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This work experimentally investigated flow characteristics and mixing properties of the two-phase flow in a
continuous Taylor-Couette flow reactor (CTCR) with narrow gap width. In the device with a gap width of 0.5
mm, to the authors’ knowledge, the narrowest gap width device ever studied in CTCR systems, the present study
revealed that slug flows with alternating gas and liquid phases, as observed in microchannels, appeared in a
certain flow regime. This slug flow appeared mainly in the region of low rotational Reynolds and axial Weber
numbers. The non-dimensional effective diffusion coefficient Deg/uL [-] of slug flow was also measured by a
tracer response method. D /ul in the slug flow was on the order of 10~° and it has been successfully found that
ideal plug flow mixing characteristics could be achieved under this flow condition. Since the intensified and
controllable mixing in the liquid phase due to Taylor vortex motion induced by the inner cylinder rotation is
expected to be much better than the mixing in the liquid phase of slug flows in microchannels, this flow is ex-
pected to be one of the process intensification techniques that will outperform the performance of the conven-

tional microreactors with microchannels.

1. Introduction

Much attention has been paid to the conversion from batch to
continuous process as one of the process intensification techniques that
can dramatically improve process performance. In the pharmaceutical
and fine chemical industries in particular, there are high expectations
for continuous processes not only from the perspectives of energy and
resource conservation and intrinsic process safety, but also as a means to
produce highly functional substances with high precision. Static mixers
[1], oscillatory baffled reactors (OBR) [2,3], and micro-reactors [4,5]
have been developed for process intensification in these industries. A
continuous Taylor-Couette reactor (CTCR) is also expected to be a po-
tential continuous reactor to be applied to crystallization [6], homoge-
neous catalyzed reaction [7], polymerization [8], and particle
classification [9], etc.

Taylor-Couette flow (TCF) is a typical sheared flow in the gap be-
tween two rotating coaxial cylinders and shows rich transitional phe-
nomena from laminar to turbulent flow. It has been, therefore,
investigated from the aspects of hydrodynamic stabilities, nonlinear
dynamics and pattern formation for many years [10,11]. In most ap-
plications of TCF to chemical processes, the outer cylinder is kept

* Corresponding author.

stationary and only the inner cylinder is rotated. The fundamental
dynamical parameter for TCF is the rotational Reynolds number
Rey = pdRiw/u. In the low Re, region, laminar Couette flow which is
purely circumferential flow is generated, and it transitions to laminar
Taylor vortex flow (LTVF) when Re, exceeds a certain critical value. As
shown in Fig. 1, LTVF consists of pairs of counter-rotating toroidal
vortices spaced regularly along the cylinder axis. As further increases
Rey, the sequential transitions of flow occur in the following order: wavy
vortex flow, modulated wavy vortex flow, weakly turbulent (chaotic)
vortex flow, turbulent vortex flow and finally turbulent flow without
vortices. The inflow cell boundaries where flow is directed toward the
inner cylinder present a barrier to intercellular mass transfer between
two vortices as distinct from the outflow cell boundaries. A pair of
vortices separated by two inflow boundaries can be, therefore, regarded
as a well-mixed and independent mixing unit. It is also known that the
vortex cells move in the axial direction in a single file while maintaining
their shapes when the moderate rate of axial flow (low axial Reynolds
number Re, = pdu,/u) is added. Kataoka et al. [12] focused on the flow
and mixing characteristics of this LTVF and they first proposed that this
flow could be applied as an ideal plug flow reactor. In addition, the large
specific surface area and the impinging flow at each vortex boundary
enhance the heat transfer on the cylinder walls, resulting in a very high
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Nomenclature

C(t) Tracer concentration at the outlet at time t [mol/m?]

d Gap width [m]

Degt Effective diffusion coefficient [m?/s]

Degr/ul. Vessel Peclet number [-]

Dot Molecular diffusion coefficient [m?/s]

E(t) E-function, RTDF

J Mole flux [mol/s-m?3]

l The axial length of the transparent part of the cylinder
[mm]

L The axial length of the region of interest [m]

Legr The effective axial length of the cylinder [m]

N Rotational number [rpm]

P(t) Normalized tracer concentration [-]

Q Volumetric flow rate [m®/s]

Q¢ The volume flow rate of gas [m?/s]

QL The volume flow rate of liquid [m3/s]

Q¢ = QL+ Q¢ The total gas-liquid flow rate [m3/s]

R; The radius of the inner cylinder [m]

R, The radius of the outer cylinder [m]

Re, Critical Reynolds number of the system with d = 0.5 mm
[-1

Re; Normalized Reynolds number [-]

Re, Axial Reynolds number [-]

Rey Rotational Reynolds number [-]

t Time [s]

u Superficial velocity [m/s]

Ve The superficial velocity of gas [m/s]
VL The superficial velocity of liquid [m/s]
u, Representative axial velocity [m/s]
We, Axial Weber number [-]

