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Abstract: 

The purpose of this project is to tackle complex fluid flow problems using computational 
approaches.  Commercial tools including Gambit and Fluent will be used to help solve 
these problems.  Their abilities to solve complex problems will be tested.  First the basic 
problems will be solved to gain experience using the computer programs.  Then more 
difficult problems such as diffusion will be solved.  Implementation of User-Defined 
functions (UDFs) will set the boundary conditions for the more complex problems.  Both 
heat and mass diffusion will be solved with constant values and with UDFs.  After 
diffusion problems have been mastered, more complex problems will be tried such as 
reactions, reactions in porous mediums and porous membranes.   
 
Five case studies will be described.  The first of these case studies was to get used to the 
programs.  These involved basic problems, such as flow through a pipe with different 
shaped pipes.  After these had been solved, thermal diffusion was tested using heat flux.  
The heat flux was defined with both a constant value and with a UDF.  When the thermal 
diffusion was mastered, mass diffusion was tested.  The mass fraction was also solved 
with both a constant value and with a UDF.  Then some work with porous models was 
tried.  This model was of a capillary with oxygen diffusing into the tissue. Fluent’s ability 
to solve reactions was the final case study modeling a bubble reactor. 
 
This paper will begin with a brief introduction will give a little background on the 
project.  Then an overview of how to use Gambit, Fluent, and UDFs provides a basic 
understanding of these tools.  Finally the problems that have been solved will be 
discussed and a summary of our future work will be given.     
 

Introduction:   

Finite Volume Discretization:  
Finite volume discretization is a numerical method approach of solving partial 
differential equations instead of using an analytical method.  The domain over which the 
dependent variable is to be evaluated is broken into a finite number of discrete volumes 
(see Figure 1) and algebraic equations can then be written for each volume. A numerical 
solution of a differential equation consists of a set of numbers from which the distribution 
of the dependent variable φ  can be constructed. Discretized equations are algebraic 
equations involving the unknown values of a dependent variable at certain points [1] [2]. 
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Figure 1. Example of a Discrete Volume 
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Complex fluid flow problems are difficult to be solved analytically due to the non 
linearity of the equations governing the fluid flow problems.  Obtaining results from 
experiments is time consuming and costly.  Advanced commercial Computational Fluid 
Dynamic (CFD) tools such Gambit (Grid Generator) and Fluent (Finite Volume Solver) 
help solve these fluid flow problems.  Gambit has a graphical user interface (GUI) that is 
used to generate a grid for use in Fluent.  Fluent is a finite volume solver that uses 
discrete volumes to solve complex fluid flow problems.  The solver in Fluent solves the 
Navier-Stokes, continuity, energy, and species equations (see Appendix 1).  The benefits 
of using computational techniques instead of physical experiments are numerous.  For 
example modeling fluid flow on a computer requires fewer experiments and is 
consequently less costly and less time consuming.  This is useful in modeling problems 
for industry, mechanical applications, in bioengineering as well as many phenomena 
found in our common life.   
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Methods:   

Using Gambit:  
Before fluid flow problems can be solved, Fluent needs the domain in which the flow 
takes place to evaluate the solution over.  The flow domains as well as the grid generation 
into the specific domain are created in Gambit.  In order to create a grid in Gambit, the 
geometry needs to be specified.  Gambit has tools that allow the user to create a 
geometric shape, from basic shapes such as a rectangle to more complex shapes (see 
Figure 2).  

 
Figure 2: Example of a Grid Created In Gambit 

 
This shape then needs to be meshed to form a grid of triangles or quadrilaterals.  There 
are two types of grids, structured and unstructured (see Figure 3).  A grid that is 
composed of points in a regular pattern is a structured grid.  These are usually created 
with quadrilaterals.  A grid that has an irregular pattern of points is an unstructured grid 
and is usually created from triangles. [3] 
 
  

a) structured grid b) unstructured grid 

Figure 3: Examples of Structured and Unstructured Grids 

 
After meshing, the solver needs to be specified.  To use the grid in Fluent, the solver 
fluent 5/6 need to be set so Gambit knows what types of boundary conditions are 
allowed.  Then the boundary condition types can be set.  Some examples of the types of 
boundary conditions Fluent can use are velocity-inlet, wall and outflow.  Each of these 
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has different properties that can be specified in Fluent.  The grid can then be exported as 
a mesh to be used in a solver such as Fluent. 
 

Modeling with Fluent: 
To model the fluid flow problems in Fluent, first Fluent needs to be opened with 2ddp 
(two-dimensional double precision) for two-dimensional cases (see Figure 4a).  The grid 
then needs to be inserted and checked.  To insert the grid, select file  read  case  
then select the file of the mesh (see Figure 4b).  To check the grid, select grid  check.  
This checks to make sure the grid is usable. 
 

  
a) Selecting 2ddp b) Selecting file 

Figure 4: Opening Fluent 

 
After the grid is in place, a number of options can be defined to customize the problem to 
the users needs.  These include models, materials, operating conditions, boundary 
conditions, and user defined functions among others (see Figure 5).  The models 
(Figure 5a) option allows the user to define the solver, energy equations and species 
transport as well as other types of models.  The solver can be specified as either 
segregated or coupled and either steady state or unsteady state.  The segregated solver 
solves the equations individually and the coupled solver solves them simultaneously.  
Unsteady state allows for time dependency.  In the materials panel (Figure 5b), the user 
can select different materials from a database or create there own.  The properties of the 
materials can be adjusted as well as properties of a mixture or reaction.  The operating 
conditions (Figure 5c) option allows the user to set the conditions at which the problem 
is solved.  It allows the pressure to be set and provides the option of gravity.  In the 
boundary conditions panel (Figure 5d), the user specifies what type and the different 
properties each boundary has. A boundary could for example be a wall, a velocity – inlet 
or a pressure – outlet among others.  For a list of the boundary conditions used in the case 
studies (see Appendix 2). Once the type is set, the different conditions of that boundary 
are set for instance in a velocity inlet, the velocity magnitude would be defined.  User 
defined functions will be described later. 
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a) Models b) Materials  

 

  

c) Operating conditions d) Boundary conditions  
Figure 5: Problem Definition Options 

 
After setting up the problem and defining everything, Fluent is ready to solve.  Before 
iterating the flow field must be initialized to provide a starting point for the solution (see 
Figure 6).  Initialization sets the values of the variables across the domain.  Providing a 
good initialization is important in order for the final solution to be found.    
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Figure 6: Solution Initialization 

 
The solution can then be calculated by iterating until the equations converge (see Figure 
7).  At the end of each iteration, the residual sum is calculated.  As the solver approaches 
the correct solution the residual sum decreases.  The solution converges when the residual 
sum is small enough.  The user can change the determined residual sum but selecting 
solve  monitors  residuals.  
 

 
Figure 7: Iteration 

 
Finally the results can be displayed and evaluated using the display menu.  Fluent offers 
many options for displaying and evaluating the results.  Contours of pressure, velocity, 
temperature, and species mass fractions (see Figure 8), vectors of velocity, path lines and 
others can be viewed. [3] 
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Figure 8: Example of Mass Fraction Contours 

User-Defined Functions:  
Some problems are not directly solvable by fluent and require a User-Defined Function.  
User-Defined Functions (UDFs) are codes written in C that allow the user to customize 
Fluent to his/her problem.  According to Fluent, UDFs can be used for a variety of 
applications, some of which are listed below: [4] 

• Customization of boundary conditions, material property definitions, 
surface and volume reaction rates, source terms in FLUENT transport 
equations, source terms in user-defined scalar (UDS) transport equations, 
diffusivity functions, etc.  

