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Utilization of membrane reactors for biodiesel production has been an alternative to
conventional batch reactors. The membrane in the reactor acts as a separation layer,
preventing the formation of by-products and allowing the desired biodiesel product to
pass through. This can improve yields and reduce waste, making the process more
environmentally friendly and economically viable. This study aimed to analyze the fluid
flow and velocity profile inside the membrane reactor and determine the volume fraction
of biodiesel. The modeling and simulation of the fluid flow of biodiesel in a membrane
reactor was carried out using SOLIDWORK and ANSYS software. Using a Eulerian-Eulerian
two-fluid model, multiphase simulations were carried out. Three different temperatures,
333 K, 338 K, and 343 K, were used in the simulation. The results have found that at 333K,
the biodiesel production in the membrane reactor shows the best flow characteristics
compared to reaction temperatures of 338 K and 343 K. Additionally, the highest volume
fraction can be predicted at the temperature of 333K. Further research and simulation
study can be implemented to explore the effects of inlet velocity and reaction time on the
fluid flow pattern of biodiesel inside the membrane reactor.

1. Introduction

Biodiesel can be made from a variety of feedstocks using a variety of processes.
Transesterification, direct mixing, micro-emulsion, and pyrolysis are some of the processes used [1-
3]. Furthermore, biodiesel feedstocks include virgin oil (such as rapeseed oil or palm oil), animal fats,
used oil (such as yellow grease), and micro- algal oils [4,5]. It provides many benefits to the
environment such as reducing carbon dioxide emission, greenhouse gases, and acid rain forming
sulfur dioxide. Fossil fuels are the slowest-growing source of energy, and stocks are dwindling every
day. Increasing demand for energy will raise prices over the projection period. The combustion of
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fossil fuels emits carbon dioxide, sulfur dioxide, hydrocarbons, and volatile organic compounds
(VOCs), which can cause air pollution, global warming, and climate change [6,7]. These negative
environmental repercussions are the focus of current energy policies that emphasize cleaner, more
efficient, and environmentally friendly technology to boost energy supply and usage [8]. Thus,
alternative renewable energy sources are vital for environmental and economic growth. Biodiesel is
abundantly available from inexhaustible feedstocks that can lower production costs. Through the
chemical reaction’s transesterification and esterification, biodiesel is produced [9-11].
Transesterification is the process by which triglycerides (TG), the primary component of vegetable
oils and animal fats, are combined with short-chain alcohols, primarily methanol (MeQOH), to produce
fatty acid methyl esters (FAME), often known as biodiesel [12]. Recent research has shown the
utilization of membrane reactors as an alternative to the conventional reactor [13-17]. This research
aimed to investigate the fluid flow and velocity profile inside the membrane reactor (MR) using
ANSYS Fluent version 22. The flow characteristics and flow pattern were analysed at different
reaction temperatures (333K, 338K, and 343K).

2. Methodology
2.1 Geometry of Membrane and Software Selection

In this research, ANSYS FLUENT 2022 R1 was used for all computational fluid dynamics
simulations. For the geometric modelling, SOLID WORKS 2020 is used to create the design. Then, the
model is imported into ANSYS Workbench for additional analysis. Figure 1 is a sketch of the MR model
and Figure 2 is a sketch inside the model. Table 1 lists the dimensions of and physical condition of
MR.

Table 1

MR Used in Simulation: Geometry and Physical Conditions
Parameter Definition

Size of Membrane Reactor Lxd =421 mm x40 mm

Size of inlet Pipe Lxd =400 mm x 6 mm

Size of outlet Pipe Lxd =400 mmx 6 mm

Mass Flow Rate 4g/min

Phase Fluid

o
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Fig. 1. MR modelling in SOLIDWORK
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Fig. 2. Inside drawing of the membrane reactor

Based on Figure 1 and Figure 2, the model consists of two primary components which are the
housing and the body of the reactor. At the housing of the reactor, there are an entrance and exit of
flow, while there are 7 hollow cylinders with 6 mm diameter inside the reactor.