Wey Rotational Weber number [-]

Z Axial coordinate in CTCR [mm]

Greek letters
B =QL/Qc Flow ratio of liquid to gas [-]

S Vortex drift length [mm]

3 Ratio of centrifugal force to buoyancy force [-]
n = Ri/R, radius ratio [-]

u Viscosity [Pa-s]

p Density of liquid [kg/m3]

Pe Density of gas [kg/m?]

o (no index) The surface tension of liquid [N/m]
& (with index) Variance of RTD function [s%]

T Residence time [s]

@; Inlet diameter [mm]

@, Outlet diameter [mm]

® Angular velocity of the inner cylinder [rad/s]

Mixing unit

——

Outflow cell boundaries

Inflow cell boundaries

Axial flow
- Annular
ERERER gap

Inner
cylinder

Outer cylinder

Fig. 1. Structure of Taylor vortex flow.

thermal response, which is very advantageous in crystallization re-
actions where temperature control is important, and in polymerization
reactions where cooling is required for safety reasons.

Nguyen et al. [6] and Lee et al. [13] investigated the application of
Taylor vortex flow (TVF) to crystallizer and reported the following ad-
vantages over conventional stirred tank reactors: shorter achieving time
to a steady-state, the narrower size distribution of crystals, and better

shape control of crystals due to the uniformity of TVF flow. Many studies
investigate polymerization reactions in CTCRs. Wolinski and Wronski
[14] claimed that the large specific surface areas are expected to
enhance heat transfer in polymerization requiring cooling and that the
residence time can be shortened compared to a stirred tank reactor. Liu
et al. [8], and Kataoka et al. [15] found that controllable flow conditions
provide a narrow particle size distribution and that particle coagulation
can be prevented by the uniform shear forces each other. Applications to
enzymatic transformations and biotechnology have also been investi-
gated. It has been reported that the uniform and low shear field of TVF,
where efficient mixing conditions can be obtained without damaging the
contents, is advantageous in isomerization reactions using fragile ma-
terials such as immobilized enzymes [16]. Also, due to the improved
aeration and controllability of shear stress, it is expected to be applied to
the culture and manipulation of cells. Haut et al. [17] investigated the
cultivation of animal cells in suspension both experimentally and
numerically using PIV and CFD and found that the growth of cells
depended on the average shear stress in the reactor. Other applications
as a particle classifier have also been investigated by Ohmura et al. [9]
and Kim et al. [18]. Small particles are trapped in the vortex core region
and move slowly in the axial direction, while large particles move
quickly in the axial direction due to the bypass flow outside the vortex,
thus allowing the classification of particles according to size.

While TCFs have been applied in such a wide range of fields, the slug
flow in a microchannel as a plug flow reactor has also been attracting
attention. When gas and liquid phases are continuously supplied into a
microchannel, various flow patterns such as annular, bubbly, dispersed,
and slug flows are generated depending on the channel diameter, fluid
flow rate, gas-liquid flow ratio, and fluid properties [19]. Among these
flow patterns, the slug flow refers to the state in which fluid mass of each
phase with a cross-sectional shape and area approximately equal to that
of the channel flow in alternating lines. Depending on the wettability of
the liquid phase and the channel wall, a liquid film may be formed on the
channel wall. From a chemical engineering point of view, the slug flow
in microchannels has many advantages such as narrow residence time
distribution [20] and the large specific area for heat transfer and
gas-liquid mass transfer [21], and has been applied to many chemical
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Table 1

Previous studies deal with CTCR with narrow gap width [32-36].
d R; [mm] R, [mm] Vertical or Authors Year
[mm] Horizontal
1 12.5 13.5 Vertical S. J. Curran 2005

et al.

1 2.5~22 3.5~23 Vertical C. Schaferetal. 2018
2.5 27.5 30 Horizontal R. Hubacz 2015
3 100 103 Horizontal J. G. Lim et al. 2021
2.5 27.5 30 Horizontal R.Hubaczetal. 2004

processes such as crystallization and gas-liquid two-phase reactions [20,
21]. On the other hand, it should be noted that the microchannels have
some disadvantages such as easy clogging [22,23] and large pressure
drop. About the pressure drop, many researchers have attempted to
reduce the drag force inside the channel by adding polymers [24],
changing the shape of the junction [25], or injecting gasses [26].

Various studies [27-29] have been conducted on the conditions for
the occurrence of the slug flow, and these researches revealed that the
slug flow occurs when the interfacial tension in the two-phase flow is
sufficiently larger than the inertia force. For example, Yang and Shieh
[30] reported, based on experimental data, that the slug flow was
formed when the Weber number is less than 0.01.

