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Abstract. The main goal of this paper is to demonstrate the general characteristics of the educational user-friendly CFD Studio
package for CFD teaching. The package is a result of many years of developments at the Computational Fluid Dynamics
Laboratory-SINMEC and was designed for teaching 2D fluid mechanics and heat transfer process, including conduction, coupled
conduction/convection, natural and forced convection, external and internal flows, among other phenomena. The finite volume
methodology and its related topics can also be taught using the software. Therefore, general aspects of the three main modules, pre-
processor, solver and post-processor are discussed aiming to show the generality of the tool. These modules are integrated in the
application by a so-called “numerical problem project” which guide the student through the steps to obtain the solution. To
approximate the partial differential equations the finite volume approach is employed using a fully-implicit formulation with the
interpolation schemes CDS, UDS and WUDS. Mesh editing and non-orthogonal boundary-fitted mesh generation, using algebraic
interpolation and elliptic equations, are important features of the package. Coupled heat transfer problems are handled using the
“solid-block” formulation and the pressure-velocity coupling uses the SIMPLE and SIMPLEC methods with non-staggered grids.
To demonstrate the capabilities two fluid flow and heat transfer “problem projects” are presented.
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1. Introduction

Computational Fluid Dynamics-CFD is nowadays a powerful tool to solve scientific and engineering problems
involving fluid flow and heat transfer. The frontiers of CFD use are already beyond the scientific applications, with
more and more companies introducing the methodology in their designing procedures. The success of its utilization
depends however, on the user’s skills, both in the numerical technique and in the knowledge of the physical problem
under consideration.

The computational implementation of a numerical solution consists in developing specific objects for grid
generation, boundary conditions application, coupling of the discrete equations, solution of the linear systems,
generation and control of the iterative procedures and post-processing, like scalar visualization, 3D graphics, iso-
surfaces, velocity vectors etc.

In this paper it is introduced the educational freeware CFD Studio software. It was developed for educational
purposes to allow undergraduate and graduate students to access finite volume numerical tools to be used in CFD and
heat transfer courses like Maliska (1997) and Ribando (1997). It solves two-dimensional conduction-convection
problems. The data manipulation in CFD Studio is entirely done by graphical interface, resulting in a very friendly
interface between user and software, which helps in: i) reducing the time in the development cycle of a numerical
solution, ii) avoiding the needed of high expertise in computer sciences, iii) reducing time and costs in research and
development activities.

The numerical main features are: finite-volume based approach for discretizing of the differential equations; totally
implicit formulation; CDS, UDS, WUDS interpolation schemes; mesh editing and mesh generation (algebraic
interpolation and solution of elliptical equations); non-orthogonal boundary-fitted framework; solid-fluid interaction
using “Solid-Block™ formulation; pressure-velocity coupling using SIMPLE and SIMPLEC methods in non-staggered
grids.
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The CFD Studio was created using object oriented concepts in C++ for its CFD engine as described in Pieritz et all
(2000), and for interfacing by the multiplatform library COI-lib 2.0-Classes and Objects (ESSS, 1998). This allows the
use of the software in several different platforms: i) Unix/X-Window: IBM AIX; FreeBSD; Linux; SGI Irix (Silicon
Graphics); SunSolaris; SunOS; HP-UX; DEC OSF; and ii) Microsoft Windows: 95/98/Me/NT4.0/2000/XP.

This paper is dedicated for demonstrating the concepts of the numerical methodology applied and the general
features of the package. The software interface is described, introducing the main structure: work-pad, numerical set-up
interface, pre-processor, processor and post-processor modules. An example is used to show the numerical capabilities
and the quality of the results obtained comparing with available benchmark solutions. It is believed that this package
will facilitate the introduction of CFD techniques in undergraduate courses and to greatly help students in the
development of their research work. It can be used also as auxiliary teaching tool in heat transfer courses in
undergraduate and graduate levels. In addition it is also a powerful tool that can be used by engineers in solving
practical fluid flow and heat transfer problems.

2. Mathematical Model and Numerical Methodology
In the Cartesian coordinate (X, y) system, the differential equations that govern steady elliptic convection-diffusion

problems used in the CFD Studio software are (Bejan 1984), the mass conservation, momentum and energy equations,
given by
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where u is the velocity component, o is the density, & is the thermal conductivity, P is the pressure, ¢, is the specific
heat at constant pressure, u is the absolute viscosity, 7 is the temperature and S an appropriate source term.

