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Abstract: 

In modern organic chemistry, continuous flow chemistry has been proposed as a means 

to intensify processes, improve efficiency and control. Laminar flow in the reactor limits micro-

mixing to promote reactions and transport phenomena. A thorough understanding of the 

phenomena is required to understand how the distribution and dispersion of components, heat 

exchange and pressure drop change based on the geometric configuration. In this work, 

computational fluid dynamics (CFD) was used to perform a systematic theoretical investigation 

of the effect of a different design on the performance of passive micro-static mixing. 

The finite volume method was used to solve the governing equations. Concentration 

profiles, temperature, stagnant zones, velocity profiles, and pressure fields are obtained for 

different designs. The results show that the small square wave static micro-reactor gave the 

most favorable results. 
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Nomenclature 

Roman Symbols 

CFD Computational fluid dynamics 

x, y   Cartesian coordinates (mm) 

U  Horizontal fluid velocity (m/s) 

V  Vertical fluid velocity (m/s) 

C  Solute concentration (mol/m3) 

C0 Solute concentration at the upper inlet (mol/m3) 

D Diffusion coefficient (m2/s) 

Uin  Horizontal fluid velocity at the inlet (m/s) 

Vin  Vertical fluid velocity at the inlet (m/s) 

Tin Fluid temperature at the inlet (K) 

Tw Wall temperature (K) 

P  Pressure (bar) 

Pout Outlet pressure (bar) 

T Fluid temperature (K) 

K Thermal conductivity W/(m⋅K) 

Greek Symbols 

μ  Fluid viscosity, (Pa/s) 

ρ  Fluid density,  (g/L) 
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Introduction 

In recent years, there has been an increasing focus on micro-reactors in the chemical and 

pharmaceutical industries. These reactors are characterized by their tiny internal dimensions, 

typically on the order of millimeters or even smaller.[1], [2] 

Micro-reactors have been proven to offer benefits compared to conventional processing 

methods when it comes to synthesizing chemical compounds and conducting kinetic studies on 

a laboratory scale. They are gaining popularity among both academic and industrial researchers 

who are striving to enhance traditional batch processes. 

Over the past twenty years, micro-reactor technology has emerged as a promising method 

in chemical processing, offering significant advantages over conventional techniques. 

These advantages include rapid mixing, increased transport rates, minimized axial 

dispersion, large specific surface areas, and reduced reactant volumes. However, in certain 

micro-reactor configurations, achieving the expected conversion is challenging, often due to 

inadequate mixing of the reactants.[3]– [5] 

To improve our understanding of micro-reactors, computational fluid dynamics (CFD) 

simulations have become increasingly important. This is particularly valuable in understanding 

the characteristics of flow reactors, which are difficult to assess experimentally. In addition, 

CFD provides the ability to predict heat transfer and pressure fluctuations.[6]– [8] 

Several studies have been carried out to numerically study the chemical reaction 

efficiency of the microreactors, C. Fernández-Maza et al. [9] performed an experimental and 

numerical analysis to evaluate the performance of continuous flow microreactors with different 

curved geometries. T. Frey et al. in 2021 [10] performed a computational fluid dynamics (CFD) 

investigation to study asymmetric mixing at different inlet configurations within a split-and-

recombine micromixer. 

M. J. Nieves-Remacha, et al [11] used the OpenFOAM computational fluid dynamics 

simulator to study single-phase flows in an advanced flow reactor. The results showed strong 

agreement with experimental pressure drop results. 
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In 2011 E. V. Rebrov, et al. [12] employed multiple micro-reactor instances to enhance 

performance through the development of particular designs that consider the best flow and 

temperature distributions. 

The study of Fernández-Maza et al. [13] evaluated the performance of different micro-

reactor geometries. The spiral micro-reactor showed the best performance, reducing the 

reaction time by half. The simulated results were confirmed by experimental analysis, with less 

than 10% error. 

The current study focuses on using computational fluid dynamics to analyze the 

performance of different configurations on mixing. Diverse designs are investigated to 

comprehend their flow behavior and heat transfer under laminar conditions. 

Problem definition 

The selection of geometric configuration has a significant impact on the results obtained. 

