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Abstract  
 

 

Azeeza Naser Alrashdi, “Numerical Study of Liquid-Liquid Slug Flow Hydrodynamics in 

Serpentine Microchannel for Biodiesel Production Intensification”, M.Sc. Thesis, Master of 

Science in Chemical Engineering, Department of (Chemical & Petroleum Engineering), Khalifa 

University of Science and Technology, United Arab Emirates, December 2023. 

 

 

Biodiesel is highly considered within the industrial and research field because of its high heating 

value, which enables it to be an excellent alternative to fossil fuels such as petroleum diesel [1]. 

Studies showed that utilizing microfluidic devices for biodiesel transesterification is highly 

recommended to replace the mechanically stirred batch reactors where the mass transfer is 

considered low, and the mixing time is very long [2]. Employing a Slug-based serpentine 

microchannel will enable stronger internal circulations, which means higher vorticity and 

consequently enhances the mixing efficiency for biodiesel production intensification. Therefore, 

this work investigates numerically the hydrodynamics of a slug flow pattern in several serpentine 

microchannels for biodiesel production intensification using the Volume of Fluid (VOF) method. 

A straight microchannel was also simulated to compare the impact of the geometry configuration 

on vorticity. Also, for serpentine microchannels, the impact of the geometrical dimensions (i.e., 

width, corner shape, and curvature radius) and operational parameters (i.e., alcohol-to-oil ratio) 

was examined to optimize the microchannel performance. The results showed that the serpentine 

microchannel achieved higher vorticity by 233% compared to the straight microchannel. The 

smaller width was found to be better using Dean Number analysis and vorticity measurement. 

Also, the 90-degree corner shape was found to induce slightly higher vorticity than the rounded 

shape due to the increment of the unbroken internal circulations because of the sharp intrusion. 
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Moreover, the longer the curvature radius, the better the vorticity. The very short radius caused 

over-deformation of the internal circulation that weakened vorticity. Regarding the effect of the 

molar ratio, the 7.6 molar ratio resulted in a higher number of slugs falling in the range of L/D 

between 2.3 and 6 compared to the 22.9 molar ratio. The mentioned slug L/D range results in the 

highest vorticity compared to the vorticity produced by other ranges (i.e., L/D<2.3 and L/D>6) in 

the 22.9 molar ratio.  

 

Indexing Terms: Slug, Serpentine Microchannel, Vorticity, Internal Circulation, 

Hydrodynamics, Molar ratio, Dean Number, Biodiesel, VOF.  
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Chapter 1: Introduction  

 

1.1 Biodiesel Overview  
 

 

Biodiesel is a mixture of alkyl esters that is used as an alternative to fossil fuels such as petroleum 

diesel. This non-toxic fuel is considered within the industrial and research field because of its 

biodegradability, fewer emissions, and renewability. It can even be used in the current diesel 

engine without significant modifications [1]. Many techniques are utilized to produce biodiesel, 

such as emulsification, simple mixing, and transesterification [3], which is the most commercially 

adopted one. The reactants used are triglycerides and alcohol. Triglycerides could be extracted 

from edible and non-edible oils, waste cooking oil, and animal fats. Methanol and ethanol are 

widely used to produce biodiesel mainly due to their availability and cost. The obtained products 

are biodiesel (i.e., alkyl ester) and glycerol, which is a by-product. Several factors can affect the 

transesterification process, which are alcohol-to-oil molar ratio, residence time, reaction 

temperature, and catalyst concentration. A large amount of alcohol (i.e., more than 3:1 of alcohol 

to triglycerides ratio) is required to keep the reaction producing biodiesel. Homogeneous alkaline 

catalysts (such as NaOH and KOH) are widely used to avoid the corrosive nature of the acidic 

homogenous catalysts and to avoid increasing temperature, pressure, and reaction time of the 

system, which could be very costly [4].   

For biodiesel production, the reactor choice is crucial since it affects the mixing degree of the 

immiscible phases, the mass transfer, and the reaction rate of transesterification. Various novel 

reactors, such as oscillatory flow reactors and spinning tube reactors, are proposed for 
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transesterification to replace the mechanically stirred batch reactors where the mass transfer is 

considered low. The mixing time is very long (1 to 2 hours) [2], although stirred batch reactors are 

well known for their feedstock flexibility and less capital cost [5]. 

One of the potential alternatives is the use of micromixers in microfluidic platforms, which are 

small-length scale devices ranging from sub-micrometers to sub-millimeters. The past decade has 

shown much interest in microfluidic mixers because of their high efficiency, low cost, and high 

throughput when multiple microchannels are compiled. Many companies started to adopt 

micromixers, such as Corning and Ehrfeld Mikrotechnik BTS, by associating the micromixers with 

device parallelization and numbering-up approaches [6]. Microfluidic platforms are designed to 

increase the interface area or area-to-volume ratio and decrease the reactants' diffusion time, which 

will ensure proper mixing and high conversion. Micromixers are divided into two categories: 

active and passive micromixers. Active micromixers are used with an external force/field source 

to make the fluid flow behave in a particular manner, such as using ultrasound or electrowetting 

techniques. Conversely, Mixing in passive micromixers depends on the geometry (i.e., shape and 

dimensions) and flow properties to enhance the mixing [2]. Passive micro-mixers are characterized 

by their simplicity in fabrication and operation compared to their active counterparts. They operate 

without the need for external energy sources or extra components, making them straightforward 

to design and use. moreover, they are energy-efficient and ideal for low-power applications. 

 

Herein, a numerical investigation of different geometries of serpentine microchannels with a slug-

based flow was conducted to optimize a potential micromixer for biodiesel production 

intensification using Volume of Fluid (VOF). The hydrodynamics was enhanced by strengthening 

the vorticity of the internal circulations and adding chaotic advection, which is assumed 
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accordingly to help improve the mixing inside the slug and increase the conversion at the interface. 

The slug flow pattern was chosen because of its high area-to-volume ratio, which can increase the 

interfacial area between the reactants. The impact of the geometrical dimensions (i.e., width, 

corner shape, and curvature radius) and operational parameters (i.e., alcohol-to-oil ratio) was 

examined to optimize the best micromixer performance. 
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Chapter 2: Background and Literature 

Review 
 

2.1 Simulation of Microfluidic Devices Performance for 

Biodiesel Production 

 

Numerical analyses and computational fluid dynamics (CFD) simulations allow a comprehensive 

investigation of biodiesel production and mixing phenomena by predicting the effect of changing 

operating conditions and different geometry structures on the conversion. Santana et al. (2017) 

studied the mixing performance and triglycerides conversion to biodiesel in a microfluidic channel 

with mixing static elements (MSE). It was found that the highest observed mixing index was 

obtained at Re=100. While the highest oil conversion (91.53%) was noticed at a temperature of 75 

°C, ethanol-to-oil molar ratio of 9, and catalyst concentration of 1% [7]. Terdsak et al. (2019) 

studied the effect of different operating conditions for both isothermal (pre-heating of reactants) 

and non-isothermal (without pre-heating) biodiesel reaction systems in a T-microchannel. 

Saponification was considered in the reaction kinetic model to enable the prediction of 

performance abnormalities due to any operating conditions deviations. The results showed very 

close ester yield outputs for the isothermal and non-isothermal cases for the following process 

parameters: temperature, alcohol/oil molar ratio, and residence time. One exception is the catalyst 

concentration, where the maximum yield for the isothermal case was obtained at 1% catalyst 

weight, while for the non-isothermal case, it was obtained at 1.5 %. It was claimed that as the 

catalyst weight increases while the temperature is changing, there is a competition between the 

transesterification and saponification reactions [8]. López-Guajardo et al. (2017) studied 
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numerically biodiesel production in Tubular Microreactor (TMR) with a slug flow pattern. The 

CFD was done to illustrate the interaction between the methanol and oil slugs in the TMR. In their 

model, the reaction kinetics were not considered; instead, two cases were simulated at 0% and 

