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a b s t r a c t

Microchannels enable the fast and efficient mixing of multiphase fluids. In this study, a millimeter-scale

three-dimensional (3D) circular cyclone-type microreactor was designed for the mixing. The flow char-

acteristics and mixing intensity were simulated by computational fluid dynamics simulations at a flow

rate range of 12–96 mL/min using a water/ethyl acetate system. In the 3D variable-diameter structure,

the microreactor induced paired opposite vortices and abruptly changed the local pressure to achieve a

stable turbulent effect within the theoretical range of laminar flow. Tracer injection simulations indicated

that sufficient mixing units successfully promote fluid dispersion. Diazo-coupling experiments showed a

segregation index of XS = 0. 00,039 within a residence time of 9 s. Extraction experiments on the n-

butanol/succinic acid/water system showed that the 3D circular cyclone-type microreactor achieved 100%

extraction efficiency (E) in 4.25 s, and the overall volume mass transfer coefficient (KLa) reached 0.05–1.5

s-1 in 12–96 mL/min. The isolated yield of the phase transfer alkylation and oxidation reactions in the 3D

circular cyclone-type microreactor achieved 99% within 36 s, which was superior to the coil microreactor

and batch reactor.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Mixing is a critical chemical unit operation, which is performed

in a confined space of millimeters and microns in the microstruc-

tural unit of a microreactor. Owing to its extremely small charac-

teristic size, the microreactor can reduce the molecular diffusion

distance and provide a sufficient interphase interface, which is par-

ticularly useful for phase transfer and is now widely used in the

fields of synthesis and separation [1–3].

Rational microchannel design can determine the overall perfor-

mance of the equipment with expected ecological and economic

benefits [4]. In contrast to the active microreactor, which requires

an external drive source, such as a pressure field, electric field,

magnetic field, and photochemical effect, with high energy con-

sumption and a complex system to promote mixing, the passive

microreactor depends solely on its structure to induce secondary

flow and is hence more popular [5–10].
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Passive microreactors can be classified into two-dimensional

(2D) and three-dimensional (3D) systems based on their structural

dimensions [11]. Moreover, 2D microreactors are simple to fab-

ricate and exhibit various structures. The split–recombinant type

changes the flow field by obstacles of various shapes [12,13].

Convergent–divergent type disturbs the flow regime by causing

an expansion vortex throughout the structure [14,15]. Curve type

generates an inner loop by forming Dean vortices [16,17]. How-

ever, the fluid in the 2D structure is usually limited by laminar

flow, which requires to be disturbed. Conlisk et al. designed sev-

eral convergent–divergent 2D and 3D micromixers based on mix-

ing element pairs with a channel length range of 1.10–5.23 mm

[18]. Compared to the standard T-mixer, the mixing performance of

the 2D and 3D mixers improved by 20% and 82.5% in the Reynolds

number range of 0.1–20, respectively. The 3D micromixer afforded

the lateral flow, resulting in a chaotic effect. Unfortunately, the 3D

structure microreactor has rarely been reported (Table S1 in Sup-

porting information) [18–25].

Herein, based on the designed novel 3D circular cyclone-type

borosilicate glass microreactor, which was manufactured by fem-
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Fig. 1. Geometry and mesh of the 3D circular cyclone-type microreactor.

tosecond laser micromachining technology, a computational fluid

dynamics (CFD) simulation was conducted to analyze the fluid flow

in its channels [26–30]. Various experiments were performed in

liquid–liquid homogeneous and biphase systems, including diazo-

coupling, extraction, alkylation, and sodium hypochlorite oxidation

reactions. More complex reaction applications have been presented

elsewhere [31,32].

