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Abstract: The micro reacting pipe with 3D internal structure, which is a micromixer with the shape of
the pipe, has shown great advantages regarding mass transfer and heat transfer. Since the fluid flow
is mostly laminar at the micro-scale, which is unfavorable to the diffusion of reactants, it is important
to understand the influence of the geometry of the microchannel on the fluid flow for improving
the diffusion of the reactants and mixing efficiency. On the other hand, it is a convenient method to
manufacture a micro reacting pipe in one piece through metal additive manufacturing without many
post-processing processes. In this paper, a basis for the design of a micromixer model was provided by
combining the metal additive manufacturing process constraints with computational fluid dynamics
(CFD) simulation. The effects of microchannel structures on fluid flow and mixing efficiency were
studied by CFD simulation whose results showed that the internal micro-structure had a significantly
positive effect on the mixing efficiency. Based on the simulation results, the splitting-collision
mechanism was discussed, and several design rules were obtained. Two different materials were
selected for manufacturing with the laser powder bed fusion (L-PBF) technology. After applying
pressure tests to evaluate the quality of the formed parts and comparing the corrosion-resistance of the
two materials, one material was picked out for the industrial application. Additionally, the chemical
experiment was conducted to evaluate the accuracy of the simulation. The experimental results
showed that the mixing efficiency of the micro reacting pipe increased by 56.6%, and the optimal
determining size of the micro reacting pipe was 0.2 mm. The study can be widely used in the design
and manufacture of a micromixer, which can improve efficiency and reacting stability in this field.

Keywords: metal additive manufacturing; micromixer; CFD flow simulation; internal micro-structure;
splitting-collision mechanism

1. Introduction

The micro reacting pipe is a kind of micromixer with the shape of a pipe which is a continuous flow
chemical synthesis device with critical dimension from micron to millimeter. It has many high-quality
characteristics. For example, the micromixer has great mass transfer ability and strong heat transfer
ability. It is easy to monitor the chemical production by using this device, and there is no amplification
effect. These characteristics greatly improve the mixing efficiency of micro reacting pipes, facilitate the
stable control of various chemical reactions in industrial production, and shorten the R&D period of
new products in chemical and pharmaceutical fields. For instance, Luong Jim et al., realized the effective
management of extra-column effect and performed post-column backflushing with the 3D-printed
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two-stage micromixer [1]. Therefore, the study of the micro reacting pipe is of great significance for the
development of high efficiency, low consumption, safe and controllable production mode, and the
realization of fine and sustainable development in the fields of medicine and chemical industry [2,3].

The critical dimension of the micro reacting pipe is in the order of micron to millimeter, which
greatly increases the influence of the wall viscosity force on fluid. Hence, the flow pattern inside
the channel of the micro reacting pipe is mostly laminar flow. In laminar flow, the mixing of the
components in fluid depends on the natural diffusion of molecules which is extremely slow. For example,
the diffusion coefficient of liquid is only about 1 x 10711 x 10™ m?/s, which is not conducive to the
improvement of production efficiency. Therefore, it is necessary to improve the diffusion process in
the micro reacting pipe to improve the production efficiency and practical value of the micro reacting
pipe [2,4,5]. One of the effective methods is adding external instruments to provide energy to produce
turbulence directly. For instance, Fan Zhang’s team investigated the turbulent mixing of two miscible
fluids in a high pressure (HP) coflow micromixer operated at 100 bar [6].

Because the traditional manufacturing methods usually exert some influence on the outer surface
of raw materials, it is inconvenient to use them to fabricate the internal structure. For example, square
waveforms shaped or “Z” shaped micromixers [2] need to be made up of two metal plates, each of
which is machined on its outer surface, and then they are bolted or welded. Another example is
Jeon W], who manufactured micromixers by using molds [7]. There are some other designs using
different methods of manufacturing. For instance, using lithography, micro-molding, and bonding
techniques to build polydimethylsiloxane micromixer [8] or using a standard wet etching technique to
fabricate the designed channel and bonding glass—glass chip to produce the designed micromixer [9].
But these methods can only make a 2D shape. There are some other methods to manufacture a 3D
shape micromixer, such as forming a three-dimensional (3D) micromixer with propeller blades by
two-photon polymerization (TPP) [10], which needs a long time to fix the printed 3D object, so the
process is cumbersome. In addition, the 3D-microfluidic reactor in low temperature cofired ceramic
(LTCC) [11] has poor thermal conductivity and is difficult to control sintering shrinkage. There is
an easy method, which is bending straight tubes of copper into coil [12]. However, it causes the
internal structure to be too simple to produce turbulence to mix fluid efficiently. By contrast, additive
manufacturing (AM) can be used to form micro reacting pipes with 3D inner structure directly without
adding additional processes such as welding or making molds.

