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Abstract: This paper proposes a milli-reactor design method incorporating reactor runaway criteria.
Based on Computational Fluid Dynamic (CFD) simulation, neural networks are applied to obtain the
optimal reactor structure according to the target reaction requirements. Varma'’s theory, the critical
Nusselt number for stable operation of the flow reactor, is derived. Inserts of the multi-blade structure
are designed and investigated to enhance mixing and heat transfer performance. The flow field and
heat transfer capacities are obtained by CFD calculations in the range of Re 50-1800. The internal
components increase the heat transfer performance up to 21 times, and the pressure drop up to
16 times. The inclined angle of the blade is recommended to be 45°, which can effectively improve
heat transfer without generating excessive pressure drop. By partial least squares regression (PLS)
analysis, Re and the number of blades are the most critical factors affecting heat transfer, and the five
blades and smaller tilt angles are recommended. The CFD calculation results are in good agreement
with the Particle Image Velocimetry (PIV) experimental results.

Keywords: flow chemistry; reactor stability; neural network algorithm; reactor design; PLS

1. Introduction

With the increasing demands on safety and environmental protection in the fine
chemical industry, flow chemistry has become a hot topic in academia and industry as
an “enabling technology,” owing to its effectiveness in improving process safety and
economics [1,2]. The successful cases of Vertex, Janssen, GlaxoSmithKline, and other com-
panies have demonstrated that continuous production can help reduce carbon emissions,
equipment investment, and operating costs and realize in-time monitoring and control
product quality during the production process [3].

Early on, fine chemicals were produced continuously in microreactors [4]. Due to their
small feature size, microreactors offer various advantages, including high specific surface
area, rapid mixing, efficient mass and heat transfer, and safety, which have contributed
to the rapid development of microreactors over the past two decades [3,5,6]. However,
low throughput, high-pressure drop, and plugging due to small characteristic size are
significant challenges for microreactor industrialization [7-10]. Scaling up to millimeter
level is applied in many commercial continuous reactors (such as Corning, Chemtrix) and
laboratory research [11]. Although commercial flow reactors have been successfully used in
industrial production, they are expensive, cannot be structured for specific reactions, cannot
load solid catalysts, and lack flexibility. Incorporating inserts in millimeter pipes to manip-
ulate the flow field in the reactor can effectively improve mass and heat transfer [12-15].
Such millimeter-scale reactors show great potential due to their low price and industrial
manufacturability, especially with the increased use of 3D printing technology in the
chemical industry [16].

Commercial flow reactors have excellent mass and heat transfer capabilities because
of their complex structural design, and therefore also entail large pressure drops and
expensive equipment costs. It makes sense to meet chemical needs cost-effectively and
practically while minimizing the overdesign of heat and mass transfer characteristics [17].
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Microstructured reactors were incorrectly considered isothermal and intrinsically safe
in previous studies [18], which undoubtedly poses significant risks. Especially after scale
amplification, heat transfer deteriorates. Determining the stable operating state of the
reactor is a critical step in process design [19]. Reactor runaway criteria can be used to
determine the boundaries of safe and non-safe zones, guide reactor design, optimize reactor-
operating conditions, and improve process safety and stability [20,21]. Since Semenov’s
pioneering work, which defined the boundaries of runaway states, numerous attempts have
been made to determine new runaway criteria [22-25]. In the design of the millimeter-scale
reactor, considering the interaction of thermodynamic properties of reactants, reaction
kinetics, fluid flow, and reaction heat, the heat and mass transfer capacities of the reactor
are reasonably improved so that the reactor is located in a parameter non-sensitive region,
and the intrinsic safety is realized [10,26].

Once the reactant properties and operating conditions are determined, the flow field in
the reactor is the primary determinant of heat and mass transfer [2]. Artificial intelligence
algorithms to control the flow field, generate multiple flow configurations through specific
structures, and achieve the desired macroscopic performance (drag reduction, improved
mixing, heat transfer, etc.) are a new direction with a new gravity [27]. Lv et al. [28]
proposed an active approach for the insert’s design, which optimizes enhanced heat transfer
and drag reduction.