The numerical method applied is the finite-volume method with boundary-fitted coordinates, as described in

Maliska (1995). Figure (1) shows the elemental control P volume and their neighboring volumes in a structured grid
framework, as used by the CFD Studio software.

Figure 1. The numerical stencil used in CFD Studio.

Equations 1-3 can be written in a general form and write in a general curvilinear coordinate system, as shown in
Eq. (4), allowing the numerical procedure to be done in the transformed plane (Maliska, 1995, Thompson et al, 1985).
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are the metrics and the Jacobian of the transformation, respectively. Table (1) shows the ' e P® parameters for the
different conservation equations being solved.

Table 1. [®and S®for the different conservation equations

Conservation equation 0] re p?
Global mass 1 0 0
~ ~ 0Py _ 0Py
Momentum in X axis u L., LY
H a Ct Vi a ,7 843
; : 0Py 0Py Hv ., p
Momentum in y axis v u L Oy O T 4 17 T—Te
on 7D T gp ( )
Energy T k/cp 0

To obtain the approximated equations, balances of the conserved properties are made or the divergence form of the
conservation equations are integrated over the control volumes. The time discretization was done using a fully implicit
formulation and the CDS, UDS and WUDS interpolation functions are used. Boundary conditions are applied using the
fictitious volumes concept. A non-staggered grid arrangement was employed with the SIMPLE and SIMPLEC methods
for treating the pressure-velocity coupling, as described on Van Doormaal and Raithby (1984). The linear system (with
a 9 diagonals matrix) can be solved by TDMA, Gauss-Seidel or Jacobi (for teaching purposes) and LU decomposition.
The interested user can find full details of the coordinate transformation and of the finite-volume method used in CFD
Studio in Maliska (1995).

3. The Software CFD Studio - Interface Concept

The CFD Studio software was designed taking advantage of the modern computational resources to provide an
exciting and intelligent learning environment - Fig. (2). The software is based in a dynamic internal data exchange and
on its powerful graphical user interface. The data organization and the user interface were based on the basic steps that
describe the usual approach in the solution of a CFD using finite-volume methods using the Sinflow Library code, as
described in Pieritz et all (2000). These steps are: 1) the pre-process (definition of the geometry, medium and boundary
conditions; 2) setting of the numerical parameters); 3) the process (the solution of the problem) and 4) the post-
processing (data in/out and the visualization of the results).

The CFD Studio application is divided in modules, each one with its window interface. These modules
communicate dynamically by “message post and sending” architecture, increasing performance and reliability. All
software are implemented in Oriented Object Programming (OOP), written in C++ (ANSI 1998, Barton 1994). The
input/output data are implemented in XML (Extensible Markup Language) - Hunter et all (2001), to be platform and
binary code independent, standard, and allowing exchange data between different applications.
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Figure 2. Examples of CFD Studio interface windows: work-pad console, “numerical problem project”, numerical
engine monitor, viewer of simulation residues convergence, solver setting and 3D post-processing window.

3.1. Main Control Interface

CFD Studio main control center is called “work-pad”, Fig. (3), where the user has available the menus: problem
(ordinary file in/out and setting parameters), pre-processor, process, post-processor and help modules access.

The main educational concept used in the interface is the “Numerical Problem Project” interface, Fig. (3), right.
This interface shows all CFD parameters used in the current problem, allowing to the students quick access to all
modules by mouse selection (all data and settings) step by step. For educational purposes, CFD Studio offers two
options for setting-up a new problem: i) “CFD Problem Wizard” - the software guides interactively the user for setting-
up the problem in 8 different steps; and ii) “CFD Problem” generates a default problem (the basic parameters are
already pre-configured). Later the user can modify the problem parameters at his choice through the modules windows.
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Figure 3. CFD Studio work-pad console (left) and the “Numerical Problem Project” interface (right).
3.2. Pre-Processor

The pre-processor main modules are: i) CFD problem definition like, “heat conduction”, “fluid flow” or “fluid flow
and heat conduction”; ii) 2D mesh generator by solving elliptic equation or/and editor (fully interactive through the
mouse), Fig. (4); iii) initial conditions setting — temperature, velocity, pressure; iv) boundary conditions — convection,
heat flux, temperature, velocity, inlet, outlet, Marcondes et al (1999); v) physical parameters setting, Fig. (4), right, like
thermal conductivity, heat generation, viscosity etc. Special cell called “solid blocks” can be defined to simulate the
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solid-fluid interaction; and vi) a special “plugging” to quickly start a CFD problem from a scanned gray level image or
draft (“gray level image to mesh”).