The 3D circular cyclone-type microreactor has 14 columns and

279 chambers, which are connected by straight channels staggered

up and down. Fig. 1 shows that the mixing unit comprises two

adjacent chambers with a cross-sectional area size ranging of 1–

6 mm2. The fluid domain is mainly divided into an inlet area and

a mixing area (blue part), with volumes of 6.1 mL and 5.24 mL,

respectively. At the inlet of the mixing area, bifurcated inlet 1 sur-

rounds intermediate inlet 2 streams to form a three-pronged jux-

taposed inlet, which can expand the fluid contact area. The in-

let area is designed as a long pipeline to control the temperature

and stabilize the fluid before it reaches the mixing area. The 3D

structure is designed to intensify the secondary flow. The fabri-

cation of microchannels is complicated and typically involves ma-

chining the structure on the substrate and then bonding it to the

cover. However, it is mostly used for 2D structures. The 3D struc-

ture designed in this study is formed directly in borosilicate glass

using femtosecond laser micromachining technology. This micro-

machining technique uses femtosecond laser nonlinear multipho-

ton absorption characteristics to induce material modification at

the channel and then obtains the designed microchannel structure

by wet chemical etching. Because this technique can directly shape

microchannels and does not require bonding, which has great po-

tential for future applications. Ren et al. fabricated a centimeter-

scale 3D microchannel by femtosecond laser technology and suc-

cessfully applied it to the synthesis of aryl diazonium salts [30].

Yin et al. used a 3D microfluidic device fabricated by femtosecond

laser micromachining to achieve automatic solid–liquid synthesis

of gadopentetate dimeglumine, and the synthesis result was sig-

nificantly improved compared with that of a round-bottom flask

[33]. Lv et al. used femtosecond laser technology to prepare a

millimeter-scale butterfly reactor and discussed the residence time

distribution (RTD) and heat/mass transfer performance in the reac-

tor with CFD simulations [34].

The simulation assumed that the fluid was an incompressible

isothermal Newtonian fluid. Owing to the size of the microchannel,

the influence of the surface tension and inertial force is large. Thus,

gravity is ignored. The Navier–Stokes equations are as follows:

∇ · �V = 0 (1)

ρ
(
�V · ∇)

�V = ∇p+ μ∇2�V (2)

where �V , ρ , p, and μ represent velocity vector, density, pressure,

and viscosity, respectively.

Table 1

Fluid properties of the two-phase flow simulation.

Phase Density (kg/m3) Viscosity (Pa s) Interfacial tension (N/m)

Water 998.2 0.001003 0.07280

Ethyl acetate 900.0 0.000449 0.02629

Table 2

Fluid properties of the tracer simulation.

Phase Density

(kg/m3)

Molecular weight

(g/mol)

Diffusion constant

(m2/s)

Methylene blue 980.0 319.85 4 × 10−10

Table 3

Simulation setup.

Case Models Boundary

conditions

Methods

Homogeneous flow Mixture Velocity inlet

Pressure outlet

No slip

PISO

PRESTO!

Second order upwind

Tracer injection Species

Transport

Velocity inlet

Pressure outlet

No slip

SIMPLEC

PRESTO!

First order upwind

The convection–diffusion equation is used to obtain the concen-

tration distribution of fluid components as follows:

∂C

∂t
+

(
�V · ∇)

C = D∇2C (3)

where C denotes the component concentration and D denotes the

diffusion coefficient.

The mesh quality check was controlled at skewness < 0.85,

with a total grid of 887920. The mixture model is typically used

to simulate multiphase flows with relative slip velocities between

the phases. However, the model can be simplified to a homoge-

neous flow when slip velocity is not considered. Herein, the two-

phase flow in this study was found to be completely mixed with-

out a clear phase interface with a flow rate ratio of 1:1 (Table 1

and Video S1 in Supporting information). Therefore, the final mix-

ing efficiency of the mixer was considered, and the Mixture model

was selected to simulate the mixer flow field. Generally, fluids in

microdevices exhibit laminar flow. In this case, the designed 3D

structure could effectively disturb the flow field, and the turbulent

kinetic energy was analyzed. Therefore, both laminar and turbulent

flow models were used.

In the tracer injection simulation, methylene blue was intro-

duced as a tracer (Table 2). A steady-state simulation of the wa-

ter flow was first conducted, and then the transient mode was

switched after convergence. The tracer mass fraction in the bound-

ary condition of inlet 1 was set to 100% and then adjusted to 0

after one step. Simultaneously, a monitoring surface was set at

the outlet to record the change in the molar concentration of the

tracer during the flow time. The simulations ensured that the total

amount of tracer injected was 10 μL by controlling the time step

size. The simulation settings are shown in Table 3.