• Adjustment of computed values on a once-per-iteration basis.  
• Initialization of a solution.  
• Asynchronous execution of a UDF (on demand).  
• Post-processing enhancement.  
• Enhancement of existing FLUENT models (e.g., discrete phase model, 

multiphase mixture model, discrete ordinates radiation model).  
• Moving grid problems  [4] 

To use a UDF, the function needs to be written in C using a text editor with extension *.c.  
UDFs are defined using the “Define macros” provided by Fluent.  These macros are 
function declarations specified by fluent.  “Define macros are split into five categories, 
general, model specific, multiphase, dynamic mesh, and DPM.  In this project we are 
only concerned with the model specific Define macros which are used to set parameters.  
These differ depending on the function and where it is going to be implemented.  When 
the code is written, it needs to be either interpreted or compiled for use in Fluent.  The 
UDFs are compiled in both ways but with different methods.  Interpreted UDFs are 
compiled during iteration.  Compiled UDFs are first built and then loaded in a library 
ahead of time.  Once this is done, the name of the function becomes an option for the 
inputs where it can be implemented.  UDFs can be used as boundary conditions, source 
terms and in various other locations.  In this project UDFs will be used to impose 
temperature and mass fluxes at the boundary (see Appendix 3) [4]. 
 



 10 

Case Studies:  

Case 1:  Basic Problems 
In order to become familiar with the CFD tools, some basic fluid flow problems were 
solved.  Pipe flow of a single species at a steady temperature was evaluated without 
solving the energy equation or the species equation.  The simplest flow was used in a 
pipe with an inlet, an outlet and top and bottom walls (see Figure 9).  For the basic 
problems with no heat or species transport, Fluent solves the steady state continuity 
equation and the Navier-Stokes equations in two dimensions; see equations 1, 2 for the 
vector form (see Appendix 1). These equations can found in Cartesian coordinates in 
equations 3, 4, 5. The only boundary condition specified was the inlet velocity and the 
fluid was set as water; the others were left at their defaults (see Appendix 2). 
 

0u∇ ⋅ =  1 

 
1( )u u p uν
ρ

⋅∇ = − ∇ + ∇  2 

 
 

Inlet 
velocity = 
0.001m/s

outflow

Top wall

Bottom wall Dimensions:  2 m x .05 m

Inlet 
velocity = 
0.001m/s

outflow

Top wall

Bottom wall Dimensions:  2 m x .05 m  
Figure 9: Grid for Basic Pipe Flow (Poiseuille flow) 
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Where u is the x-velocity, v is the y-velocity, p is the pressure at each point and ν is the 
kinematic viscosity. 

 
The results for the basic pipe with the inlet velocity set at 0.1 m/s can be found in Figure 
10. The graph of velocity shows a parabolic velocity profile, with zero velocity at the 
edge and the highest velocity in the center of the pipe in a parabolic profile.  The pressure 
decreases along the pipe due to a favorable pressure gradient.  
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Figure 10: Results from Pipe Flow 

 
The results of the basic flow problems are as expected due to knowledge of basic flow 
problems [5].  In laminar Poiselle flow in a pipe with no-slip boundary conditions, the 
velocity is expected to be parabolic.  In order for fluid to flow in the pipe there must be a 
pressure drop as fluid flows from high pressure to lower pressure. [5] 
Following the basic shapes, the abilities of Gambit were explored with more complex 
shapes such as a pipe with obstacles in the way and a pipe with 2 inlets at a 60° angle to 
each other.  These grids, found in Figure 11 were then exported to Fluent and solved for 
various inlet velocities.   
 

  
a) Y-Shaped Pipe b) Pipe with Obstacles 

Figure 11: Grids Created In Gambit 

 
The results of these models show that different geometries influence the way the fluid 
flows.  The different grids affect the volumes and there for the solutions of the equations.  
In these cases, fluent solved the continuity (equation 1) and the Navier-Stokes (equation 
2) equations to produce the results found in Figure 12.   
 
 

a) Velocity b) Pressure 
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a) Velocity results of the y-shaped pipe b) Velocity results of the pipe with ellipses 

Figure 12: Results of y-shaped and pipe w/ obstacles 
 

Case 2:  Thermal Diffusion 
After working with basic fluid flow problems, evaluation of the energy equation was 
done to solve thermal diffusion problems.  This was done A) directly in Fluent and B) 
using a UDF.  Enabling the energy equation is done by selecting Define  models  
energy equation and checking the box.  
A) First the basic pipe flow problem was adjusted to include the energy equation.  The 
top wall was set at a higher temperature than the bottom wall and the fluid was set at 
different temperatures.  Since the name Fluent suggests the program solves problems 
with moving fluid it was necessary to determine whether or not Fluent could solve 
thermal diffusion problems with a zero velocity field.  To do this a cavity with stationary 
walls was created and the top wall was set at a different temperature than the other three 
walls.  The solver was initialized with a small velocity field (u = v = 0.1 m/sec) and the 
boundary conditions on the walls were zeros (u = v = 0).  Occasionally the velocity 
equations do not converge when there is zero–velocity field but the energy equation does 
so the temperature profile is still valid.  When it was determined Fluent could solve 
problems with zero velocity field diffusion problems could be solved without flow.   
 

 

 

a) Thermal diffusion in pipe b) Thermal diffusion in a cavity 

Figure 13: Thermal diffusion 

 
The boundary conditions of the pipe are the inlet, bottom wall, and outlet are 300 K, the 
top wall is 400 K and the inlet velocity is 1 m/s (see Figure 13a).  The boundary 

2m/s 

1 m/s 

Inflow 
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Outflow 

Wall 400K 

Wall 300K 

Top wall 
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Left wall 
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conditions of the cavity are stationary walls with the top wall 400 K and the other three 
walls at 300 K and the fluid is water (see Figure 13b).  In the heat diffusion models 
Figure 14 the heat diffuses through the fluid from the hotter walls to the cooler walls.  
The temperature is 400K at the top wall and decreases to 300K at the other walls.  Fluent 
solved the coupled system of the continuity, Navier-Stokes and the energy equations (see 
Appendix 1).  In the cavity the temperature profile is almost parabolic (see Figure 14).   
 

 
Figure 14: Results of Thermal Diffusion 

 
Heat flows from hot to cold (the second law of thermodynamics) so the results of the 
thermal diffusion problems are also as expected due to the fact that the transfer of energy 
is caused by the collision of molecules.  The higher energy molecules lose energy and the 
lower energy molecules gain energy.  This is called conduction.  The main equation 
solved by fluent is the energy equation, see equation 3.  When compared to a model 
solved in Matlab the temperature profiles are almost identical, validating Fluent’s results 
(see Figure 15). 
 

2 22

2 20 0T TT
x y
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a) Results of heat diffusion with Fluent b)  Results of heat diffusion with Matlab code 

a) Heat diffusion in a pipe 

b) Heat diffusion in a cavity 
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Figure 15: Validation of Heat Diffusion Results 

 
B) Although Fluent can solve basic diffusion problems, a UDF is necessary in order to 
solve more complex diffusion problems (see Appendix 3).  First the functions were 
written with constants so we could see how Fluent uses them and if they are used 
correctly.  The heat flux was fairly straight forward because there is a place to input the 
heat flux in the boundary conditions.  This was done using the Define_Profile macro (see 
Appendix 3).  The boundary condition used was equation 4 at the inflow (see Figure 16).   
Several case studies were done with this UDF, some were set up as a long box with the 
heat flux at the left wall and others were set up like the thermal diffusion cavity with the 
heat flux at the top wall.  After writing the function, it was necessary to interpret and 
implement it in the boundary condition for species mass fraction.  These models were 
solved with various boundary conditions and various constants to see how these changes 
affect the results. 
 

