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On the Implementation of Open Source CFD System to

Flow Visualization in Fluid Mechanics

Abstract

In this contribution, we combine computational fluid dynamics (CFD) tools with particle image
velocimetry (PIV) experiments, to supplement the traditional teaching method. The objective is
to provide a well-rounded experience for engineering students to learn and apply fluid mechanics
concepts in the design of physical systems. In this approach, the integration of theory,
experimental analysis, and mathematical/numerical models of engineering systems is done
through an open-source CFD software named OpenFOAM. This numerical software, which is
grounded on the finite-volume technique, is to be linked to an educational interactive flow
visualization system (i.e., FlowCOACH), currently used to provide students with opportunities
for visual appreciation of the flow phenomena. A main advantage of using OpenFOAM is that
building the geometry and setting the boundary and initial conditions for the model is
straightforward. The problem of flow around a squared obstruction, inside a channel, is used to
assess the accuracy of the numerical solution obtained from OpenFOAM. Comparison of the
results against a well-known commercial CFD software indicate that OpenFOAM is a reliable
numerical tool that can be used to teach students the topic of fluid mechanics.

Introduction

The study of fluid mechanics is essential to many applications, ranging from electronic cooling
to power generation systems, where reliable engineering equipment needs to be adequately
designed and built. It is for this reason that engineering students must have a good understanding
of the concepts behind the design and use of fluid-flow systems. Although theory is absolutely
necessary to understand the underlying mechanisms of fluid flow, and experiments form an
excellent supplement to provide students with opportunities for visual appreciation of the
complexity of flow phenomena, the ever increasing challenge of improving the design of
engineering systems, demonstrates the great importance to integrate computer simulations in the
classroom. Integration of computer models to many application areas in fluid mechanics has
proven to be successful'**. While experimental data are useful for specific scenarios,
engineering design of fluid flow systems often require large sets of simulations in which a
particular design is tested under different conditions of operation. A cost-effective solution is the
use of computational fluid dynamics (CFD) simulations.

CFD is a fast growing branch of fluid mechanics, in which one is able to model physical
systems by numerical integration of the governing equations. It supplements theoretical analysis
of fluid mechanics by allowing the professionals to obtain numerical solutions to complex fluid-
flow phenomena such as turbulent, transonic, two-phase, and reactive flow, which would
otherwise be difficult to solve analytically or experimentally.



The traditional approach to the teaching of fluid mechanics involves instilling knowledge of
theoretical concepts in the classroom that is supplemented by laboratory experiments; this offers
the student the opportunity to learn the basics of fluid flow, and apply them in a laboratory
setting. Through the use of CFD the students can perform in-depth analysis of engineering
problems, thus attaining a better understanding of the theory. We are currently in the process of
implementing a new approach to the teaching of fluid mechanics that combines theory, physical
experiments and CFD analysis. This new approach offers students a well-rounded fluid
mechanics education, which relies on the coupling of FlowCoach (a portable computer-
controlled flow visualization equipment developed by Interactive Flow Studies LLC), with the
open-source OpenFOAM CFD software. First, the manuscript presents general information on
the OpenFOAM software. Then, description of a specific fluid mechanics problem, that can be
analyzed experimentally, is presented and numerically solved using OpenFOAM. Validation of
OpenFOAM results is carried out by comparison to the solutions obtained by the well-known
commercial software COMSOL Multiphysics, and to experimental visualization data obtained
from the FlowCOACH system, which will be described in a later section. The study ends with
some concluding remarks.

Open Source CFD Software

Open Field Operation and Manipulation (OpenFOAM) is a free, open source CFD software
package produced by OpenCFD Ltd (www.openfoam.com) under the GNU general public
license (GPL). It is an object-oriented software designed for the analysis of a large range of
engineering topics including complex fluid flows, chemical reactions, turbulence, heat transfer,
solid dynamics, and electromagnetics. The software package is grounded on the method of finite
volumes, which allows discretizing the governing continuum equations into a set of algebraic
equations than can be solved on the computer via matrix-vector calculations. In the finite volume
method, the values of the corresponding variables are computed on specific points (i.e., nodes) of
small control volumes that comprise the discretized computational domain. The integral form of
the governing equations is then evaluated on each elemental volume to generate the solution set
for the problem. A main advantage of the finite volume technique is that it can be easily
formulated on unstructured meshes. Additional details on the method of finite volumes, and CFD
analysis, can be found in the books of Tannehill et al.[4], and Malalasekera and Verseeg[s].