There were some people redesigning the micromixer. For example, Sumsun Naher et al. [13],
Mubashshir Ahmad Ansari et al. [14], Zeyang Wu et al. [15], and Xueye Chen et al. [16] have designed
different internal structures of the micro reacting pipe through simulation, which might improve the
mixing efficiency of the micro reacting pipe theoretically, but their results were difficult to be fabricated
by the traditional manufacturing methods because of the complex geometry, thus, the practicability of
these results was affected. Based on AM technology, the optimized internal structure can be formed
directly to give more optimization space for the micro reacting pipe. In addition, the AM technology
can break through the conventional thinking of deforming and removing materials, realize the new
manufacturing concept of “ Net Shape Forming “ [17,18], and conform to the new tide of “Green
Manufacturing” [19].

The fabrication of micromixer by AM has been studied. For example, Obinna Okafor’s team
made small continuous flow oscillating baffle reactors with SLA (stereo lithography appearance)
technology [20] and Elisenda Fornells” team studied a multi-material 3D printed microfluidic reactor
with integrated heating [21]. The evaluation results of the study showed that the micro reacting pipe
could be manufactured by AM technology to obtain a satisfactory mixing performance, which reflected
the potential of AM in the field of micro reacting pipe manufacturing.

The micromixers mentioned above are all non-metallic material. But there is also research which
is based on metal additive manufacturing such as 316L stainless steel micromixer by micro powder
injection molding [22]. Jie Liu et al., proposed bringing the L-PBF method to fabricate the porous
metals as catalyst supports to improve the hydrogen production performance of micromixers [23].
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But this method also needs to assemble several parts to make a completed micromixer, whose process
is relatively complex. Kathryn L. et al., investigated optimized wavy microchannels numerically which
were manufactured by using L-PBF [24]. Their microchannels had a relatively gentle rolling inner
structure. But this structure could not make turbulence as much as possible.

In this paper, based on L-PBF technology, a type of internal structure of the micro reacting pipe was
designed and fabricated, and its optimal critical dimension was discussed. In addition, the properties
of the micro reacting pipe in this paper were compared with the former ordinary micro reacting pipe.
To investigate the content above, both the CFD simulation method and chemical experimental method
were employed. To study the insight of the micromixer, Harrson S. et al., discussed computational
methodology for the development of microdevices and micromixers with ANSYS CEX [25]. At the same
time, the chemical experiment was based on the Villermaux-Dushman parallel competition reaction
system which used the concentration of I3 in the outflowed solution as a probe to evaluate mixing
efficiency. On the other hand, Jacob C. et al., researched building direction effects on microchannel
tolerance and surface roughness through X-ray computed tomography (CT-scan) [26]. Therefore,
this paper will not focus on the dimension deviation and surface roughness.

2. Research Preparation

2.1. Equipment and Materials

To conduct the chemical experiments, the advection pump 2PB-10005 was employed to inject
the reactant solutions and the Agilent Cary 60 UV spectrophotometer was used to determine the
absorbance of the outflowed solution. To fabricate the micro reacting pipe, two metal materials were
compared and the better one was selected to form the micro reacting pipe with the L-PBF machine
Dimetal-280 manufactured by Laseradd Technology (Guangzhou, China) Co., Ltd. Main system
technical parameters of the L-PBF machine are described briefly below. Its theoretical spot diameter
is greater than or equal to 40 pm, stacking layer thickness is 0.02-0.1 mm, laser power is (10-100%)
x 500 W, velocity of forming is 10-20 cm3/H, and accuracy of forming is +0.02 mm. The principle
of the L-PBF process is illustrated in Figure 1a. With the help of high-energy laser, metal parts with
extremely internal complicated structure can be fabricated directly by powder material without the
need of post-processing treatment [27].
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Figure 1. (a) The principle of L-PBF process; (b) The micromorphology images of 316LSS powder;
(c) The micromorphology images of IN718 powder.
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The aforementioned metal materials were IN718 alloy and 316L stainless steel, whose average
particle sizes were 25 and 33 pum, respectively. Their compositions were as shown in Table 1, and the
micromorphology images of the two materials powders are as shown in Figure 1b,c.

Table 1. Compositions of the IN718 and 316L Stainless Steel (wt. %).