99% triglyceride conversion, illustrating the reaction's beginning and end. The scope of their 

numerical study was to investigate the change of the internal velocity with the change of density 

and viscosity of the slugs at different residence times. It is worth mentioning that in this study, the 

residence time resembles the linear velocity of the slugs. At 0% conversion, at low residence time, 

the internal velocity increases while the center of the stagnant zones in the methanol slug moves 

to the back interface. This is attributed to the low density and viscosity of the slug, resulting in 

inertial forces dominating viscous forces. At 99%, the methanol slug's internal velocity profile 

remains constant. This is due to the increase in the viscosity from glycerol formation, suggesting 

that the viscous forces dominate the inertial ones. In other words, the methanol slug's internal 

velocity profile did not change as the linear velocity increased because of the significance of the 

viscous forces with the 99% conversion compared to the 0% conversion. The oil slug's internal 

velocity was constant in both conversions due to the high viscous forces, which means that the oil 

slug was the main mass transfer limiting stage in both conversions [3]. Wei et al. 2011 explored 

the effect of a slug flow pattern on mixing efficiency in a capillary microreactor. A convective-

diffusive-reactive model was solved, and the movement of the fluid was simulated, assuming 

moving walls and a slip boundary condition at the interface between the two phases. The 

simulation results were validated for the influence of the convective mixing since an increase in 

the average velocity led to a higher biodiesel concentration in a shorter residence time [9]. Afiq 

Laziz et al. (2020) investigated numerically the mixing performance within the methanol slug 

during the transesterification reaction in a T-junction capillary microreactor at room temperature. 
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Based on the 3D CFD simulation, the movement of the slug through the channel formed two major 

circulations at each side of the slug. The two circulations start moving from the front of the slug 

to the rear and then toward the center of the slug. This movement consequently creates a high-

velocity profile in the center of the slug. Hence, it can be deduced that this high-velocity profile 

induces a force that pushes the slug faster along the channel than the oil continuous phase. 

Moreover, using the concentration profile resulting from the simulation, the change in the oil 

concentration within the methanol slug was investigated. High oil concertation was observed at 

the slug's front and rear due to the low velocity, indicating a low mass transfer. As time passes, the 

oil concentration increases inside the slug but remains negligible in the center of the circulation 

zones due to the low velocity in these zones [10]. In another study, Afiq Laziz et al. (2020) studied 

numerically a similar system as the previous one to explore the flow patterns produced and predict 

the size of the microdroplet in the microchannel considering the total volumetric flow rate and the 

oil to methanol volumetric ratio. It was observed that the segmented flow appeared at low 

volumetric flow rates at all the oil-to-methanol volumetric ratios. It was deduced that this could be 

due to the higher wettability of methanol with the channel wall at low flow rates. Another 

observation was that the droplet flow pattern was maintained better at a high oil-to-methanol 

volumetric ratio than the low ratios, even at a high total volumetric flow rate. Regarding the droplet 

size, it was observed that the droplet length is inversely proportional to the total volumetric flow 

rate and oil-to-methanol volumetric ratio. While the droplet flow pattern was found to have a high 

surface-to-volume ratio, this ratio varies as both the total volumetric flow rate and oil-to-methanol 

volumetric ratio vary. Droplets at a low oil-to-methanol volumetric ratio have a higher surface-to-

volume ratio than a high oil-to-methanol volumetric ratio. Droplets at a lower oil-to-methanol 
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volumetric ratio have larger droplet areas and shorter distances between the droplets, which results 

in a high interfacial area at a small volume domain [11]. 

 

2.2 Slug-Flow in Serpentine Microchannels  
 

 

 

Internal circulation and chaotic flow play a massive role in enhancing the mixing process in 

micromixers when they are integrated. Internal circulation inside the slug is generated because of 

the shear stress between the slug interface and the wall of the micromixer. Slug circulations can 

be major or minor circulations as depicted in Figure 1. Chaotic advection is created because of the 

deformation and rotation of the slug due to geometry manipulation, such as in serpentine 

microchannels. Geometrical changes can lead to asymmetrical circulation by stretching, folding, 

and rotation of the slug inside the micromixer, which significantly impacts mixing efficiency [12].  

 



 

 

 

8 

 
Figure 1 Internal Circulations Movement Within a Slug 

 

 

Wang et al. (2015) studied the mixing hydrodynamic of oil and water in a circular serpentine 

microchannel with a slug flow pattern. Different circulation configurations were observed as the 

flow passes through the microchannel.   Some were referred to as major circulations, and others as 

minor ones. These different circulations were located in different directions, dramatically 

controlling the mixing performance. Better mixing efficiency was found with the smallest droplet 

size since it does not require a long circulation period or mixing length to achieve a high mixing 

degree [13]. Masoud Madadelahi et al. (2017) discussed the mixing phenomena and chemical 

reactions of two reactant droplets flowing in a symmetrical serpentine microchannel. It was 

observed that the vorticity value and position change depending on the slug size and location. 

Additionally, it was found that the slug velocity magnitude increases after it passes through a bend 

[14]. Jin-yuan Qian et al. (2019) studied the mixing efficiency of two immiscible liquids in a 

serpentine microreactor as a function of the dispersed phase volume fraction and the bend radius. 

The increment of the dispersed phase fraction has a parabolic effect on the droplet frequency. 

Initially, when the dispersed fraction increased, the pressure accumulation increased, which caused 

a higher droplet breakup rate. However, a further increase in the dispersed fraction increased the 

droplet formation time, which decreased the droplet formation frequency. The highest droplet 

frequency was achieved with a dispersed phase fraction of 0.5. Thus, the dispersed phase fraction 

should be less than 0.5 to achieve high droplet formation frequency and mixing efficiency. Also, 

the study showed that the microchannels with the bend radius to channel width ratio of 0 (i.e., 

square corner) and 1 have a superior mixing efficiency compared to the higher ratios due to the 
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Figure 2 Components mixing inside droplet flowing through the uniform serpentine 

microchannel [16]. 

high dean number, which indicates a strong presence of secondary vortices around the bends with 

lower ratios [15]. Xiang Cao et al. (2006) investigated the droplet-based mixing in a circular 

symmetrical serpentine microchannel compared to other microchannel configurations. Figure 2 

illustrates the effect of the serpentine geometry on the slug motion, where the large contact area 

between the droplet and the inside channel wall induces a robust shear force. The strong shear 

force and the centrifugal force resulted in a nonuniform fluid flow in the droplet. Moreover, due 

to the centrifugal force, the fluid motion concentrates mainly on the droplet's outward side, 

resulting in component A movement in the radial direction, wrapping component B 

simultaneously. At the same time, component A will be further entrained by the nonuniform, non-

horizontal vortices of component B, which will cause a chaotic mixing that improves the droplet-

based mixing [16]. 
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Chapter 3: Research Objectives 

  

3.1 Problem Statement and Potential Benefits 

  
 

In this project, a numerical investigation is performed using the Volume of Fluid method (VOF) 

to simulate several serpentine microchannels with a slug-based flow as a potential reactor for 

biodiesel production intensification to enhance the mixing for biodiesel production. Due to the 

dean forces at the curvature of the serpentine microchannel, some circular flows perpendicular to 

the fluid flow direction will be created which can enable the serpentine microchannel to induce 

secondary vortices next to the primary internal circulations [12]. This can consequently help to 

improve the mixing in the dispersed phase and increase the biodiesel production intensification 

yield at the interface compared to the conventional batch stirrer or straight microchannel. In this 

manner the mass transfer time can be optimized as well as the throughput of the biodiesel process. 

The slug flow pattern is chosen because of its high area-to-volume ratio which can increase the 

interfacial area between the reactants. The impact of both the geometrical dimensions (i.e., 

Curvature radius, width & corner shape) and operational parameters (i.e., alcohol to oil ratio) will 

be examined to optimize the microchannel mixing performance. 
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3.2 Research Challenges  
 

 

 

The challenges associated with slug-based microchannels are predominantly rooted in the 

characteristics of microfluidic flows. These challenges are influenced by the laminar nature of flow 

in microfluidic channels and the difficulty of managing immiscible phases. In microfluidic 

channels, flows are typically laminar; hence, low limited mixing capabilities do occur due to the 

absence of turbulence, which hinders the introduction of vigorous mixing techniques. Achieving 

efficient mixing between immiscible phases in a laminar flow environment can be challenging, 

especially when compared to turbulent flows in larger-scale systems. Additionally, Slug flow 

patterns in microchannels are susceptible to multiple factors. One of the primary factors is the flow 

rate ratio between the immiscible fluids. The slightest changes in flow rates can result in shifts 

from slug flow to other flow patterns, such as annular or stratified flow. The flow rate ratio does 

not solely dictate slug flow behavior. Numerous parameters come into play, including fluid 

properties (e.g., viscosity, density), operational parameters (e.g., pressure, temperature), and 

geometry configurations of the microchannel (e.g., channel dimensions). The interplay of these 

factors makes slug formation a complex process. Addressing these challenges needs a 

comprehensive understanding of fluid dynamics, microchannel design, and the precise control of 

flow parameters.  
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3.3 Desirable Outcomes and Deliverables  
 

 

This research aims to study the slug flow pattern hydrodynamics numerically in a serpentine 

microchannel as a potential reactor for process production intensification of biodiesel production. 

