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A millimeter scale butterfly-shaped reactor was proposed based on sizing-up strategy and fabricated via
femtosecond laser engraving. An improvement of mixing performance and residence time distribution
was realized by means of contraction and expansion of the reaction channel. The liquid holdup was
greatly increased through connection of multiple mixing units. Structure optimization of the reactor was
carried out by computational fluid dynamics simulation, from which the effect of reactor internals on
mixing and the influence of parallel branching structure on heat transfer were discussed. The UV-vis
absorption spectroscopy was used to determine the residence time distribution in the reactor, and char-
acteristic parameters such as skewness and dimensionless variance were obtained. Further, a chained
stagnant flow model was proposed to precisely describe the trailing phenomenon caused by fluid stag-
nation and laminar flow in small scale reactors, which enables a better fit for the experimental results
of the asymmetric residence time distribution. In addition, the heat transfer performance of the reactor
was investigated, and the overall heat transfer coefficient was 110-600 W m= K in the flow rate range
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of 10-40 mL/min.
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Microfluidic technology is an important approach to realize
process intensification and safe operation. It has unique advan-
tages over traditional reactors due to precise control and efficient
heat/mass transfer. Nevertheless, the flow in the microchannel is
mainly laminar flow with wide residence time distribution (RTD)
and large back mixing, which may adversely affect the conversion
and selectivity control of chemical reactions. Meanwhile, higher
liquid holdup of microreactor is often desired for many reactions
and industrial demands.

To increase the liquid holdup, the scaling up strategies of
microreactors are mainly divided into two categories, numbering
up and sizing up [1]. Numbering up is simple and convenient,
but often requires relatively high investment in equipment. Also,
uniform fluid distribution within each channel/unit needs to be
addressed during numbering up [2,3]. With widespread indus-
trial applications of reactors with channel sizes in the range
of sub-millimeter to millimeter [4-8], many studies began to
explore sizing up strategies [9-11]. The sizing up strategy is able
to maintain the reactor channel number and increase tolerance
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for solids-containing reactions [12], but may compromise its
heat/mass transfer efficiency. Therefore, a proper combination of
intensification strategies is required to achieve good mixing within
the scaled-up reactor. The strategies of mixing intensification
usually include “active mixing” and “passive mixing”. The “active
mixing” often requires complex structures and faces difficulty in
assembly, so the development of which remains in research lab. In
contrast, the “passive mixing” usually adopts certain measures to
divide, recombine, shear, stretch and fold the fluid to reduce the
thickness of the liquid layer and has many practical applications
[13]. Therefore, many passive mixing reactors were designed as
serpentine [14], zigzag [15], irregular structures [16,17] or chan-
nels with internal obstacles [18,19], which can generate local
disturbances to enhance the mixing process. In addition, the heat
transfer efficiency of reactor is also significant for its industrial
application, where the precise control of temperature can be bene-
ficial to selectivity. In this regard, the following three strategies are
usually used: choosing materials with high thermal conductivity
(e.g., Hastelloy [20], silicon carbide [21]), reducing wall thickness,
and increasing heat transfer area. For reactors made of glass, due
to the limitations of its thermal conductivity and hardness, the
heat transfer performance can often only be improved by reason-
able structural design, such as parallel branching structure [22] to
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improve the uniformity of the heat transfer fluid. Such structural
design and optimization are usually carried out using computa-
tional fluid dynamics (CFD) by simulating the flow over different
structures.

A narrow RTD is important to precisely control the conversion
and yield of chemical reactions [23,24]. However, the predomi-
nance of laminar flow in the microchannels usually results in a
relatively wide RTD of the tracer material at the outlet [25]. There-
fore, many studies have used the RTD as an important criterion
for the performance of small scale reactors [26]. The small size
of such reactors makes the traditional method via conductivity
measurement being ineffective. As a result, new detection methods
and devices are required, such as fluorescence microscopy [27] and
continuous UV-vis absorption spectroscopy [28]. A further com-
bination of experimental results and flow models can be used to
predict the performance of non-ideal flow reactors [29]. Ideal flow
models usually consist of plug flow model and complete mixing
model. However, in actual reactors, the flow velocity distribution
is often not uniform. Also, the presence of reactor internals can
cause reverse flow or stagnation zones, resulting in flow deviating
from the ideal flow state. Common non-ideal flow models include
laminar flow model, axial diffusion model and tank-in-series
model. The laminar flow model is suitable for laminar or viscous
flows in short channels [30], while the axial diffusion model
and the tank-in-series model are suitable for flows close to plug
flow or complete mixing flow [31,32]. However, for the flow in
small scale channels, the outlet concentration distribution of the
tracer material is often subject to a combination of (laminar) flow
and diffusion. So the above models are often biased in terms of
skewness and peak value [33], making them difficult to describe
the actual flow process.