Material Cr Fe Mo Si Mn Ni Ti Al P Nb N Cu (0] C

IN718 1920 1732 317 033 023 5291 065 054 010 516 0.14 0.13 - -
316LSS 175 Bal 206 086 03 12.06 - - - - - - 0.09 0.03

2.2. Research Procedure

The research procedure of this study is shown in Figure 2. Firstly, based on the combination of
the optimal principles to improve mixing efficiency and the constraints of L-PBF process, the internal
structure of the micro reacting pipe was obtained in this paper. Secondly, the optimal critical dimension
as well as the comparison between the micro reacting pipe in this paper and the former ordinary one
was discussed by CFD simulation. Thirdly, the corrosion resistance test and compression resistance
test were performed to select the suitable material and the forming parameters to form the micro
reacting pipe. Finally, several micro reacting pipes in this paper were fabricated and some chemical
experiments were conducted to verify the simulation settings.

Optimization \ FLUENT ificati
Principles Simulation e

3D Designing / fauantiyng
Model

Micromixing

Phenomena
Process / \ 3D Printing

Constraint

<~

Compression (Corrosion
Resistance test resistance test
| |
——— -
(b)
Big Beaker

Advection Pump

Micro Reacting Pipe

Figure 2. The flow chart of the research: (a) overall process; (b) test platform model.

2.3. Design of Micro Reacting Pipe

As shown in Figure 3, the internal structure designed in this study is composed of the obstacles
with the shape of quadrilateral pyramid table. The dimension of the outer circle is 10 mm. Fluid will
turn into several strands by the front edges and the gaps between obstacles when it passes through the
obstacles. Then, the split fluid will converge along the slope, so the fluid will collide and form swirls
at the back of the obstacles. This process will break down the laminar pattern, turn the flow pattern
into turbulence, and promote convection diffusion so as to improve the mixing efficiency. During
manufacturing, out of consideration of process constraints of L-PBF, the axis of the micro reacting pipe
should be vertical to the substrate. At the same time, the angle between the suspended structure and
the wall in the channel should be not smaller than 45° to avoid building support inside the channel
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which cannot be removed after forming [28]. So, the first design principle is obtained: the angle of
inclination of the internal structure is more than or equal to 45°.

(b)

Figure 3. The internal structure designed for the reaction pipe: (a) the isometric view; (b) the

elevation view.

The flow field model used in this simulation is shown in Figure 4a below. The entrance part was
modeled according to the actual measurement of the tee coupling joint used in the chemical experiment.
The mixing area was composed of 10 groups of internal structure units with the total length of 40 mm.

Inlet2 \_ ,/

(@)

Inlet1

/Olgltlet

Figure 4. Flow field model in simulation: (a) whole reacting pipe model; (b) shape of the cross-section.

e

The characteristic cross-section of the flow field is shown in Figure 4b. The size represented by x
in the diagram is called the determining size and is denoted as JXxx (indicating that the length of the
gap is xx x 0.1 mm). By geometrical analysis, the area, the circumference, and the critical dimension of
the cross-section can be calculated. By the laws of geometry, the equations are as follows:

The relationship between the area and the determining size:

2
(a—x) )

A= axt——m0.
ax+ 2tan©

The relationship between circumference and determining size:
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2(a—x)(1-cos9)

C=4 2
at sin © @

The equation of the critical dimension of the cross-section:
4 _4A _ 2axsin0+ (a—x)%cos 0 3)

C  2asin@+ (a—x)(1-cosB)’

In this study, 6 was equal to 45°, and a was equal to 2 mm. Therefore, the relationship between
the critical dimension and the determining size is as follows:

B 4+ x2
T VA2 s D) (4)

In this paper, the simulation analysis and experimental verification were conducted with the
determining size of 0.2, 0.4, 0.6, 0.8, 1.0 mm, which corresponded to the critical dimension of 0.85, 0.89,
0.95,1.03, 1.13 mm.

2.4. Parameter Settings and Characterization Method in CFD

In this paper, CFD simulation was conducted with the commercial software ANSYS 17.0. Firstly,
the mesh file of the model was constructed. The final number of mesh elements ranged from 6.5 x 10°
to 8.0 X 10°. Then, the standard k-e model was used to describe the flow pattern [29]. Water and
ethanol were used as simulation mediums, and the species transport equation was used to simulate the
diffusion process. The density of the mixture was defined by volume-weighted mixing law [30], and the
viscosity of the mixture was set to 0.001 kg/ (m?-s), the mass diffusion coefficient was 1.2 x 107 m?/s.

When setting the boundary condition, the velocity inlet and the pressure outlet were used
to define the boundary condition. The volume flow rate inside the two inlets were 100 mL/min.
Temperature was set to 293 K, and the gauge pressure of inlets was 20,000 Pa in inlets and 0 Pa in outlet.
The solution scheme was SIMPLE. The pressure discretization scheme used PRESTO! The other items
were discretized by the second-order upwind method.