( )s
dT Bi T T
dx ∞= −  7 

 
where T∞ is the temperature at infinity and Bi is the biot number 
 

 
Figure 16: Heat Diffusion with UDF 

 
When writing the UDF files, initially constant values were used.  These results were 
validated by comparing them to the results obtained by putting a constant directly in to 
the boundary condition and they were the same.  The models in Figure 17a and b were 
compared to determine if the UDF was inserted into the correct place and working.  Since 
they are the same, the UDF was working for a constant value.  
 
When a UDF function was inserted with varying boundary conditions (see), the results 
differed slightly but this is to be expected since the boundary conditions are different due 
to the fact that the Biot numbers and temperatures in the cell being different.  The results 
in Figure 17c are a little bit higher than the results in Figure 17a and b with the highest 
temperature at 217 K instead of 133 K.   These results may not be completely accurate 
due to the fact that water is a solid at these temperatures.  The studies should be tried 
again with higher temperatures.   The two-dimensional model had a higher temperature 
on the lower wall and a cooler temperature on the upper wall.  This was done to test if the 
function changed flux based on the temperature inside the cell.  
 
The UDFs problems with constant values could be checked by comparing them to the 
problems with a constant value directly inputted into the boundary conditions so these 
results appear to be correct.  The UDFs with fluctuating boundary conditions were harder 
to implement and harder to check for correctness.  Because UDFs can only be written 

Wall 

top wall 

bottom wall 

Wall  10 X 1 Grid 



 15 

with certain “Define macros”, there are limitations.  Implementing the boundary 
conditions for the heat flux directly was possible due to the fact that there is an input for 
heat flux in the wall boundary conditions set up.  Currently the UDF is written with a 
constant dx (distance between the face and the cell center) but eventually the UDF should 
be able to give dx a value.  Changing the constant values of the Biot number and the 
external concentration/temperature alters the results so they can be adjusted as necessary, 
in this case random values were chosen but these can be based on the problem to be 
solved.  Qualitatively the results are similar though due to the Biot number the results are 
quantitatively different.  However after several trials we were able to obtain the same 
results.  
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a) Constant Heat Flux - BC:  4 stationary walls; left wall: heat flux = 100 w/m2; right wall: temperature = 100 K; top and 

bottom walls: zero heat flux; fluid: water; zero velocity; 

 
b) Constant Heat Flux Defined by UDF - BC:  4 stationary walls; left wall: heat flux defined by UDF; right wall: 100 K; 

top and bottom walls: zero heat flux; fluid: water; zero velocity; 

 
c) Heat Flux Defined by UDF - BC:  4 stationary walls; left wall: heat flux defined by UDF; right wall: 100 K; top and 

bottom walls: zero heat flux; fluid: water; zero velocity; outside temperature 400 K 

 
d) 2D Heat Flux - BC:  top wall 200 K, bottom wall 400 K, outlet 300K inlet specified by udf, stationary walls, water 

Figure 17: Heat Flux 

 

Case 3:  Mass Diffusion 
The next thing to determine was how Fluent deals with multiple species.  Again two 
methods were used: A) inserting the species mass fraction directly into Fluent and B) 
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using a UDF to define the mass fraction.  To turn on the species transport, select Define 
 models  species transport and select species transport.  Here a specific mixture or 

a mixture template can be selected.  If the mixture template is selected, the mixture can 
be created in the materials panel.  In this case the benzene-air mixture was used.   
 
A) A pipe with three inlets on the left edge had benzene in the middle inlet and air in the 
outer two.  This was done to see how the benzene diffused into the air.   
 

 
Figure 18: Mass Diffusion 

In the model of species diffusion of a benzene-air mixture (see Figure 18), the benzene 
diffuses in to the air. Inlet 1 and 3 are pure air and inlet 2 is a 50:50 benzene air mixture.  
Towards the end of the pipe, the concentration is even through out the pipe and the 
benzene has completely mixed with the air.   

 
Figure 19: Results of Species Diffusion 

 
When modeling species transport problems, Fluent solves equation 8 in vector form.  The 
Cartesian form of the equation can be found in equation 9[4]. A Molecular motion causes 
mass transfer called diffusion usually due to a concentration gradient which is shown by 
the spreading of concentration of benzene [6].  
  

2( )u c D c⋅∇ = ∇  8 
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∂ ∂ ∂ ∂
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where u and v are the flow field velocities evaluated from the Navier-Stokes equations, 
and D is the diffusion coefficient.   
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B) To impose boundary conditions dependent on the concentration at infinity as well as a 
Biot number, a UDF was necessary.  As with the heat diffusion problems, the functions 
for mass flux across a boundary were initially written with constants so we could see how 
Fluent uses them and if they are used correctly.  Implementing the mass flux was a little 
more complicated than the heat flux due to the fact that there is no where in fluent to 
directly input the species mass flux.  The function has to define the species mass fraction 
so discretization using backward differences of the differential equation of the boundary 
condition was necessary (see Appendix 4).  The boundary condition used was equation 6.  
After writing the function, it was necessary to interpret and implement it in the boundary 
condition for species mass fraction.  These models were solved with various boundary 
conditions and various constants to see how these changes affect the results.  The mass 
fraction can be imposed in a velocity outlet or diffusing through the wall.  Trials of both 
were tested.  Some problems were modeled as a pipe with fluid flowing through while 
others as a cavity with the species diffusing in through the wall (see Figure 20).   
 

( )dc Bi C Cs
dx

= ∞ −  10 

 
where C∞ is the concentration at infinity and Bi is the biot number 
 
 
When writing the UDF files, initially constant values were used.  In order to validate 
these results, they were compared to the results obtained by putting a constant directly in 
to the boundary condition and they were the same.  When a UDF function was inserted 
with varying boundary conditions (see Appendix 3), the results differed slightly but this 
is to be expected since the boundary conditions are different.     
 
Figure 20a shows a cavity with an outflow for the lower wall.  The benzene diffuses 
through the upper wall with a constant flux.  This has very similar results to the case in 
Figure 20b where the benzene diffusion is defined by the UDF function.  The values of 
the UDF results are a little higher at 0.504 mass fraction verses 0.500 mass fraction of 
benzene.  Figure 20c, d and e are of a pipe with inflow on the left and outflow on the 
right and benzene diffusing through the top wall.  Figure 20c is the constant mass flux to 
compare to the UDFs.  Figure 20d has pure air coming in the inlet and benzene diffusing 
through the wall defined by a UDF.  This is slightly different from the constant value.  
When some benzene is already in the inflow the rate of diffusion should be slower due to 
the boundary conditions set in the UDF.  This is what Figure 20e is designed to show, 
some work is still required to improve the UDF.  
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a) Constant Mass Flux - BC: top wall benzene mass fraction: 0.5; 

bottom wall outlet, left and right walls default 
b) Mass Flux Defined by UDF -  BC: top wall benzene mass 
fraction specified by udf, bottom wall outlet, left and right walls 

default 
 

c) Diffusion through Top Wall – BC: Velocity of inflow: 0.01 m/s pure air, top wall 
diffusion of .5 mass fraction of  benzene 

 
d) Diffusion through top wall by UDF – BC: Velocity of inflow: 0.1 m/s pure air, top wall 

diffusion of benzene given by udf 
 

e) Diffusion through Top Wall by UDF with Benzene in inflow – BC: Velocity of 
inflow: 0.01 m/s 0.5 mass fraction of benzene, top wall diffusion of benzene given by udf 