Through this study, the following objectives are targeted:  

 

 

 

1- Study numerically the impact of changing geometrical dimensions, which are the 

microchannel curvature radius, channel width, and corner shape on vorticity, and analyze 

the reasons behind this impact.  

 

2- Study numerically the impact of Alcohol to oil molar ratio changes on the slug size and 

vorticity.  

 

3- Model a straight microchannel numerically and compare its performance to the 

performance of the serpentine microchannel. 
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Chapter 4: Methodology  

 

4.1 Modeling   
 

 

To perform the study, three different serpentine microchannels were simulated, in addition to one 

straight microchannel, using Ansys Fluent [17], which was deployed to study and illustrate the 

slug-based flow hydrodynamics with 2D mathematical modeling that consists of momentum 

conservation and interface-tracking models. The assumption of 2D simulation was made because 

the microchannel height impact is not part of the project scope. The energy balance model will be 

neglected since the system simulations were conducted under isothermal conditions at a 

temperature of 25 ℃. The reaction was overlooked as the primary focus is on the hydrodynamic 

aspect.  The adopted multi-component system was simulated with a laminar and non-compressible 

flow and transient condition. The interface-tracking technique is the volume-of-fluid (VOF) 

method [18] applied to obtain robust solutions for capturing the interface.  

 

For model validation, a straight microchannel was simulated based on an existing literature [10], 

from which the experimental/operational parameters were extracted. The straight microchannel 

performance was then used for comparison against the serpentine microchannels.  

A mesh test was conducted to validate the work and to find the best element size that generates 

similar results to the experimental results. The best element size was decided based on the slug 

length closest to the actual experimental slug length. 
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4.1.1 Volume of Fraction (VOF) Model  

 
 

 

As mentioned previously, the governing equations consist of the Volume of Fraction (VOF) model 

[18] that represents the different species volume fraction inside a computational cell; F represents 

the phase fraction in the cell. Therefore, when F equals 1, it means that the cell is filled with palm 

oil (the continuous phase); when F equals 0, it means the cell is filled with methanol (the dispersed 

phase). F represents the transition region when it is equal to intermediate values between 0 and 1. 

 

𝜕𝐹

𝜕𝑡
+ ∇(𝐹�⃑�) = 0                           (1) 

Where, 𝐹 is the volume fraction and �⃑� is the velocity vector of the mixture.  

4.1.2 Equation of Continuity and Momentum Conservation Model   

 
 

 

The equation of continuity and conservation of momentum model is presented as follows:  

 

∇(𝜌�⃑�) = 0  (2) 𝑎𝑛𝑑,    𝜌 ∙ (�⃑� × ∇�⃑�) = −∇𝑝 + 𝜇∇2 ∙ �⃑� + 𝜌�⃑� + �⃑�𝑠𝑣  (3) 

Where, 𝜌 is the average specific mass and 𝜇 is the average dynamic viscosity of the mixture. While  

𝑝  is the pressure, �⃑� is the gravity acceleration which is equal to 0 since gravity is negligible at 

microscale and �⃑�𝑠𝑣 is the surface tension force.  
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4.1.3 Average Density and Viscosity Equations 
 

 

In a two-phase system, the density and viscosity in each computational cell are calculated by the 

following equations considering both phases, the continuous and dispersed phases:   

 

𝜌 = 𝐹𝑃𝑂𝜌𝑃𝑂 + 𝐹𝑀𝜌𝑀                                           (4) 

𝜌 = 𝐹𝑃𝑂𝜇𝑃𝑂 + 𝐹𝑀𝜇𝑀                                                 (5) 

Where  𝐹𝑃𝑂, 𝐹𝑀, 𝜌𝑃𝑂, 𝜌𝑀 , 𝜇𝑃𝑂 and 𝜇𝑀  are palm oil phase volume fraction, Methanol phase 

volume fraction, palm oil density, methanol density, palm oil dynamic viscosity and methanol 

dynamic viscosity, respectively.  

 

 

4.1.4 Surface Tension Force Equation  
 

Surface tension force equation is described in equation 5:  

 

�⃑�𝑠𝑣 = 𝜎
𝜌𝑘

𝑛
|𝑛|

(
1
2) (𝜌𝑃𝑂 + 𝜌𝑀)

(6) 

 

𝑘 = ∇
𝑛

|𝑛|
(7) 
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Where 𝜎 and 𝑘  are the surface tension and the local surface curvature.  The local surface curvature 

is defined in terms of the divergence of the normal 
𝑛

|𝑛|
.  

4.1.5 Vorticity Equation 
 

 

To calculate the vorticity which describes the rotation of fluid particles within a fluid flow, a 

mathematical expression was added to the simulation interface. The equation of vorticity is: 

 

𝜔 =
𝑑𝑣𝑦

𝑑𝑦
−

𝑑𝑣𝑥

𝑑𝑥
 (8) 

Where 𝜔, 𝑑𝑣𝑦 and 𝑑𝑣𝑦 are vorticity, change of velocity in respect to y-axis and x-axis respectively. 

High and low vorticity signifies the strength and intensity of the rotational or spinning motion 

exhibited by fluid particles in a specific location within a fluid flow. The most associated concept 

of vorticity is turbulence. Turbulence arises from the existence of vortices, swirls, and eddies in a 

fluid flow. These turbulence structures can enhance mixing by continually transporting fluid from 

different locations, thereby promoting the diffusion of reactants unless excessive turbulence 

occurs, resulting in ineffective mixing. 
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4.1.6 Boundary Conditions  
 

 

Two alcohol-to-oil molar ratios are simulated for all the microchannels 7.6 and 22.9, which are 

within the molar ratio range discussed by the literature review of biodiesel production in 

microfluidic platforms [4]. The stoichiometric ratio of biodiesel production reaction is 3 but excess 

alcohol is always required to have a complete reaction (non-reversible). As per the literature 

review, the typical molar ratio is in the range of 6:1 to 12:1 (methanol to oil). Therefore, a molar 

ratio of 7.6 was chosen. For the 22.9 molar ratio, the main reason behind this selection is to see 

how the change in the volume fraction ratio between alcohol and triglyceride (from 0.33 (MR: 7.6) 

to 1(MR: 22.9)) will impact the slug size and vorticity. The boundary conditions for the two molar 

ratios are listed as following: 

4.1.6.1 Alcohol to Oil Molar Ratio = 7.6 
 

• No slip condition at the solid walls. 

• At inlet 1, where the palm oil (Phase 1) is injected, the respective volume fraction and 

inlet velocity will be F = 1 and 𝑣 = 𝑣𝑃𝑂 = 0.669 × 10−2𝑚/𝑠, respectively. The inlet 

velocity for the other component is 𝑣𝑀 = 0 𝑚/𝑠. 

• At inlet 2, where the methanol (Phase 2) is injected, the respective volume fraction and 

inlet velocity are F = 0 and 𝑣 =  𝑣𝑀 = 0.223 × 10−2 𝑚/𝑠, respectively. The inlet 

velocity for the palm oil is 𝑣𝑃𝑂 =  0 𝑚/𝑠. 

• At the outlet the gauge pressure is set to be zero. 

• The contact angle of 135 degrees to account for the wall wettability.  
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4.1.6.2 Alcohol to Oil Molar Ratio = 22.9 

Same as the previous case except for the following boundary condition:  

• At inlet 1, where the methanol is injected, the respective volume fraction and inlet 

velocity are equal to F = 0 and 𝑣 =  𝑣𝑀 = 0.446 × 10−2 𝑚/𝑠, respectively. The inlet 

velocity for the palm oil is equal to 𝑣𝑃𝑂 =  0 𝑚/𝑠. 