Although there have been many studies on how to develop various reaction pro-
cesses in milli-reactors, there are very few reports on how to design milli-reactors. Kock-
mann et al. [29,30] used classical correlations in microreactor design to determine the minimum
channel size to meet mixing, heat transfer, and reaction requirements. Kucherov et al. [31]
made customized flow reactors by 3D printing and copper plating on the reactor surface to
achieve the reaction requirements. However, in the current study, there is a lack of methods
to design and adapt reactor structures to specific reaction requirements. It is well known
that enhanced mixing and heat transfer come at the cost of energy dissipation (pressure
drop) and that a one-sided pursuit of reactor transfer performance inevitably leads to large
pressure drops. The currently available milli-reactors have to use complex structural de-
signs in order to ensure versatility, and are therefore exposed to high-pressure drops. Flow
chemistry system development is often limited by the unavailability of suitable pumps.
However, different reaction systems require different mixing and heat transfer capabilities;
for example, a moderately exothermic class B reaction requires not only moderate heat
transfer but also enough residence time. At this point, unacceptable pressure drops may
occur if the microreactors are simply connected in series. It is therefore very attractive to
keep the reactor running steadily and prevent runaway while keeping the pressure drop
as low as possible and preventing over-design through structural design in the reactor
design step, taking into account the reaction characteristics. Unfortunately, however, there
is very little research on the design of milli-reactors for reaction requirements. Further-
more, considering convenience and practicality, the structure of such a reactor should be
simple, easy to manufacture, and the reactor performance should be able to be adjusted
by simple parameter changes. Therefore, this paper proposes a millimeter-scale reactor
design method that incorporates runaway reactor criteria and designs structural inserts.
During reactor development, the reactor’s flow and heat transfer characteristics are studied
by CFD simulations. A neural network is trained based on the acquired data. The heat
transfer capacity required for the reactor is determined according to the characteristics of
the specific reaction combined with the stability criteria. It is used as an objective function
to obtain the best structure suitable for the reaction by a trained neural network. By this
method, users of the reactor can easily understand the heat transfer and pressure drop
characteristics of the reactor and achieve stable operation of the reactor without suffering
excessive pressure drop losses. The results of the CFD calculations are compared with the
flow field visualization results by particle image velocimetry (PIV) to verify the accuracy of
the CFD calculations.
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2. Numerical Simulation and Experiment
2.1. Numerical Calculation
2.1.1. Geometric Model

A schematic of the inserts in a millimeter-scale reactor is shown in Figure 1. The center
rod’s diameter is 1 mm, and a different number (2~6) of deflectors is connected to the center
rod. The thickness (8) of the deflector is 0.3 mm, and the height (H) of the blade ends is
0.8 mm. The numerical calculations investigate the effects of the number of blades (N), the
angle (A) with the central rod, and the blade spacing (P) on the flow and heat transfer in a
3 mm circular tube, respectively, and the relevant design parameters are shown in Table 1.
The length of the computational domain is 200 mm and contains at least 40 structural units
to be able to capture the rear stabilization characteristics.

Figure 1. A geometrical model of insert.

Table 1. Parameters of insert.

Number of Blades (N) 2,3,4,5,6
Angle (A) with the central rod 30°, 45°, 60°, 75°
Blade spacing (P), mm 2,3,4,5

2.1.2. Governing Equations and Boundary Conditions

In the current work, the working fluid is water with a Re range of 50-1800, which
is considered incompressible Newtonian fluid. Because the small diameter of the pipe is
placed horizontally, gravity can be ignored. The constant heat flux at the wall is 2000 W /m?,
the temperature variation range is small, and the effect of radiation can be neglected while
the physical properties of the fluid remain constant. The model is assumed to be a three-
dimensional steady state, and viscous dissipation is not considered. Based on the above
assumptions, the controlling equations for the conservation of mass, momentum, and
energy can be written as:

u;
oxi " M
E)U,» E)U]UZ _ ap 0 aui .
Oax " F ox;  ox %<Maxi+prﬂ>(z—1~3) )
J oT -
E)Tci (PUiCPT - Aaxi) =0(i,j=1,2,3) ®)

Tj; is the Reynolds stress.
In this paper, the SST k-w model was chosen.
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The tube’s inlet is a fully developed velocity and temperature boundary layer, and the
wall of the tube and the inserts are non-slip wall surfaces. The fully developed speed and
temperature distribution at the entrance are:

r 2

Ui = uc[l — (%) ] (4)
B gRo,, r\2 1, r 4
Tin =Tc + T[(%) - Z(%> ] @)

The tube outlet is set as a pressure outlet, and backflow is suppressed. Fluent 15 based
on the finite volume method is used in this study. The coupled pressure and velocity are
calculated by the Couple algorithm. The convergence criterion is 10~° for the momentum
equation and 1078 for the energy equation.