Figure 20: Mass Flux 

 
The UDFs problems with constant values could be checked by comparing them to the 
problems with a constant value directly inputted into the boundary conditions so these 
results appear to be correct.  The UDFs with fluctuating boundary conditions were harder 
to implement and harder to check for correctness. Because UDFs can only be written 
with certain “Define macros”, there are limitations. The boundary conditions desired 
were difficult to implement for the species mass diffusion across a boundary due because 
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there is no where in Fluent to define a value specifically for mass flux of a specific 
species.  Discussion with Fluent customer service determined that in order to implement 
the species mass flux the boundary condition needed to be discretized (see 0).  Currently 
the UDF is written with a constant dx (distance between the face and the cell center) but 
eventually the UDF should be able to give dx a value.  Changing the constant values of 
the Biot number and the external concentration/temperature alters the results so they can 
be adjusted as necessary, in this case random values were chosen.  Qualitatively the 
results are similar though due to the Biot number the results are quantitatively different.  
However after several trials we were able to obtain the same results implying the results 
are correct.  To implement two separate boundary conditions using UDFs, the functions 
can be written in the same code, one after each other but being careful to specify different 
variables (see Appendix 3).  This however does not work for defining the mass flux at 
both ends of a pipe due to the fact that the fluxes contradict each other.   

Case 4:  Porous Media 
Another objective was to model the flow of fluid in a capillary and see how it diffuses 
into the surrounding tissue (see Figure 21).  To do this it was necessary to use the porous 
boundary conditions in Fluent.  Fluent has a porous jump which is like the membrane and 
a porous zone which is specified in the fluid.  Using the porous model adds a resistance to 
the flow as if there were a solid that allows some fluid through.  In this case the tissue can 
be thought of as a sponge.  When defining the boundary conditions of a porous model, 
the face permeability, the medium thickness, and the pressure jump coefficient needs to 
be specified.  In this case these were the face permeability was set at 1e08 m2 for the 
porous jump, the thickness was set at 0.0001 and the pressure jump coefficient left at 
default.  For the porous zone the parameters were set as follows:  direction vector 1, 1, 
viscous resistance 100 each, inertial resistance 100 each and porosity 0.1.  These values 
are all fairly arbitrary and to improve the capillary model, research should be done to find 
better values for these parameters as well as for the properties of blood.  In this case, a 
mixture of water and oxygen so it could be shown how oxygen diffuses into the tissue.  
The fluid was set with a velocity of 0.01 m/s at the beginning of the pipe and an outflow 
at the end of the pipe.  There were also outflow conditions set at the top and bottom of the 
tissue.  The rest of the sides were set as walls.  The fluid to the top and bottom of the pipe 
was set with the porous zone parameters and the internal boundaries were set with the 
porous jump parameters (see Appendix 2).  When solving porous models, Fluent solves 
equation 11 along with the continuity and Navier-Stokes equations without the source 
term (see Appendix 1) for the porous jump.  For a homogenous porous medium in two 
dimensions Fluent solves equations 12 and 14 along with the continuity. [7] 
       

2
2

1( )
2

p C v mµ ν ρ
α

∆ = − + ∆  11 

 
 
where μ is the laminar fluid viscosity, Δm is the thickness of the medium coefficient, v is 
the velocity normal to the porous face, α is the permeability of the medium and C2 is the 
pressure jump coefficient.  α, Δm and C2 are boundary conditions specified by the user.  
In this case α was set to 1e08, Δm was set to 0.0001, and C2 set to 0 (see Appendix 2).   
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x-momentum 
2 2

2 2( ) x
u u p u uu v S
x y x x y

ρ ρ µ∂ ∂ ∂ ∂ ∂+ = − + + +
∂ ∂ ∂ ∂ ∂

 12 

 

2
1( )
2xS u C u uµ ρ

α
= − +  

 

 y-momentum 
2 2

2 2( ) x
u u p u uu v S
x y x x y

ρ ρ µ∂ ∂ ∂ ∂ ∂+ = − + + +
∂ ∂ ∂ ∂ ∂

 13 

 

2
1( )
2yS v C v vµ ρ

α
= − +  

 

where α is the permeability and C2 is the inertial resistance factor. 
 

 
Figure 21: Grid for capillary model 

 
Initially this model was tried with walls at the top and bottom of the tissue and then with 
outflows.  After that flow field had been established, species transport was added to 
model the diffusion of oxygen.  Although the equations never converged while modeling 
these simulations, it was left to iterate for a long time and came close.  These results are 
the preliminary results and can be improved by improving the parameters.  In Figure 22, 
the velocity profile shows the fluid diffusing through the capillary wall into the tissue.  In 
Figure 22b the higher velocities were left out so the diffusion can be seen more clearly.  
This case was done without the species transport turned on.   
 

Capillary 

Tissue (porous zone) 

Tissue (porous zone) 

Inflow 

Outflow 

Outflow 

Outflow 

Porous jump 

Porous jump 
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Figure 22: Diffusion through tissue 

 
It took longer for Fluent to get the models close to converging when it had to use the 
species equations as well.  Figure 23a shows the mass fraction of oxygen in the capillary 
and in the tissue and Figure 23b shows the mass fraction of water.   
 

 
 

a) O2 mass fraction b) H2O mass fraction 

Figure 23: Oxygen Diffusion 

 
These are all preliminary results and they can be improved with better knowledge of the 
parameters that should be used.  Further research is necessary to determine the porous 
properties of the tissue surrounding the capillaries as well as the properties of the blood.  
Also pressure should be incorporated into the inlet and outflow boundaries.   

Case 5:  Reactions 
A) To find out how Fluent modeled reactions, a reaction was modeled with the form  
A+B →  C+D.  Fluent requires properties of the materials as well as the reaction 
information.  In this case we used the properties of methane combustion to compare to 
the results when model the combustion reaction.  The user can set the properties of all the 
materials as well as the specifications of the reaction.  To model a reaction, the user must 
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turn on the volumetric reaction and select the mixture or mixture template in the species 
transport window.  The material properties and reaction specifications can then be set in 
the define materials panel (see Figure 24).  The equations for the mass fraction of a 
species Yi is given by equation 14 (this equation is similar to the continuity equation 
found in Appendix 1).  Fluent solves the continuity, Navier-Stokes for the flow field and 
equation 14 for each species that exists in the flow domain under consideration.  
Equations 15 is the mass fraction equation in Cartesian coordinates 
 

( ) ( )i i i i iY vY J R S
t

ρ ρ∂ + ∇ ⋅ = −∇ ⋅ + +
∂

 14 

 
Where ,i i m iJ D Yρ= − ∇    

And 
0

ˆ
RN

i i
i

R Rµ
=

= ∑ for laminar flow 
 

Ji is the diffusion flux of species I, Ri is the rate of production of species by chemical 
reaction, and ˆ

iR  is the Arrhenius molar rate of creation/destruction of species, and Si is 
the rate of creation by addition from the dispersed phase.  
 