The OpenFOAM software comes with subroutines denominated ‘solvers’ that can be applied to
the solution of incompressible flows, multiphase flows, combustion, buoyancy-driven flows,
conjugate heat transfer, and compressible flows, among other fields. These predefined solvers
can be easily implemented to suit specific problems. By being ‘open,” OpenFOAM provides
users with the complete freedom to customize, adjust, and extend its default functionality, so
that, experienced users can also develop new solvers. The software is designed in a modular way
by which collections of functionalities are compiled into their own library and executable
applications can then be linked to these libraries upon run-time. Additionally, the software has a
large number of pre-defined solver applications, utilities libraries, meshing tools, and pre-and
post-processing tools, which the user can implement to simulate a number of specific
engineering problems. One of the main features of its toolbox is parallel processing, which can
become useful when studying large and complex-geometry models. Another important feature is



the number of numerical schemes from which the user can choose for the calculations of the
specific case, which allows the user to study the effects of different discretization techniques and
different numerical schemes on the same problem and thus optimize the system.

Disadvantages of the application of OpenFOAM include the large CPU-time required for some
cases and the lack of official documentation describing the implementation of the software;
particularly, an in-depth description, including definitions of some of the parameters that are
used in the pre-defined solvers. Because there is no such documentation readily available, one
must usually rely on the help offered by community-based web forums, making it difficult to
learn to a level which would allow the user to make full use of all the capabilities offered by the
software.

Problem Description
Mathematical model

The problem considered here to illustrate the capability of OpenFOAM is the flow of water
inside a narrow rectangular channel and around an obstruction shaped as a square. A physical
prototype of this problem, of which a two-dimensional sketch of its geometry is shown in Fig. 1,
has been recently used in the FlowCOACH experimental setup as a ‘model insert’ to provide
students at CSULA supplemental information through visual appreciation of the flow in a
laboratory setting'®. In reference to Fig. 1, the channel geometry is comprised of three different
sections: (1) a diverging section with dimensions 27 mm and 80 mm at the end points, and a
length of 90 mm in the streamwise-direction (x-direction), (2) a squared section, which
corresponds to the model insert in the FlowCOACH device, with dimensions of 80 mm x 80
mm, and (3) a converging section with dimensions: 80 mm and 42 mm at the end points and a
length of 27 mm. The squared-obstruction of the model insert has dimensions of 20 mm x 20
mm and is located at x = 99 mm from the origin of the coordinate system. The channel depth is
constant and equal to 5 mm in the z-direction.
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Figure 1. Two-dimensional view of a schematic of the system under analysis.



The mathematical model is built upon the underlying principles of conservation of mass and
Newton’s laws of motion (for a detailed derivation of these equations see Malalasekera et al.l ],
Pnueli et al.l”| and Ferziger et al.l*h, Neglecting body forces, the continuity and momentum
equations for an incompressible, laminar flow of a Newtonian fluid with constant properties,
under steady-state conditions, can be written in vector form as

Viu=0, (1)

(u-V)u= —%Vp + vV2u. ()

In Egs. (1) and (2), commonly known as continuity and Navier-Stokes (N-S) equations, u =
(u,v,w) is the three-dimensional Cartesian velocity vector of components u, v, and w, in the
directions x, y, and z, respectively; p is the pressure, p is the fluid density, and v is the kinematic
viscosity. The solution of these equations is complex and difficult because (a) the momentum
equation has a non-linear term, namely the convection term, and (b) there exists a coupling of
velocity and pressure in a single equation %, The boundary conditions for the fluid flow
problem at hand are the typical no-slip and impermeable conditions at all the walls, an influx
velocity condition u;, at the inlet, and a zero-pressure condition at the outlet.

Numerical schemes

Although the section concentrates on the application of OpenFOAM, a mirror procedure was
carried out for the assessment via the commercial software COMSOL Multiphysics
(www.comsol.com), which is described later in this section. To save computation time, only half
of the domain is simulated, imposing a symmetry-plane at z = 2.5 mm location. The equations
are discretized on the domain by using the finite volume method (FVM). Although other
discretization schemes for partial differential equations are given in Malalasekera et al.l”
Ferziger et al.[g], and Rusche[m, the FVM is favorable in fluid-flow problems because it offers a
clear physical interpretation of the discretized equations. Here the domain is discretized with
hexahedral elements of finite volume in a structured mesh. A typical mesh used for simulations
in OpenFOAM is presented in Fig. 2, along with that used for COMSOL. A fine mesh is used to
ensure that the fluid-solid interactions are captured and resolved. The mesh is constructed as
follows: the divergent section has 180 elements in the x-direction and 160 elements in the y-
direction. The mid-section has 160 elements in both the x- and y-directions. The convergent
section has 50 elements in the x-direction and 160 elements in the y-direction. The squared-
obstruction is modeled as an empty space with wall-like properties at the edges. The total
number of mesh points for the domain is 182,400. As noted earlier, the momentum equation has
the convection term which is non-linear. A substantial amount of research'™® '*'* has been done
to find an optimized discretization scheme for the non-linear term of the momentum equation.
However, because of its simplicity and accuracy, the upwind scheme has been widely
implemented in CFD calculations®. For the solution in OpenFOAM a Gauss Upwind scheme is
chosen for the treatment of the non-linear term; the remaining terms use a Gauss linear scheme.