2.1.3. Data Reduction

The Reynolds number, characterizing the relative influence of inertial and viscous
forces, can be calculated by the following equation:

K
The average convection coefficient can be calculated as
o = @)

Tw — T

Among them, the average wall temperature and the average fluid temperature in the
full development stage are Ty, and T, respectively.

The Nusselt number, which characterizes the strength of convective heat transfer, is
defined as

_ hyD
Nu = N (8)

The whole tube friction factor is defined as

_ Ap
T ©

2.1.4. Grid Generation and Verification of Accuracy

Workbench Mesh generated the 3D tetrahedral mesh, and the expansion layer was
added to the wall of the pipe and the insert. In order to verify the mesh independence, for
Re = 600, the number of blades is 6; the angle is 45 and the spacing is 2 mm. Three different
meshes were generated separately. As shown in Table 2, the relative errors of Nusselt
number Nu and pressure drop for Grid 2 and Grid 3 are 0.10% and 0.49%. To balance the
computational accuracy and computational resources, Grid 2 is utilized. The final grid
used is shown in Figure 2a,b.

Table 2. Grid independence test.

Cells Nu AP/Pa Error—Nu Error—AP
Grid 1 9653794 48.5 5559.7 —5.96% 2.60%
Grid 2 12208773 515 5445.4 —0.10% 0.49%
Grid 3 25818325 51.5 5418.8 —_

Theoretical values of Nusselt number (4.36) and friction factor (64/Re were applied,
respectively, to validate the performances of heat transfer and flow in the plain tube. As
shown in Figure 2, good agreements were obtained as the max deviations between the
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simulative and theoretical values were 2.7% for the Nusselt number and 5.0% for the friction
factor. Furthermore, we used the laminar model to calculate the heat transfer and pressure
drop in the milli-reactor at the same Re up to Re < 800, and the difference in the results
between the laminar model and the k—w SST was less than 6.5%.

(b)

0.5
e Nu-simulation
Nu-theoretical
«  fsimulation | 0.4
\ — — f-theoretical
A6} N 10.3
= \
= =
4.4} '® ) o [ [ [ '02
b
4.2} T " ~1 0.1
e r
4.0 : : . P B
0 400 800 1200 1600
Re

(©)

Figure 2. (a) Detail view of grid at axial section; (b) Detail view of grid at cross section; (c) Compar-
isons between numerical results and theoretical values for smooth tube.

2.2. PIV Visualization Experiment

In this experiment, a model of inserts with N = 4, A = 45°, p = 4 mm was selected
to measure the flow structure in the downstream section of the inserts in the range of
Re 50-1500.

The 2D2C-PIV system is shown in Figure 3. For the measurement, the test part
was a transparent tube with an inner diameter of 3 mm and a wall thickness of 1 mm,
which was fixed in a rectangular transparent tank made of plexiglass. The laser-induced
fluorescent particles with an average diameter of 1 um were used as tracers whose specific
gravity was about 1.14 g/cm3. The choice of pump was constrained by the low flow rate
of the experimental process, the presence of particulate, and the need to achieve high
flow stability.

For accurate and stable feeding, a feeding system was designed to feed distilled water
and concentrated particle solution by a chromatography preparation pump and a syringe
pump, respectively, then mixed by a magnetic stirring tank and entered the test pipeline.

