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Abstract

Fluid mechanics class is a specialized basic subject in engineering education that is difficult to learn for technical college students and to earn the class credits, the study of students on fluid mechanics is easily limited to taking only the form of partial differential equations into account, and there is a problem in the quality of education that students are not able to understand and apply their knowledge of fluid mechanics very well.
In the flipped classroom, students prepare for new learning content by watching video lessons at home, and there is no lecture in the classroom. On the contrary, the teacher gives individualized instruction to each student on assignments that would traditionally be considered homework, and students work on them in collaboration with other students. 
Since significant learning results can be expected from active and self-directed learning through active learning in flipped classrooms, it is assumed that flipped classrooms will gradually spread through experimental efforts, especially since it is considered to be a learning method compatible with online learning in the post-COVID-19 era.
The purpose of this study is to introduce OpenFOAM that is a free software for fluid analysis into the flipped classroom, which has been attracting attention in the field of education, in response to the question of quality assurance in fluid mechanics classes in technical college education, and to find out how the simulation results of fluid phenomena visualized by students themselves can be connected to theoretical knowledge of fluid mechanics. From this educational practice in technical college, we aim to develop a remote flipped learning method to draw students' interests and make them feel "interested and want to know more" by introducing the OpenFOAM into fluid mechanics class.
In this paper, we introduce a practical case study of a fluid simulation theme using OpenFOAM at Hiroshima College, in which students were asked to simulate fluid dynamics on their own by trial and error, following the operation manual of OpenFOAM, even though they know less about theoretical knowledge of fluid mechanics.
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Introduction

Of the four major mechanics subjects (fluid mechanics, material mechanics, thermodynamics, and machinery dynamics) related to mechanical engineering, it is often said that fluid mechanics is the subject with the highest hurdles for students. In particular, it can be said that it is very difficult for technical college students, who have graduated from secondary education and receive a five-year integrated engineering education from the age of 15, to understand the partial differential equations of fluid dynamics.
This is probably due to the following reasons. In junior high school before entering technical colleges, the concepts of force and motion, as well as static fluids such as gas and buoyancy, are emphasized as science content. Mechanics of materials and dynamics of machines are subjects that students are familiar with as an extension of mechanics of mass points and rigid bodies, and thermodynamics itself is learned in detail in upper-grade physics. On the other hand, in matters related to fluid dynamics, pressure, buoyancy, and air resistance are one of the various forces that are learned in ``basic physics'', which is the elementary content of physics, but more detailed content is covered. The ``Physics'' you learn does not go beyond this. In addition, water and air, which fluid dynamics is concerned with, are not bodies with a fixed shape that appear in general mechanics, but they move and transform with velocity and acceleration. It can be inferred that the point of how to handle such motion of an object mechanically is also a big hurdle for beginners.
Furthermore, in material mechanics and thermodynamics, it is possible to obtain results that do not deviate greatly from the knowledge obtained from daily experience, even without knowing the details of the subject. In contrast, there are many phenomena in fluid flow phenomena that are opposite to common knowledge (assumption), and while this is an interesting aspect of fluid mechanics, it is also the reason why students have a sense of dislike for the subject.
In particular, the governing equations of fluid mechanics, unlike those in other fields such as material mechanics, thermodynamics, and machinery dynamics, use the so-called "Eulerian" method of observing the space through which the fluid passes, rather than the familiar "Lagrangian" method of tracking and observing the fluid in motion in time (which is where the partial differential equations come in), so it is quite difficult to understand the physical meaning of these partial differential equations.
In the end, the students of technical colleges tend to neglect the fluid mechanics class as a specialized basic subject in engineering education. In addition, to earn course credits, the study of fluid mechanics is limited to taking into account only the form of partial differential equations, and there is the problem of the quality of education in which students are not able to understand and apply their knowledge of fluid mechanics very well.


Objective

The purpose of this study is to answer the question of guaranteeing the quality of the fluid mechanics classes in technical college education, by using OpenFOAM, a free software for fluid analysis, to link the simulation visualization results of fluid phenomena obtained by technical college students themselves to the theoretical knowledge of the thermal fluid mechanics class content. The purpose of this study is to practice engineering education which draws out the interest and motivation of technical college students and makes them feel that it is interesting and they want to know more about it. 
In this paper, we introduce a case study of simulation research of fluid dynamics using OpenFOAM in graduation research of Hiroshima College of National Institute of Technology (KOSEN), in which students of the technical college were asked to perform simulations of thermo-fluid dynamics by trial and error, following the operation manual of OpenFOAM and other software on their own.


What is OpenFOAM?