( ) ( ) ( ) ( )i i
i i x y i i

Y YY uY D D R S
t x x x y y

ρ ρ ρ ρ∂ ∂∂ ∂ ∂ ∂+ = − − + +
∂ ∂ ∂ ∂ ∂ ∂

 15 

 
 
 

 
 

a) selecting materials for reaction mixture b) defining reaction specifications 

Figure 24: Setting up the reaction 
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Figure 25: Reaction 

 

  
a) Mass fraction of  reactant A  b) Mass fraction of reactant B 

  
c) Mass fraction of product C d) Mass fraction of product D 

Figure 26: Results of A+B →  C+D Reaction 

 
There is a higher mass fraction of the reactants A and B at the beginning of the pipe 
which decreases along the pipe.  The opposite occurs with the products as it increases 
along the length of the pipe.  This agrees with the expected results of a reaction with the 
product forming and the reactant being consumed along the length of the pipe.  A and B 
react to form C and D.  As A and B are used up in the reaction and C and D are created, 

2 2A B C D+ → +

Velocity inlet  
0.001 m/s 
0.2 A and 0.8 
B 

Outflow 

Wall 

Wall 
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the mass fraction of A and B decreases and the mass fraction of C and D increases (see 
Figure 1).   
 

  
a) Mass fraction of A in A+B →  C+D b) Mass fraction of A in Methane 

Figure 27: Validation of Reaction 

 
In order to determine if the reaction was set up correctly and was producing accurate 
results, the values for methane combustion were used.  These results were then compared 
to the results obtained when the methane-air mixture was used (see Figure 27).  Another 
method of validating the results was integrating the mole fraction of each species over the 
inflow and the outflow.  These both added up to the same value (see Appendix 5).   
 
B) According to Khinast, “Bubble reactors are used extensively to carry out a variety of 
gas – liquid and gas – liquid – solid reactions”[8].  For this reason, it was necessary to 
model a bubble reactor, first with a two dimensional grid (see Figure 28) and later with a 
three-dimensional grid.  Initially the velocity profile was established and then reactions 
were modeled.   When making the grid, Gambit had a hard time meshing this domain.  It 
would possibly better to use an ellipse with radii close in size than the circle used here.  
This circle has a radius of 0.1 m in a domain 2m x 4m.  When modeling a problem to get 
the velocity profile with out modeling the reaction, air needs to be used in order to get the 
vortices. The fluid used at a velocity of 0.02 m/s, temperature of 300 K, and 0.2 mass 
fraction A and 0.8 mass fraction of B.  This case also had a hard time converging so was 
run many iterations until it was close to converging.  
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Figure 28: Grid of the bubble problem 

 
Preliminary results (see Figure 29) show the velocity profile to have a similar shape as 
some of the results shown by Khinast [8].  They are not exactly the same due to different 
boundary conditions.  Fluent also has similar results when modeling a reaction around the 
bubble with most of the reaction occurring behind the bubble.  When modeling a problem 
to get the velocity profile with out modeling the reaction, air needs to be used in order to 
get the vortices.  When water is used, the problem converges faster but there are no 
vortices behind the bubble.  The current reaction does not react very much.  This needs to 
be improved by adjusting the properties of the reaction and its species.   

Inflow Outflow 

Top Wall 

Bottom Wall

Circle
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a) Velocity Profile 

  
b) Mass fraction of reactant A c) Mass fraction of reactant B 

 
 

d) Mass fraction of product C e) Mass fraction of product D 

Figure 29: Bubble Reaction 
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Figure 30: Grid of the elliptical bubble problem 

 
 
After the circular bubble, elliptical bubbles were modeled with the same boundary 
conditions except the velocity.  The radii of the ellipse were 0.08m and 0.1 m.  The 
velocity used was 0.1 m/s (see Figure 30).    
 
Again the reaction did not produce very much of the products.  This needs to be 
improved by adjusting the properties of the reaction.  However the velocity profile fits 
expectations due to the vortex behind the ellipse (see Figure 31). 
 

Inflow Outflow

Top Wall 

Bottom Wall 

Ellipse 
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a) Velocity Profile 

  
b) Mass fraction of reactant A c) Mass fraction of reactant B 

  
d) Mass fraction of product C e) Mass fraction of product D 

Figure 31: Elliptical Bubble Reaction 

To further explore bubble reactors, a three dimensional model was used.  A three-
dimensional grid was meshed in gambit and imported into Fluent.  In Fluent the boundary 
conditions were specified and the equations solved in three dimensions.  This case study 
can be found along with the rest of the case studies in Appendix 3.  

Conclusion:   
Computational Fluid Dynamics tools are a great asset that makes studying fluid flow 
much easier.   
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Fluent is capable of solving many different types of fluid flow problems by 
solving the continuity, Navier-Stokes, energy and species equations.   

 
After learning how to model basic fluid flow problems, progression to more 
complex problems is possible.   

 
When Fluent does not directly have a method to solve a particular problem, a 
User-Defined function can be written to modify Fluent’s capabilities.   
Even with all these abilities, Fluent has limitations that need to be worked out or 
bypassed when solving problems.  

  
Currently methods are being tried to expand Fluent’s capabilities with a user-
defined function to improve the model of diffusion for future use in more 
complex problems.  
Fluent is capable of solving problems that just involve solving the Navier-Stokes 
and continuity equations.  It can also solve the energy equation but occasionally 
has problems solving models with zero velocity field.  

 
User-defined functions are possible to implement but a little tricky and it is 
difficult to validate the results.   

 
When modeling porous models, Fluent has a harder time getting the equations to 
converge.  Letting it iterate for several iterations gives a close approximation.  

 
Fluent allows the user to write his/her own reactions by creating a mixture and 
defining the properties of the species to be used and then specifying the reaction 
parameters.     

Future Work: 
Although a lot was discovered about Fluent’s capabilities, further exploration is 
necessary to determine the extent of its abilities and limitations.  With the problems 
solved in this project, improvements can be made.  The User-Defined Functions can be 
further improved and incorporated into more problems.  There should be a way to have 
the function define the distance dx instead of it being defined as a constant.  The porous 
media and capillary problems in this project were only preliminary.  These problems can 
be improved with better values for the porous jump and porous zone parameters.  A 
three-dimensional model can be made to better visualize how the species diffuse through 
the tissue of the brain.  The properties of blood can be included to make the model closer 
to an actual capillary. Also the inlets and outflows can be changed to pressure inlets and 
pressure outlets to better model the flow.  There are many different places to take the 
study of reactions.  Reactions can be modeled using properties defined by the user, so 
most different reactions can implemented into a problem.  The bubble reaction can be 
further explored using the information from Khinast’s article [8]. Also a three 
dimensional model of the bubble can be explored.        
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Appendix  1  
Equations solved by Fluent: 

 
Continuity:   Vector form: 0u∇ ⋅ =  

  Cartesian Coordinates:  0u v
x y

∂ ∂+ =
∂ ∂  

 

Navier-Stokes:  Vector form:  1( )u u p uν
ρ

⋅∇ = − ∇ + ∇
 

  Cartesian Coordinates:  

   
x-momentum:

  

2 2

2 2

1 ( )u v p u uu v
x y x x y

ν
ρ

∂ ∂ ∂ ∂ ∂+ = − + +
∂ ∂ ∂ ∂ ∂

 

   y-momentum:  
2 2

2 2

1 ( )u v p v vu v
x y y x y

ν
ρ

∂ ∂ ∂ ∂ ∂+ = − + +
∂ ∂ ∂ ∂ ∂  

 
Where u is the x-velocity, v is the y-velocity, p is the pressure at each point and ν 

is the kinematic viscosity. 

 
 

 

Energy:   
2 22

2 20 0T TT
x y

∂ ∂∇ = ⇒ + =
∂ ∂

 

 
Species:  Vector form:  2( )u c D c⋅∇ = ∇  

  Cartesian Coordinates:  
2 2

2 2( )c c c cu v D
x y x y

∂ ∂ ∂ ∂+ = +
∂ ∂ ∂ ∂

 

where u and v are the flow field velocities evaluated from the Navier-Stokes equations, 
and D is the diffusion coefficient.   
 