A dual-frame camera operating at 20 Hz was used to record the PIV images. The
resolution of the images was 1980 x 1200 pixels with a dynamic range of 12 bits. To obtain a
suitable viewing area, a 60 mm camera lens (Niko) with a minimum f-value of 2.8 was used.
The tube’s test section was illuminated from the top using a dual-cavity frequency-doubled
pulsed Nd: YAG laser, as shown in Figure 4. A set of lenses formed the said light sheet and
a light guide arm was applied to adjust the position of the said light sheet. A transparent
box made of Plexiglas was designed at the end of the test tube to capture the circular section
under one camera condition.
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Figure 3. Schematic diagram of PIV system: 1 computer, 2 synchronizer, 3 laser, 4 laser head, 5 CCD
cameras, 6 light sheet, 7 feeding system, 8 feed tank, 9 syringe pump, 10 magnetic stirring tank.

Numerical simulation
solutions by CFD | g E— Train ANN
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Figure 4. Map of design process.

2.3. Stability Criterion

Under general conditions, the Arrhenius equation’s reaction rate increases exponen-
tially as the temperature increases, leading to exponential exotherm and reaction out of
control. These conditions are called parameter sensitivities, where tiny deviations in indi-
vidual parameters lead to rapid reaction rate and temperature increases. The monograph by
Varma [32] provides a decent review of parameter sensitivity. This article adopts the explicit
criteria perfected by Morbidelli and Varma [32] that have been extended to tubular reactors.

The reaction parameters are characterized by dimensionless numbers:

_ Da-B
V= St

(10)

where B is the dimensionless heat of reaction.

_ (=4H,)(Cao)
P= e 7 (n
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7 is the dimensionless reaction activation energy.

_ Ea
7T R T,

(12)

St represents the relationship between convective heat transfer and flow and is de-
fined as

St = UL (13)
doupcy
Da represents the relationship between reaction rate and residence time.
m—1

0

The critical reaction number .., when ¢ > 1.,;; will show parameter sensitivity,

defined as
0c

Yerit = (15)
exp(6c/(1+6c/7)) [1 - (39/3)2/3}
where 0, is the dimensionless critical temperature, calculated as
_
O = 5 |(r=2) = /(7 —4) — 400 (16)
0o is the dimensionless initial cooling temperature, defined as
o Teo — To
960 = T, Y (17)
where T, is the initial temperature of the cooling medium.
Parament BY can be defined as:
60(1+ 62/)°
By — g0 M0+ 6C/) (18)

(1+69/7) — 60

0? is the critical temperature of the adiabatic reactor, which the following equation
can calculate:

0= (m—1)(60)" +2y(m—1)2 - 1) (6)° + 2(m —1)(3—7) — 1(v

(19)
2
—2)]72(69)% 4+ 2[2(m — 1) + 7]736° + (m — 1)7*
When the reaction is the first reaction (m = 1):
g0 _ % 0)

c:m

When y— o0, i.e., when the reaction dimensionless activation energy is tremendous:

BY = (1++/m)® 1)

By combining the equations, the critical Nusselt number of the reaction can be obtained.
The reaction is in the parameter insensitive region when the actual Nu is greater than Nu,.

1 pd®Ea(—AH,)k(Ty)(Cap)"
Nu, = 22
T Porit 4ART T2 22)
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2.4. Neural Network

A large number of results from CFD calculations are used as training data, and a
three-layer feedforward neural network (ANN) is used to find relationships between inputs
(Re, P, A, N) and the output (Nu, f/f,). The ANN (artificial neural network) consists of the
input layer, hidden layer, and output layer, and the number of neurons in the input layer is
determined by the dimension of the input data sample. The ANN has four input layers of
normalized neurons (Re, P, A, and N), a hidden layer with multiple neurons, and an output
layer with one output unit (Nu or f/f;)). The number of layers and the number of neurons
per hidden layer can be adjusted according to the data itself, and these two factors have a
significant impact on the ANN results. Our dataset consists of a total of 960 data using 90%
of the data trains network, 10% of the data backtest.

Although the ANN can be easily developed to handle multi-output problems, we
trained two ANNSs for the sake of research simplicity. The data samples are normalized
and entered into the network, and the output values for each hidden layer are processed
using the Relu activation function.