The representative studies on gas-liquid two-phase flow behavior in
CTCR are these by Shiomi et al. [31] and Hubacz et al. [32,33]. The flow
regimes could be classified by using the relationship between power
consumption and liquid mass flux [32], or by using Archimedes number
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[33], which is the ratio of buoyancy and viscous force. Their study
observed various flow regimes such as stratified, periodic, disturbed
slug, bubbly, and spiral flows. Although some of them are classified as
slug flows, they should be distinguished from the slug flow which is
observed in a microchannels because they do not fit the above charac-
teristics of the slug flow in a micro-channel, which has a cross-sectional
shape almost equal to the channel cross-section. Thinking in the same
way as the case of the microchannel, when the gap width is narrow in
CTCR, surface tension becomes dominant in the gas-liquid flow, and the
slug flow can occur. In addition, the narrower gap width, the lower Re,
at the same rotation, Taylor vortex cells are more stable while main-
taining a good mixing in a unit of vortex cells. The authors believe that
this paper is original in that it is the first observation of a slug-Taylor
vortex flow with ideal plug flow-like characteristics. The previous
studies on CTCR, focusing on the gap width, can be summarized as
shown in Table 1. Among these previous studies, the gap width d = 0.5
mm and the radius ratio y = 0.98 in this study are the narrowest width
and the largest radius ratio. There are two types of CTCRs, i.e. vertical
and horizontal. In the horizontal type, the axial movement of the gas
phase due to the effect of buoyancy forces can be neglected, so the
horizontal type was adopted in this study.

At first, this study investigated the single-phase flow behavior in
CTCR with narrow gap width by visualization using aluminum platelet
powder. Second the gas-liquid two-phase flow behaviors were experi-
mentally investigated to classify the flow regimes. Finally, tracer
response experiments were conducted to compare effective diffusion
coefficients for single-phase and two-phase flows and to evaluate the
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Fig. 2. Geometry of the CTCR., (b) shows the axial cross-sectional view, with cross sectional view (1) on the left and cross-sectional view (2) on the right. Each cross-

sectional view is viewed from the direction of A.
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mixing performance.

2. Experimental

2.1. Experimental apparatus

Concentric two cylinders with the inner cylinder rotating and the
outer one at rest were installed horizontally as shown in Fig. 2. The outer
cylinder with the inner diameter of D, = 50 mm in the test section is
made of transparent polycarbonate resin so that the flow in the gap can
be visually observed. Three kinds of inner cylinders with different outer
diameters of 49, 47.5 and 45 mm were used so that the gap width, d,
varied 0.5, 1.25, and 2.5 mm, respectively. The effective axial length Leg
is 158 mm long, the length of the test section made of transparent cyl-
inder is 106 mm (= I) long. The rotational speed of the inner cylinder can
be set in the range of 0~3000 rpm. As shown in Fig. 2(b), the device has
four inlets and one outlet, with the direction of flow at the inlets oriented
tangential to the inner cylinder to avoid disturbing the formation of
Taylor vortex cells. The inner diameters of the inlets and outlet are ¢; =
3mm and ¢, = 4mm, respectively. Tap water was used as the working
fluid, and the gas phase in the two-phase flow was air. The liquid and gas
were supplied to the device using a tubing pump (FRONT LAB,
1-3490-01 FP300-1515).

2.2. Visualization of Taylor-Couette flow

A small amount (less than 0.05 vol.%) of thin aluminum flake-shaped
powder (Fuyjifilm Wako Pure Chemicals Co., Ltd.) with 20 um long side
was added to the working fluid and used to visualize the Taylor vortex
flow. Since the platelets are aligned along streamlines, the fluid appears
light silverly where the fluid is moving parallel to an observer [37].

2.3. Operational conditions in CTCR

The stability of gas-liquid slug flow is affected by various operational
parameters such as gas, liquid flow rate, gas-liquid flow ratio, liquid
properties, channel diameter (in this case, the gap width), and channel
geometry. In addition to these parameters, the effect of rotational speed
of the inner cylinder on the gas-liquid two-phase flow behavior in the
CTCR must be also taken into account. For simplification, this study
investigated the effect of rotational speed of the inner cylinder, total gas-
liquid flow rate, and gap width on the gas-liquid slug flow behavior and
fixed the gas-liquid flow ratio p as unity. The gap width d, the total gas-
liquid flow rate Q, and rotational speed (or rotation number N) of the
inner cylinder were varied in the range of 0.5, 1.25, 2.5 mm, 5 to 120
mL/min, and 0 to 3000 rpm, respectively. The working fluid and air
were supplied to the device using Inlets 1 and 4 in Fig. 2(b), respectively.