2.2 Pre-Processor and Meshing

The pre-processor stage utilized SOLID WORKS 2020 for design and the Meshing Design Modeler
included in the ANSYS FLUENT packages. The accuracy of CFD is affected by the number of cells in
the mesh. In general, a larger number of cells will result in more precise solutions. The geometry was
meshed using three different grid sizes: coarse, medium, and fine, as illustrated in Figure 3 to ensure
that the solution was grid-size independent.
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Fig. 3. Type of meshing in the membrane reactor (a) Coarse (b) Medium (c) Fine

Table 2 shows the grid independence test results. Reducing the element size is good, but since
the results are similar to the medium set up, therefore medium meshing was selected. Thus, it
reduces the calculation time for each run. Element 1.0 was selected for this study.

Table 2
Grid Independence Test for Membrane Reactor
Element Number of nodes Number of Skewness mesh Orthogonal mesh Element

elements matric matric quality
1.2 413784 347918 0.78117 0.22009 0.99635
1.1 411941 345591 0.67626 0.37501 0.99487
1.0 451457 381492 0.55803 0.57687 0.99823
0.9 584285 502608 0.57914 0.42086 0.99972
0.8 801099 696500 0.71461 0.28539 0.99873
0.7 1244100 1114021 0.5344 0.4656 0.99943

2.3 Boundary Conditions, Solver Setup and Computational Model

At the intake, the velocity is set at 2 m/s. At the inlets and outlets, turbulent kinetic energy and
dissipation rate are set to O since it is difficult to evaluate the effects of turbulence at the boundaries.
The Euler — Euler model treats both phases as continuous phases, meaning that the gas phase does
not move along the wall, therefore, no-slip boundary condition is applied to the gas phase along the
wall. Table 3 summarizes the boundary condition for the MR and Table 4 provides information for
the solver setup in CFD simulation. The computational model was referred to previous studies and
analysis [18,19].

Table 3

Summary of Boundary Conditions in MR Simulation
Boundary Condition Parameter
Domain/interior FAME

Wall Reactor (no-slip)

Velocity Inlet 2m/s

Inlet pressure gauge 0.1 Mpa
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Table 4

Setting for solver setup in FLUENT

Option Type

Model 3D

Gravitational acceleration 9.81 m/s?

Multiphase model Volume of fluid (VOF)

Viscous model Standard k-e
Standard wall F

Material Methyl-alcohol-vapor(ch3oh)
triglyceride

Phases Vapor (Methyl-alcohol-vapor)
Qil (triglyceride)

Operating pressure 101.325 Pa

Operating density 844.8 kg/m?3

Surface tension (oil-vapor) 0.0586 (N/m)

3. Results
3.1 Flow Pattern

The flow patterns in the reactor were predicted at each temperature. Two thousand iterations
were used in the calculation setup, with time steps of 0.001s. Using the XY Plane as the viewing angle,
the results show how glycerol and biodiesel were mixed and how the fluid flows into the reactor.
Figure 4 shows the contours of the volume fraction at 333 K, 338K, and 343K, which explains how
glycerol is distributed throughout the biodiesel oil. Red contours denote the volume fraction of 1 and
the blue color shows that the volume fraction is 0. The flow pattern of the membrane reactor
illustrated how 5 K temperature setups would produce different fluid patterns. The volume fraction
begins with 0 at each temperature setting, however, at 333K, the combination of biodiesel and
glycerol begins to rise at a rate of 6.147e°2 from the reactor input to its output. In addition, 333 K
and 338 K achieve highest volume fraction which is 9.655 e-01 meaning that it produces a good
quality of biodiesel plus the red contour show that the 333 K produce more biodiesel than other
temperature. The flow regime flow has heterogeneous flow for all temperature settings. Establishing
an annular flow regime is visible at all three flow temperatures. In essence, annular flow is stable and
appears as velocity increases.

Phase1 Volume Fraction Phase1.Volume Fraction
Contour Contour 1

9.655e-01 ! 9.655e-01 2,
8.966e-01 =‘ * 8.966e-01
8.2768-01 b +8.276e-01
7.5860-01 7.586e-01
6807001 | 6.897e-01
S517e01 | 6207e-01

4.828e-01 o 5.517e-01
4.138 I 4.828e-01
-138e-01
I 4.138e-01
3.448e-01 f 3 445001
2.758e-01 | 2 7599'0‘
2.069e-01 { !
1.379e-01 i 2.069-01
6.897e-02 1.379e-01
0.000e+00 6.897e-02
0.000e+00

oo

H . '
* . A W !