The loss function used for the whole ANN network is the mean square error loss,
which measures the mean square between the predicted and true values of the ANN.
The final evaluation metrics are mean square error (abbreviated as MSE) and regression
coefficient (abbreviated as Reg), and the formula is defined as follows:

1 N
MSE = — Y (Xjanw — Xi)° (23)
N {5
N (X; ann — Xi)?
Reg _ 1— Z ( z,AN}Z\(]2 1) (24)
=1 i

2.5. Milli-Reactor Design Process

The design flow is illustrated in Figure 4. The first step is to obtain the target Nu: first,
calculate the critical Nu, of the reaction from Equation (18) according to the kinetic and
physical data of the reaction, and then correct it to be the Nu corresponding to the working
fluid as water. The second step is to generate alternative structures and operating parameter
variable space by the trained neural network, and the third step is to determine the reaction
time. Then, the ideal structure is determined with the pressure drop minimization as the
objective function.

Nu is obtained through the water as the working fluid in the neural network, and the
critical Nu, is determined by specific reactants, so Nu, needs to be modified to Nu while
the working fluid is water. The effect of substance properties on Nu can be seen in the
Dittus—Boelter correlation:

Nu = 0.023Re8 pr03 (25)

Thus, the target Nusselt number Nuyater is:

P 0.3
Nuwater = N (ﬁuater) (26)

p Treaction

In the search for the optimal structure, the feasible Re, structure, and corresponding f
are first determined by the trained neural network according to the target Nu, and then the
optimal structure is determined with the objective of minimizing the pressure drop AP.

The reactor length L is determined by the residence time and the average flow rate,
and to adjust the deviation of the average flow rate between the existent insert and the
empty tube. A correction factor a is introduced.

a= Vempty/Vwith insert (27)
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The reactor pressure drop AP is:

1 (Rey)3

(28)

3. Results and Discussion
3.1. Thermal-Hydraulic Characteristics
3.1.1. Heat Transfer Mechanism

After determining physical properties and operation conditions, the main factor
affecting heat transfer is the flow structure. In the heat transfer of the millimeter-scale
reactor studied in this work, the main factors affecting heat transfer include vortex structure,
deflection of flow direction, and local flow velocity. The insert can be used as a longitudinal
vortex generator, and the enhancement of the longitudinal vortex for heat transfer has been
discussed in much of the literature [33-35]. As shown in Figure 5, the four-bladed insert
generates four pairs of vortices in opposite directions, which effectively thin the boundary
layer of heat transfer and flow, and at the same time, direct the cold fluid at the center
of the pipe toward the wall. The high-temperature fluid at the wall toward the center of
the pipe extends the fluid’s flow length and makes the radial temperature distribution
more uniform.

Velocity

HO?O

Temperature
298.46

20842
20837
| 298 32
208.27
298.22
208.18
208.13
298.08
208.03

297.98
(K]

o P e [l i A i i |
‘I‘" - e = ~ — ‘, e E—— e
— N T .S:}j S TS (TR TS——, NS TSI — _:K
O N N 9 2
QQ (}‘} Q(? 61 Qc'b
[ & |
Velocity m/s

(c)

Figure 5. Temperature contour and streamline on plane at z = 60 mm (P =5 mm, A = 30, N = 4):
(a) longitudinal swirls generated in tube, (b) temperature distribution, (c) the effect of deflecting flow
caused by deflectors, streamline.

Unlike conventional scale pipes, the inner insert volume at the millimeter scale is
generally not negligible. In this study, the volume ratio between the empty pipe and the
deducted insert part is between 1.13 and 1.18, so the local flow rate is greater than the plain
pipe flow rate, resulting in enhanced heat transfer and increased pressure drop.