2.4. Tracer response experiments

To investigate the mixing characteristics of the gas-liquid slug flow in
the CTCR, the effective diffusion coefficient of the reactor was measured
by a tracer response method and compared between the single-phase
and the two-phase flow. Iodine-starch solution was used as a tracer,
and the time variation of concentration of iodine-starch complex was
measured by taking the images in the gap area with a video camera
(Panasonic DMC-GF7, frame rate: 25 fps, 480 x 272 pixels, pixel aspect
ratio: 1, image scale: 0.275 mm/pixel) and measuring the change in
brightness of the liquid phase by an image processing software, ImageJ
(ver.1.8.0). Iodine-starch solution was used merely as a tracer dye
without any chemical reactions. The original iodine-starch solution was
prepared by adding 0.1 g of soluble starch (Nacalai Tesque, INC.) and
2.5 mL of iodine solution (FUJIFILM Wako Pure Chemical Corporation)
to 100 mL of water. The dimensionless concentration of the iodine-
starch complex is defined as the ratio of the concentration of each so-
lution to that of the original solution. Iodine-starch solutions with
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Fig. 3. Calibration line of solution of iodine-starch complex., Dimensionless
concentration of iodine-starch complex is the ratio of the concentration of each
solution to the concentration of the original solution.

dimensionless concentrations of 0~0.2 were prepared. The relationship
between concentration and brightness values was investigated by filling
the inside of the device with iodine-starch solution varying concentra-
tions from 0~0.2 and taking pictures from the outside of the device. Asa
linear relationship was obtained between the dimensionless concentra-
tion and the brightness value (Fig. 3), the tracer concentration was ob-
tained by converting the brightness value to the dimensionless
concentration. Based on these considerations, a 1 mL tracer was
impulsively injected by a syringe just before the liquid phase inlet (Inlet
1 in Fig. 2(b)) so that the dimensionless concentration could vary from
0 to 0.2 (Vessel volume is about 11 mL). Two measuring points were
located with a certain distance in the axial direction and the effective
diffusion coefficient was calculated by the following analysis method.

The impulse response method was used to quantify the degree of
axial mixing diffusion based on the dispersion model. The residence time
distribution function (RTDF), E(t) is obtained by the tracer response
experiments. RTDF can be calculated by introducing the tracer to the
CTCR and measuring the change in the tracer concentration, C(t), at the
outlet of the vessel. C(t) is normalized in the following manner as shown
in Eq. (1), to obtain the normalized tracer concentration P(t).

C(1)

Jo C(rdr

P(1) = 1)
The amount of tracer discharged from the device between time t and
t + dt can be expressed as QC(t)dt, where Q is the volumetric flow rate.
Dividing QC(t)dt by the total amount of tracer, the fraction of elements
whose residence time is between t and t + dt, i.e., E(t)dt is obtained.

OC(ndr
m = E(r)dr )

For the impulsive tracer response, E(t) theoretically corresponds to P(t).

__C  _
E(r) = INCEOTR P(t) 3)

For the diffusion of a substance in a reactor, not only the molecular
diffusion but also the effect of fluid mixing due to convective flow mo-
tion must be taken into account. In general, the molecular diffusion
coefficient Dy, [m?/s] of a substance is on the order of 1071, but the
effective diffusion coefficient Dgg/uL [-] considering fluid mixing is on
the order of 1072~10"1. Therefore, it is important to evaluate the
effective diffusion coefficient to understand the mixing characteristics in
the reactor. Deg/ul [-] (vessel dispersion number or vessel Peclet
number) is often used as a dimensionless number to characterize the
diffusion of the entire vessel. Here, L [m] is the axial length of the region
of interest. If Deg/uL is close to zero, the flow in the device is close to a
plug flow, and if Ds /uL is close to infinity, the flow is close to that of a
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CF (18 rpm, Reg/Re.= 0.78)
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LTVF (24 rpm, Reg/Re.= 1.04)

Fig. 4. Visualized Taylor-Couette flow of each flow regime., d = 2.5 mm, Re, = 135.5, Working fluid is water (CF: Couette flow, LTVF: Laminar Taylor vortex flow,

WVF: Wavy vortex flow, TTVF: Turbulent Taylor vortex flow).

CSTR. The one-dimensional mass transfer in the z-axis direction
including the effect of fluid mixing is expressed by Eq. (4),
where, C [mol /m3] is the molar concentration of the tracer at the axial
position z [m] and time ¢ [s], and J [mol /(m?:s)] is mole flux.

J = —Degy (Z—f) (©)]

In the dispersion model, mass transfer in a continuous tubular reactor is
attributed to axial convection and one-dimensional dispersion only, and
the radial direction is considered to be completely mixed without con-
centration distribution. Based on the dispersion model, the following
partial differential equation is obtained by taking the mass balance in
the axial direction (z-direction) and transforming it into a differential
form,

2
Z—f = efff)Tf —u Z—f (5)
where u [m /s] is the linear axial velocity.

To solve this partial differential equation, the initial and boundary
conditions are necessary. Two types of boundary conditions which
depend on the inlet and outlet conditions have been considered. The first
is an ideal system called the closed vessel model, where the flow in the
device is non-ideal, but the fluid at the inlet and outlet is in a plug flow
condition, which is often assumed to facilitate theoretical analysis. The
other system is called the open vessel model, which is a real system with
the non-ideal flow at the inlet and outlet, like a section in a tubular
reactor. In this study, the open vessel model is adopted. When the flow
condition in the open vessel is close to a plug flow, the approximate
solution of Eq. (5) for impulse input is given as follows.