OpenFOAM stands for Open Source Field Operation And Manipulation. This is an open-source software version of the commercial code FOAM (Field Operation And Manipulation) developed and sold by OpenCFD (currently ESI) in the UK. OpenFOAM is a set of physical field calculation codes developed in the object-oriented language C++ and can be used in the field of continuum mechanics such as computational fluid dynamics (CFD), solid stress analysis, and financial engineering. 
Computational Fluid Dynamics is becoming an essential tool in various engineering fields. However, it is expensive to suddenly introduce commercially available fluid dynamics analysis software. Therefore, OpenFOAM, open-source software that can be easily used by people in universities and companies, has been attracting attention in recent years. OpenFOAM can be introduced free of charge and has the advantage of being able to perform large-scale analysis regardless of the number of licenses.
However, since OpenFOAM is free software, there is an operation manual but no official support. In addition, there are no default values for various calculations, and it is necessary to think about the initial values to be set by oneself the operation is performed by CUI (command-based), which is a high hurdle for beginners. 
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Figure 1 shows the features of OpenFOAM. Firstly, since commercial CFD requires high maintenance costs, you can take advantage of the benefits of open source to reduce costs. Secondarily, high-accuracy and state-of-the-art solvers proven in universities and research institutes can be used. Thirdly, It's open source, so you can validate computational algorithms and embed solvers for new physics models. Fourthly, You can use HPC and cluster parallel computing by OpenMPI for free. Fifthly, OpenFOAM is getting more attention, so you can use OpenFOAM on supercomputers at a reasonable cost. Lastly, more and more organizations and researchers are supporting and customizing OpenFOAM since 2004.   


Simulation of thermal fluid in a boiler furnace

As a special graduation research theme1) of the Advanced Course of Maritime System Engineering at Hiroshima College of National Institute of Technology, "Simulation of thermal fluid in a boiler furnace by OpenFOAM" was carried out in 2018. In this study, we visualized the thermal fluid and temperature distribution in the boiler furnace by computational simulation and identified the causes of adverse effects such as heat concentration in the piping inside the boiler and adhesion of coal ash to the heat transfer surface. We aim to improve the efficiency of the system and improve points for long-term safe driving.


1 Governing equations and computational algorithms

In OpenFOAM, when dealing with temperature, it is generally treated as a compressible fluid. Only compressible solvers can handle thermophysical properties. Fluid and heat transfer equations are described by differential equations. Governing equations include the following.
・ Equation of motion (Navier-Stokes equation)
・ Continuity formula (conservation of mass formula)
・Energy equation (energy conservation formula)
　The equation of motion and the equation of continuity describe the motion of the fluid, and the energy equation describes the phenomenon of heat transfer.
　In a compressible fluid, it is necessary to use the equation of state to obtain the density. When the fluid is gas, the ideal gas (perfect gas) equation of state is often used. It is also necessary to consider buoyancy and turbulence models depending on the flow field conditions.
The algorithm that simultaneously calculates the fluid equation of motion and the equation of continuity uses the pressure-velocity coupled method.
There are SIMPLE methods, the PISO method, the PIMPLE method, etc. for the pressure-velocity coupling method, but the OpenFOAM steady-state analysis solver uses the SIMPLE method as the pressure-velocity coupling method. The SIMPLE method is calculated according to the procedure shown in Figure 2.
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Figure 2 SIMPLE method calculation procedure
As shown in Figure 2, the calculation procedure is as follows.
(1) Give the initial and boundary conditions of the flow field.
(2) Solve the equation of motion (N・S equation) to obtain a tentative velocity.
(3) Solve the pressure equation derived from the continuity equation by the SIMPLE method, or the pressure equation from which the time differential term is omitted, and obtain the pressure.
(4) Calculate the corrected velocities from the equation of motion and update the velocities.
(5) Repeat the above calculation of pressure and update of velocity for a specified number of times.
(6) Repeat the above procedure until the calculation residual of the continuity equation becomes small.
Repeat the above procedure for the required time steps.


2 Analysis model and calculation results

Based on the drawing data (Figure. 3) provided by the electric power company, the boiler furnace model to be analyzed is 10m wide (15m wide at the top of the boiler), 20m deep, and 60m high radiative reheat variable pressure once-through boiler. Assuming a furnace, a model with a simple shape was created using FreeCAD (Figure. 4).
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Figure 3 Drawing data provided by the electric power company

Figure 5 shows the computational mesh. The dimensions of the model are width: 16 mm (from the upper part of the boiler to the inlet on the right side), depth: 20 mm, and height: 60 mm. The division number of blockMesh is 36×44×124 (196416). The computational grid number is 145065. This boiler model has 16 inlets (burners) on one side, with a total of 32 installed facing each other. Twelve thick U-shaped pipes were installed above the boiler.
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Figure 4 Creation of furnace model with FreeCAD
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Figure 5 Creation of furnace mesh (overall view and sectional view)