Herein, four tests were conducted to evaluate the mixing effi-

ciency of the 3D circular cyclone-type microreactor: diazo-coupling

experiment, extraction experiment (Scheme S1 in Supporting infor-

mation), alkylation experiment, and sodium hypochlorite oxidation

reaction experiment. Detailed experimental methods are presented

in Supporting information. Except for the extraction experiment,

the other three experiments were set up with a same volume and

1/16" OD coil microreactor as the comparison group.

The water/ethyl acetate flow via the mixing unit is split into

two streams, as illustrated in Fig. 2. The mainstream advances

along the wall (green part) and drives the fluid in the chamber

2
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Fig. 2. Qall (total flow rate) = 36 mL/min: (a) volume renderings, (b) 3D stream-

lines, and (c) vectors (ZX plane, y = 0.5 mm) in the mixing unit.

Fig. 3. Surface streamlines and turbulence kinetic energy contours for different

flow rates of the second mixing unit at the inlet (ZX plane, y = +0.5 mm).

to form a vortex (blue part). Then, the two streams combine in the

straight channel and move on to the following chamber for further

recirculation. In the Z direction, the two straight channels of the

same cylinder are located on the left and right sides, causing the

next vortex to rotate clockwise (Fig. 2c). Consequently, the fluid

swirls twice in opposite directions in a single complete-mixing

unit. The fluid is fully mixed through more mixing units. After en-

tering the straight channel, the velocity of the fluid maximizes be-

cause its cross-sectional area is small, and the fluid flows along the

walls with few collisions. The large volume of the chamber coupled

with the vortex reduces the velocity. Therefore, a velocity distri-

bution with a large mainstream and a small vortex is formed. In

addition, the observed results of the visualized flow experiments

were similar to the simulation results (Video S2 in Supporting in-

formation).

Fig. 3 shows the streamlines in the mixing unit at y = 0.5 mm

in the ZX plane. At a flow rate of 12 mL/min, the fluid has a

loose vortex in the left chamber, while two regular vortices form

at 18 mL/min. As the flow rate increases to 24 and 36 mL/min, the

vortex becomes more intense with dense velocity contours. Subse-

quently, the vortex distribution, including the position of the vor-

tex eye and the velocity distribution, stabilizes. Similarly, a slight

back-mixing vortex forms in the straight channel at 18 mL/min,

and stabilizes at 36 mL/min, probably owing to the uneven veloc-

ity distribution. The designed 3D structure divides the fluid domain

Fig. 4. Velocity profiles and contours for various flow rates (a: ZX plane,

y = −0.5 mm and x = −40.6 mm; b: ZX plane, y = ±0.5 mm; and c: YZ plane,

x = −40.6 mm).

into the upper and lower layers. By intercepting the streamline di-

agram on the middle surface of the bottom half (that is, in the ZX

plane, y = −0.5 mm), the flow in the left and right chambers can

be observed. The streamlined distribution is the opposite of that

in the upper half. Affected by the 3D structure, the vortex does

not follow a single path and twists in the same chamber. This be-

havior can effectively disturb the inherent flow path of the fluid,

resulting in an enhanced mixture. Turbulence kinetic energy is an

important evaluation index of turbulent intensity that can directly

reflect the transfer process of matter, momentum, and energy. As

illustrated in Fig. 3, the turbulence kinetic energy increases along

the straight channel in accordance with the flow velocity distribu-

tion, and the turbulence kinetic is dissipated by the eddy currents

in the chamber. As the flow increases, the intensity of the turbu-

lence at the back-mixing vortices increases, and stagnation points

may appear. Additionally, the back-mixing vortex prolongs the fluid

residence time in the mixer.

The simulation results suggest that the flow change slightly af-

fects the flow path and velocity distribution, indicating that the

microreactor structure can effectively maintain the order and sta-

bility of the flow field to guarantee fluid mixing and subsequent

applications. As depicted in Fig. 4, the velocity within the microre-

actor exhibits a periodic distribution. Based on the velocity curve

on the red-marked line in the first column of the microreactor, the

flow velocities at various flow rates of the same position in each

mixing unit are similar, indicating a smooth fluid in the mixing

zone. In addition, higher flow rates result in more obvious differ-

ences in the peak, which may be related to the vortex in the cham-

ber and the back-mixing vortex.