 

• At inlet 2, where the palm oil is injected, the respective volume fraction and inlet velocity 

will be equal 𝐹 = 1 and 𝑣 = 𝑣𝑃𝑂 = 0.446 × 10−2 𝑚/𝑠, respectively. The inlet velocity 

for the other component is equal to 𝑣𝑀 = 0 𝑚/𝑠. 

 

 
Table 1 Boundary Conditions Summary 

 

 

4.2 Reactants: Methanol and Palm Oil 
 

 

The reactants used for the simulation are palm oil and methanol. The physical properties, such as 

density, viscosity, and surface tension of palm oil and methanol, are shown in table 1 [10]. 

Molar ratio 7.6 22.9 

Reactant Palm oil Methanol Palm oil Methanol 

Inlet 1 F = 1  
 

𝑣 = 𝑣𝑃𝑂 = 0.669 × 10−2 𝑚/𝑠 

𝑣𝑀 = 0 F = 1  
 
𝑣 = 𝑣𝑃𝑂 = 0.446 × 10−2 𝑚/𝑠 
 

𝑣𝑀 = 0 

Inlet 2 𝑣𝑃𝑂 =  0 F = 0 
𝑣 = 𝑣𝑀 = 0.223 × 10−2 𝑚/𝑠 

 

𝑣𝑃𝑂 =  0 F = 0 
𝑣 = 𝑣𝑀 = 0.446 × 10−2 𝑚/𝑠 

 
Outlet Pressure gauge = 0 

Wall No slip condition 

Contact angle 135º 
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Methanol is recognized for its cost-effectiveness and favorable physical and chemical advantages. 

For instance, when used in biodiesel production, methanol yields biodiesel with reduced viscosities 

compared to ethanol. Additionally, palm oil is distinguished mainly for its very high cetane number 

due to the presence of saturated fatty acids like palmitic acid and stearic acid, which means it is 

easy to combust when used as a fuel [19]. 

 
Table 2 Physical Properties of Palm Oil & Methanol at 25 ºC [10] 

Property 

 

Density (kg/m3) 

 

Viscosity (Pa. s) Surface tension (𝑁/𝑚) 

Palm oil 909 
69.1× 10−3 

 3.27 × 10−3 
 

Methanol 785 
0.55× 10−3 

 

 
 

 

4.3 Geometry Dimensions  
 

 

To explore the best potential geometry configuration, the internal wall corners, and curvature 

radius will be varied. The internal wall corners will be either 90-degree or rounded corners (corner 

diameter is 400 µm). The external wall corners will not be varied since there is no contact between 

the slug and the external wall due to centrifugal forces.  The curvature radius is also studied by 

changing the length of the longer segment of the serpentine microchannel unit to study their effect 

on vorticity. The lengths that are compared are 2000 µm and 1000 µm. 
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Figure 3 Geometry Dimensions Variations in The Serpentine Microchannels 

 

 

 Moreover, all the serpentine microchannels discussed in this project have a changing width as 

depicted in Figure 3. Based on the Dean Number equation (8), employing a serpentine with 

changing width (i.e., diameter) has a higher Dean Number than the one with a constant width 

which means it should have stronger vorticities along the channel. The reason behind this is that 

the velocity increased with the smaller width which increased the Reynolds Number and the Dean 

Number accordingly [20]. The Dean Number analysis of both varying and constant widths is 

shown in Table 3. Detailed calculations of Dean Number are attached in Appendix B.  

 

 

𝐷𝑒 =
𝜌𝑣𝐷

𝜇
  (

𝐷

𝑅
)

0.5

 (9) 

 

Where, 𝐷𝑒, 𝐷, and 𝑅 are Dean Number, diameter, and curvature radius respectively [21]. 
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Four microchannel configurations that have been studied, considering the varying geometrical 

features mentioned above, are listed below:  

1. Straight Microchannel 

2. Serpentine Microchannel with 90-degree Corners with low curvature  

3. Serpentine Microchannel with Rounded Corners with low curvature  

4. Serpentine Microchannel with 90-degree corners with high curvature  

 

The dimensions of the microchannels are illustrated in Table 4. Important note to make is that all 

microchannels have the same inlet dimensions.  

 

 

 

 

 

Table 3 Dean Number Analysis [21] 

 

Serpentine 

Microchannel 

Type 

 

Serpentine Microchannel with 

Constant Width 

Serpentine Microchannel with  

Varying Width 

 

 

 

Schematic 

 

 

 

 

 

 

 

 

 

𝐷 

= 𝐿 

 

=
(

3𝐿
4 +

𝐿
2)

2
=

5𝐿

8
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𝑅 
=

3𝐿

2
 

 

=
(

17𝐿
10 +

107𝐿
100 )

2
=

277𝐿

200
 

 

 

 

𝑅𝑒 
=

𝜌 ∙ 𝑣 ∙ 𝐿

𝜇
 

 

=
𝜌 ∙

72
25

𝑣 ∙
5
8 𝐿

𝜇
 

 

 

√
𝐷

𝑅
 = √

1𝐿

1.5𝐿
= 0.82 

 

= √
0.625𝐿

1.385𝐿
= 0.672 

 

 

 

 

𝐷𝑒  = 0.82 ∙
𝜌 ∙ 𝑣 ∙ 𝐿

𝜇
 

 

= 0.672 ∙
𝜌 ∙

72𝑣
25

∙
5𝐿
8

𝜇
 

 

= 1.2 ∙
𝜌 ∙ 𝑣 ∙ 𝐿

𝜇
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Table 4 Microchannels Configurations and Geometry 

 

Configuration Geometry 

 

Configuration 

Description 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Straight 

Microchannel 

 

 

 

 

Serpentine 

Microchannel 

with 90-Degree 

Corners & Low 

Curvature 

4
0

0
0

 µ
m

14690 µm

4000 µm
10000 µm

6
9

0
 µ

m

690 µm

Z

40
00

 µ
m

20
00

µ
m

34
5 
µ

m

23
45

 µ
m

5665.3 µm

4000 µm

965 µm

517.5 µm

69
0
µ

m

690 µm

2000 µm

10000 µm

Z
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Serpentine 

Microchannel 

with Rounded 

Corners & Low 

Curvature 

  

 

Serpentine 

Microchannel 

with 90-Degree 

Corners & High 

Curvature 

 

 

 

 

 

4
0

0
0

 µ
m

1
8

0
0

 µ
m

3
4

5
 µ

m

2
3

4
5

 µ
m

5665.3 µm

4000 µm

565 µm

517.5 µm

6
9

0
µ

m

690 µm

2000 µm
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D= 400 µm

Z

4
0

0
0
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m

1
0
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m

3
4

5
 µ
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3

4
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m
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4000 µm
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517.5 µm
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9

0
µ
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4.4   Operational Parameters  
 

 

All the operational parameters will be kept constant except for the molar ratios and the 

corresponding velocities. The total volumetric rate and temperature are set to be 200µL/min and 

25℃ respectively. The catalyst concentration is omitted as it has no influence on the 

hydrodynamics of the multiphase system [10], and the reaction is not considered within this study. 

However, it is important to understand that for all operational parameters, the optimal values could 

be different from system to system depending on the utilized reactants and mixer.  

 

4.5   Modeling Outputs  
 

 

The impact of the variation of the mentioned parameters will be illustrated in terms of volume 

fraction profile, circulation streamlines, vorticity contour, and vorticity to evaluate the 

hydrodynamics and mixing performance in all the microchannels configurations.  

 

4.6   Validation and Comparison  
 

 
The slug length from the simulation results in the straight microchannel is compared with the 

existing experiment from [10] at the operational parameters of a molar ratio of 7.6 at 25℃  & 

200µL/min to validate the model simulation. After validation, to study the mixing enhancement 

made by the serpentine microchannels, the serpentine microchannels simulation results will be 

compared to the straight microchannel with a slug flow pattern under the same conditions.  



 

 

 

26 

Chapter 5: Results and Discussion  
 

 

5.1 Mesh Test and Validation   
 

To validate the models, the slug length from the experimental work of [10] was compared to the 

simulation slug length generated for this project at a molar ratio of 7.6 in a straight microchannel. 

The slug length was simulated at different mesh cell sizes as shown in Table 5 below. The 

experiment slug length in [10] was measured to be 717.00 µm. The mesh element size that was 

selected is 20µm with a slug length deviation of 4.60%. Hence, a mesh cell size of 20 µm was 

utilized for the rest of the study.  