In the field of characterizing the mixing efficiency in CFD, Ansari et al. [31] used the mixing index
to analyze the mixing efficiency in the simulation. The mixing index M is defined as follows:

5 (5)

0 =4/ %Z(ci—Em)z. (6)

In the equations above, 0?2 is the variance of the tracer’s concentration inside the cross-section,
Omax? is the maximum value of 02. N denotes the number of sample points inside the cross-section,
¢ is the mass fraction of the tracer at certain sample points, and ¢y, is the average value of ¢;. In the
case of complete mixing, M = 1, while M = 0, there is no mixing process happening [31]. In this study,
the mixing index came from the outlet.

where

2.5. Experimental Method to Characterize Mixing Efficiency

2.5.1. The Process of Villermaux—-Dushman Reaction System

The chemical experiment used the Villermaux—Dushman parallel competition reaction system,
which used the concentration of I3 in the outflowed solution as a probe to evaluate mixing efficiency [32].
The process is as follows: dissolve the powder of H3BO3, NaOH, KI, and KIO3; with deionized water
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respectively. Then, pour the solutions above into a beaker successively and stir them so as to obtain
the solution a. Next, dilute the 98% H,SO, solution to the solution b with the certain concentration of
H* needed in the experiment. The following reactions will occur after the two solutions mixing [28]:

H,BO; + H" = H3BO;, )
51 +10; +H' = 3L, + 3H,0, 8)
L+ =1;. )

Reaction (7) reacts always faster than (8). Thus, reaction (8) happens only in the position where
there is an excess of H*. Since H' is given less than H,BO3, reaction (8) happens only when the mixing
is not sufficient, which causes some local excess of H*. Reaction (9) will happen after reaction (8), so the
product of reaction (9), i.e., I; can become the probe to reflect the mixing efficiency after calculating
with equilibrium constant K of reaction (9) [33].

According to Beer-Lambert law [34], the relationship between the absorbance of the solution and
the concentration of I3 is as follow:

5] = A (10)

el
where A denotes the absorbance of solution which can be determined by the UV spectrophotometer,
¢ is the equilibrium constant which is only related to temperature, L is the wall thickness of the cuvette
used in experiment.
To characterize the mixing efficiency, the segregation index is defined as follows [35]:

X = a1
v 2WViotal([I2] + [Ig])’ )
Vb'[H+]0
Ysr = sk, (13)
6[105], + [H2BO3 |

where Vj, denotes the volume of solution b, [] denotes the equilibrium concentration, [|, denotes the
initial concentration.

Since X is negatively correlated with the mixing efficiency, the micromixedness ratio ()
was proposed, and the micromixedness ratio is positively correlated with the mixing efficiency.
The relationship between X, and « is as follows:

1-Xg
Xs

x = (14)

2.5.2. Determination of [H*] 0

The I" /10; system is very sensitive to the concentration of H', because this reaction system is
actually a battle fighting for H". Too much or too less of H can reflect a wrong result of mixing
efficiency. Therefore, it is necessary to select an appropriate H" concentration at first. Foumier
et al. [35] found that the initial concentration of H" should range from 0.03 to 0.08 mol/L and the most
appropriate value within this range should be selected according to the measuring range of the UV
spectrophotometer and the results of the experiment.
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3. Results and Discussions
3.1. Practicality Experiment Results of Micro Reacting Pipe

3.1.1. Metal AM Printing and Compression Resistance Test of Micro Reacting Pipe

In this study, two kinds of materials, IN718 and 316L stainless steel, were used for forming the
micro reacting pipe. Because 316LSS is relatively cheap and used extensively as metal materials
in L-PBE, on the contrary, IN718 is expensive but has better corrosion-resistance. The optimization
parameters of L-PBF forming IN718 are as follow: spiral angle 30°, scanning distance 0.08 mm, laser
power 200 W, scan speed 1200 mm/s; the L-PBF optimized parameters for 316L stainless steel material:
inter-laminar spiral scanning, the effect of spiral angle 30°, scanning distance 0.08 mm, laser power
140 W, scanning speed 800 mm/s. The formed parts made of IN718 and 316L stainless steel are shown
in Figure 5. The printed molded parts were cut from the substrate by wire cutting and polished. In this
study, the inner and outer diameters of the molded parts were measured by electronic vernier calipers,
and each dimension data was measured three times. The maximum dimension deviation value is
0.2 mm.

Figure 5. Selective laser melting of the micro reacting pipe and complex inner structure: (a,b) as-built

micro reacting pipes; (c) the inner structure in the reacting pipe.