Pressure drop is a key indicator of structural design and flow

stability. The extent of the pressure drop is related to the energy

consumption and the effective driving energy. In this study, a pres-

sure outlet of 0 Pa was used in all the simulations.

As demonstrated in Fig. 5, the highest pressure of the fluid flow

in the microreactor appears at the inlet and gradually decreases

along the flow channel. By zooming on to the local pressure field,

the pressure contours become very tight as the fluid enters the

bridge from the chamber, showing a significant change in location.

As depicted in Fig. 6, extracting the pressure values on the blue

marker line shows that the pressure in the mixing unit shows a

sharp decrease and then an increase, which agrees well with the

changes in the flow rate. As the fluid enters the connecting straight

channel with a narrow flow path, a surge in velocity occurs, and

the pressure suddenly decreases. After the fluid enters the cham-

ber, the flow channel expands, resulting in a gradually decreasing

velocity and conversion of kinetic energy into pressure energy. This

slump and rebound trend can break the inherent flow field, in-

crease the contact area between the phases, and promote mixing.

3
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Fig. 5. Pressure contours.

Fig. 6. Pressure curves.

In classical theory, the pressure drop in the flow channel lin-

early depends on the flow velocity or Reynolds number in the

laminar flow zone (Hagen–Poiseuille); however, in the turbulent

flow region, it exhibits a quadratic relationship (Darcy–Weisbach)

[35,36].

In our case, in the rate range of 12–96 mL/min, the Reynolds

number at the entrance of the mixing zone is less than 2000, cor-

responding to laminar flow based on classical theory. After fitting,

a quadratic relationship is discovered between the pressure drop

and flow rate, which is �P ≈ Re2.27 in the experiment and �P

≈ Re2.12 in the simulation. This situation of sufficient flow within

the theoretical laminar flow range is related to the wall rough-

ness and the 3D structure. At the microscale, the friction coef-

ficient of wall roughness is high [13,37]. Simultaneously, the 3D

structure can yield pairs of opposite vortices that disturb the flow

field with a fully turbulent fluid. Furthermore, in microchannels,

the flow regime can transform from laminar to turbulent at lower

Reynolds numbers than that in traditional flow channels [13].

The RTD is used to describe the macroscopic performance of

micromixing, which reflects the mixing state and flow characteris-

tics in the mixer, such as back mixing, short circuits, and stagnant

zones. After obtaining the tracer concentrations C(t) at various res-

idence times, the dimensionless RTD density function E(θ ) is cal-

culated based on the following equations:

E(t) = C(t)∑
C(t) · t (4)

τ =
∑

tE(t) · t∑
E(t) · t (5)

Fig. 7. Dimensionless RTD E(θ ) for (a) various numbers of columns when

Qall = 36 mL/min and (b) various flow rates of 14 rolls.

E
(
θ
)

= τ · E(t) (6)

θ = t

τ
(7)

As illustrated in Fig. S1 (Supporting information), the tracer dis-

perses more widely as the number of mixing units increases. An

analysis of the RTD at 36 mL/min was performed for microreac-

tors with 2, 6, 10, and 14 columns (the red-boxed area is shown

in Fig. S1). As demonstrated in Fig. 7a, the peak in column 2 de-

viates from θ = 1 and appears earlier, indicating a short circuit

in the microreactor. With an increased number of columns, the

RTD curve becomes a normal distribution, which implies that suf-

ficient columns allow the well–mixed fluid to compensate for the

short circuits. Additionally, an increased flow path improves the ra-

tio of convection to axial diffusion (Peclet number), resulting in

a narrower RTD curve with more columns involved [38,39]. No-

tably, more columns provide adequate mixing time. The vortex of

the mixing unit and the slight back mixing in the straight channel

effectively promote radial micromixing.

To investigate the effect of flow rate on the RTD, the microreac-

tor was analyzed in the flow rate range of 12–96 mL/min (Fig. 7b).

The residence time range of the fluid in the mixing zone is only

4.25–31.28 s. The RTD curve follows a normal distribution after

normalization. A higher flow rate is likely to result in a faster vor-

tex and stronger convection. Furthermore, the sharpest RTD curve

4
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Table 4

Diazo-coupling reaction of 1-naphthol.