1 1-19°
C= exp 7( D’) (6)
\/dr B 4
uL

where t [s] is the mean residence time based on volume flow rate.
Converting this to the RTDF, the following Eq. (7) is obtained.

[ w (L —ur)®
E(r) = mexp - W ()]

The mean residence time t,y. [s] obtained by Eq. (8) and the variance 03
[s?] obtained by Eq. (9) are theoretically related to Deg /ul, and Deg /uL

can be calculated by Eq. (10) [38].

tave = / tE(t)dt (8)
0

o = /(t—tm)zE(t)dt 9)
0

Dege _ 1 O'g

uL 2 (t—) a0

However, since this is a solution for an ideal impulse input, it is not
suitable for analysis of real systems. Therefore, an estimating equation
corresponding to Eq. (10) has been derived for non-ideal inputs by Aris
[39]. Aris reported that D /uL can be calculated as follows

D _1( G\ _1_Gd o
ul 2 (Atave) 2 (lave. in — lave. oul)

Each symbol means ave.: averaged, out and in: at the outlet and at the
outlet, respectively. For example, t,yc in is the averaged residence time of
the tracer at measuring point near the inlet. In this equation, Levenspiel
[38] claimed that the error is less than 5% when Deg /ul. < 0.01. In this
study, the RTDF was calculated from the changes of brightness in time at
two points along the CTCR axis and Deg /uL was estimated by Eq. (11) to
evaluate the mixing characteristics.

3. Results and discussions
3.1. Flow visualization

The approximate critical Reynolds number was confirmed by visu-
alizing the transition of the Taylor vortex in a device with 2.5 mm gap
width using thin aluminum flake-shaped powder. The visualized images
at each Reynolds number are shown in Fig. 4. As a result, the critical
Reynolds number Re, where CF transitions to LTVF was determined to
be about 135.5. In d = 0.5, 1.25 mm (7 = 0.98, 0.95) systems, although
visualization was possible, it was difficult to discriminate the flow re-
gimes. This study, therefore, adopted the critical Reynolds number, Re.
~ 135.5 as an approximation in all gap widths.
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Fig. 5. Various gas-liquid flow regimes in CTCR Gap width: (A)~(E), (G), (H) d
= 0.5 mm, (F) d = 2.5 mm., Flow conditions: Gas/liquid flow rate [mL/min],
Rotation number [rpm] (A)15/15, 700 (B)15/120, 2000 (C)15/30, 2500 (D)
15/15, 2000 (E)15/15, 1000 (F)15/15, 1000 (G)150/90, 700 (H)15/15, 3000.
*For B,C,G, gas-liquid flow ratio is not unity. Videos are available as supple-
ment materials.
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3.2. Gas-liquid flow regimes

Fig. 5 shows the photographs of the characteristic flow states
observed in CTCR, along with the conditions under which they were
observed. Fig. 5(A)-(a) is an ideal gas-liquid slug flow, in which the gas
and liquid phases are almost equally spaced and the gas-liquid interface
is stable. Another feature is that there is no liquid film between the liquid
slugs, and this is confirmed by the following facts. Fig. 5(A)-(b) shows an
ideal slug flow observed by a tracer response experiment. If liquid film
layer exists in a gas phase, the purple color of the tracer should be seen
between liquid slugs, but Fig. 5(A)-(c) which is the enlarged rectangular
area surrounded by orange lines in Fig. 5(A)-(b) shows no purple color in
the gas phase. It can be, therefore, considered that there is no liquid film
layer in the gas phase. This slug flow was observed only in the system
with the smallest gap width (d = 0.5 mm). Therefore, the narrow gap
width plays an important role in the gas-liquid two-phase flow condition
in CTCR. In the case of Fig. 5(B), a gas-liquid slug flow was locally going
back and forth in between two adjacent liquid slugs in the axial direction
while drifting in the axial direction, which also led to the coalescence of
the liquid slugs (see Fig. 6). In the case of Fig. 5(C), liquid droplets were
adhering to the cylindrical wall. These water droplets are considered to
be generated by the separation of the liquid slug due to the shear force
which the rotation of the inner cylinder caused during the axial move-
ment. Fig. 5(D) is a gas-liquid slug flow with a liquid film. Features such
as Fig. 5(B)~(D) can be seen under the same flow condition. In the case
of Fig. 5(E), the gas-liquid interface of the gas-liquid slug flow is
observed to be wavy. Since the wavy vortex flow is also observed in the
transition phenomenon of the liquid single-phase Taylor-Couette flow
system, it is assumed that the gas-liquid interface of the gas-liquid slug
flow has similar characteristics to the vortex boundary of the TVF. Fig. 5
(F) shows bubbles moving in the circumferential direction in the
continuous liquid phase. This is often seen in systems with larger gap
widths (d = 1.25, 2.5 mm), and is similar to the fluid state that Shiomi
et al. [31] reported. In the case of Fig. 5(G), the gas-liquid interface
appears irregularly, and no clear gas or liquid slug can be seen. Fig. 5(H)
is a state in which the gas-liquid interface is so disturbed that it cannot
be determined at all.