In OpenFOAM, the incompressible Navier Stokes equations are solved by implementing the
SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm, developed by
Spalding and Patankar in 19721 %", The SIMPLE algorithm solves the governing equations
iteratively by guessing an initial value for the pressure field, from which an intermediate-value of
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Figure 2. Typical meshing of the domain. (a) OpenFOAM. (b) COMSOL Multiphysics.

the velocity field is obtained from solution of the momentum equations. Velocity- and pressure-
correction terms are then calculated from the approximated velocity values given that the new
velocity values must satisfy the continuity equation. This process is repeated until the solution
has reached an acceptable predefined level of error (or tolerance). Detailed description of this
method can be found in Malalasekera et al."” ], Ferziger et al.[g], Patankar''” and Galpin et al. ',

For the assessment of the results via COMSOL Multiphysics, the governing equations were
discretized on the domain and solved by the finite element method. In this technique, the
computational domain is divided into a set of discrete subdomains, denominated elements, each
with specific shape and mathematical properties; i.e., the approximation functions (and
corresponding coefficients) of a series expansion that describes the solution of the governing
equations. A weighted-integral process of the residual between the approximated and the original
equations over each element generates a set of algebraic relations among the unknown
parameters of the approximation, and hence, the solution by a matrix-vector operation. The
geometry is constructed using a three-dimensional mesh with quadrilateral elements along the
boundary and hexahedral elements inside the domain. To ensure accurate results while
maintaining a manageable CPU time, more dense meshing is using near all the wall boundaries.
For the construction of the mesh in COMSOL, 160 elements were used in the y-direction
throughout the domain, with exception of the region where the squared-obstruction is modeled,
where only 120 elements were used. A number of 173 elements were used the x-direction, giving
a total number of elements of 78240. The steady-state problem was solved by COMSOL with the
iterative scheme known as Generalized Minimum Residual Method (GMRES), for which the
relative tolerance was set to 10°°. For both OpenFOAM and COMSOL several grids were tested
in order to ensure grid independence of the corresponding results.

Results and Analysis

The numerical results obtained from OpenFOAM are shown qualitatively in the form of velocity
fields in Fig. 3, and streamlines in Fig. 4, at the symmetry plane. On the other hand, the same
results are shown quantitatively, in terms of the streamwise velocity (x-direction), in Fig. 5. For
purposes of direct comparison, in the figures the OpenFOAM results are shown side-by-side with
the numerical solutions computed by COMSOL. From Figs. 3—35, it is clearly seen that, as
expected, the results obtained from OpenFOAM are very close to those of COMSOL, and



describe the fluid flow of water in the channel showing similar patterns for the velocity field and
the streamlines. Both numerical solutions present regions of recirculation due to the large slope
of the divergent section which produces an adverse pressure gradient, causing the flow to
separate and reverse its direction. Due to these recirculation areas at the development-flow
region of the channel, the mean velocity in the central region first accelerates until later
decelerating due to the presence of the squared-obstruction. Also expected are the flow
recirculation regions at the top and bottom edges of the object and at the region behind it. It is to
be noted that these recirculation effects are consistent with those obtained by the visualization
experiment presented in Fig. 7. It should also be noted that, although not shown here, the
recirculation effects obtained numerically in the diverging region of the channel, are absent in
the actual physical system. This is due to the fact that the experimental prototype contains a set
of veins that re-direct the flow to avoid flow separation in this region. This effect has an impact
on the flow downstream; thus, smaller recirculation regions would be expected as a consequence.
Although close, there are some differences between the results from the numerical schemes. The
results from COMSOL show a larger area of flow separation in the divergent inlet channel;
OpenFOAM also shows that effect, but to a lesser extent.

Figure 5 shows, quantitatively, that the numerical results from OpenFOAM and COMSOL
follow the same pattern and are very close. For purposes of comparison, plots of the x-
component of velocity at different cross-sections; i.e., at (a) 90 mm, which is the starting point of
the model insert; at (b) 99 mm, at the left boundary of the squared-obstruction; at (c) 130 mm,
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Figure 4. Streamlines at the symmetry plane (z=2.5 mm). (a) OpenFOAM, (b) COMSOL.
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Figure 5. Streamwise-component of the velocity at different cross-sections along the channel.
(a) OpenFOAM. (b) COMSOL.

which correspond to the plane located at midpoint of the model insert; and at (d) 150 mm, at the
recirculation zone are illustrated in this figure. From the figure it is observed that, in general, the
velocities in the x-direction obtained from COMSOL are slightly higher than those results
obtained by OpenFOAM. There are several possible explanations for the difference in the results
which include the difference in the discretization schemes and number of meshing points and the
type of interpolation methods used to obtain the velocity fields in the domain.