Reactor QA

(mL/min)

QB

(mL/min)

Resident

time (s)

XS

3D 10 10 18 0.00065

3D 15 15 12 0.00047

3D 20 20 9 0.00039

Coil 5 5 36 0.01086

Coil 10 10 18 0.00194

Coil 20 20 9 0.00135

QA: aqueous solution containing 1-naphthol.

QB: aqueous solution containing diazo salt of p-aminobenzene sulfonic acid.

is observed at 12 mL/min, which slightly broadens as the flow rate

increases. A similar phenomenon also occurred in the Corning ad-

vanced flow reactor, which may be related to the presence of ed-

dies in which some tracers bypass or remain, resulting in early or

late exits [13].

Mixing intensity (IM) is often used to calculate macroscopic

mixing effects in a fixed region of mixing space [40]. The calcu-

lation equations are as follows:

σ =
√

1

N
�

(
ci − cm

)2
(8)

σ 2
max = cm

(
1 − cm

)
(9)

IM = 1 −
√

σ 2

σ 2
max

(10)

N represents the number of sampling points in the statistical area;

ci is the component concentration or mass fraction on each sam-

pling point; cm is the component average concentration or av-

erage mass fraction on each sampling point; σ is the variance

of concentration or mass fraction, σ 2
max is the maximum vari-

ance. IM = 1 when the macroscopic mixing is sufficient; IM = 0

when the material is incompletely mixed. Simulations showed ex-

cellent mixing in this microreactor, with the IM at the outlet all

equal to 1 at 12–96 mL/min. However, the IM could not be per-

formed experimentally, thus, the diazo-coupling experiment was

introduced.

The diazo-coupling reaction (Table 4) is a commonly used sys-

tem for characterizing microscopic mixing properties [41]. This

competitive reaction system with a segregation index, XS, can

effectively determine the degree of mixing within the reactors:

XS = 0 for homogeneous mixing and XS = 1 for no mixing.

XS = 2CS/
(
CpR +CoR + 2CS

)
(11)

where CpR and CoR denote the concentrations of the single-

coupling products, and CS denote the concentrations of the bis-azo

products.

As shown in Table 4, XS was quite small for both the 3D circu-

lar cyclone-type microreactor and the coil microreactor. The XS val-

ues of the coil microreactor were 0.00135 and 0.00194 at residence

Fig. 8. E and KLa at various flow rates.

times of 9 and 18 s, respectively, while those of the 3D circular

cyclone-type microreactor were 0.00039 and 0.00065, respectively.

Lower values indicate better mixing effects. The simulation results

suggest that the two phases achieved uniform mixing, and the cal-

culated mixing index was almost 1.

The n-butanol/succinic acid/water system was used for the ex-

traction experiments. The inlet concentrations of succinic acid

were set to 0.068, 0.136, and 0.203 mol/L. At a total flow rate of

20 mL/min, the E values of the three tests were 99.93%, 99.99%,

and 98.31%, respectively, which were almost fully mixed. Subse-

quently, to investigate the influence of flow rates on E, experiments

were conducted in terms of flow rates with a concentration of suc-

cinic acid in n-butanol of 0.136 mol/L. As shown in Fig. 8, the E was

92% at a flow rate of 12 mL/min. When the flow rate was increased

to 20 mL/min, E was approximately 99%. As shown in the stream-

lines in Fig. 3, the vortices partly formed at 12 mL/min and fully

formed and stabilized above a flow rate of 18 mL/min.

KLa increased as the flow rate increased, benefitting from the

mass transfer at the interfacial contact. This could be linked to

a decrease in the RTD peak. As the flow rate increases, the peak

decreases, which means that the dispersion improves with conve-

nient mass transfer. The KLa of the microreactor at 12–96 mL/min

is 0.05–1.5 s-1, which is higher than that of the traditional extrac-

tion equipment and can be compared with various types of mi-

croreactors [42–44].

The phase transfer catalyzed alkylation reaction is a promising

industrial phase transfer reaction. Because mixing efficiency is a

nonhomogeneous two-phase system, it significantly affects the re-

action rate [45,46]. As shown in Table 5, alkylation reactions were

conducted in various reactors. After the residence time was ex-

tended from 18 s to 36 s at the same flow rate, the isolated yields

of the reaction increased from 53% to 72% for the coil microreactor

and from 78% to 99% for the 3D circular cyclone-type microreactor.