To facilitate the physical experiment of mixing efficiency, the shape of the micro reacting pipe was
adjusted, the groove was added to the outer wall of the micro reacting pipe according to the size of the
determining size, and the experimental sample was molded by IN718 and the molding parameters
obtained in Section 2.3. After obtaining the molded part, the tee coupling was welded to import the
two reaction solutions, and the final sample is shown in Figure 6.

The channel size of the micro reacting pipe is small so the pressure in the micro reacting pipe
drops dramatically, and it is used in a large flow rate to increase the output in the industrial production,
which requires the compression resistance of the micro reacting pipe. In this study, the parameters of
L-PBF were optimized by booster test, and the parameters of the high-quality pipe could be obtained
by the test. The test pressure was dynamic and gradually increased. During the test, horizontal flow
pump was used to inject water into the formed micro reacting pipe and the output flow rate of the
pump was continuously increased. As the pressure increases up to the limited pressure 5 MPa in
industrial application, if there is no leakage on the external wall of the pipe, the compression resistance
of the formed parts can meet the industrial requirements.

3.1.2. Comparison of Corrosion Resistance between Two Materials

Strong corrosive substances such as hydrochloric acid and phosphorus tribromate are often used
in chemical production, so it is necessary to compare the corrosion resistance of the materials used by
static corrosion test. The test objects were placed in 3% hydrochloric acid solution and 99% phosphorus
tribromate solution for 24 h respectively. The lower the mass variation is, the better the corrosion
resistance is. The test results are as shown in Tables 2 and 3, and the data show that the corrosion
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resistance of IN718 is better than that of 316L stainless steel, and the corrosion resistance of the material

can meet the industrial requirements.

Figure 6. Welded micro reacting pipe before the micromixedness testing.

Table 2. Experimental results of corrosion resistance of IN718.

Mass before the

Mass after the

o, . .
ID Experiment (g) Experiment (g) Mass Loss (%) Duration (h)  Medium
Sample 1 9.5814 9.5810 0.0042 24 PBr;
Sample 2 9.5810 9.5810 0.0000 24 PBr;
Sample 3 9.5810 9.5753 0.0595 24 3% HCl
Sample 4 9.5753 9.5737 0.0167 24 3% HCl
Table 3. Experimental results of corrosion resistance of 316LSS.
ID Mass l?efore the Mass.after the Mass Loss (%) Duration (h)  Medium
Experiment (g) Experiment (g)
Sample 1 5.0909 5.0881 0.055 24 PBr3
Sample 2 5.0881 5.0881 0 24 PBr3
Sample 3 5.0881 5.0727 0.3027 24 3% HCl
Sample 4 5.0727 5.0573 0.3036 24 3% HCl

3.1.3. Test Results of Physical Mixing Efficiency of Micro Reacting Pipe

In the experiment of mixing efficiency, 11.2406 g boric acid powder, 3.6357 g sodium hydroxide
thin tablet, 1.973 g potassium iodide powder, and 0.4985 g potassium iodate powder were dissolved
in enough deionized water, and then slowly poured sodium hydroxide into boric acid solution and
stirred to make a buffer. Then, the potassium iodide solution and potassium iodate solution were
poured into the buffer in turn. Then, 98% concentrated sulfuric acid was diluted to 0.025 mol/L and
0.03 mol/L to obtain the solution b. The initial concentrations of each component in solution a and b
are shown in Table 4.
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Table 4. Initial concentration of the chemical constituents in the experiment.

Chemical Constituents Initial Concentration (mol/L)
Ht 0.05/0.06
105~ 0.00233
H3BO; 0.1818
- 0.01167
NaOH 0.0909

The solution a and b were injected into each inlet of the micro reacting pipe simultaneously by the
volume flow rate of 100 mL/min by the advection pump, the absorbance of the effluent was measured,
and the absorbance was converted into the micromixedness ratio. The experimental results are as
shown in Figure 7. The change of micromixedness ratio with the determining size was consistent at
0.05 and 0.06 mol/L H" concentration, and accorded to the law of theory that the micromixedness ratio
of 0.05 to 0.06 mol/L is higher than that of 0.06 mol/L, so the experimental results are correct.

" ] —=—0.05 moliL H* N
%1 —e—0.06 moliL H*
200+
§ 180 - \
R [ \
@ 160 - —u . \\
g ’ .
E=l
_9_2 140
=
e
g 120—- o 747./,
100 -
°
80 T T T T T
JX02 JX04 JX06 JX08 JX10

Figure 7. Micromixedness ratio of the micro reacting pipe with different determining size.