3.1.2. Effect of Geometric Parameters

The geometric parameters studied mainly include the number of blades, blade pitch,
and blade angle in this study. The interaction of the geometric parameters produces a
complex flow field, leading to differences in pressure drop and heat transfer performance.
Unlike the macroscopic scale results, the heat transfer capacity and a single geometric factor
are not always monotonically related; they are influenced by the Reynolds number and
other geometric parameters.
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Number of Blades

As shown in Figure 6, the Nusselt number increases with the number of blades in most
of the region, which is in agreement with the results of the literature [28,36,37]. Figure 7a
shows the cross-section’s temperature distribution and tangential velocity vector plot when
z =51 mm, Re = 200, pitch = 3 mm, and blade angle = 45°. Each blade can produce a pair
of longitudinal vortices rotating in opposite directions, and the role of longitudinal vortices
for heat transfer enhancement has been discussed in the previous section. Also, as the
number of blades increases, the temperature gradient at the wall is greater, reducing the
area of high temperature, while the cross-sectional temperature is more uniform. More
blades produce more longitudinal vortex pairs, and the heat transfer capacity is increased.
However, in some regions, the Nusselt number decreases instead when the blades are
increased, mainly concentrating on Reynolds number Re > 600, such as in the five-blade
to six-blade conversion. As in Figure 7b,c, flow field diagrams at pitch = 3 mm, n = 5,
6, Re = 600, inclination angle = 45°, 15th member axial cross-section and z = 50.4 mm
cross-section. It is clear that dead zones and backflow are created at the back of the blades,
and this axial vortex makes less cold fluid flow to the wall, reducing the velocity gradient
at the wall, which leads to a decrease in heat transfer capacity. Compared to the five-blade,
the six-blade has a stronger backflow due to the larger blockage area and denser flow lines
at the back of the blade (closer to the center in the cross-sectional view).

—m— A=30°Re=200 —v— A—43°,Re=200 —>— A—60° Re=200
Q0 [ o =309 Re=600 —o— A=45°.Re=600 —o— A=60° Re=660

—d— A=30% Re=1200—<— A=45°,Re=1200—— A=60°, Ro=1200
75}
Z;g 601

45}
30t
15}

Number of blades

Figure 6. Variations of Nu with blade number at P = 3 mm.

Figure 7. Temperature contour and streamline:(a) temperature distribution at two, three, four, five,
six blades on plane at z = 51 mm (P = 3 mm, A = 45°), Re = 20; (b) streamline on plane at z = 50.4 mm
(P =3 mm, A =45° N = 6 (left), N = 5 (right), Re = 600); (c) streamline on YZ plane (P = 3 mm,
A =45°, N =6 (left), N = 5 (right), Re = 600).
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Due to the increase in the blades, the blocking area in the flow direction is larger, while
more longitudinal vortices are generated, and these increase the resistance to flow, so that
f/f, increases with the increase in the blades in all cases, as shown in Figure 8. However, as
previously discussed, Nu does not always increase with increasing vanes, so an optimal
number of vanes exists for different operating conditions.

60 | — 88— A=30°Re=200 —v— A=45°Re=200 A=60°Re=200
—8— A=30° Re=600} A=45%, Re=600 —8— A=60°, Re=600)
—be— A=34°, Re=1200 A=45°Re=1200—k— A=60° Re=1200

45} /*
S 30} //

15} s .
Number of blades

Figure 8. Variations of f/f, with blade number at P = 3 mm.

Angle of Inclination

The effect of the inclination angle on heat transfer is not always monotonic for different
cases. The blade inclination angle influences the flow and heat transfer in three aspects:
(1) It increases the velocity gradient there, reducing the boundary layer’s thickness at
the blade trailing edge, and producing a longitudinal vortex. Moreover, the greater the
inclination angle, the stronger the effect will be. (2) It guides the fluid to the wall along the
flow direction and improves the mixing performance between the hot and cold fluid. The
blade length decreases with increasing tilt angle, which is detrimental to this factor. (3) It
produces a transverse vortex and dead zone at the back of the blade, weakening the heat
transfer. We found that a great blade inclination angle would produce a dead zone more
easily, as in Figure 9. Factor 1 and Factor 3 have the opposite effect on the heat transfer,
while the same effect on the pressure drop. At six blades, as already discussed above, the
more blades will increase the dead zone area and the strength of the reflux Factor 3 becomes
the main reason, with the inclination angle increasing heat transfer deterioration while
causing greater resistance to flow, f/f;, with the increase in inclination angle and increase,
as shown in Figures 10 and 11. When the number of blades is five and Re = 1500, the
Nusselt number increases with the angle, from 61.2 at 30 to 68.9 at 45°and finally decreases
to 43.8 at 75. It reflects the competition between Effect 1 and Effect 3. f/f,, has a maximum
value at 60° because the backflow behind the blades dissipates more energy, while it is
meaningless for heat transfer. When the number of blades is two, the maximum Nu angle
increases to 60° because the number of blades is small, and it is not easy to generate a dead
flow zone. At this time, the strength of the longitudinal vortex becomes the leading cause
of heat transfer enhancement. When the Reynolds number is low, the longitudinal vortex
is more challenging to generate, and the increase in Nu with the angle is not significant. At
two blades, the fluid’s disturbance effect is limited, so that f/f,, although it increases with
increasing angle (<60°), is not significant. For all cases, Nu is lowest at 75° due to the large
dead zone and backflow generated behind the blades, while the effect of directing the cold
fluid toward the wall is reduced.