The above eight flow states were classified into three in order of
expected smaller mass transfer due to the axial mixing dispersion as
follows.

Ideal slug flow: (A)

Non-ideal slug flow: (B)(C)(D)(E)

Disturbed flow: (F)(G)(H)

In the case of ideal slug flow, only the gas phase exists between the
liquid-phase slugs, and there is no liquid-liquid contact or liquid-liquid
exchange, so it is expected that there is almost no mass transfer be-
tween the liquid phases, i.e.; no axial dispersion. In the flows classified
as ideal slug flows, a phenomenon has been observed sometimes in
which the slug interface has wavy motions near the inlet of the equip-
ment, and the wavy characteristics disappear near the center of the
equipment (see Fig. 7). This phenomenon is caused by the frictional heat
generated from the sliding parts near the inlet, which reduced the vis-
cosity of the fluid and increased local Rey near the inlet. In the case of
non-ideal slug flow, mass transfer is expected to occur through water
droplets or liquid film, or coalescence of liquid phases due to the oscil-
latory or wavy motion of the interface. Disturbed flow is expected to
have the same level of mass transfer as the single-phase Taylor-Couette
flow system because the gas-liquid interface is unclear or liquid phase is
continuous in the whole range of axial direction.

3.3. Mapping of flow states

Here, two parameters were used to produce a flow pattern map of the
slug flow. The first is the rotational Reynolds number Rey as a parameter
of rotation. The rotational Reynolds number was used to consider the
stability of the slug flow in relation to the stability of the Taylor-Couette
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Fig. 7. Wavy motion near the inlet of the device.

flow. The second is the axial Weber number We,, because the relation-
ship between the interfacial tension and the inertia force is said to be
important in the generation of slug flow in a typical circular tube [28].
Axial Weber number is defined as follows using total axial velocity.
Fig. 8 shows the flow map of the gas-liquid slug for three kinds of gap
width.

pd(ve +vg)’
o

We, = an

Fig. 8 shows that ideal slug flow occurs only in the system with the
minimum gap width of d = 0.5 mm. Flow regime distribution for the
system with d = 0.5 mm is a little complicated. For industrial applica-
tions, it is desirable to know the maximum gap width to produce the
ideal slug flow. It is, however, currently difficult to experimentally
determine the maximum gap width where gas-liquid slug flow occurs
because it requires the preparation of many cylinders. A CFD analysis
will be conducted to confirm the maximum gap in our future work. The
maximum gap width is also expected to vary depending on the physical
properties of the liquid used. In fact, our experiments have already
confirmed that in a system with d = 1.25 mm, slug flow occurs when an
aqueous solution of glycerol is used.

In the system with d = 1.25 mm, only non-ideal slug flows and

disturbed slug flows can be generated, and Re, region where non-ideal
slug flows are generated is narrower than that of the system with d =
0.5 mm. With the gap width of d = 2.5 mm, no slug flow could be
confirmed. This indicates that the narrow gap width is very important
for the generation of gas-liquid slug flow in the CTCR.

In Fig. 8(a) and (b), the disturbed flows can be classified into two
categories, buoyancy dominating flows and rotation dominating flows.
Buoyancy dominating flows occur in low rotational speed region, lower
gray dotted area in Fig. 8(a) and (b). On the other hands, rotation
dominating flows occur in high rotational speed region, upper gray
dotted area Fig. 8(a) and (b).

3.3.1. The effect of rotational motion on stability of gas-liquid slug

The change of the flow state with increasing rotation speed should be
considered in relation with the transition phenomena of the Taylor-
Couette flow. Fig. 9 is made based on Fig. 8 and shows the changes of
flow regimes of TCF or slug state with the change of normalized Rey-
nolds number Re;.

Comparing the (i), (ii) and (iii), in the low Re, region, which is close
to the Couette flow region, the buoyancy force is dominant, and the gas-
liquid interphase is nearly horizontal. As the Rey increases to near Re.,
the gas-liquid slug flow stabilizes as the Taylor vortex boundary stabi-
lizes. As the Rey increases and wavy Taylor vortex flow appears, the gas-
liquid interface becomes unstable and liquid films and droplets are
formed. Under some axial flow conditions, for example Fig. 9(ii), as Rey
further increases, the slug stabilizes again. This phenomenon occurs
when Re; is around 24 and is caused by the stabilizing effect of the
Taylor vortex boundary as the Taylor-Couette flow becomes TTVE,
which also stabilizes the gas-liquid interface. Under the relatively high
axial Weber number conditions (We, > 1.26 x 10~%), for example
Fig. 9 (iii), this phenomenon does not occur. At last, when Rey exceed a
certain value, gas-liquid interface becomes indistinguishable because of
the turbulence of Taylor vortex flow.