In this particular study, a comprehensive exploration involved the testing of six distinct 

geometries. These variations in geometric design were examined to assess their individual 

influences on the results obtained within the study.[14]–[17] 

The optimal geometry aims to achieve several key objectives, achieving the most 

effective temperature homogenization, minimizing pressure drop, and facilitating superior 

mixing characteristics. This geometry design strives to strike a balance among these factors, 

ensuring an efficient, uniform temperature distribution, minimal resistance to flow (low 

pressure drop), and enhanced mixing efficiency within the micro-reactor system.[18]–[21] 

Geometrical configuration 

In this study, the performance of six different micro-reactor geometries was investigated. 

These geometries, shown in Figure 1, have two inlets, the upper one (Inlet A) for the 

concentrated solution and the lower one (Inlet B) for the dilution solution.   

The linear channel (Figure 1.A) shows the simplest geometry, (Figure 1.B and C) 

represents a square wave configuration with a different wavelength. More complex 

configurations are shown in Figure 1.D, E and F. All of them were designed in FreeCad. The 

distance measurements provided in the Figure 1 are given in millimeters. 

Studies in Science of Science | ISSN: 1003-2053

https://sciencejournal.re/ | Volume 42, Issue 11, 2024 | Page 4



The detailed dimensions of the micro-reactor, precisely depicted in Figure 1, include 

specific measurements. The length of the micro-reactor measures around 100 mm, while the 

channel thickness is noted to be 3 mm. 

 

A: straight reactor 

 

B: larg square wavy 

 

C: small square wavy 

 

D: serpentine 

 

E: larg distanc rectangle 

 

F: small distanc rectangle 
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Figure 1: Design of the different micro-reactor geometries 

 

Mathematical model 

1.1 Physical properties and operating conditions 

All pertinent physical properties and operating parameters are summarized in Table 1, 

detailing key symbols, respective values, and their corresponding units: 

Table 1: Physical properties and operating conditions. 

 Symbol Value Unit 

Velocity  Uin 0.02 m/s 

Upper inlet 

concentration 

C0 1 mol/m3 

Inlet temperature  Tin 293.15 K 

Wall 

temperature  

𝐓𝐰𝐚𝐥𝐥 400 K 

Outlet pressure Pout 0 pa 

 

1.2 Governing equations 

The flow is described by the Navier–Stokes equations. Considering the above 

assumptions, the two-dimensional continuity, mass, momentum and energy equations for an 

incompressible Newtonian fluid flow are written as follows:[22], [23] 

∂(ρU)

∂x
+

∂(ρV)

∂y
= 0      Equation 1 

The convection-diffusion mass transfer equation is expressed by Equation 2. 

𝜕𝐶

𝜕𝑡
+ 𝑈

𝜕𝐶

𝜕𝑥
+ 𝑉

𝜕𝐶

𝜕𝑦
=

𝜕

𝜕𝑥
(𝐷

𝜕𝐶

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝐷

𝜕𝐶

𝜕𝑦
)        Equation 2 

In the case of an incompressible laminar flow. The momentum conservation in the x-

direction and y-direction are respectively described by Equation 3 and Equation 4. 

ρU
∂U

∂x
+ ρV

∂U

∂y
=

∂

∂x
(μ

∂U

∂x
) +

∂

∂y
(μ

∂U

∂y
) −

∂P

∂x
               Equation 3 

ρU
∂V

∂x
+ ρV

∂V

∂y
=

∂

∂x
(μ

∂V

∂x
) +

∂

∂y
(μ

∂V

∂y
) −

∂P

∂y
                Equation 4        

The conservation of thermal energy can be written as 
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𝜕𝑇

𝜕𝑡
+ 𝑈

𝜕𝑇

𝜕𝑥
+ 𝑉

𝜕𝑇

𝜕𝑦
=

𝜕

𝜕𝑥
(𝐾

𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝐾

𝜕𝑇

𝜕𝑦
)        Equation 5 

Where x and y are Cartesian coordinates, U and V are the velocity components, P is the 

pressure, C is the concentration, and T is the temperature of the fluid. 