3.2. Simulation Results of Micro Reacting Pipe and Selection of Model Parameters

3.2.1. Selection of Model Parameters and the Three Design Principles

The fundamental reason for the high mass transfer performance of the micro reacting pipe is its
small critical dimension of the channel. By reducing the critical dimension of the channel, the diffusion
distance of the components reduces, and the mixing efficiency dominated by free diffusion is enhanced.
The following formula (15) shows that the microscopic mixing time (t) of the micromixer is directly
proportional to the square of the critical dimension (d) and inversely proportional to the component
diffusion coefficient (D). Therefore, for the microscopic mixing process, the mixing efficiency decreases
monotonously with the increase of the critical dimension [36]. Therefore, the second design principle
of the micro reacting pipe is that the channel characteristic size should be reduced as much as possible
to enhance the mixing efficiency dominated by free diffusion:

42
t o D (15)

Figure 8 shows the relationship between the intensity of segregation (Is) and the mixing time (t)
in different flow states [2]. The intensity of segregation (Is) in turbulent flow decreases more rapidly
than laminar flow, because turbulence can promote convective motion between micro-clusters of fluid,
and shorten the distance between micro-clusters, thus enhancing the mixing efficiency dominated by
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convective diffusion. Therefore, the third design principle of the micro reacting pipe is trying to put
the fluid in a turbulent state to enhance the mixing efficiency dominated by convective diffusion.

Laminar Flow

Turbulent Flow

1

Figure 8. Variation of the intensity of segregation with mixing time (Is = 0 represents completely
homogeneous mixing).

Combined with the application requirements of the micro reacting pipe and the process constraints
of metal additive manufacture, three design principles of the micro reacting pipe based on the metal
additive manufacture method are summarized:

1.  The tilt angle of the internal structure is greater than or equal to 45° to avoid warping during
laser melting;

2. The critical dimension of the micro reacting pipe’s channel should be reduced as much as possible
to enhance the mixing efficiency dominated by free diffusion;

3. To enhance the convection-diffusion dominated mixing efficiency, the fluid in the micro reacting
pipe channel should be put in a turbulent state.

The critical Reynolds number (Re *) is related to the roughness of the wall and channel shape,

and Re is defined by the following Equation [2]:
Re = M, (16)
n
where p, v, d, prepresent the density, average rate, critical dimension (hydraulic diameter), and dynamic
viscosity of a cross-section, respectively.

When the actual Reynolds number (Re) on a cross-section exceeds the critical Reynolds number
(Re ), the flow will begin to become unstable and gradually transform to complete turbulence as the
difference between the two increases.

As Equation (16) shows, when the critical dimension (d) of the micro reacting pipe is reduced to a
low level, the actual Reynolds number (Re) will be so small that the critical Reynolds number (Re *)
cannot be exceeded or the gap between Re * and Re cannot be enlarged, which makes it difficult for the
flow to transfer from laminar flow to fully developed turbulence. That is also the reason why the flow
state is usually laminar flow in ordinary micro reacting pipes.

The Re can be increased by enlarging the critical dimension, however, due to the constraint of
the second design principle, only increasing the critical dimension will reduce the mixing efficiency.
Therefore, fully developed turbulence can only be created by increasing the cross-section’s average
velocity or decreasing the Re *. One specific way to increase the cross-section’s average velocity is to
increase the energy supply of external energy sources, such as increasing the pump’s output pressure
and flow rate, or installing an ultrasonic oscillator on a micro reacting pipe. Multiple pumps are used
for multi-stage energy supply, and the micro reacting pipe is placed in an electric or magnetic field to
accelerate or rotate charged particles in a fluid by an electric field or magnetic field force, which is the
active micro reacting pipe [37].
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However, the active micro reacting pipes” energy consumption and overall device complexity
greatly increase due to the need for additional external energy sources. Fortunately, some former
studies have also shown that adding obstacles inside the channel can reduce Re * [31]. Therefore,
this study used the method of creating complete turbulence by reducing the Re *. Some obstacles
in the micro reacting pipe’s channel were designed to generate turbulence to improve the mixing
efficiency [38].

3.2.2. Simulation Results of Micro Reacting Pipe

The simulation data were substituted in Equations (5) and (6) to obtain the mixing index under
the corresponding determining size, as shown in Figure 9.

(a) (b) Free diffusion
0.6 - Practice
Convection-diffusion

SN N T

JXxx

Mixing index(1)
Mixing efficiency

o
=
1
//'
n
—
/I

034 [ ]

"UX01 JX02 JX03 JX04 JXO5 JXO6 JXO7 JXOB JX09 JX10
Figure 9. Mixing index and diffusion types in the reacting pipe: (a) mixing index of the micro reacting
pipe with different determining size; (b) interaction of free diffusion and convection diffusion.