[ I
I |
t 2 1 Phrysical Paraneters E3
Haterial I Wiewr Mode (< Seleck Mnde Pt View
Dengity rho [kalmd] : 1.161 :
Specific Hoat op [ HigC] ¢ |

Thermal Conchetivy k [Wime] : [
Fund Yectty mi [hgiins] ¢ 1.650-005

Expanson cosf, bera [T |

Meat caneration 1 [Wim2]

Gty Accersbon [mfs2) s [
e | agyaices |

= Snctal Solel Crls |
A
£ &k From e
Renuve
L sesxm | E o -0S0S y: 174

o canel | ey

Figure 4. Pre-processor modules: mesh editor interface (left) and the physical parameters window (right).
3.3. Processor

The processor groups the modules for setting and controlling the numerical solution. The main modules are: i)
numerical scheme interface; ii) 3D OpenGL hardware control center; iii) solver module setting: TDMA, Jacobi, Gauss
Seidel, LU decomposition and Conjugate Gradients methods, Press (1992); iv) simulation residues convergence
interface, as shown in Fig. (5), for mass, temperature, pressure and velocity; and v) the numerical engine status
interface.
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Figure 5. Processor module: simulation residues convergence interface.

3.4. Post-Processor
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Figure 6. 3D post-process window interface — natural convection problem (left), and flow over a wing (pressure field -
NACA profile) (right).
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The 3D OpenGL hardware acceleration, Fig. (6), is used in the post-processor modules, allowing full visual
interactive capability during the simulation steps. The main post-processor features are: i) iso-lines, iso-surfaces, scalars
and vector field visualization in 3D; ii) interface customization (colors, preferences etc.); iii) data output in a standard
ASCII format (data sheet); iv) capture screenshots and export in the TIFF and BMP image files; and v) on screen data
sheets to control the simulation results.

4. An example: buoyancy-driven cavity flow

The objective of this example is to demonstrate the use of the CFD Studio in solving a fluid flow problem and its
use by engineering students in their work assignments. The natural convection in a square cavity is frequently used for
testing numerical algorithms, Vahl Davis (1983), Maliska(1995).

e [ s 2D M= £
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Cold
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Figure 7. Natural convection in a square cavity (left) and the Cartesian grid (right)

The solution was obtained for Prandtl equal to 0.71 and Ra equal to 10° and 10*. To compare the results with the
benchmark solution, the following dimensionless variables are used:

u*:ﬂ (11)
a

=Y (12)
a

=X (13)
L

x#=2 (14)

4 L

ez Tc (15)
T, -1

4.1 Educational Assignment - Software Settings and Numerical Parameters

The student starts setting step by step the geometric and numerical problem parameters through the “Numerical
Problem Project” interface and modules, Fig. (3) and (4) — section 3. In this case, the numerical parameters used: H=1L
= 1; fluid mean temperature T, = 0.5°C, u, = v, = 0; top and bottom insulated and AT (west = 0°C and east = 1°C);
problem type “fluid flow and heat conduction”; Cartesian mesh 21x21 cells; CDS; SIMPLEC; simulation step time =
0.05s; maximum iteration PV (pressure-velocity coupling) = 20; maximum iteration in temperature = 2; maximum
global iteration in time = 1000; maximum error in the solver and for all variables = 107; error evaluation = center cells
line in x and y; TDMA solver; solver maximum iteration =200.

After that, the student starts the simulation by the “processor” main menu options (workpad — Fig (3) ) and controls
the simulation residues convergence by its interface — Fig. (5).
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4.2. Results

As stated, the goal of this section is to show how to use the CFD Studio without major preoccupation in obtaining a
very fine mesh solution. In spite of that, it is important to show that the software solves correctly the conservation
equations. Table (2) shows the results for the 21x21 grid compared with the results of the benchmark presented by Vahl

Davis (1983).