1.3 Boundary conditions 

According to researchers, the solute concentration may be constant at the upper inlet. In 

the present study, the normal velocity, temperature and solute concentration are assumed to be 

uniform and constant. The tangential velocity Vin is assumed to be negligible. At the lower 

inlet, the concentration is set to zero.[9], [23], [24] 

1.3.1 Upper inlet boundary conditions 

𝑈 =  𝑈𝑖𝑛 , 𝑉 =  𝑉𝑖𝑛  =  0 , 𝐶 =  𝐶0  ,  𝑇 =  𝑇𝑖𝑛  

1.3.2 Lower inlet boundary conditions 

𝑈 =  𝑈𝑖𝑛 , 𝑉 =  𝑉𝑖𝑛  =  0 , 𝐶 =  0 , 𝑇 =  𝑇𝑖𝑛  

1.3.3 Outlet boundary conditions 

At the reactor outlet, the pressure is specified and the tangential derivatives of the 

velocity, temperature and concentration are set to zero (established flow). 

𝑑𝑈

𝑑𝑥
= 0 ,  

𝑑𝑉

𝑑𝑥
= 0 ,  

𝑑𝐶

𝑑𝑥
= 0 ,  

𝑑𝑇

𝑑𝑥
= 0 , P = Pout 

1.3.4 Boundary conditions at the channel wall 

The non-slip condition is used for the velocities, and the normal gradient of the 

concentration is zero. The temperature is kept constant (𝑇𝑤𝑎𝑙𝑙). 

𝑈 =  0 , 𝑉 =  0 , 𝑛∇𝐶 = 0 , 𝑇 =  𝑇𝑤𝑎𝑙𝑙  

1.4 Numerical methodology  

Transport with appropriate boundary conditions is discretized using the finite volume 

method, and pressure-velocity coupling is handled by the SIMPLER algorithm. Convective 

terms are discretized using the power law scheme. The resulting algebraic equations are solved 

using the BiCGStab method. The code is developed in Python 3 with Numpy, Scipy, Pandas 

and Matplotlib, using the open VS code editor. 
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Results and discussion 

In this section, we examined how different geometries affect various parameters, including 

concentration, pressure, flow rate, and temperature. During our study, we examined the pressure 

drop across different geometries and evaluated mixing efficiency and heat transfer to optimize 

the design of our static micro-mixer. 

The results were visualized in 2D for all the parameters, In particular, we plotted 

concentration and pressure profiles along the channel, precisely 0.5 mm away from the channel 

wall (indicated by the dotted line in Figure 2). While the temperature profiles were depicted at 

the mi-distance between the walls (shown by the dashed line in Figure 2). 

 

 

 

A B 

 
 

C D 

  

E F 

Figure 2: Profile lines across various geometries 

1.5 The effect of the geometric configuration on the mixing process 

The concentration evolution depicted in Figure 3 highlights the significant influence of 

the mixer's geometric design on the uniform distribution of chemical species throughout the 

channel. Our observations indicate that the straight (Figure 3 A), serpentine, and rectangular 

Studies in Science of Science | ISSN: 1003-2053

https://sciencejournal.re/ | Volume 42, Issue 11, 2024 | Page 8



configurations (Figure 3 D, E, and F) do not guarantee efficient mixing. Conversely, the square 

wave geometries (Figure 3 B and C) exhibit superior mixing capabilities. 

 

   

  

A B 

  

C D 

  

E F 

 
Figure 3: Concentration profiles for the different geometric configurations. 

Based on the concentration profile calculated along the channel at a distance of 0.5 mm 

from the wall (Figure 4) for each reactor configuration distinctly indicates that configurations 

B and C exhibit superior performance compared to the other reactor geometry. 

 

Figure 4: Concentration profiles along the channel at a distance of 0.5 mm from the wall. 
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1.6 The effect of the geometric configuration on the pressure drop 

The influence of geometrical configuration on the pressure drop has been extensively 

studied in various reactor configurations, revealing that pressure drop varies with alterations in 

geometry. The pressure drop was found to be elevated for C and D configurations, moderate 

for B, E, and F configurations, and minimal for A configuration as demonstrated in Figure 5 

and Figure 6. 

  

A B 

  

C D 

  

E F 

Figure 5: Pressure profiles for the different geometric configurations. 

 

Figure 6: Pressure drop across the entire reactor 

As depicted in Figure 7, the pressure profiles along the micro-reactors exhibit a nearly 

linear trend at a proximity of 0.5 mm from the boundary, across all geometric configurations. 