Based on the theories and experiment results above, concrete measures were put forward for the
design of the micro reacting pipe, including;:

¢  Reducing the micromixing distance and improving the mixing efficiency by means of sudden
contraction and sudden enlargement of the cross-section of the micro reacting pipe;

e  The fluid can be separated by means of a structure with a sharp edge;

e  The fluid confluence can be guided by an inclined plane with a certain angle between the wall of
the tube and the surfaces of the obstacles.

With these measures, the fluid can collide in the radial direction and greatly enhance the convection
diffusion of the components in the radial direction.

It can be seen from Figure 9a that the mixing index decreases first and then become larger with the
increase of the determining size, and then decreases rapidly after an extreme value, where the extreme
value appears when the determining size is 0.8 mm. Refer to the previous analysis of the design
principles of micro reacting pipes, it is the result of the combination of the second design principle
(reducing the size, enhancing the free diffusion) and the third design principle (creating turbulence and
enhancing convection-diffusion) in Figure 9b. According to the analysis of the second design principle,
with the increase of the determining size, the critical dimension of the channel as well as the longest
distance between the fluid components is also increasing. Therefore, the mixing efficiency caused by
free diffusion decreases with the increasing of the determining size, and the mixing index caused by
free diffusion decreases monotonously with the increase of the determining size. With the increase of
the determining size, the critical dimension of the channel is also increasing. According to Equation
(16), this accelerates the increase of the actual Reynolds number in the channel. However, the increase
of the determining size also reduces the volume of the obstacle and the interference to the flow. Due to
the existence of this pair of contradictions, the mixing efficiency caused by convection-diffusion exhibits
an “inverted U-shaped” change as the critical dimension to increase.
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To explain the disturbance effect of the designed obstacle on the fluid flow, and according to
Figure 9a, the best determining size is 0.2 mm. The micro reacting pipe without obstacles and the
micro reacting pipe with the determining size of 0.2 mm were simulated, as shown in Figure 10 below.
The mixing index of the obstacle free micro reacting pipe was calculated to be 0.315734242.
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Figure 10. Velocity vector diagram of different conditions: (a) velocity vector diagram of the free
channel (axial); (b) watershed model of the unobstructed micro reacting pipe; (c) velocity vector diagram
with obstruction (axial), (d,e) velocity vector diagram of two successive obstacles (vertical axis).

As shown in Figure 10a,c, the state of flow flowing in an unobstructed channel is laminar, the fluid
flows completely along the axial direction, and there is a lack of transverse mass and momentum
exchange between the fluid microspheres. So, the diffusion of components depends on the random
motion of molecules. In the channel with obstacles, the fluid is squeezed at the square frame, which
reduces the distance between the two sides of the fluid boundary, shortens the maximum displacement
of the two components, and enhances the free diffusion efficiency of the components. At the circle,
the velocity vectors round in layers of circles, indicating that a swirl is formed there, which indicates
that the fluid flow changes into turbulence.

Figure 10d,e is respectively two velocity vector diagrams of the fluid formed after passing through
one set of orthogonal obstacles. In Figure 10d, four strands of fluid, upper left, upper right, lower left,
and lower right, are guided by obstacles to move towards the circle in the graph and converge into two
strands. The convergent fluids are divided into four strands after reaching the next set of obstacles
which are orthogonal to the former, and then move towards the circle frame in Figure 10e, converge
into two strands. In this periodic fluid movement, the fluid is constantly divided and converged,
and the fluid microspheres from all directions collide violently at the confluence, resulting in the
continuous deformation and fragmentation of the fluid microspheres and the formation of smaller
microspheres. Thus, it is more favorable for the uniform distribution of the components in the fluid
and the enhancement of the mixing efficiency.
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Figure 11 shows the comparison of mass fraction distribution of axial components and kinetic
energy distribution of axial turbulence between the micro reacting pipe without obstacles and with
obstacles designed in this paper.
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Figure 11. Comparison diagram of a variation of the mass fraction of the component and the turbulent
kinetic energy along the axial direction: (a) mass fraction of the component chart without obstacles;
(b) turbulent kinetic energy chart without obstacles; (c¢) mass fraction of the component chart with
obstacles; (d) turbulent kinetic energy chart with obstacles.

The distribution of mass fraction of the component ethanol (left in Figure 11) demonstrates that
the mass fraction of the ethanol in the micro reacting pipe with obstacles converged to the ideal point
0.4473625 earlier than the unobstructed pipe. Therefore, the obstacles designed in this paper can
enhance the mixing efficiency of the micro reacting pipe.