(a) (b)
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Fig. 4. Flow pattern of biodiesel (a) at 333 K (b) at 338 K (c) at 343 K

3.2 Streamline

The curves in streamline charts are always tangent to the instantaneous vector field. Additionally,
it can be defined as the motion of a fictitious particle suspended in a fluid and the geometric
representation of the flow velocity in any scenario in which the fluid is moving. At first, the flow
profile is completely formed and turbulent; after that, it transforms into a laminar flow until it reaches
the outlet. The streamline of velocity at three distinct temperatures, 333 K, 338 K, and 343 K, was
determined from the outcome as shown as Figure 5 below. At 333 K and 338, the streamline direction
and pattern are nearly the same, but the range of eddies becomes larger near the wall. The
streamline starts to expand and rise across the membrane reactor body to the outlet. Turbulence
causes the backflow which raises the contact time between glycerol and biodiesel, thus from the
mixture of glycerol and biodiesel.
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Fig. 5. Streamline inside membrane reactor (a) at 333 K (b) at 338 K (c) at 343 K

3.3 Velocity Profile of Membrane Reactor for Biodiesel Production

The motion of the flow inside the reactor is referred to as velocity. Turbulence flow occurs when
the velocity is high. The velocity dependent on various temperatures is briefly described in this
section. Using the XY Plane, the velocity may be determined from the flow inside the reactor. A blue
contour indicates the lowest velocity, while the fastest velocity is indicated by red. Figure 6 shows
the velocity of biodiesel inside the membrane reactor at different temperatures.
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Fig. 6. Velocity of biodiesel inside the membrane reactor (a) at 333 K (b) at 338 K (c) at 343 K
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At temperature of 333 K, a lower rate of velocity was found, which can reduce the risk of fouling
or clogging of the membrane. All components are shown at a steady state, and the production rate
slowly decreases. However, the specific characteristics of the velocity profile can vary depending on
the design and operating conditions of the reactor. In addition, velocity can affect the residence time
of the reaction mixture within the reactor. A longer residence time can provide more opportunity for
the reaction to occur, leading to higher conversion rates and improved product quality. However,
longer residence times may also increase the risk of product degradation and side reactions.

3.4 Velocity Analysis

The velocity analysis was plotted according to the vertical and horizontal planes, as illustrated in
Figure 7. The analysis allows for the selection of the ideal concentration. Additionally, the graph
primarily focuses on the velocity result because, during the transesterification process, the velocity
can identify whether the flow pattern in the reactor is highly turbulent or in a low-turbulence regime.
The plotted velocity against distance at 333K, 338K, and 343K shows the flow characteristics in the
membrane reactor along the centerline axis.

10 10
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08 || 338K AN\
0 — 343K
E
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© .2
2 =
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2 / :
0 o
> 02 =
0.0
0 100 200 300 400
0 100 200 300 400

Membrane Reactor Length (mm)
Membrane Reactor Length (mm)

(a) (b)
Fig. 7. The flow characteristics in the membrane reactor along the axis of the centerline; (a) Velocity
fraction, (b) Volume fraction

Based on Figure 7(a), membrane reactors operating at 333K provide slightly different results than
those operating at 343K and 338K. For instance, a steady increase was created at 333K at the start of
the flow due to the reaction between glycerol and biodiesel and the low temperature. Furthermore,
the fluid velocity largely increases until the middle of the membrane reactor's length. After that point,
it starts to decrease and transitions to a steady flow. This might be because biodiesel fuel is reaching
the pipe outlet. Figure 7(b) shows the volume fraction along the membrane reactor. Among the other
temperatures, 333 K exhibits the largest volume fraction. This is due to a mixture of glycerol and
methyl ester reacting as it enters the reactor. The volume portion then dramatically decreases and
changes to a constant flow until they reach the pipe outlet. Previous research has reported that at a
temperature of 333K, the maximum conversion of biodiesel was obtained, which in line with the
results of the prediction carried out in this study [20].
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4, Conclusions

This study aimed to investigate the fluid flow and velocity profile of biodiesel in a membrane
reactor. The study has investigated the effects of reaction temperature on the fluid pattern and
velocity contour inside the membrane reactor. This study has found that at 333K, the biodiesel
production in the membrane reactor shows the best flow characteristics compared to reaction
temperatures of 338 K and 343 K. Additionally, it can be predicted that at the temperature of 333K,
it exhibits the highest volume fraction. Further study may be conducted to examine the effects of
inlet velocity and reaction time on the fluid flow pattern of biodiesel inside the membrane reactor.
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