Enhancement of processing capacity is vital to the development
of microreactor technology and its industrial application. In this
regard, reactors of millimeter scale may have both decent liquid
holdup and heat/mass transfer efficiency. In the current study, a
millimeter scale butterfly-shaped glass reactor was designed via
CFD simulation and fabricated via femtosecond laser engraving. An
improvement of mixing performance and residence time distribu-
tion was realized by means of contraction and expansion of the
reaction channel. The liquid holdup was greatly increased through
connection of multiple mixing units. The RTD and heat transfer
performance of the reactor were investigated, and a flow model
was established to accurately describe the flow at small-length
scales with a smaller fitting deviation than the existing flow model.

Firstly, the structures of different reactors were compared by
CFD simulations. Guided by the principle of split-and-recombine
configuration, a butterfly-shaped reactor was proposed, the design
concept of which was provided in Fig. S1 (Supporting informa-
tion). The butterfly-shaped reactor consists of three parts: the
reaction layer, the heat exchange layer and the glass matrix.
As shown in Fig. 1a, the reaction channel consists of multiple
mixing units in series, and the size of each mixing unit was
15mm x 8.8 mm x 1.2mm with an internal volume of 112 pnL.
A butterfly-shaped obstacle was set up in the middle of each
mixing unit, and pairs of internals (rhombus microcolumns or
circle microclumns) were arranged on both sides (the detialed
information are shown in Figs. S2-S4 in Supporting information).
The geometric model with different pairs of internals were consid-
ered as shown in Fig. 1b. As shown in Fig. 1d, the heat exchange
channels adopt parallel branching structure, and two types of
arrangements, equal width and gradual width, were considered
respectively. The simulation adopts 3D model, and the configura-
tion of the reactor is shown in Fig. 1c, where the middle part is
the butterfly-shaped reaction channel and the upper/lower parts
are the heat exchange layers. Details of the simulation are shown
in Supporting information.
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Fig. 1. Geometric model of the reactor: (a) The overall reaction channel; (b) The
mixing unit with different internals; (c) The whole reactor with reaction and heat
exchange channels; (d) The heat exchange channel with different structures.
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Fig. 2. Schematic diagram of the cross-sections for mixing index analysis in Fig. 3.
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Fig. 3. Mixing index and pressure drop of the reactor (based on six mixing units):
(a) Effect of the number of internals in each mixing unit; (b) Effect of flow rates.

The reaction channel used water and ethanol as fluids to simu-
late the homogeneous mixing process, and the mixing index M was
used to evaluate the degree of mixing [34], the closer the M value
is to 1, the more complete the mixing is, and vice versa. Since the
mixing process is rapid and the complete mixing can be reached
within a short distance, the simulation results were analyzed only
for the first six mixing units. As shown in Fig. 2, a cross-section
was taken at the outlet of each mixing unit, and enough data
points were selected on each cross-section, so the mixing index
of each cross-section can be calculated (the calculation equation is
shown in Supporting information). As shown in Fig. 3a, the pres-
sure drop increases gradually with the increasing number of in-
ternals, while the mixing index for homogeneous mixing increases
first and then decreases. This is due to the local turbulence (veloc-
ity gradient) is enhanced as the number of internals increases, but
at the same time, the mixing time in a single unit is shortened,
thereby reducing the degree of mixing at the outlet. Therefore, the
mixing process needs to consider the effects of both aspects. In
the current study, the structure with two pairs of internals is de-
sired. Further, the mixing index and pressure drop at different flow
rates were compared and the results are shown in Fig. 3b, where
both the mixing index and pressure drop increased with increas-
ing flow rate. Using M > 99% as the standard for complete mixing,
the mixing time in the flow rate range of 10-40 mL/min was about
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Fig. 4. Velocity and temperature distribution within heat transfer channels of dif-
ferent structures: (a) Average velocity of each branch at a flow rate of 40 mL/min;
(b) Standard deviation of velocity at different flow rates; (c) Standard deviation of
temperature at different flow rates (hot fluid flow rate is fixed at 40 mL/min); (d)
Schematic diagram of temperature distribution (hot fluid flow rate is 40 mL/min,
cold fluid flow rate is 20 mL/min).