Porous Jump:  2
2

1( )
2

p C v mµ ν ρ
α

∆ = − + ∆  

where μ is the laminar fluid viscosity, Δm is the thickness of the medium coefficient, v is 
the velocity normal to the porous face, α is the permeability of the medium and C2 is the 
pressure jump coefficient.  α, Δm and C2 are boundary conditions specified by the user. 
 
Porous Zones:   

 x-momentum:  
2 2

2 2( ) x
u u p u uu v S
x y x x y

ρ ρ µ∂ ∂ ∂ ∂ ∂+ = − + + +
∂ ∂ ∂ ∂ ∂

 

    2
1( )
2xS u C u uµ ρ

α
= − +  
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 y-momentum:  
2 2

2 2( ) x
u u p u uu v S
x y x x y

ρ ρ µ∂ ∂ ∂ ∂ ∂+ = − + + +
∂ ∂ ∂ ∂ ∂

 

    2
1( )
2yS v C v vµ ρ

α
= − +  

where α is the permeability and C2 is the inertial resistance factor 
 

Reaction:  Vector form: ( ) ( )i i i i iY vY J R S
t

ρ ρ∂ + ∇ ⋅ = −∇ ⋅ + +
∂

 

 Where ,i i m iJ D Yρ= − ∇  and for laminar flow 
0

ˆ
RN

i i
i

R Rµ
=

= ∑   

      Cartesian Coordinates:  ( ) ( ) ( ) ( )i i
i i x y i i

Y YY uY D D R S
t x x x y y

ρ ρ ρ ρ∂ ∂∂ ∂ ∂ ∂+ = − − + +
∂ ∂ ∂ ∂ ∂ ∂

 

 

Boundary Condition for temperature flux:  ( )dTq Bi T Ts
dx

= = ∞ −  

 Bi is the Biot number and T ∞  is the infinite temperature 
 

Boundary Condition for species mass flux:  ( )dc Bi C Cs
dx

= ∞ −  

 Bi is the Biot number and C ∞  is the infinite concentration 
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Appendix  2  
Case Studies 

Case 1 
sarahpipe:  sarahspipe.msh  
 

  
 BC:  default interior – interior 
  Fluid – fluid - water 
  Inflow – velocity inlet – 1m/s 
  Outflow – outflow - default 
  Wall – wall - default 
 Materials – water 
 Variations – air instead of water, different velocity magnitudes 
 
sarahLpipe:  sarahLpipe.msh 
 

 
 BC:    default interior – interior 
  Fluid - fluid - water  
  Inflow – velocity inlet – 0.001 m/s 
  Outflow – outflow - default 
  Wall- default  
 Materials – water 
 Variations – air instead of water, different velocity magnitudes 
 
Sarahyshaped:  sarahyshaped.msh 
 

 
 
 BC: Default interior - interior 
  Inflow1 – velocity inlet – 2 m/s  
  Inflow2 – velocity inlet – 1 m/s 
  Newfluid – fluid - water 
  Outflow – outflow - default 

Inflow 
1m/s outflow 

wall 

wall 

0.2 m 

0.05 m 

Inflow
1m/s outflow 

wall 

wall 

0.2 m 

0.01 m

Inflow1 
2 m/s 

Inflow2 
1 m/s 

Outflow 

wall 

0.2 m 

1 m  

0.1 

0.5 m 

60

0.1 
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  Wall -  wall - default 
 Variations – different inlet velocities, air instead of water 
 
Sarahpipeellipse1:  sarahpipellipse.msh 
 

 
 BC:  Default interior – interior 
  Ellipse_wall – wall – default 
  Inflow – velocity inlet – 2 m/s 
  New-fluid – fluid - water 
  Outflow – outflow – default 
  Wall – wall – default  
 Materials – water 
 Variations – air instead of water, different velocity magnitudes 
 
Sarahpipeellipse2: sarahpipellipse.msh 
Picture same as above 
 BC:  Default interior – interior 
  Ellipse_wall – wall – default 
  Inflow – velocity inlet – 2 m/s 
  New-fluid – fluid - air 
  Outflow – outflow – default 
  Wall – wall – default  
 Variations – air instead of water, different velocity magnitudes 
 
sarahrod2tdiff:  sarahrod2.msh 
 

 
 BC:   Bottomwall – wall - default 
  Default interior – interior  
  Fluid – fluid - default 

Inflow – velocity inlet–0.01 m/s, 0.5 C6H6 mass fraction, temperature 
300K  

  Outflow – outflow - default 
  Topwall – wall - default 
 Models – species transport – benzene-air mixture 

Variations – different velocity magnitudes, different mass fractions, and different 
temperatures  

 
Case 2 

Inflow
2 m/s outflow 

wall 

Ellipse wall 

2 m 

0.3 

wall 
Inflow 

0.1 m/s 
0.5 C6H6 

outflow 
0.02 

0.1 m 

10 x 2 
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A) sarahsEpipe:  sarahpipe.msh 

 
 BC: Bottomwall – wall – temperature 300K 
  Default interior - interior 
  Fluid – fluid - default 
  Inlet – velocity inlet – velocity magnitude 1 m/s, temperature 300K 
  Outflow – outflow - default 
  Topwall – wall - temperature 400 K  
 Models – energy equation enabled 
 Variations – different temperatures, different velocity magnitudes 
 
sarahsTpipe:  sarahpipe.msh 
 

 
 BC: Bottomwall – wall – temperature 300K 
  Default interior - interior 
  Fluid – fluid - water 
  Inlet – velocity inlet – velocity magnitude 0.1 m/s, temperature 350K 
  Outflow – outflow - default 
  Topwall – wall – 400K? 
 Models – energy equation enabled 
 Variations – different temperatures and different velocity magnitudes 
 
Sarah_cavity3:  cavity3.msh 
 

 
 BC:   Default interior – interior 
  Fluid – default 
  Left_wall – wall – temperature- 300K 
  Right_wall – wall – temperature – 300K 

Inflow 
1m/s 

300 K
outflow 

Wall 400K 

Wall 300K 
0.2 m 

0.05 m 

Inflow 
1m/s 

350 K
outflow 

Wall 400K 

Wall 300K 
0.2 m 

0.05 m 

top wall 
400 K 

bottom wall 
300 K 

right wall 
300 K 

Left wall 
300 K 
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  Upper_wall – wall – temperature – 400K  
  Wall – wall – temperature – 300K  
 Models – energy equation 
 Variations – different temperatures 
 
 
sarahrod:  sarahrod.msh 
 

 
 BC: Bottomwall - wall – default 
  Default interior – interior 
  Inflow – wall – heat flux – 100 w/m2 
  Fluid – fluid - water 
  Outflow – wall – temperature 100K  
  Topwall – wall - default 
 Materials – water 

Variations – different heat flux and different wall temperature 
 
B) Sarahrodudf:  sarahrod.msh 
Same picture as above 
 BC:  Bottomwall - wall – default 
  Default interior – interior 
  Inflow – wall – heat flux – defined by udf 
  Fluid – fluid - water 
  Outflow – wall – temperature 100K  
  Topwall – wall - default 
 Materials - water 
 Models - energy equation enabled 
 UDF:  sarahtempflux2 

Variations – different wall temperature, Biot number, infinite temperature, air 
instead of water 

