And the line x;x, at z =
55 mm was set as the monitoring line, the coordinates of x;
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and x, are shown in Fig. 5. To validate the simulation results,
we compared the experimental data and the simulation
results of the dispersed phase volume fraction (¢4q) at
different radial position under different operational param-
eters (the overflow ratio, which is defined as the ratio of
overflow outlet flow rate to the total inlet flow rate of two
phases, is 0.4, 0.5, 0.6, respectively).?® It can be seen from
Fig. 5 that there is a good agreement between the experi-
mental and predicted data and the error between them is less
than 5%. Therefore, the CFD method can be used to predict
the flow field in the cyclone reactor.

08t .
0.6 X !
o Y,

2t
~/—experimental —O—simulation

Fig. 5 Comparison between the experimental and predicted results.
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Fig. 6 Monitoring surface position.

4.2. Defination of the mean mixing-separation time

The positions of the three monitoring surface are shown in
Fig. 6. As shown in Fig. 6, the MRT calculated on the ¢(t) at
monitoring surface 17 represents the residence time of
dispersed phase in the cyclone reactor. However, the mixing-
separation time between two phases in the cyclone reactor is
different from the residence time of dispersed phase. The
residence time in the cushion chamber and overflow tube
should be ignored. Therefore, the flow time from monitoring
surface 3% to monitoring surface 2* of dispersed phase is
defined as the mixing-separation time between two phases in
the cyclone reactor. Fig. 7 shows the difference between resi-
dence time distribution function E(f) at three monitoring
surfaces. As shown in Fig. 7, the RTD curves show one obvious
peak with a tail, which indicates that dead-zone may exist in the
cyclone reactor. Moreover, the peak of the residence time
distribution at monitoring surface 3” is higher than the other
two monitoring surfaces. And the position of the peak at
monitoring surface 2" is on the left of the position of the peak at
monitoring surface 1%, which is consistent with that the time
flow to monitoring surface 1% is longer then the time flow to
monitoring surface 27.

||| —— monitoring surfacel”
||| —— monitoring surface2”
\ || —— monitoring surface3”

E@®

PR R e | 1

0.1 1 10
t/s

Fig. 7 RTD curves at monitoring surfaces.
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Monitoring surface 3*

4.3. Effect of structural parameters of the slot on the mixing-
separation time between two phases

4.3.1. Effect of a on the mixing-separation time between
two phases. The effect of the angle of the slot on the RTD curves
at monitoring surface 2 and 3” is shown in Fig. 8. As shown in
Fig. 8, the variation of the RTD curves under different angles of
the slot at monitoring surface 3” is more regular than that at
monitoring surface 27, With the increase of the angle of the slot,
the change of the RTD curves is not obvious. Fig. 9 shows the
effect of the angle of the slot on the mean mixing-separation
time. As shown in Fig. 9, with the increase of the angle of the
slot, the mixing-separation time between two phases reduces
firstly and then tends to be stable. The change of the angle of
the slot does not show effect on the velocity of dispersed phase
flow into the cyclone reactor. But when the angle is too small,
the wall adhesion is harmful to the process that dispersed phase
flows from cushion chamber into the cyclone reactor. Thereby,
when the angle changes from 5° to 7°, the mean mixing-
separation time reduces because of effect of the wall adhesion
decreases. Besides, when the angle is greater than 7°, wall
adhesion shows little influence on the flow process of dispersed
phase from cushion chamber into the cyclone reactor.

4.3.2. Effect of I on the mixing-separation time between
two phases. Fig. 10 shows the effect of the length of the slot on
the RTD curves at monitoring surface 2* and 3*. As shown in
Fig. 10a, with the increase of the length of the slot, the peak of
the RTD curves at monitoring surface 3* becomes lower and the
peak moves to the right, which mean that the flow time from
inlet to the monitoring surface 3* increases. Compared with the
variation of the RTD curves at monitoring surface 3”, the change
of the RTD curves at monitoring surface 2* is more obvious. The
peak of the RTD curves also moves to the right with the increase
of the length of the slot. Fig. 11 shows the variation of the mean
mixing-separation time with the increase of the length of the
slot. As shown in Fig. 11, the variation tendency is consistent
with the results in Fig. 10. It is known that the flow velocity of
two phases all show effect on the mixing-separation time in the
cyclone reactor from the introduction of the cyclone reactor.
The relative velocity between two phases increases the residence

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Effect of a on the RTD curves.
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Fig.9 Mean mixing-separation time under different angles of the slot.

time of dispersed phase in the cyclone reactor. Therefore, the
decrease of the velocity of dispersed phase caused by the
increase of the length of the slot leads to the increase of the
relative velocity between two phases. As a result, the mean
mixing-separation time between two phases in the cyclone
reactor increases.