The pressure drop increases with the length of the path travelled by the reaction mixture 

in each micro-reactor, with the exception of reactor C, which has a very steep profile when 

compared with the others. 
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Figure 7: Pressure profiles along the channel at a distance of 0.5 mm from the wall. 

1.7 Effect of geometric configuration on temperature homogenization. 

In order to raise the temperature of the reaction mixtures, which initially entered at 

293.15K, to an ideal temperature for the reaction, we maintained the temperature of the micro-

reactor walls at 400K. After running the simulation, it was observed that configuration A had 

the worst heat transfer performance. Conversely, configuration D gave average results. The 

other configurations B, C, E and F give good heat transfer performance. 

  

A B 

  

C D 

  

E F 

Figure 8: Temperature profiles for the different geometry configurations. 
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Figure 9: Temperature profiles along micro-reactor at midwall distance. 

1.8 Velocity magnitude 

We conducted this particular aspect of the study in order to provide a comprehensive and 

thorough explanation for the aforementioned results that have been cited previously. 

 

A 

B 

 

 

C 

D 

 

 

E 

F 

 

 

Figure 10:  Velocity magnitude profiles for the different geometric configurations. 
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The comprehension of the velocity profiles associated with each geometric configuration 

allows for the elucidation of the evolution of the concentration, pressure, and temperature 

profiles. Figure 10 shows the velocity profiles for all the geometric configurations, where it 

can be seen that configurations B, C, and D exhibit significantly increased velocity. This 

observation explains the significant pressure drop found in these specific configurations. 

Configurations B and C ensure good mixing and heat transfer, despite their high pressure 

drop. We can clearly see (Figure 11) in the straight geometry (A) that the velocity practically 

follows a single direction (x), except at the channel entrance, creating a very thick boundary 

layer near the walls along the channel. This explains the poor mixing and heat exchange 

between the micro-reactor walls and the reaction mixture. 

  

  
Figure 11: Boundary layer for multiple geometric configurations.              

The relationship between the size of the high-velocity region and the boundary layer is 

such that when the high-velocity region is larger, the boundary layer becomes smaller. 

Additionally, when the high-velocity region increases in size, the process of homogenization 

also intensifies. This means that as the high-velocity region expands, the boundary layer, which 

is the layer immediately adjacent to the high-velocity region, decreases in size. Simultaneously, 

the homogenization process, which refers to the mixing and blending of different substances or 

elements, becomes more pronounced and effective. Therefore, there exists a direct correlation 

between the size of the high-velocity region and both the boundary layer and the 

homogenization process. 

Configurations E and F effectively divide the flows into two separate streams (Figure 

12), thereby reducing the amount of interaction between these two streams. As a result of this 

flow division, the mixing of the two streams is compromised, resulting in suboptimal 

homogeneity. 
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Figure 12:  Flow division in geometric configuration E. 

The D configuration is considered suboptimal for mixing substances due to its large dead 

zones (Figure 13), which are areas where mixing is less effective compared to other shapes. 

 

Figure 13: Stagnant zones in D configuration. 

Configurations D, E, and F don't ensure good mixing, and configuration A has very low 

heat transfer, so the remaining configurations are B and C or the square wave configuration 

(Table 2). In conclusion, the wave shape is the most efficient, and the smaller the wave, the 

higher the efficiency, with an increase in pressure drop. 

Table 2: Mixing and heat exchange efficiency for various geometric configurations. 

A Average mixing Poor heat exchange 

B Good mixing Good heat exchange 

C Good mixing Good heat exchange 

D Poor mixing Average heat exchange 

E Poor mixing Good heat exchange 

F Poor mixing Good heat exchange 
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Conclusion 

A detailed holistic study of the mixing performance in different micro device geometries 

has been carried out using numerical simulation techniques. The main objective of this work is 

to understand the phenomena that govern the fluid dynamics in different geometric 

configurations to allow the design of static micromixers. The best performance was obtained 

with the small square wave micro-reactor, which improved the mixing and heat exchange 

compared to the large square wave. 

The reason for the significant improvement in performance of these geometries is that 

they have the highest velocity in close proximity to the micro-reactor wall. In addition, these 

geometries have the smallest dead zone of all the geometries studied. The straight reactor has 

poor heat exchange and average mixing efficiency. The serpentine, large distance rectangle, 

and small distance rectangle have poor mixing efficiency. 
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