 
Sarahheatfluxudf1:  sarahrod.msh 
Same picture as above 
 
 BC:   Bottomwall  - wall – default 
  Default interior – interior 
  Inflow – wall – heat flux – defined by udf 
  Fluid – fluid - water 
  Outflow – wall – temperature 100K  
  Topwall – wall - default 
 Models:  energy equation enabled 
 UDF:  sarahconstflux2 

inflow 

Top wall 

bottom wall 

outflow 10 X 1 Grid 
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Variations – different wall temperatures, different Biot numbers and infinite 
temperatures in UDF 

 
Sarahheatfluxudf2:  sarahrod.msh 
Same picture as above 
 
 BC:  Bottomwall  - wall – default 
  Default interior – interior 
  Inflow – wall – heat flux – defined by udf 
  Fluid – fluid - water 
  Outflow – wall – temperature 100K  
  Topwall – wall - default 
 Models:  energy equation enabled 
 UDF:  sarahtempflux2 
Variations – different wall temperatures, different Biot numbers and infinite temperatures 
in UDF  
 
Case 3 
A) Sarah2species: sarah2species.msh 
 

 
 BC: Default interior – interior 
  Fluid - default 
  Inflow1 – velocity inlet – 0.1 m/s 
  Inflow2 – velocity inlet – 0.1 m/s, 0.5 C6H6 mass fraction 
  Inflow3 – velocity inlet – 0.1 m/s  

Outflow – outflow- default 
  Wall – wall - default 
 Models- species transport – benzene air 
 Variations – different velocity magnitudes and different mass fractions 
 
Sarah2species2: sarah2species.msh 
Picture same as above 
 BC: Default interior – interior 
  Fluid - default 
  Inflow1 – velocity inlet – default 
  Inflow2 – velocity inlet – 1e-6m/s, 0.5 C6H6 mass fraction 
  Inflow3 – velocity inlet – default  
  Outflow – outflow- default 
  Wall – wall - default 
 Models- species transport – benzene air 
 Variations – different velocity magnitudes and different mass fractions 
  

Inflow 1 
Inflow 2 

Inflow 3 
outflow 

wall 

0.1 

0.03 m 
0.01 m 
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Sarah2speciesL:  sarah2speciesL.msh 
 

 
 BC: Default interior – interior 
  Fluid – default 
  Inflow - velocity inlet – 0.2 m/s 
  Inflow2 – velocity inlet – 0.2 m/s, 0.5 C6H6 mass fraction 
  Inflow3 – velocity inlet – 0.2 m/s  
  Outflow – outflow - default 
  Walls – wall – default 
 Models – species transport – benzene air 
 Variations – different velocity magnitudes and different mass fractions 

 
B) sarahmassflux: sarahrod2.msh 
Same picture as sarahrod2tdiff 
 BC:    Bottom_wall – wall – temperature 300K  
  Default interior – interior 
  Fluid – fluid - default 
  Inflow- velocity inlet-0.01 m/s, species mass fraction varied(in this case 0) 
  Outflow - outflow 
  Top_wall – temperature 300K, CH4 mass fraction defined with UDF 
 Models – species transport – benzene air mix 
 UDF – in this case sarahconcflux2 but better to have sarahconcflux7 

Variations – different velocity magnitudes, different species mass fractions, 
different temperatures,  

 
Sarah2speciesudf:  sarah2speciesL.msh 
Same picture as sarah2speciesL 
 BC: Default interior – interior 
  Fluid – default 
  Inflow - velocity inlet – 0.2 m/s 
  Inflow2 – velocity inlet – 0.2 m/s, C6H6 mass fraction by UDF 
  Inflow3 – velocity inlet – 0.2 m/s  
  Outflow – outflow - default 
  Walls – wall – default 
 Models – species transport – benzene air 
 UDF – sarahbenzeneflux.c 

Variations – different velocities and different Biot numbers and infinite 
concentrations in UDF 

 
Sarah2flux:  sarahrod2.msh  
  

Inflow 1 
Inflow 2 

Inflow 3 
outflow 

wall 

0.2 

0.03 m 
0.01 m 
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BC: Bottom_wall – wall – default 

  Default interior – interior 
  Fluid- default 
  Inflow – wall - species- C6H6 mass fraction – udf – a 
  Outflow – wall - species – C6H6 mass fraction – udf – b 
  Topwall – default 
 Models – species transport- benzene air 
 UDF – sarah2flux2.c 

Variations – adjusted Biot number and concentration in UDFs also inflow or 
outflow constant, other UDF 

 
Case 4 
Sarah0capillary: sarah2capillary.msh 
 

 
 BC:   Ab – wall - default 
  Bc – wall – default 

Be – porous jump – face permeability 1e-8, porous medium thickness 
0.0001  

Cd – outflow rating – 0.5 
De – wall – default 
Default interior – interior 
Default interior001 – interior 

  Default interior019 – interior 
  Ef – wall - default 
  Fg – outflow rating – 1 

Fluid  - porous zone - direction vector 1, 1, viscous resistance 100 each, 
inertial resistance 100 each, porosity 0.1 

  Gh- wall - default 
  Hi – wall - default 
  Hk - porous jump same conditions as other 

inflow outflo
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  Ij – outflow – 0.5 
  Jk – wall – default 
  Kl – wall – default 
  La – velocity inlet – 0.01 m/s, temperature 300K, 0.5 mass fraction O2  

Lfluid – porous zone - direction vector 1, 1, viscous resistance 100 each, 
inertial resistance 100 each, porosity 0.1 

Pipefluid – fluid – default (no porous zone) 
 Models – species transport – water and oxygen mixture 
 Variations – different boundary conditions at top and bottom (outflow, wall ect) 
  
Sarahcapillary, sarahcapillary2, sarahcapillary3:  sarahcapillary.msh 

   
 BC:   Ab – wall – default 

Bd – 1 wall – default, 2 pressure outlet -  gauge pressure 101380 pa, 3 
pressure outlet -  gauge pressure 101380 pa 

Bfluid – fluid – 1 default, 2 porous zones – direction vector 1, 1, viscous 
resistance 100 each, inertial resistance 100 each, porosity 0.1, 3  
porous zones – direction vector 1, 1, viscous resistance 100 each, 
inertial resistance 100 each, porosity 0.1 

Ca – wall – default 
Cd –wall – default, 2 porous jump – face permeability 1e-8, porous 

medium thickness 0.0001, 3 porous jump – face permeability 1e-8, 
porous medium thickness 0.0001 

  Cd-shadow – wall, 2 and 3 not a boundary 
  Default interior – interior 

Default interior:001 - interior  
Default interior:015 – interior 
Ec – pressure inlet -  gauge pressure 101400 pa 
Ef – wall – default, 2 porous jump – face permeability 1e-8, porous 

medium thickness 0.0001, 3 porous jump – face permeability 1e-8, 
porous medium thickness 0.0001 

  Ef-shadow – wall,  2 and 3 not a boundary 
Fd – pressure outlet – gauge pressure 101350 pa, 2 pressure outlet – gauge 

pressure 101380 pa, 3 pressure outlet – gauge pressure 101380 pa 
  Ge – wall - default 
  Gh – wall - default 

Hf – wall – default, 2  pressure outlet – gauge pressure 101380 pa, 3 
pressure outlet – gauge pressure 101380 pa 

  Mfluid – fluid – default 
Tfluid – fluid – default, 2 fluid – porous zones – direction vector 1, 1, 

viscous resistance 100 each, inertial resistance 100 each, porosity 

wall 

wall

wall 

wall 

pressure inlet 

porous jump 
outlet 

outlet 

outlet 
porous jump 

a 

hg

f e 

d c 

b 
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0.1, 3 fluid – porous zones – direction vector 1, 1, viscous 
resistance 100 each, inertial resistance 100 each, porosity 0.1 