The turbulent kinetic energy of the micro reacting pipe with obstacles in the mixing region is
nearly an order of magnitude higher than that of the unobstructed micro reacting pipe as shown in the
comparison of axial turbulent kinetic energy (right). Therefore, the fluid motion is more intense in the
micro reacting pipe with obstacles. The mass and momentum exchange between the various fluid
micro-clusters more frequently, which enhances the convection and diffusion of the micro reacting
pipe and is beneficial to the improvement of the mixing efficiency.

4. Discussion

By comparing the micromixedness ratio («) in Figure 7 and the mixing index (M) of the physical
test in Figure 9a, the simulation results showed that the maximum mixing efficiency of the prediction
was different from that of the experiment. The reasons for the deviation might be that the meshes
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and models were not suitable enough, the deviation dimensions and roughness of the actual internal
structure of the molded parts were not considered in the simulation. Although both of them were
positively correlated with the mixing efficiency, they were not uniform in dimension. Hence, only the
qualitative analysis can be carried out. But the simulation results were consistent with the experimental
results. The position of the turning point and the changing trend of the slope between every two points
were accurately predicted, so the simulation still had sufficient credibility. [39].

Figure 12 shows how splitting-collision mechanism works. There are two main mixing patterns
influencing its mixing process, collision, and swirl. Besides, continuous fluid can be divided into huge
amounts of micromasses which have different physical or chemical states based on hydrodynamics
theory system.

Collision

Figure 12. Scheme of splitting-collision mechanism.

When two micromasses collide, the components contained inside the micromasses will break
through the surfaces of two micromasses, resulting in the mixing of two components. At the same time,
a bigger micromass will turn into some smaller micromasses. The smaller micromasses have larger
relative surface area, which increases the probability of contacting outer components and enhances the
molecular diffusion caused by concentration differential.

Besides, the fluid revolves around a low-pressure point and runs along a helical line in swirls,
where the fluid micromasses are teared into many thin and long slices by the normal and tangential
force from pressure difference and viscous force. The mixture slices have a larger contact area between
two micromasses, so it attains stronger molecule diffusion and higher mixing efficiency.

As the colliding process goes, the high-pressure zones appear at the converging zones in the
central region due to the anti-force caused by colliding. Meanwhile, the obstacles do not obstruct the
fluid any more after the fluid flow across the middle cross-section of obstacles. So, there are some
low-pressure zones close to the back slopes. Then, the acceleration vectors point from the central region
to surroundings. The acceleration vectors are against the velocity vectors resulting that the torques
appear because not all acceleration vectors are on the same lines with velocity vectors. The torques
cause swirls. Thus, in the paragraph after the middle cross-section of obstacles, the mixing behavior is
the development of swirls as well as the collisions between the boundaries of different swirls.

According to the above design principles, there are many ways to design micro reacting pipes,
however, only a kind of internal structure was discussed in this paper. As the cross-section of other
micro reacting pipes in Figure 13, there are other developing directions of the shape of internal structure,
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such as obstacles with curved face or asymmetrical structure. The internal channel structure of the
micro reacting pipe has a great influence on the mixing efficiency, and the appearance of the AM
technology provides a wider optimization space for the design and manufacture of the micro reacting
pipe, so it is worthy of further study by researchers in various fields. The wall thickness can influence
the heat transfer efficiency, but during this simple chemical experiment, it can be ignored because of
the high-impact material.
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Figure 13. Cross-section of the other micro reacting pipes with different internal structure.

In addition, the structure designed in this paper requires the micro reacting pipe to be formed
vertically to the substrate, and the most metal additive manufacturing machine has relatively small
forming height. But the ratio of length to width of the micro reacting pipe is very large in industry,
so it needs a lot of molding time, which should also be considered as an important factor in the design
of micro reacting pipes in the future.

5. Conclusions

Three design criteria for the micro reacting pipe with a 3D inner structure in one piece for AM
were proposed. Through CFD simulation, the optimization design of the micro reacting pipe was
done with constraints of laser selective melting technology. The influence of the internal structure on
fluid flow and mixing efficiency were discussed, including splitting-collision mechanism. Through
the corrosion resistance test and compression resistance test, the suitable metal material and forming
parameters in the industrial application were found out. Finally, the simulation results were verified
by using the Villermaux—Dushman parallel competition reaction system in the practical experiment.
Results showed that the mixing efficiency of the micro reacting pipe increased by 56.6%, the optimal
determining size of the micro reacting pipe was 0.2 mm, and results of the simulation and practical
experiment are consistent with each other.
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