0.35-2.1s. The velocity fields and streamlines at different total flow
rates are shown in Fig. S5 (Supporting information).

The heat transfer channel used hot and cold water as fluid
to simulate the heat transfer process. The flow velocity V; of
each branch pipe and the standard deviation D, of the velocity
were used to quantitatively evaluate the uniformity of the fluid
distribution under different conditions and structures (calculation
equations are shown in Supporting information). The average flow
velocity of each branch pipe for the two heat transfer channel
structures at the same volumetric flow rate is shown in Fig. 4a, the
flow velocity of the equal width structure ranges from 0.0034m/s
to 0.0099 m/s, and the flow velocity of each branch near the inlet
and outlet (1-2, 15-16) is larger, while the flow velocity of each
branch near the middle area is smaller. In contrast, the uniformity
of flow velocity distribution for the heat transfer with gradual
width structure is significantly improved, where the flow velocity
ranges from 0.0038 m/s to 0.0062 m/s with decreased flow velocity
of branches near the inlet and outlet and increased flow velocity of
branches near the middle region. The standard deviations of flow
velocities for the two heat transfer channel structures are shown
in Fig. 4b, at the same flow rate, the velocity standard deviation
of heat transfer channel with gradual width structure is much
smaller than the one with equal width structure. Fig. 4d shows the
temperature distribution within different heat transfer channel in
the reaction channel. The comparison shows that the temperature
distribution within each branch of the gradual width structure is
more uniform than that of the equal width structure. The results
of the standard deviations of the temperature distributions within
the two heat transfer channel structures at different flow rates and
heat transfer modes are shown in Fig. 4c. The results show that
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Light sources,
spectrometers

Fig. 5. Experimental equipment: (a) Photos of the reactor (left: without heat trans-
fer layer; right: with heat transfer layer); (b) Photo for RTD measurement; (c)
Schematic diagram of the heat transfer experiment and photo of the thermal cham-
ber.

the temperature distribution deviation of the gradual width struc-
ture is smaller than that of the equal width structure under the
same flow rate or heat transfer mode, and the difference between
them increases gradually with the increasing flow rate. Thus, the
gradual width structure leads to better uniformity in temperature
distribution as compared to the equal width structure.

Then, the fabrication of the reactor was performed via fem-
tosecond laser engraving technology, from which two sets of
reactors were processed: the one with heat exchange layer and
the one without heat exchange layer (Fig. 5a and Table S1 in
Supporting information). The experimental setup for the RTD is
shown in Fig. 5b), which consists a manual sample injection valve
with a 10 pL sample loop (Xinlimei Technology Co., Ltd.), a flow
cell (AVENTES Flow-cell-Z-1.5) , a light source (AVENTES AvaLight-
DHS), a micro-spectrometer (AVENTES AvaSpec-ULS2048XL-EVO)
and a processor. The residence time distribution was determined
by the stimulus-response method, using deionized water as the
flow medium and sodium fluorescein (2.5g/L) as the tracer.
Shortest possible PTFE tubes (0.5mm ID) were used to connect
the reactor to the sample injection valve and the flow cell. The
experimental data were the average values from triplicate runs.
The scheme for the overall heat transfer coefficient measurement
is shown in Fig. 5c. Firstly, the hot and cold fluids were pre-heated
and pre-cooled, then fed into the inlets of the reaction channel
and the heat exchange channel, respectively, and indirectly heat
exchange through the solid wall, and finally flowed out through
the outlets of the reaction channel and the heat exchange channel
(the experimental setup diagram is shown in Fig. S6 (Supporting
information)). A temperature sensor was placed at both the inlet
and outlet of the reactor to measure the time-on-stream tempera-
ture of the fluid. The reactor and temperature sensor were placed
in the thermal chamber, the structure of which is shown in Fig. 5c.

The maximum absorption wavelength of the fluorescent sub-
stance (tracer) was used for collection of UV spectrogram. As
shown in Fig. 6a, a scan was performed in the wavelength range
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Fig. 6. Experimental results of RTD in the reactor with 51 mixing units. (a) Full-
band spectrum of the tracer; (b) Producibility of the absorbance response curve at
a flow rate of 30 mL/min; (c) Absorbance response curves; (d) Dimensionless RTD
curve.