Blade Pitch

Both the Nusselt number Nu and the pressure drop decrease with increasing pitch P, as
shown in Figures 12 and 13. The effect of P on the pressure drop is more significant than that
of heat transfer. The fluid mixing between the boundary and the core region is adequate at
the smaller spacing and higher vortex strength of the fluid, as shown in Figure 14, so that a
more uniform temperature distribution can be obtained. More blades are inserted into the
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tube (with a fixed length) with a smaller pitch, so the number of longitudinal vortices per
unit length increases, improving the longitudinal vortices” strength.

Temperature
298.35

298.31
298.27
298.24
298.20
298.16
298.13
298.09
298.05

> g | 298.01
o 7 1) L - 30° 297.98
mis Bl (I

(@) (b)

i/
~

Figure 9. Temperature contour and streamline at YZ plane (P = 5 mm, N = 5 Re = 1500): (a) streamline;
(b) temperature contour.
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Figure 10. Variations of Nu with deflector angle at P = 5 mm.
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Figure 13. Variations of f/f, with deflector pitch at A = 30°.
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Figure 14. (a) Temperature contour and (b) Velocity contour at Z = 61 mm plane (P =2, 3,4, 5 mm,
N =3, A =30° Re =1200).

Significance Comparison of Influencing Factors

To analyze the influence of different factors on heat transfer and pressure drop, the
CED results were analyzed by partial least squares regression (PLS). For more information
on PLS, see supporting materials [38—41]. The Reynolds number is the most significant
factor affecting the heat transfer and pressure drop, far more than the structure parameters,
as shown in Figure 15, since the flow velocity directly affects the intensity of the generated
vortices and the thickness of the boundary layer. Among the structure parameters, the
number of blades on the heat transfer and pressure drop is the most significant, far more
than the other two factors; the spacing on the pressure drop is more significant than the
heat transfer, so choosing a larger spacing is conducive to improving the economics of
the process. The effect of the blade angle on heat transfer is negative, consistent because
heat transfer is the worst in all cases at 75°. Also, since large inclination angles can cause
unnecessary pressure drop losses, the recommended blade angle is 30° or 45°.

3.2. Comparison between Results from PIV and CFD

Due to the presence of the insert blocking the light, the plane chosen for the photograph
was the upper part of the cross-section of the fifteenth element close to the blade. The
fluid flow structures in the experimental and numerical results are generally consistent, as
shown in Figure 16a. A significant backflow was generated at the rear of the blade, which
caused a thickening of the boundary layer. Figure 16b compares the velocity components
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of the PIV experimental results with the numerical results, which are almost the same.
Therefore, in the circular tube, the flow field obtained from the PIV experiment is consistent
with the mathematical model’s flow field.
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Figure 15. Coefficient Plots for Nu and f/ fy.

Figure 16. Schematic diagram of flow fields in a circular tube tested by a PIV experiment and
simlulation at Re = 400, N = 4, A = 45°, p = 4 mm: (a) Vectors maps, (b) Velocity contour.

3.3. Neural Network Results

The data samples have two dependent variables that need to be predicted, so two
ANN s need to be trained. The number of hidden layers is taken as one and two, and
the number of neurons in each hidden layer is one to fifteen. Finally, after different
combinations of parameters, two hidden layers with 10 and 7 neurons get the most minor
mean square error loss, corresponding to MSNs of Nu and f of 14.57 and 0.12, respectively.
The maximum relative errors of Nu and f/f;, are 6.54% and 9.13%, respectively. (Figure 17)
shows the CFD and ANN results, and the difference between the ANN- and CFD-calculated
values of Nu and f is within £10%. Therefore, the whole ANN satisfies the requirements.