 

Table 5 Quantitative analysis of the comparison between simulation and experimental results at different meshing qualities 

Mesh Cell Size (µm) Slug Length (µm)  Number of Element Deviation (%) 

30 751.10  19168 4.76 

25 749.99 26755 4.60 

20 749.99 39931 4.60 

15 749.34 67051 4.51 
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5.1 Hydrodynamics study 
 

5.2.1 Case 1: Alcohol to Oil Molar Ratio = 7.6 
 

5.2.1.1 Volume of Fluid Profile  

 

Straight Microchannel  
 

As per the volume fraction profile in Figure 4, the straight channel is initially full of palm oil, 

which is the continuous phase. At t=0, the methanol enters the inlet and forms a rounded interface 

once it is in contact with the palm oil phase. The methanol continues traveling along the inlet until 

it reaches the main channel. At this point, the methanol slug will start to form, and then it will 

break off due to the pressure build-up in the continuous phase [22]. Once the methanol slug is 

entirely detached from the neck due to the domination of the interfacial forces [23], other slugs 

along the channel will follow as time proceeds.  

It was observed that there is a thin film of palm oil between the wall and the slug interface due to 

the wall's high hydrophobicity, as a result of assigning a contact angle of 135o at the walls of the 

channels [23]. In addition to the hydrophobicity, the Capillary Number plays a massive role in 

forming such thin films. The capillary number is defined as the product of dispersed phase (i.e. 

methanol) velocity and continuous phase (i.e. palm oil) viscosity divided by the surface tension 

which resembles the ratio of the viscous forces to interfacial forces as shown in equation 9, where, 

𝐶𝑎 is the Capillary Number. In this study the capillary number of the straight microchannel was 

found to be 0.04 and as stated by Raimondi et. al (2008), when the Capillary Number is higher 

than 0.01, a thin film of the continuous phase always exists between the dispersed phase slugs and 

the straight microchannel wall [24]. The Capillary number for the flow in the straight channel was 

0.04, which guarantees the existence of this thin film. Moreover, it was perceived that the slug is 
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formed in the shape of a bullet where it has a flat rear and more like a rounded front. The bullet 

shape of the slug is characterized by the Capillary number that is higher than 0.02 [25,26,27]. The 

slug keeps its shape until it reaches the channel's end at t= 2.452s. 

𝐶𝑎 =
𝑣𝑀 ∙ 𝜇𝑃𝑂

𝜎
 (10) 

 

 

 
Figure 4 Straight Microchannel VOF Profile for Molar Ratio of 7.6 (Note: the black and white scale bar signifies the dimension 

of the geometry) 
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Serpentine microchannel with 90-degree corners and low curvature 

 
The VOF profile of the serpentine microchannel with 90-degree corners and low curvature is 

shown in Figure 5.  When the slug moves along the 517.5 µm width segment (point 1), it can be 

observed that this time, the slug is more elongated because the width here is smaller than the inlet 

channel width (ID= 690 µm). Moreover, when the slug enters the 345 µm width segment (point 

2), the slug will be even more elongated at this point due to the smaller width than the previous 

segment (point 1). Moreover, it can be observed that the slug is always moving next to the internal 

wall instead of the external. Also, as the slug moves along the channel, the corners impact the 

shape of the slug from both sides. When the slug travels in the left-hand side (LHS) units of the 

microchannel, only the right side of the slug will be exposed to the sharp 90-degree corners, but 

when the slug moves in the right-hand unit (RHS) of the microchannel, the left half of the slug 

will be exposed to the 90-degree corners. The slug reaches the end of the channel at t= 2.907s. 
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Figure 5 Serpentine Microchannel with 90-Degree Corners and Low Curvature VOF Profile for Molar Ratio of 7.6 at Different 

Locations 

 

 

 

Serpentine microchannel with rounded corners and low curvature 

 
 

In the rounded corners microchannel, as illustrated in Figure 6, the movement of the slug along 

the channel is the same as the previous serpentine microchannel, except for the corners. It was 

observed that the 90-degree corners squeezed the slug compared to the rounded corners, decreasing 

the area in the corners compared to the rounded corners. Consequently, the average slug length 

around the 90-degree increased compared to the rounded corners, which are measured to be 

1399µm and 1275µm, respectively. The slug reaches the end of the channel at t= 2.904s. 

 

(Point 1) (Point 2) 

RHS Unit 
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Figure 6   Serpentine Microchannel with Rounded Corners and Low Curvature VOF Profile for Molar Ratio of 7.6 

 

 

 

 

 

Serpentine Microchannel with 90-degree Corner and high curvature 
 

In the high curvature microchannel, it can be observed that the slug will spend less time on the 

517.5µm width segment (point 1) than the two previous serpentine microchannels because the 

length of this segment is reduced from 2000 µm to 1000 µm. Moreover, it can be noticed that the 

slug flowing in the point 1, has its two ends around the corners due to the shorter length of the 

segment. The slug reaches the end of the channel at t= 2.485s 
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Figure 7 Serpentine Microchannel with 90-degree Corner and High Curvature VOF Profile for Molar Ratio of 7.6 

 

 

5.2.1.2 Internal Circulation Streamlines 
 

Straight Microchannel  
 

 

The internal circulation in a slug flow traveling in a straight microchannel is illustrated in Figure 

8, showing that the slug contains several internal circulations, as expected for flows with low 

Capillary and Reynolds Number [24]. Two of the total six circulations are considered the major 

circulations which are in the center of the slug, located at the left and right halves of the slug. The 

other four circulations which are smaller in size are the minor circulations and are located at the 

front and the rear of the slug, on both sides, the left and the right as well. The major circulations 

are initiated due to the shear contact between the continuous phase around the slug and the walls. 

(Point 1) 
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In contrast, minor circulations arise from the interaction between the droplet and the bulk 

continuous phase. The major and minor circulations are distributed symmetrically along the axis 

of the straight microchannel. Additionally, several stagnant regions were identified in the slug, 

located at the left and right halves as well as at the front and rear, which is the same as reported in 

reference [28]. 

 

 

 
Figure 8 Internal Circulations in the Straight Microchannel for Molar ratio of 7.6 

 

 

 

Serpentine Microchannel with 90-degree Corners and Low Curvature  
 

 

In the 517.5 µm width segment (Figure 9A), the slug looks like a bullet with two major circulations 

and four minor circulations as it was observed with the straight microchannel but with more 
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congested circulation streamlines since the width here is smaller compared to the width of the 

straight microchannel which is 690 µm.  

Around the 90-degree corner (Figure 9B) the slug, as well as the major and front minor 

circulations, start to deform. To clarify, the major circulations are broken into small ones formed 

in the middle of the slug (i.e., chaotic advection). The symmetry within the slug in the serpentine 

microchannel is no longer maintained due to the flow direction change due to the corners [29] and 

the stretching due to the cross-section variation. Both phenomena lead to an asymmetrical 

distribution of internal circulations.  

Afterward, the slug gets more elongated as it enters the 345 µm width segment (Figure 9C), and 

the streamlines get even more congested. Also, it was observed that the minor circulations in the 

front of the slug start to lose their shape as the slug enters the 345 µm width segment further. When 

the whole slug is in the 345 µm width segment, it can be claimed that front circulations are 

completely deformed and vanish. Additionally, the major circulations started to form back. This 

indicates that the existence of the corners and the change in flow direction directly increases the 

chaotic advection, while the reduction of the width impacts the Dean vortices indirectly, through 

the increment in velocity as discussed in section 4.3. 

 

Once the slug leaves the 345 µm width segment and it is completely in the 517.5 µm width 

segment (Figure 9E) both the major and minor circulations regain their shapes.  
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Serpentine Microchannel with Rounded Corners and Low Curvature 

 
 

For the rounded corners serpentine, the slug looks and behaves exactly as the previous serpentine 

microchannel except around the corners. Around the rounded corners, the slug starts to deform as 

well as the slug circulations but this time without any intensive intrusion. With the rounded 

corner, major circulations are broken into fewer small circulations compared to the 90-degree 

corner.   