Table 1

Dimensionless parameters and numerical characteristics at different flow rates.
Volumetric flow rate  Re Mean residence  Skewness Dimensionless
(mL/min) time (s) (s) variance 2
10 151 40.8 63.0 0.067
20 302 204 36.9 0.044
30 453 136 9.0 0.034
40 604 10.2 7.8 0.031

of 180nm-1100nm, and the results showed that the maximum
absorption wavelength of the tracer was 483.5nm. The repro-
ducibility of the experiments was evaluated in Fig. 6b, and the
relative errors of the absorbance-time curves (run 1-3) of the
three parallel experiments were within 5% at a volume flow
rate of 30 mL/min. Fig. 6¢ shows the absorbance response curves
at flow rates of 10-40 mL/min. As the flow rate increased, the
response time became shorter and the peak height of the response
curve became higher. The dimensionless RTD curves are shown in
Fig. 6d, with the increase of the flow rate, the convection rate is
enhanced and the effect of the axial diffusion rate is weakened,
resulting in a narrower RTD density function curve and a shorter
trailing length of the curve. The numerical characteristics of the
mean residence time, skewness and dimensionless variance of
RTD at different flow rates are presented in Table 1. From the
dimensionless variance results, an increase of volumetric flow rate
intensified the convective flow and makes the breakthrough time
of the tracer more concentrated. From the skewness results, the
RTD curves are asymmetric left skewed curves at all flow rates,
which are mainly caused by two reasons. Firstly, the laminar flow
in the reaction channel leads to a radial concentration distribu-
tion, so that the tracer at the center of the channel reaches the
reactor outlet first while the tracer near the wall is detained,
resulting in a long trailing. Secondly, the internal structure of
the butterfly-shaped mixing unit causes fluid stagnation in some
regions. Although most tracer bypasses these regions and reaches
the reactor outlet, some tracer may take longer to reach the outlet
once entering these stagnant regions, making a wider RTD curve.
The current study proposed a chained stagnation flow model to
describe the RTD of small scale reactors given the effects of lami-
nar flow and stagnation zone on the RTD, and a comparison with
common flow models was made. The principle of the model is
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Fig. 7. Schematic diagram of the reactor and flow model.
Table 2

Parameters of different flow models.

Volumetric flow rate Laminar flow Axial diffusion Tank-in-series

(mL/min) model, 092 model, Pe model, m
10 0.40 36.598 19
20 61.198 31
30 78.079 39
40 108.731 56
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Fig. 8. Comparison of dimensionless RTD curves from different flow models and ex-
perimental data at various flow rates: (a) 10 mL/min; (b) 20 mL/min; (c) 30 mL/min;
(d) 40 mL/min.

shown in Fig. 7, where each mixing unit is considered as a combi-
nation of two parts: “flow zone (light blue)” and “stagnation zone
(dark blue)”, and the concentration distribution at its outlet is used
as the inlet concentration of the next mixing unit. As a result, 51
such combinations can be used to predict the concentration dis-
tribution at the outlet of the last mixing unit. The model adopts
two parameters, volume ratio p (ratio of “stagnation zone” to “flow
zone”) and recycle ratio R (ratio of “fluid exchange rate” to “total
flow rate”), to describe the internal flow characteristics for each
mixing unit. At the same time, the pipes other than the mixing
unit (inlet, outlet and each connecting pipe) are considered as lam-
inar flow and are equated by a portion of inlet pipe to characterize
the effect of laminar flow on the whole flow process. The details
of the solution of differential equations of this model are shown in
the Supporting information.

According to the experimental results and the flow model
equation, the parameter of each model can be obtained in Table
2. The fitting results of each flow model at different flow rates
are shown in Fig. 8. Compared with other flow models, the cur-
rent flow model is more accurate in describing the laminar flow
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Table 3

Parameters of the current flow model, chained stagnation flow model.
Volumetric flow rate Laminar flow equivalent Volume Recycle
(mL/min) time (s) ? ratio, p ratio, R
10 7.728 0.2 0.03
20 3.864 0.3
30 2.576 1
40 1.932 2

2 The laminar flow equivalent time was calculated from the “the sum of the vol-
umes of the inlet, outlet and each connection line divided by the flow rate”.

behavior in small scale reaction channels. Especially at low flow
rates, the RTD curves obtained by the current model are very
close to the experimental results. In contrast, the curves obtained
by the axial diffusion model and the tank-in-series model were
highly symmetric under the current flow range, which differs
significantly from the experimental results. This is because that
the above models are based on the ideal flow state (plug flow or
complete mixing flow), while the existence of boundary layer in
the actual flow process will make the RTD curve has a certain
degree of skew. By introducing two factors, the volume ratio and
recycle ratio, the current model can precisely describe the trailing
phenomenon caused by fluid stagnation, resulting in a better
fitting for the experimental results of asymmetric RTD. In addition,
since the current model is based on the number of actual mixing
units (m=>51), and the volume ratio and recycle ratios are fixed
at the same flow rate, it provides better extrapolation than the
conventional tank-in-series model.