3.4. Model Reaction Case

A typical metal-organic synthesis reaction reported in the literature was selected
as a model reaction [21]. The kinetic and physical parameters of this reaction were as
follows: first-order reaction, reaction enthalpy —180 kJ/mol, half-life 5 s, activation energy
60 kJ/mol, feed concentration 1 mol/L, fluid heat capacity 1 kJ/kg/K, fluid thermal con-
ductivity 0.2 W/m/K, fluid density 1 kg /L, viscosity 1 mPa. The adiabatic temperature
increase was 300 K. The reaction temperature was 273.15 K and the cooling water tempera-
ture was 263.15 K. By using the Equations (10)—(22), the critical Nu, of this reaction can be
calculated as 54.2. By Equation (26), it is corrected to a target Nu of 57.8 with water as the
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working medium. Assuming a residence time of 25 s for the reactants in the pipeline, the
theoretical conversion under ideal conditions is 96.9%. Finally, by minimizing the pressure
drop as the target, it was selected in the alternative space and found to have a structure of
30 degrees, six blades, the pitch 2.5 mm, the length of the tube 6.1 m, Nu of 58.0 at Re of
710, and pressure drop of 143,861 Pa.
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Figure 17. Deviations between CFD simulation results and ANN fitting results: (a) Nu and (b) f/ fo.

4. Conclusions and Prospects

Flow chemistry provides a new idea for the continuous production of organic products.
In this work, a reactor design method based on the intrinsic safety concept was proposed to
reduce the transition design period while ensuring safety. Reactor stability criteria, reaction
characteristics determine the target heat transfer capability, and trained neural networks
form alternative combinations. Finally, the pressure drop is used as a criterion to select the
optimal structure and operating conditions. Chemical engineering experts perform reactor
design work, and the chemist or other personnel who want to use it can obtain the optimal
structure by simple manipulation.

The heat transfer capacity can be easily regulated by changing the blades” number,
pitch, and angle. The number and intensity of longitudinal vortices, the degree of deflection
of the flow, and the backflow are the main mechanisms affecting the heat transfer.

Partial least squares regression analysis determines that the number of blades for heat
transfer and pressure drop is the main influencing factor. The blade angle is more sensitive
to the pressure drop than the heat transfer, so a 30° or 45° blade should be used.

At this stage, the design of the reactor is discussed only in terms of heat transfer. In
the future, the relationship between mass transfer capacity and structure and operating
conditions could be considered simultaneously, and a similar approach could easily obtain
the optimal structure that satisfies both heat transfer and mixing capacity requirements.
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www.mdpi.com/article/10.3390/pr10112329/s1, Supporting information is available on the PLS.
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List of Symbols

Nomenclature

a correction factor

A blade angle (°)

B coefficient

Beg parameter

Ca concentration of key component (mol m=3)
Cy heat capacity (J kg~ K~1)

D hydraulic diameter (m)

Day Damkohler number

E, activation energy (J mol™1)

f friction coefficient

huy, overall average heat transfer coefficient (W m=2 K1)
k reaction rate coefficient (s~1)

ko reaction rate coefficient at Ty ( s~1)
L channel length (m)

m reaction order

N blade number

Nu Nusselt number

Nu, critical Nusselt number

p blade spacing (mm)

Pr Prandtl number

r radius (m)

Rt gas constant

St Stanton number

T temperature (K)

Ty temperature at reactor inlet (K)

T, temperature of cooling medium (K)
tr reaction time scale (s)

Uy mean fluid velocity (m s~1)

v volume (m3)

Ap pressure difference (Pa)

(—AH,) reaction enthalpy (] mol~")

Greek Symbols

0% Arrhenius parameter

o thickness of blade

6 dimensionless critical temperature
69 critical temperature of the adiabatic reactor
v kinematic viscosity (m?s~1)

1Y density (kgm=3)

P dimensionless reaction number

U Viscosity (Pa s)
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