The coil microreactor must be extended to 180 s to achieve a 98%

yield, which was 97% in 600 s in the batch reactor.

The oxidation of alcohols with bleach by utilizing phase trans-

fer catalysts (PTC) offers several advantages over conventional ox-

idants: low material cost, mild reaction conditions, and no metal

waste. Mass transfer limitations usually determine the overall re-

action rate of such PTC reactions; therefore, a continuous flow re-

actor can be used to increase the reaction rate.

As shown in Table 6, for the sodium hypochlorite oxidation re-

action of alcohol, with residence times in the range of 18–36 s,

only 54%–73% isolated yields were achieved in the coil microre-

actor, while 75%–99% yields were achieved in the 3D circular

cyclone-type microreactor. After adjusting the flow rate, the coil

microreactor required a residence time of 120 s to achieve a 97%

5
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Table 5

Alkylation reaction of alcohol.

Reactor QC

(mL/min)

QD

(mL/min)

Resident

time (s)

Isolated

yield (%)

3D 9 11 36 99

Coil 9 11 18 53

Coil 9 11 36 72

Coil 4.5 5.5 40 50

Coil 1.8 2.2 90 81

Coil 0.9 1.1 180 98

Batch n/r n/r 300 84

Batch n/r n/r 600 97

QC: MIBK (100 mL) solution of o-methyl phenol (17.4 g, 161.1 mmol, and

1.167 mol/L) with benzyl bromide (30.3 g, 177.2 mmol, and 1.10 equiv.).

QD: NaOH (16.1 g, 402.7 mmol, and 2.432 mol/L) with tetrabutyl ammonium bro-

mide (4.15 g and 12.87 mmol) in water (160 mL).

Table 6

Oxidation reaction of alcohol to aldehyde.

Reactor QE

(mL/min)

QF

(mL/min)

Resident

time (s)

Isolated

yield (%)

3D 5 15 18 81

3D 5 15 36 99

Coil 4 12 22.5 54

Coil 5 15 18 51

Coil 5 15 36 73

Coil 1 3 120 97

Coil 2 6 60 89

Batch n/r n/r 600 66

Batch n/r n/r 1200 92

QE: solution of ethyl acetate (40 mL) of benzyl alcohol (4.3 g, 40 mmol, and

1.0 mol/L) with tetrabutyl ammonium bromide (0.97 g, 3 mmol, and 0.075 equiv.).

QF: aqueous solution of NaOCl (8 wt%, 1 mol/L) saturated with sodium bicarbonate

(120 mL).

yield, while the batch reactor required a longer time of 1200s to

achieve a 92% yield.

In conclusion, the designed microreactor with a 3D structure

presents a fluid with paired opposite vortices in the mixing unit,

resulting in turbulence. In addition, the velocity surges in the

straight channel, and the uneven velocity distribution results in

slight back mixing. The flow path is stable and periodic and is

slightly affected by the flow rate. The 3D structure can cause pe-

riodic pressure changes, which are beneficial for disturbing the

flow field and improving the mixing. The fitting results of the

pressure decrease and flow rate are quadratic, indicating that the

fluid in the microreactor is fully developed. Tracer injection sim-

ulations were performed to analyze the RTD in the microreactor.

The fluid residence time range in the mixing zone is only 4.25–

31.28 s. Sufficient mixing units can promote fluid dispersion. In the

diazo-coupling reaction of 1-naphthol, the segregation index of the

3D circular cyclone-type microreactor was one order of magnitude

smaller than that of the coil microreactor under the same condi-

tions, with XS = 0.00039 at 9 s. In the extraction experiment of n-

butanol/succinic acid/water, the extraction performance was excel-

lent regardless of the flow rate or inlet succinic acid concentration.

Moreover, KLa, which is comparable to multiple types of microre-

actors and higher than that of conventional liquid–liquid extraction

machinery, is proportional to the flow rate at 12–96 mL/min and

0.05–1.5 s-1. Phase transfer alkylation and oxidation reactions in-

dicated that the 3D circular cyclone-type microreactor achieved a

99% isolated yield in 36 s, demonstrating significantly better mix-

ing efficiency than the coil and batch reactors.
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