The parameters of the current flow model are shown in Table 3.
Under the same volume ratio, the time for the particles to return
to the flow body from the stagnation zone is shortened with in-
creasing recycle ratio, resulting in a decrease of the dimensionless
variance, which illustrates the intensification of the mass transfer
by the fluid flow. When the recycle ratio is very small, only one
CSTR (stagnation zone) is at play in the two parts (stagnation zone
and flow zone); whereas when the recycle ratio is large, the two
parts behave together as one CSTR, where the volume ratio has lit-
tle effect on the dimensionless variance. Therefore, a fixed value of
the volume ratio is used in this study.

For the heat exchange experiments, since the inlet temperature
of the hot and cold fluid will deviate from the set temperature due
to the heat exchange between the fluid medium and the environ-
ment in the pipeline before entering the reactor. Therefore, to eval-
uate the heat exchange effect under different flow rates more ac-
curately, the temperature difference between the inlet and outlet
of the fluid were taken as the basis for evaluation. A comparison
between simulation and experimental results is shown in Fig. 9a,
where the results agree well with each other at flow rates higher
than 10mL/min. A small deviation was observed at the flow rate
of 10 mL/min, possibly due to the non-negligible heat dissipation
of the cold fluid at the low flow rate leading to a lower outlet
temperature than the theoretical result. As shown in Fig. 9b. When
the cold fluid flow rate increases, more heat was utilized for heat-
ing the cold fluid, leading to a larger temperature difference be-
tween the inlet and outlet of the hot fluid in the heat transfer
channel, while the opposite was true for the cold fluid in the reac-
tion channel. Since the environmental temperature is significantly
lower than the inlet temperature of the hot fluid during the ex-
periment, the heat loss of the hot fluid is much greater than that
of the cold fluid. Therefore, the temperature difference of the cold
fluid was used as the basis to calculate the overall heat transfer
coefficient to improve the accuracy. As shown in Fig. 9c, the over-
all heat transfer coefficient is 110-600 W m2 K! in the flow rate
range of 10-40 mL/min. Moreover, the overall heat transfer coeffi-
cient of the counterflow heat transfer is slightly higher than that of
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Fig. 9. Results of the heat transfer experiment: (a) Comparison of inlet and outlet
temperature difference between simulation and experimental results (counterflow);
(b) Temperature difference between hot and cold fluid inlet and outlet; (c) Overall
heat transfer coefficient.

Table 4
Comparison of the overall heat transfer coefficient.

Volumetric Present work Corning AFR [35]
flow rate N .
(mL/min) Overall area hefxt Overall volumetric Overall volumetric
transfer coefficient heat transfer heat transfer
(W m2 K1) coefficient (x10°  coefficient (x10°
W m?2 K1) W m?2 K1)
10 134.2 2.2 -
20 349.5 5.8 5.9
30 499.9 8.2 8.0
40 582.5 9.6 8.8

the parallel flow heat transfer at the same flow rate. As shown in
Table 4, the heat transfer performance is comparable to the Corn-
ing Advanced Flow Reactor [35].

In conclusion, the design and fabrication of a millimeter scale
reactor was carried out using computational fluid dynamics and
femtosecond laser engraving, the RTD and heat transfer of which
were investigated experimentally. The results show that by arrang-
ing two pairs of rhombus internals alternately in each butterfly-
shaped mixing unit, the degree of radial mixing can be improved
while maintaining a low pressure drop. For the heat exchange
channel, parallel branches with gradual width structure lead to
more uniform flow distribution and thus more uniform tempera-
ture distribution, resulting in overall heat transfer coefficients up
to 600 W m K-1. The narrowness and symmetry of the RTD were
significantly improved by series connection of multiple butterfly-
shaped mixing units. Further, a chained stagnant flow model was
proposed to precisely describe the trailing phenomenon caused by
fluid stagnation and laminar flow in small scale reactors, enabling
a better fit for the experimental results of asymmetric RTD, as
compared to the existing flow models.
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