 

A B C 

D E 

Figure 9   Internal Circulation in Serpentine Microchannel with 90-Degree Corners and Low Curvature for Molar ratio 

of 7.6 at Different Locations: (A&E) 517.5 µm width segment (B&D) Corners (C) 517.5 µm width segment (Note: The 

slug moves from location (A) to (E)) 
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Figure 10 Internal Circulations in Serpentine Microchannel with Rounded Corners and Low Curvature for Molar ratio of 7.6 

 

 

Serpentine Microchannel with 90-degree Corners and High Curvature  
 

With high curvature serpentine, the slug will be deforming continuously due to the short length of 

the 517.5 µm width segment. Once the slug rear leaves any of the segments, its front will enter the 

next quickly. As shown in figure 11, when the slug leaves the 345 µm width segment and enters 

the 517.5 µm segment in Figure 11A, its rear will be deforming and till the rear regains it is original 

shape in the 517.5 µm width segment, the front of the slug will enter the next 345 µm width 

segment (figure 11B) and it will be starting to minimize its front two circulations till they are 

entirely deformed.  

Here, it can be claimed that the minor circulations do not have enough existence time in the 

channel. Once it is formed, it will be deformed again, which, in this case, means that the impact of 

the minor circulations in this microchannel will be less compared to the other configurations. On 

the other hand, the major circulations were also impacted by the shorter segment. Instead of having 

six symmetrical circulations, the circulations formed are broken and asymmetrical (figure 11A). 
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With all the microchannel types, it was observed in Figures 12, 13, 14, and 15 that the two major 

circulations within the slug (slugs are outlined in red rectangles) move in opposite directions. The 

left half circulation moves counterclockwise, which means it travels forward to the front of the 

slug, then to the rear, and back again to the center of the slug. The same happens with the right 

half of the primary circulation but in a clockwise direction, moving back to the rear of the slug, 

then to the front, and then back again to the center of the slug. Per the vorticity profiles, the 

counterclockwise movement is denoted with positive vorticity values, and the clockwise 

movement is denoted with negative vorticity values [30,31]. 

 

 

 

A B 

Figure 11 Internal Circulations in Serpentine Microchannel with 90-degree Corners and High Curvature for Molar ratio of 7.6 at Different 

Locations (A) 517.5 µm width segment & (B) Corner 
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Figure 13 Serpentine Microchannel with 90-degree Corners and Low Curvature Vorticity Contour for Molar ratio of 7.6 

Figure 12 Straight Microchannel Vortices Contour for 7.6 Molar Ratio 
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Figure 14 Serpentine Microchannel with Rounded Corners and Low Curvature Vorticity Contour for Molar ratio of 7.6 

Figure 15 Serpentine Microchannel with 90-degree Corners and High Curvature Vorticity Contour for Molar ratio of 7.6 
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5.2.1.3 Vorticity Measurement  

 
 

 

Based on the slug vorticity profile for each serpentine microchannel and the straight microchannel, 

the major circulation vorticity was measured using a point function in Ansys Fluent. The 

measurements were taken at different locations along the main channel of the straight 

microchannel and along one single unit of a serpentine microchannel, as illustrated in Figure 16. 

This was done to study the impact of the width, corners, shape curvature radius and to compare 

the performance of both the straight microchannel and the different serpentine microchannel 

configurations. 

 

 
Figure 16 Vorticity Measurement Locations for Both A) Single Unit of Serpentine Microchannel and B) Straight microchannel 

 

To study the impact of the width, the vorticity measurements in locations 1, 3 and 5 were 

compared. As depicted in Figure 17, the vorticity value was found highest in location 3 for all the 

serpentine microchannels associated with the smaller width, 345 µm. This was due to the velocity 

increment (with constant total volumetric flow rate) as width decreases, as per the Dean Number 

analysis in section 4.9. The velocity increment when width decreases enhanced the Reynolds 

number and, consequently, the Dean Number. The same trend was reported in [32], especially for 

(A) (B) 
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aspect ratios (i.e., channel width to channel height ratio) from 0.5 to 1.5 due to the increment in 

Dean Velocity. When it comes to mixing, increasing the channel width while keeping the other 

dimensions constant increases the mixing length since the liquid slug volume increases, which 

means that the mixed volume per mixing time decreases as the channel width increases [33,34]. In 

a separate investigation [35], the enhancement in internal circulation inside the slug and 

consequently mass transfer at the interface was achieved when the hydraulic diameter was reduced 

from 600μm to 400μm and it even increased further when reduced from 400μm to 200μm.  

 

 

 
Figure 17 Width Impact on Vorticity (Location 1, 3 & 5) 

 

 

 

Corners were investigated at locations 2 and 4 to check which corner shape resulted in higher 

vorticity. The results showed that the 90-degree corner induced slightly higher vorticity than the 

rounded corner. This minor difference is due to the chaotic advection and broken internal 
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circulations found around the 90-degree corner per the Dean Vortices circulation profile discussed 

previously. When calculating the microchannels' Bend Ratio (i.e., (�̅� = W/R𝑏), where R𝑏 is the 

bend radius) of the 90-degree and rounded corners, it was found that they equal 0 and 1.04, 

respectively. Similarly, in [36], they found that the 0 and 1 Bend Ratios resulted in similar mixing 

efficiency while the corner bends with the lower bend ratios resulted in lower mixing efficiency. 

As stated by Dean Number equation the higher the width to Radius ratio the stronger the vorticity.  

 

Another point to mention is that the vorticity in location 4 was found to be less than that in location 

2; this might be because the slug in location 2 is moving from a broader width to a narrower width 

while the slug in location 4 was moving from a narrower width to a wider width. 

 
 

 
Figure 18 Corner Impact on Vorticity (Location 2 & 4) 

 

 

To study the impact of the curvature on the vorticity, the vorticity measurements were taken at 

locations 1 and 5 for each serpentine microchannel. It was found that the serpentine with the low 

curvature (i.e., large radius) has higher vorticity compared to the high curvature, although the Dean 
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Number equation says the opposite. This might be due to the continuous and over-deformation 

that the high curvature (i.e., small radius) caused to the slug's internal circulations, which did not 

favor higher vorticity. For the mass transfer, occasionally, the longer radius is preferred because it 

gives enough mixing time and length for the fluids to mix [37]. 

 

 
Figure 19 Curvature Impact on Vorticity (Location 1 & 5) 

 

 

 

The vortices versus the location versus the microchannel configuration were plotted in Figure 20 

to compare all the microchannel configurations. It was found that the straight microchannel 

induced the lowest vorticity. The vorticity in a straight microchannel was found to be almost the 

same in all the locations. The vorticity average in these locations is (ω=353.677 1/s). This is due 

to the bigger width and the absence of the bends, which lead to the lack of chaotic advection and 

asymmetrical circulations inside the slug. The symmetrical circulations will impact even the mass 

transfer inside the slug, hindering the concentration redistribution in the radial direction and 

allowing it only in the axial direction [38,39]. When it comes to the serpentine microchannels, the 

90-degree corner microchannel with the low curvature induced the highest vorticity (ω=888.872 
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1/s), followed by the rounded corner microchannel with the low curvature (ω=845.041 1/s) and 

then the 90-degree corner microchannel with the high curvature (ω=809.506 1/s). When comparing 

the 90-degree corner microchannel with the low curvature to the other serpentine microchannels, 

it was found that the curvature radius has a more significant impact on the vorticity than the corner 

shape; this might be due to the close Bend Ratios of the 90-degree and the rounded corners.  The 

impact of the serpentine microchannel on mixing efficiency is due to the role of secondary vortices 

stretching and folding in increasing the interfacial area, which can increase the mixing 

performance from 1.6 to 16 times compared with a straight microchannel [39,40]. 

Referring to Tung et al. (2009), who studied a similar system to this study - especially the 

geometry of the microchannels - it was found that the mixing index increased by 533% when the 

vorticity improved by 134.7% [21]. In our system, the vorticity increased by 232.996%, so it is 

anticipated that the mixing index will be enhanced by 900% or above (if the relationship between 

vorticity and mixing is assumed to be linear). The main differences between the [21] study and 

this study are the fluids (water and oil) used, the velocity of the fluids (which is less than this 

study), and the dean number, which is less than our study by 16.6%. 