K. Shimizu et al.

(a)d=0.5 mm
* |deal slug flow
Non-ideal slug flow

Disturbed flow
4000 — r—

(i (iit
3500
3000
2500
2000
1500
1000
500

0 [ RN
1.E-06

Reg [-]

I TR

se e

(I XTET Y]
..

L L L

(XTI TR LY

— TR . . AR Lo

1.E-04 1.E-02
Wez [']

(b)d = 1.25 mm

5000
4500
4000
3500

— 3000

2500

< 2000
1500
1000

500
0 Ll p i
1.E-06

L R RN R R RN RRa

L1 1l

1.E-04
We, [-]

L1 L1

1.E-02

(c)d=2.5mm
4000
3500
3000

__ 2500
§ 2000
1500
1000
500

0 I RTTIT Ll AT RETIT IR ETIT
1.E-06 1.E-04 1.E-02
Wez [_]

Fig. 8. Flow map of gas -liquid two phase flow in CTCR Enclosed area in (a)
corresponds to Fig. 9. (ii)(iii).

Chemical Engineering and Processing - Process Intensification 183 (2023) 109226

3.3.2. The effect of axial flow on stability of gas-liquid slug

The effect of axial flow on slug stability can be considered in the
same way as the stability of gas-liquid slug flow in a straight pipe;
Dessimoz et al. [28] claimed that when the inertial force is larger than
the surface tension, the shape of the bubble forming the slug is deformed
from a sphere to a flat shape, causing the slug flow to transition to an
annular slug flow. In the case of gas-liquid slug flow in the CTCR, the
bigger the We,, the narrower the rotation speed region where the ideal
slug flow is stable, and the inertial force tends to cause deformation of
the gas-liquid interface shape, which destabilizes the slug.

Seeing Fig. 8, even in the same (Rey, We,) range, different gap widths
will result in different flow conditions. This indicates that not only these
dimensionless numbers of flow, but also dimensionless numbers of
liquid properties and device geometry must be taken into account in the
future work.

3.3.3. The effect of gap width

The reason why the ideal slug flow occurs only when the gap width is
narrow is discussed in this section. In Section 3.3, the effect of axial flow
has been investigated using We,. Since We, based on the axial flow is too
small to explain the effect of the gap width for all three kinds of gap
width systems. On the other hand, since Wey based on the rotational
speed of the inner cylinder is the ratio of rotational inertia force (cen-
trifugal force) to surface tension, the values of We, are enough large to
explain the effect of the gap width. However, the discussion using We, is
only valid under conditions where the effects of other forces on the
system could be neglected. The experimental results showed that a
buoyancy dominating flow condition existed under the low rotation
number condition, as discussed in Section 3.3. Therefore, this study
calculated the ratio of centrifugal force to buoyancy force, ¢ defined as
follows in Eq. (12), and the discussion was conducted using We, under
the condition that the buoyancy force was negligible. Since the present
system is considered to have a narrow gap width and a large effect of
curvature, Wey is redefined as follows in Eq. (13) by taking the curvature
into account similar to the definition of Taylor number including a
correction term for the effect of curvature.

p(Riw)* (Rw)’ (Riw)’ Po
- = =~ -1 12
T lroed (-E)gd” g (1=5~1) (12
0.5
Wep, = pd(Rio) (ﬂ) 13)
o Ri

Then, this study calculated the rotation speed range in which the inertia
force is considered sufficiently large compared to the buoyancy force at
each gap width, i.e., € > 100 (Table 2).

Under the rotational speed range in Table 2, Wey is used to determine
the critical value at which the ideal slug flow occurs. In the case of d =
0.5 mm, an ideal slug flow is formed in the rotational speed range of
100~900 rpm. If the speed range where ¢ > 100 is taken into account,
the speed range is about 300~900 rpm, which is 0.26 < Wey< 5.23. This
indicates that the ideal slug flow occurs when We, < 5.23. We have
confirmed that no ideal slug flow occurs in the system with d = 1.25 and
2.5 mm. When ¢ > 100 in the cases of d = 1.25 and 2.5 mm, We, is larger
than 6.1 and 31, respectively, which are out of the We, range where the
ideal slug flow occurred in the case of d = 0.5 mm. From the above
discussion, it can be considered that the ideal slug flow can occur when ¢
> 100 and Wey < 5.23. However, for d = 0.5 mm, the ideal slug flow
occurs in the higher rotational speed region. This requires further
consideration because the Weber number exceeds 5.23.