4.3.3. Effect of n on the mixing-separation time between
two phases. The effect of the number of the slot on the RTD
curves at monitoring surface 2” and 3" is shown in Fig. 12. It
can be seen that the variation of the RTD curves is not regular
with the increase of the number of the slot both at monitoring
surface 2” and 3”. But the flow time that dispersed phase flow
to monitoring surface 2” and 3" changes regularly over the
number of the slot. As shown in Fig. 12, the time that
dispersed phase flow to monitoring surface 3 decreases with
the increase of the number of the slot. And the time that
dispersed phase flow to monitoring surface 2* also shows
a downward trend with the increase of the number of the slot
generally. Fig. 13 shows the variation of the mean mixing-
separation time with the increase of the number of the slot.

This journal is © The Royal Society of Chemistry 2019
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As shown in Fig. 13, the mean mixing-separation time increase
with the increase of the number of the slot. The velocity of
dispersed phase flow into the reaction chamber decreases with
the increase of the number of the slot. Meanwhile, the time
that the dispersed phase stay in the cushion chamber
decreases. Therefore, the time that the dispersed phase flow
into the monitoring surface 3” was affected by the mentioned
two aspects. Besides when the number of the slot is 1, the RTD
curves is bimodal at monitoring surface 2 and 3*. We all know
that the dispersed phase flow from the inlet to the slot in two
directions, and the two roads take different time. Thus, there
exits two peaks in the RTD of the dispersed phase at moni-
toring surface 3”. Correspondingly, the RTD of the dispersed
phase at monitoring surface 27 is bimodal.

4.3.4. Effect of d on the mixing-separation time between
two phases. Fig. 14 shows the effect of the distance of the slot on
the RTD curves at monitoring surface 2* and 3*. As shown in
Fig. 14, the influence of the distance on the RTD curves is less
than that of the number of the slot, which indicates the varia-
tion of the velocity of dispersed phase caused by the distance of
the slot is smaller than that caused by the number of the slot.
With the increase of the distance of the slot, the time that the
dispersed phase flow to the monitoring surface 2 and 3*
increases, which is related to that the velocity of dispersed
phase decrease with the increase of the distance of the slot.
Therefore, the mean mixing-separation time increase with
increase of the distance of the slot, which can be seen in Fig. 15.
Moreover, the number of the slot is 1 during the investigation of
the effect of the distance of the slot on the mean mixing-
separation time. Therefore, the RTD curves under different
distance of the slot is bimodal, which is consistent with the
analysis in 4.3.3.

4.4. Development prediction model to calculate the mean
mixing-separation time

It can be concluded from the above analysis that the mean
mixing-separation time between two phases in the cyclone

RSC Adv., 2019, 9, 28399-28408 | 28405
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reactor, namely the time of the dispersed phase flow from
monitoring surface 3” to monitoring surface 2”, is related to
the velocity of dispersed phase into the reaction chamber.
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And the mixing process between two phases in the cyclone
reactor is the dispersion of dispersed phase into continuous
phase in the form of droplets. Besides, the effect of the
operational parameters (total inlet flow, feed ratio, overflow
ratio) on the flow field in the cyclone reactor have been
investigated in the previous studies. The results show that
the total inlet flow and feed ratio are the main influence
factors on the flow field in the reaction chamber and the
velocities of two phases change with the change of total inlet
flow and feed ratio.?®>* Based on these results, we can
conclude that the relative velocity between two phases plays
an important role in the dispersion process. Therefore, we
established a prediction model to explain the relationship
between the mean mixing-separation time and the velocity of
two phases, which is shown in eqn (12).
T=av/v'+d (15)

The 1stopt5.0 software was used in the fitting process to
calculate the coefficient in the prediction model. The opti-
mized q, b, ¢, d is —0.137, 0.135, —67.767, 9.174, respectively.
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mixing-separation time under different length of the

Therefore, the relationship between the mean mixing-
separation time and velocity of two phases is as shown in
eqn (11). Moreover, the comparison between the prediction
data and the simulated data is shown in Fig. 16. As shown in
Fig. 16, the prediction data agrees well with the simulated
data.

T = —0.137v,"13%, 757757 + 9.174 (16)

Moreover, if the basic hypothesis of the prediction model is
reasonable, the standardized residual, ejs, obeys a normal
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distribution, therefore,

(17)

The distribution of e;s is shown in Fig. 7. As shown in Fig. 17,
more than 95% of the points are in the belt area (e;s + 2) with

E(2)
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a random distribution, which indicated the predicted data and
experimental data are in good agreement. Therefore, the
prediction model can be used to calculate the mean mixing-
separation time between two phases in the cyclone reactor.
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5. Conclusion

In this paper, a CFD model was adopted to investigate the
mixing-separation time between two phases in a multi-element
process coupled cyclone reactor for ionic liquid-catalyzed
isobutane/butene alkylation. We investigated the effect of
structural parameters of the dispersed phase inlet (the slot) on
the residence time distributions of dispersed phase and mean
mixing-separation time between two phases in the cyclone
reactor. The results show that the main factor to affect the mean
mixing-separation time are the velocity of dispersed phase flow
into the reaction chamber and the relative velocity between two
phases in the cyclone reactor. Besides, when the number of the
slot is 1, the residence time distribution is a bimodal distribu-
tion. Moreover, a prediction model to calculate the mean
mixing-separation time between two phases in the cyclone
reactor was established.
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