 
Figure 20 Vorticity within the Slug at Different Locations for All Microchannel Configurations 
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5.2.2 Case 2: Alcohol to Oil Molar Ratio = 22.9 
 

5.2.2.1 Volume of Fraction Profile 

  

Straight Microchannel  
 

As per the volume fraction profile in Figure 21, the straight channel is initially full of palm oil, 

which is the continuous phase. At t=0, the methanol enters the inlet and forms a rounded interface 

once it is in contact with the palm oil phase. The methanol continues traveling along the inlet 

channel until it reaches the main channel. The methanol slug starts to form at this point and 

increases in size as it approaches the end of the channel with a very long neck that is not detached.  

This flow pattern is called irregular slug flow, a breakup phenomenon that leads to a wide 

distribution of droplet sizes [41].  

irregular slug flow is observed at high flow rates of both the dispersed and continuous phases 

[40,41]. This is applicable in this case, where the methanol flow rate increased from 0.223 m/s 

(with the 7.6 molar ratio case) to 0.446 m/s. This irregular slug phenomenon is intensely profound 

in the serpentine microchannels due to the presence of the corners that allow for more slug breakup 

compared to the straight channel. It was observed that there is some palm oil between the wall and 

the interface of the slug, the same as the previous microchannel. The flow reaches the end of the 

channel at t= 1.640s. 
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Figure 21 Straight Microchannel VOF Profile for Molar Ratio of 22.9  

 

 

 

 

Serpentine Microchannel with 90-degree Corners and Low Curvature 
 

In the serpentine microchannel with 90-degree corners, the methanol enters the main channel, 

going downwards in the first unit. Due to a higher molar ratio, it can be observed that the neck 

breakage happens in the second unit instead of the first, as in the serpentine microchannel with a 

7.6 molar ratio. This means there will be a delay in forming slugs in this microchannel with the 

22.9 molar ratios. Furthermore, it was noticed that the number of slugs is higher than the 7.6 molar 

ratio case and not uniform in size. The 22.9 molar ratio generated slugs with a smaller ratio of 

length to diameter (L/D), and others have a larger L/D ratio. The slug L/D ratio was measured by 
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an image processing software. Based on the measurements, the slug size was divided into three 

categories. The first category is when the L/D is less than 2.3, the second category is when the L/D 

is between 2.3 and 6, and the third category is of the slugs with an L/D larger than 6. The exact 

impact of the width and corners has been observed on the different slug sizes as with the 7.6 molar 

ratio. The slug reaches the end of the channel at t= 2.044. In the rounded corners and high curvature 

serpentine microchannels, as depicted in Figures 23 and 24, the movement of the slug along the 

channel is the same as the previous 90-degree serpentine microchannel. The same is also observed 

regarding the slug diameter and length; there are different slugs with different sizes. The slug in 

the rounded corner and high curvature microchannel reaches the end of the channel at t= 2.047s 

and t=1.630s respectively.  

 
 

Figure 22 Serpentine Microchannel with 90-Degree Corners and Low Curvature VOF Profile for Molar Ratio of 22.9 
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Figure 23 Serpentine Microchannel with Rounded Corners and Low Curvature VOF Profile for Molar Ratio of 22.9 

 

 
Figure 24 Serpentine Microchannel with 90-Degree Corners and High Curvature VOF Profile for Molar Ratio of 22.9 
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5.2.2.2 Internal Circulation Streamlines 

 

 

Internal Circulations Streamlines in Slugs with L/D>6 in the Straight Microchannel 

 

For the straight microchannel, the slug depicted in the figure 25 contains two lengthy major 

circulations and two minor circulations positioned in the front of the slug. As illustrated in Figure 

25, the minor circulations in the rear were stretched, as the rear of the slug was still attached to the 

neck of the inlet flow. The anticipated vorticity value will be very low within this slug since, there 

is a very long circulations and a big area of stagnant zones.  

 
Figure 25 Internal Circulations in Straight Microchannel for Molar Ratio of 22.9 
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Internal Circulations Streamlines with Different Slugs Sizes for All Serpentine Microchannels 
 

Although there are different slug sizes, it was found that all slugs have the same number of 

circulations as the slugs formed with the 7.6 molar ratio. Two are considered the major circulations, 

and the other four are the minor ones. All the slugs under these three categories behaved the same 

as slugs with the 7.6 molar ratio at all of the different segments of the serpentine microchannels: 

517.5 µm width segment, 345 µm width segment, and the corners. It is worth noting that as the 

L/D ratio increases, the length of the major circulation also increases; this is depicted clearly with 

the L/D>6 slug in Figure 26D.  

                                   

 

 

 

 
 

 

 

 

 
 

It was perceived, as depicted in the following Figures 27, 28, 29, and 30, that the same major 

circulation movement was observed in all the slug sizes. The left half of circulation moves 

counterclockwise, while the right half of major circulation moves clockwise. 

 

 

 

Figure 26 Internal Circulations in different slug sizes (A) L/D<2.3, (B) 2.3<L/D<6, (C) 2.3<L/D<6, (D) L/D>6 for Molar 

Ratio of 22.9 in different serpentine microchannel configurations 
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Figure 27 Straight Microchannel Vorticity Contour for Molar Ratio of 22.9 

Figure 28 Serpentine Microchannel with 90-Degree Corners and Low Curvature Vorticity Contour for Molar ratio of 22.9 
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Figure 30 Serpentine Microchannel with 90-Degree Corners and High Curvature Vorticity Contour for Molar ratio of 22.9 

Figure 29 Serpentine Microchannel with Rounded Corners and Low Curvature Vorticity Contour for Molar ratio of 22.9 
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5.2.2.3 Vorticity Measurement  
 

As discussed earlier, the 22.9 molar ratio resulted in different slug sizes. Therefore, it was decided 

to study the impact of the slug sizes on vorticity for the serpentine microchannel with 90-degree 

and low curvature. Figure 31 found that the slug with L/D > 6 induced the lowest vorticities, 

especially in the 517.5µm width segment. This is due to the lengthy major internal circulations 

and the stagnant zone's growth, leading to the decline of interface renewal and mass transfer when 

it comes to mixing [42]. It was also noticed that the vorticity enhanced significantly when the slugs 

with L/D > 6 moved around the bends and through the 345 µm width segment. Regarding the L/D 

< 2.3 slugs, the vorticity was found to be better than the L/D > 6 slug in almost all locations. Also, 

the positive impact of the bends is evident on the L/D < 2.3 slug; the bend significantly 

strengthened the vorticity. The only demerit with this slug size is that the short diffusion length 

provided by the short internal circulations might not be enough for complete mixing time, so there 

is not enough time for substances to spread throughout the mixture to achieve complete mixing. 

The 2.3 < L/D < 6 slug was the optimum slug size that resulted in the highest vorticity among the 

other two size categories.  

 

The most likely slug size to achieve the highest mixing efficiency is the slug size of L/D between 

2.3 and 6. Tice et al. (2003) studied the impact of changing flow rates on mixing inside aqueous 

slug in a straight microchannel [43], and their results showed that the maximum mass transfer 

efficiency was achieved when the dispersed phase fraction was close to 0.3. The slug size of L/D 

between 2.3 and 6 is associated with a dispersed phase fraction of 0.25; therefore, it is possible to 

anticipate high mass transfer achieved through this slug size. However, it is believed that all the 
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other slug sizes can also obtain high mixing efficiency due to the vorticity rise triggered by the 

bends, which is very close in all the slug sizes. 

 

 
Figure 31 Impact of Slug Size on Vorticity 

 

 

 

When comparing the molar ratio of 7.6 to 22.9 for the same slug size (2.3 < L/D < 6), it was found 

that there is no significant difference in vortices, which makes sense since the slug size is in the 

same range and no microchannel geometry differences for both molar ratios. Therefore, the 

vorticity in this case will be omitted in the selection criteria, and the number of slugs in each case, 

as well as the stability of the flow pattern, will be used as part of the criteria. Obviously, the 7.6 

molar ratio is a good selection when it comes to flow stability (i.e., uniformed slug size) since it is 

more stable when compared to the 22.9, which will lead to easier operations of the microchannel. 

Moreover, the number of 2.3<L/D<6 slugs with the 7.6 molar ratios is higher by 20% than the 

number of slugs for the 22.9 case, which again looks like a better choice than the 22.9 molar ratio. 
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Nevertheless, considering all the slug sizes, the 22.9 molar ratio would be a better choice if higher 

throughput is more critical to the operations because the slug total number (of all sizes) and 

velocity in the 22.9 is higher than the 7.6 molar ratio. 