3.3.4. Comparison with conventional microreactors and slug flow reactors
The CTCR in this study was compared with conventional micro-
reactors with microchannels and gas-liquid slug flow reactors,
respectively.
The flow rate in a typical microreactor with channel width of about
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Fig. 9. Dependence of Re,(= Rey /Re.) on flow regimes
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g : Degr /uL for different flow conditions (d = 0.5 mm, 7 = 24.6 s).
a 0 I L | Flow pattern Flow Condition Dege/uL [-]
0 10 20 40 Ideal slug flow Q. = 15 mL/min 5.76 x 10°°
time [s] Qg = 15 mL/min,
N =700 rpm
Fig. 10. Change of tracer concentration in time. Non-ideal slug flow Q. =15 mL/min 3.91 x 107
Qg = 15 mL/min,
N = 2000 rpm
500 pm is about 0.02~1 mL/min [40-42], while the gas-liquid slug flow Single-phase Qu = 30 mL/min 150 x 10-2
in this paper has a liquid phase flow rate of 5~30 mL/min. Thus, when Taylor-Couette flow Qg = 0 mL/min,
N = 1500 rpm

compared with these two reactors from the aspect of volumetric flow
rate, the production rate of the slug flow in the CTCR is superior in that it
has a much larger production rate than the microfluidic reactors. This
can eliminate the need for numbering up.

The mixing state inside the slug is considered to be determined by the
internal circulation flow. In general gas-liquid slug flows in a micro-
channel, the circulation flow velocity is 20~300 mm/s [43]. On the
other hand, the circulation velocity of a Taylor vortex is reported to be
about 0.15 times the rotating velocity of the inner cylinder. Based on this
calculation, the circulation velocity of the Taylor vortex in the liquid
slug generated in the CTCR is estimated to be about 200~mm/s under
the conditions in which the ideal slug flow is confirmed in this paper
[44]. Therefore, the mixing in the slugs in the CTCR is expected to be
very rapid compared to that in conventional slug flow reactors.

3.4. Mixing properties of slug flow in CTCR

The tracer response analysis was conducted for three flow states:
Ideal slug flow, non-ideal slug flow, and single-phase system with the
same residence time 7 = 24.6s and gap width d = 0.5 mm. For the single-
phase system, Deg/uL was also calculated using the same method as
introduced in Section 2.4. Fig. 10 shows the time variation of tracer
concentration at the inlet and outlet of the test section in the ideal slug
flow, where the concentration is nondimensionalized by the maximum
concentration and is zero at the time when the gas phase or pure water
passes through the position. The change has a peak corresponding to the
liquid phase slug containing the tracer, and between the peaks, there is a
time when the gas phase is passing through. By extracting the value of
this peak and subtracting the time when the gas phase is passing
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through, an RTDF eliminating gas phase effect was calculated (see
Fig. 11). The values of Deg/uL calculated by the analysis are shown in
Table 3. In the ideal slug flow system, the value of D¢ /uL is on the order
of 107, which is very small compared to other conditions, and it can be
said that there is almost no axial dispersion (The flow can be regarded as
a plug flow when Deg/uL is less than 0.01 [38]). In the single-phase
system, there is some degree of mixing diffusion on the order of 1072,
In non-ideal slug flow system, the order of Deg/uL drops from the
single-phase case, indicating that the axial dispersion is suppressed.
Comparison with the case of the ideal slug flow also suggests that there is
mass transfer some degree through liquid films and water droplets.

4. Conclusions

The behavior of gas-liquid two-phase flow in a CTCR with a narrow
gap width was investigated, and it was found that an ideal gas-liquid
slug flow with a cross-sectional shape almost equal to the channel
cross-section was generated in a certain flow condition only in the
narrowest annular gap system. The flow states of the gas-liquid slug flow
in the CTCR were found to be considered in the relation with the sta-
bility of the Taylor vortex flow. When the effects of rotational and axial
flows were organized by Rey and We,, it was found that gas-liquid slug
flow tended to occur when surface tension was dominant and reflected
the stability of Taylor-Couette flow. On the other hand, different be-
haviors were observed at different gap widths even under the
same (Rey, We,) conditions. It is, therefore, necessary to find an evalu-
ation variable that takes the effect of gap width into account in the
future. The measured residence time distribution of the ideal gas-liquid
slug flow showed that the effective diffusion coefficient was the order of
107 indicating the axial dispersion properties are almost the same as
PFR. In addition, compared to microreactors, clogging may not occur in
CTCR because the liquid is well-mixed by the rotation of the inner cyl-
inder, and the pressure drop is also expected to be smaller. Another
advantage is that the production speed can be much faster than that of
microreactors. Therefore, the CTCR with a narrow gap using slug flow
can be a new reactor system to replace conventional microreactors with
microchannels.
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