Table 2. CFD Studio results compared with those presented by Vahl Davis (1983).

Ra variable Vahl Davis | CFD Studio Ra Variable Vahl Davis | CFD Studio
U Max 3.649 3.553 U Max 16.178 16.135
y 0.813 0.833 y 0.823 0.817
V Max 3.697 3.791 V Max 19.617 19.744
x* 0.178 0.167 x* 0.119 0.110
10> | Average Nu 1.118 1.117 10 | Average Nu 2.243 2.236
Nt 1.505 1.495 Nty 3.528 3.506
y 0.092 0.119 y 0.143 0.134
Nuin 0.692 0.702 Nupin 0.586 0.613
y* 1 0.976 y* 1 0.988

4.2.1 Special cells: Solid blocks

The problem is now modified by the addition of solid blocks, obtaining two equivalent square cavities (with same
dimensions and boundary conditions), as shown in Fig. (10). This modification allows to test the special cells (“solid
blocks”) used when the interaction between solid and fluid is of interest. The “solid blocks" method inside of the grid
simulation allows modeling complex geometries, avoiding the use of more sophisticated methods like "multi-block",
Wood (1993), Ghia (1992). The solid blocks temperature is prescribed as constant during the simulation.
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Figure 8. Square Cavity divided by solid blocks (left) and the simulation grid with solid blocks cells in red (right).

Figure (9) shows the temperature profiles T* in the half-height horizontal line for both solutions, single and double
cavity. It can be seen that the results are the same, as expected.
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Figure 9. Temperatures profile T* in the half-height horizontal line for the different models.
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Figure (10) presents the velocity profiles for the two cavities compared with the results obtained for the single
cavity and the benchmark. In Tab. (3) the main results are also compared with the benchmark, showing a good

agreement.
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Figure 10. The u* profile in the half-length vertical line for the different models (left) and v* profile in the half-height
horizontal line for the different models (right). In red are the points of maximum velocity reported by Vahl Davis

(1983).

Table 3. The results obtained with CFD Studio compared with the Vahl Davis (1983) benchmark.

Ra variable Vahl Davis left right
U pax 3.649 3.578 3.578

v 0.813 0.833 0.833

V max 3.697 3.733 3.733

x* 0.178 0.166 0.166

10° | Numédio 1.118 1.113 1.113
Nt 1.505 1.500 1.500

y 0.092 0.071 0.071

Nt 0.692 0.692 0.692

y* 1 0.976 0.976

4.3.2. Non-Orthogonal Grid

The natural convection example is now solved using a non-orthogonal grid to demonstrate the generality and
flexibility of the CFD Studio package. Figure (11) shows the grid employed, Choi (1993)(1994a)(1994b). Several
important calculations, like metric calculation, non-orthogonal terms discretization etc., can be tested with this example.

Figure (12) shows the results for the benchmark, and the orthogonal and non-orthogonal grids of this paper.

agreement is good.
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Figure 11. Non-orthogonal grid (43x43) used in the square cavity problem.
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Figure 12. Velocity profile obtained with CFD Studio for Ra 10° (left) and the temperatures profile in half-height
horizontal line for the different models (right).

Table 4. The results obtained with CFD Studio related to the benchmark - Vahl Davis (1983).

Ra Variable Vahl Davis No-Orthogonal grid
U max 3.649 3.326
y 0.813 0.814
V max 3.697 3.646
x* 0.178 0.186
10° Nu médio 1.118 1.115
Nty 1.505 1.484
y 0.092 0.105
Nt 0.692 0.707
y* 1 0.965

5. Final remarks

This paper presented the educational freeware software CFD Studio to simulate and study complex thermal and
fluid flow problems. The software architecture of this tool allows full visual interactive capability during the simulation
steps. The software is highly versatile, with powerful graphical user interface and post-processor facilities. The software
was evaluated by a numerical standard benchmark showing an excellent agreement. Modifications in the standard
natural convection problem were also made to illustrate the possibilities of modeling complex geometries by the solid
cells approach. The implementation of these CFD algorithms into teaching modules can provide a significant
enhancement in the learning of heat transfer and fluid dynamics in undergraduate and graduate courses. The software
can be used at home by students working in their assignments, where the student can develop his own numerical
problems. Due to its generality, the software can also be used by engineers in the solution of many engineering
problems.
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