Regarding the setting of calculation conditions, the right inlet is in1, the left inlet is in2, the upper left outlet is out, and the fluid is air. The setting conditions are as follows.
・Initial conditions: Inflow velocity: 0m/s
The pressure inside the furnace: 101325Pa (standard atmospheric pressure)　
The temperature inside the furnace: 293K
・Boundary conditions: Inlet in1 velocity: 1m/s, temperature: 1500K
Inlet in2 speed: 1m/s, temperature: 1500K
Outlet out pressure: standard atmospheric pressure
Wall: Velocity is a non-slip condition, the temperature is wall insulation
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Figure 6 Velocity, pressure, and temperature in the furnace (cross-section)

In this study, the calculation conditions of the flow in the boiler furnace are different from the actual ones as a preliminary calculation. For example, calculation conditions that take into consideration the shape of the pipes and the circulation of boiler water on the walls and inside the pipes are not set. In addition, the only fluid in the boiler furnace is air.
Figure 6 shows the calculation results of the flow velocity, pressure, and temperature distribution of the thermal fluid in the furnace. From the calculation results, it can be seen that the velocity is high and the pressure is low where the cross-sectional area of the flow path is small due to the constriction of the pipes and upper part of the boiler. Since the calculation was performed on a notebook computer, the calculation time was short and the accuracy was not sufficient, but it is considered that a reasonable calculation result was obtained.


Simulation of the flow around the car body

We had students work on “The fluid simulation around the car body” as a graduation research2) of the Department of Maritime Technology of Hiroshima College in 2019.
Since the governing equations and calculation algorithm for this calculation are almost the same as those described above, only the analysis model and calculation results are introduced below.
In this research, we wanted to approximate the actual shape of a passenger car, so we downloaded the STL file of the car body and used the one with the tires retrofitted. Also, I tried not to make a gap in the body model. The model dimensions are 4.6m in length, 1.8m in width, and 1.3m in height. Solidworks was used to create the model.
Here Xsim3) was used to create the mesh. Xsim is a web-based preprocessor for OpenFOAM that allows you to copy the case directory needed for calculations in the tutorial and change the values and calculation conditions. By using this, you can easily create a case file.
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Figure 7 Creation of 3D shape model and mesh generation of car body
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Figure 8 Streamlines of flow around the car body (from the side)
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Figure 9 Flow pressure distribution in the center cross-section of the car body

Figure 7 shows the 3D shape model and mesh generation of the car body created using Solidworks and Xsim.
The calculation conditions are set as follows.
・ Initial conditions Speed U = 8.6 m/s, pressure: standard atmospheric pressure
・Boundary conditions Velocity U = 8.6m/s, pressure P = 101325Pa
Body and ground: no-slip conditions
・Regarding calculation parameters　
Calculated Courant number = 0.9
Calculated Reynolds number = 109861
Number of computational grids = 30000

Figure 8 shows the streamlined pattern (side view) of the flow around the car body visualized from the calculation results for a calculation time of t = 5 seconds. The color indicates the velocity magnitude (m/s), and the maximum velocity of the flow near the car roof was found to be U = 27 m/s.
Figure 9 shows the flow pressure distribution in the center section of the car body. The color indicates the magnitude of the flow pressure (Pa), and it was found that the flow pressure is small where the velocity is high (around the car roof) and the flow pressure is large at the front of the car.
As shown in the simulation visualization above, it can be said that reasonable simulation results were obtained from the streamlined distribution and pressure distribution of the flow around the vehicle body.
In this graduation research, we used an ordinary DESKTOP computer (4GB of memory) for calculations, so the calculation time for dimensions was only 5 seconds and the number of calculation grids was 30000. However, if the calculation time and the number of calculation grids were increased, we think that more remarkable calculation results can be obtained.


Discussion and conclusion

This paper introduces the cases of graduation research using OpenFOAM conducted at Hiroshima College of National Institute of Technology (KOSEN), regarding engineering education related to thermo-fluid dynamics, which is a major subject in technical colleges.
At the beginning of the graduation research, the students of the technical college had little understanding of the partial differential equations and simulation knowledge, and they had conducted various flow simulations by trial and error, simply following the operation manual. The joy they felt when they were able to reproduce the flow phenomena on video was very impressive. Then, several technical college students transferred to universities to study the physical meaning of partial differential equations of fluid mechanics and acquire further advanced knowledge on how the invisible flow became so visible on the computer.
From these educational cases of so-called "flipped teaching," in which the results of simulation visualization of thermo-fluid dynamics lead to an understanding of theoretical knowledge of fluid mechanics, it was found that if a manual4) can be developed to easily operate OpenFOAM, even if technical college students do not have sufficient basic knowledge of thermo-fluid dynamics or numerical simulation, they also can use OpenFOAM to carry out numerical simulation of flow phenomena and learn and deeply understand essential meaning of fluid mechanics. In the future, we plan to continue this research on educational practices to enhance the learning effect of fluid mechanics by using flipped teaching method utilizing OpenFOAM.
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