 
Figure 32 Impact of Molar Ratio on Vorticity 
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Chapter 6: Conclusion and Future Work  
 

 

 

In this study, the hydrodynamics of slug flow patterns in various serpentine microchannels were 

numerically investigated to enhance biodiesel production using the Volume of Fluid (VOF) 

method. Additionally, a straight microchannel was simulated to compare the impact of geometry 

configuration on vorticity. When examining serpentine microchannels, the study considered the 

impact of geometrical factors like width, corner shape, and curvature radius, along with operational 

parameters such as the alcohol-to-oil ratio, in order to optimize microchannel performance. The 

results demonstrated that serpentine microchannels achieved significantly higher vorticity, with 

narrower widths proving to be more advantageous. Furthermore, a 90-degree corner shape induced 

slightly higher vorticity compared to a rounded shape due to increased deformations within the 

internal circulations resulting from the sharp intrusion. Longer curvature radius also contributed 

to improved vorticity, while a very short radius caused excessive deformation of the internal 

circulation, leading to reduced vorticity. Lastly, in terms of molar ratios, the 7.6 molar ratio 

resulted in a higher number of slugs falling within the L/D range of 2.3 to 6 compared to the 22.9 

molar ratio. This specific L/D range was associated with the highest vorticity compared to other 

ranges (L/D<2.3 and L/D>6) when considering the 22.9 molar ratio. 

 

As for future work, the study can be backed up by including a transport species model in the 

simulation to relate the vorticity enhancement due to the serpentine microchannel configurations 

with the mixing efficiency. Moreover, although the system was already validated, including the 

experimental work specifically for the serpentine microchannels would improve the system's 
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certainty. Also, including a wide range of curvature radius would be more reasonable to prove that 

the radius does not have to be very short to increase the vorticity and, consequently, the mixing as 

per the Dean Number. 
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Appendix A: Volumetric Flowrate Calculations for Each 

Molar Ratio 
 
 

Table 6 Volumetric Flowrate Calculations for 7.6 Molar Ratio 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Total Volumetric 

Flowrate 

0.2 ml/min 200 

Reactants 
 

Methanol Oil  

Molar Ratio mol/min = 7.6 = 1 

Molecular weight g/moles = 32.040 = 845.910 

Mass Flowrate g/min = 7.6 * 32.040  

= 243.504 

= 845.910 * 1 

= 845.91 

Density g/ m3 785000 909000 

Volumetric Flowrate for 

Each Phase 

m3/min = 243.504 / 785000 

= 0.000310 

= 845.91 / 909000 

= 0.000930 

Volumetric Flowrate for 

Each Phase 

ml/min  = 0.000310 * 1000000 

= 310.000 

= 0.000930 * 1000000 

= 930.000 

Volume Fraction  
 

= 310.000 / (310.000 + 930.000) 

= 0.250 

= 930.000 / (310.000 + 930.000) 

= 0.750 

Volumetric Flowrate for 

Each Phase (after 

scaling) 

ml/min  = 0.2 * 0.250 

= 0.0499 

= 0.2 * 0.750 

= 0.150 

Volumetric Flowrate for 

Each Phase (after 

scaling) 

µL/min  = 0.0499 * 1000 

= 49.999 

= 0.150 * 1000 

= 150.000 
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Table 7 Volumetric Flowrate Calculations for 22.9 Molar Ratio 

 

 

 

 

 

 
 

 

 

 
 

 

 

 

 

 

 
 

Total Volumetric 

Flowrate 

0.2 ml/min 200 

Reactants 
 

Methanol Oil  

Molar Ratio mol/min 22.9 1 

Molecular weight g/moles 32.040 845.910 

Mass Flowrate g/min = 22.9 * 32.040  

= 733.716 

= 845.910 * 1 

= 845.910 

Density g/m3 785000 909000 

Volumetric Flowrate for 

Each Phase 

m3/min = 733.716/ 785000 

= 0.935 

= 845.910/ 909000 

= 0.931 

Volumetric Flowrate for 

Each Phase 

ml/min  = 0.935 * 1000000 

= 935 

= 0.931 * 1000000 

= 931 

Volume Fraction  
 

= 935 / (935 + 931) 

= 0.5 

= 931 / (935 + 931) 

= 0.5 

Volumetric Flowrate for 

Each Phase (after 

scaling) 

ml/min  = 0.2 * 0.5 

= 0.100 

= 0.2 * 0.5 

= 0.100 

Volumetric Flowrate for 

Each Phase (after 

scaling) 

µL/min  = 0.100 * 1000 

= 100.000 

= 0.100 * 1000 

= 100.000 
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Appendix B: Dean Number Calculations   
 

 

 

Serpentine Microchannel with Constant Width 

 

 

𝐷 = 𝐿 

 

𝑅 = 𝐿 +
𝐿

2
=

3𝐿

2
 

 

 

𝑅𝑒 =
𝜌 ∙ 𝑣 ∙ 𝐿

𝜇
 

 

√
𝐷

𝑅
= √

1𝐿

3𝐿
2

= 0.82 

 

𝐷𝑒 = 0.82 ∙
𝜌 ∙ 𝑣 ∙ 𝐿

𝜇
 

 

 

 

Serpentine Microchannel with Varying Width 

 

 

𝐷 =
(

3𝐿
4 +

𝐿
2)

2
=

5𝐿

8
 

 

𝑅 =

(((
1
2 ∙

𝐿
2) +

36𝐿
25

) + ((
1
2 ∙

3𝐿
4 ) +

7𝐿
10))

2
=

277𝐿

200
 

 

 

𝑊ℎ𝑒𝑛 𝐷 = 𝐿, 𝑣 = 𝑉1 

 

𝑈𝑠𝑖𝑛𝑔 𝑄 = 𝐴𝑉      &    𝐴1𝑉1 = 𝐴2𝑉2    𝑠𝑖𝑛𝑐𝑒 𝑄 𝑖𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑤ℎ𝑖𝑙𝑒 𝑎𝑠𝑠𝑢𝑚𝑖𝑛𝑔 𝑠𝑞𝑢𝑎𝑟𝑒 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛   
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3𝐿

4
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2
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𝑇𝑎𝑘𝑖𝑛𝑔 𝑎𝑣𝑒𝑟𝑔𝑎𝑒 𝑜𝑓 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑖𝑒𝑠 𝑖𝑛 𝑏𝑜𝑡ℎ 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑠 (𝑖. 𝑒 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑤𝑖𝑡ℎ 𝐼𝐷 =
3𝐿

4
 &  𝐼𝐷 =

𝐿

2
) 

 

𝑉𝑎𝑣𝑔 =    
(

177𝑣
100   +  4𝑣)

2
=  

72

25
𝑣 
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𝜌 ∙

72
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𝑣 ∙
5
8
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𝐷
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= 0.672 

 

 

𝐷𝑒 = 0.672 ∙
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25

𝑣 ∙
5
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𝐿

𝜇
= 1.2 ∙
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Appendix C: Bend Ratio Calculations for 90-degree and 

Rounded Corners 
 

90-degree corner:  

 

 

 

𝑅 =
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐶ℎ𝑎𝑛𝑛𝑒𝑙 𝑊𝑖𝑑𝑡ℎ 𝑊

𝑅𝑎𝑑𝑢𝑖𝑠 𝑜𝑓 𝑡ℎ𝑒 𝐵𝑒𝑛𝑑
=

𝑊𝑎𝑣𝑔

𝑅𝐵
=

(
517.5 + 345

2 )

0
= 𝑈𝑛𝑑𝑒𝑓𝑖𝑛𝑒𝑑  

 

 

 

Rounded Corner (Bend Diameter = 400µm): 

𝑅 =
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐶ℎ𝑎𝑛𝑛𝑒𝑙 𝑊𝑖𝑑𝑡ℎ 𝑊

𝑅𝑎𝑑𝑢𝑖𝑠 𝑜𝑓 𝑡ℎ𝑒 𝐵𝑒𝑛𝑑
=

𝑊𝑎𝑣𝑔

𝑅𝐵
=

(
517.5 + 345

2 )

200 + (
1
2 ∙

517.5 + 345
2 )

= 1.03 

 

All dimensions in µm.  
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