Experimental System and Analysis of Flow Visualization Results

FlowCoach™ is an educational flow visualization and analysis system designed and produced by
Interactive Flow Studies Corp. to be used in a classroom or laboratory. The Flowcoach
visualization instrument, shown in Fig. 6, can be used with a variety of inserts containing
different obstruction geometries, allowing for the study of different flow phenomena in different
geometries. Neutrally-buoyant polyamide seeds (particles) are added to the water to enhance
flow visualization. The seeds reflect light emitted by attached LED lights, giving the students an
excellent opportunity to visually examine the effects the obstruction has on the flow. For the
problem being analyzed, the flow rate passing through the channel is set at 0.4 gpm which gives
a uniform inlet velocity of 0.1869 m/s (in the x-direction).

Flowcoach uses particle image velocimetry (PIV), a technique used to obtain instantaneous
velocities of the flow at given points in space. A mounted camera captures a short video of the
flow around the square obstruction (other geometries are available) that is decomposed into
individual frames. The PIV technique compares sequential frames to approximate the distance a
group of particles travels over an area. Using this approximated distance and the time between
each frame (determined from the video capture speed), the instantaneous velocity is determined
at a point. This technique is repeated to analyze the entire region and the result is the
instantaneous velocity vector field. Though Flowcoach provides students with opportunities for
visual appreciation and an excellent qualitative analysis of the flow, several factors that might
contribute to poor results include: the camera settings such as positioning and capture speed,



Figure 6. FlowCOACH by Interactive Flow Studies Corporation.

lighting, quantity of seeds, overall quality of video captured, correct adjustment of inputs and the
efficiency of the integrated PIV software.

Experimental tests of the flow around the aforementioned squared-obstruction were carried out
using FlowCOACH. The value of the inlet velocity for the experiment corresponds to that
considered for the numerical simulations u;;, = 0.1967 m/s. Figure 7a shows the flow field in
terms of the streamlines around the squared-obstruction. From this image the regions where the
fluid is stagnant at the leading edge of the object, the development of the boundary layer and
consequent flow separation at the top and bottom surfaces, and the recirculation bubble at the
trailing edge of the obstruction can be clearly seen. A qualitative comparison of the experimental
observations to the OpenFOAM numerical simulations, on the other hand, is shown in Fig. 7b.
The figure reveals that the solution obtained via CFD depicts, fairly accurate, the true physical
characteristics of the flow in the region around the object. By looking closer, one can perceive
some slight differences between the superimposed numerical solution and the reflected neutrally-
buoyant particles. These differences are thought to be due to the fact that the numerical model
has been constructed without taking into account the directional veins that the physical
prototype; named, the model insert, contains to eliminate the recirculation zones at the divergent
region of the channel, which are shown in the numerical solutions of Figs. 3 and 5.

Concluding Remarks

Applications of fluid mechanics are found in many areas of civil and mechanical engineering.
Thus, an in-depth understanding of FM is a pre-requisite to engineers working in these fields.
This paper proposes a new approach to teaching fluid mechanics concepts that integrates
computation fluid dynamics (CFD) simulations to the conventional theory/laboratory method.
While analytical solutions that are taught in theory-focused lessons can be applied to elementary
problems, understanding and design of more advanced systems cannot be achieved through these
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Figure 7. Flow visualization of the flow field. (a) Original image. (b) OpenFOAM superimposed
streamlines.

solutions alone. Testing and measurements of experimental settings are often an effective
alternative. In most cases, however, accurate measurements of fluid pressure and velocity fields
are either very expensive or impossible. In these cases, one can only rely on validated numerical
solutions, such as CFD simulations. Through this integrated approach, students learn the
benefitsof each method and how they can be applied in the design of complex fluid-flow
systems. An open-source software known as OpenFOAM was the CFD software of choice. In
addition to being free, the large number of pre-defined solvers included and the capability for
user-defined solvers make OpenFoam suitable for educational and research purposes.
Comparison of OpenFOAM with COMSOL, a widely-used commercial software, has proven
OpenFOAM to be very accurate, reliable and easy to implement. Experimental analysis was
performed using a flow visualization device named FlowCoach. A qualitative comparison of
FlowCoach and OpenFoam results indicates that the CFD results are fairly accurate. The
proposed integrated approach is currently being implemented at California State University Los
Angeles. It is expected that it will significantly enhance student learning of abstract and complex
concepts of fluid mechanics.
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