 Initialize with high pressure 
 Variations – different pressures, different porous jump boundary conditions 
 
sarahcaptiss1, sarahcaptiss2, sarahcaptiss3:  sarahcaptiss.msh 

 
 BC:      Capfluid – fluid – water, 2 disable reaction, 3 default (reaction enabled) 

Capin – velocity inlet - 0.5 m/s, 2 velocity 0.1 m/s – O2 mass fraction 1, 3 
velocity 0.1 m/s – O2 mass fraction 1 

  Capout – outflow – default 
  Captop – wall – default 
  Default interior – interior 
  Default interior: 001 – interior 

Tissfluid – fluid – ethyl alcohol, 2 default (reaction enabled), 3 default 
(reaction enabled) 

Tisstop – porous-jump – face permeability 100000m^2, 2 default, 3 
default 

  Tisswall1 – velocity inlet - 0.5 m/s, 2 default, 3 default 
Tisswall2 – wall – default, 2 species - CH4 mass fraction 1, 3 species - 

CH4 mass fraction 1 
  Tisswall3 – outflow – default, 2 wall – default, 3 wall – default  
 Materials – water and ethyl alcohol 

Variations – different materials (air and water or water only or air only), different 
porous jump properties, different velocity inlet, different boundary 
condition types for some of the edges 

Sarahcaptiss2 and Sarahcaptiss3:   
 Models – species transport – volumetric reaction – methane-air mixture 
 Materials – activation energy - default 

Variations – different reaction conditions (activation energy), different porous 
jump properties, different velocity inlet, different boundary condition 
types for some of the edges 

 
Case 5 
Combustion Tutorial:  Modeling Species Transport and Gaseous Combustion 
 
A) sarahmethanerxn:  sarahporous.msh   
 

Inlet 
Mass fraction O2 = 1 

wall 

Wall   
Mass fraction CH4=1 

wall 

wall

outlet 

porous 
jump 

4 2 2 2: 2 2RXN CH O CO H O+ → +
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 BC:   Bwall – wall – temperature 500K  
  Default interior – interior 
  Fluid – fluid – default (reaction enabled) 

Inlet – velocity inlet – 0.001 m/s, 0.2 CH4 mass fraction, 0.8 O2 mass 
fraction 

  Outlet – outlet - default 
  Twall – wall – temperature 500K 
 Models – species transport – methane air mixture  
 Materials – reaction – AE – 9.55E7 
 Variations – different rxn values of activation energy, different wall temperatures, 
 
Sarahreactionab: sarahporous.msh 
 Set up the same as methane reaction but materials defined in a mixture template 
with properties of methane-air mixture 
 
B) Sarahbubblea:  sarahbubblea.msh 
 

 
  

BC:  Circle – wall – default 
 Default interior – interior 
 Fluid – fluid – default (reaction enabled) 

In – velocity inlet – 0.02 m/s, 300 K, 0.2 Mass Fraction A and 0.8 Mass 
Fraction of B 

Lower – wall – default 
Out – outflow - default 
Upper – wall – default 

 Models – species transport – volumetric reaction reaction 
  
Sarahellipse:  sarahellipse.msh 
 

Velocity inlet  
0.001 m/s 
0.2 CH4 and 
0.8 O2 

Ouflow 

Wall 

Wall 

Velocity Outflow 
2 m 

4 m 

2 cm 
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BC:    Ellipse - wall – default 
 Default interior – interior 
 Fluid – fluid – default (reaction enabled) 

In – velocity inlet – 0.1 m/s, 300 K, 0.2 Mass Fraction A and 0.8 Mass 
Fraction of B 

Lower – wall – default 
Out – outflow - default 
Upper – wall – default 

 Models – species transport – volumetric reaction reaction 
 
Sarah3dbubble:  sarah3dbubble.msh 
 Picture:  three dimensional version of sarahbubble.msh 
 BC:    Back - wall - default 
  Bottom – wall - default 
  Fluid – fluid - default 

Front – wall - default  
  Left – velocity inlet – 0.05 m/s  
  Right - outflow 
  Top – wall - default 

Velocity Outflow 
2 m

4 m 

2 cm 0.1 m/s 
2 2A B C D+ → +1.8 cm 
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Appendix  3 
User-Defined Functions 

 
A) sarahconstflux2 

 
/****************************************************************** 

            UDF that sets a constant heat flux at the boundary 
*******************************************************************/ 

 
#include "udf.h" 
 
#define CON        100.0 /* Define the Constants*/ 
 
DEFINE_PROFILE(inlet_x_temp, thread, position) 
{ 
   
face_t f; 
  begin_f_loop(f, thread) /* starts a loop */ 
   { 
      
       /* F_Profile specifies the function */ 
      F_PROFILE(f, thread, position) = CON; /* In this case the function is 
equal 
          to a constant defined earlier */ 
     
    } 
   end_f_loop(f, thread) /* end of the loop */ 
 
} 
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B) sarahtempflux2 
 

/****************************************************************** 
            UDF that sets the heat flux at the boundary 

*******************************************************************/ 
 
#include "udf.h" 
 
#define BI 2 /* Biot number */ 
#define TINF 400 /* infinite temperature */ 
 
DEFINE_PROFILE(inlet_x_temp, thread, position) 
{ 
 
  face_t f; 
  cell_t c; 
  begin_f_loop(f, thread) /* starts a loop */ 
 
    { 
    /* F_Profile specifies the function */ 
        F_PROFILE(f, thread, position) = BI * (TINF - C_T(c, thread)); /* In this 
case the function is equal 
          to a constant defined earlier */ 
 
    } 
  end_f_loop(f, thread) /* end of the loop */ 
 
} 
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C)  sarahbenzenflux 
 

/****************************************************************** 
            UDF that sets the constant mass flux at the boundary 

*******************************************************************/ 
 
#include "udf.h" 
 
#define CON        .5 
 
DEFINE_PROFILE(face_conc, thread, position) 
{ 
 
  face_t f; 
  begin_f_loop(f, thread) /* starts a loop */ 
    { 
 
      /* F_Profile specifies the function */ 
      F_PROFILE(f, thread, position) = CON; /* In this case the function is 
equal 
          to a constant defined earlier */ 
 
    } 
  end_f_loop(f, thread) /* end of the loop */ 
 
} 
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D) sarahconcflux2 
 

/****************************************************************** 
UDF that sets the species mass flux at the boundary 

*******************************************************************/ 
 
#include "udf.h" 
 
/* define the constants */ 
#define BI 0.05  /* Biot number */  
#define CINF 0.8  /* concentration at infinity */ 
 
#define dx  0.005  /* set equal to a number for now but later will be calculated by the udf 
*/ 
 
/* DEFINE_PROFILE is a fluent defined macro to define a custom boundary profile that 
varies as a function of spatial coordinates or time */ 
DEFINE_PROFILE(face_conc, thread, position)  
{ 
 
  face_t f;  /* is an integer index that identifies a particular face within a given thread */ 
  cell_t c;  /* is an integer index that identifies a particular cell within a given thread */ 
   
  begin_f_loop(f, thread)  /* starts a loop over the faces*/ 
     { 
 
   /* F_PROFILE stores a boundary condition in memory for a given face and 
thread and is nested within the face loop as shown in the examples below */  
    F_PROFILE(f, thread, position) =  (C_YI(c, thread, 0) + BI * dx * CINF)/(1 + 
BI * dx);    

   /* in this case F_PROFLIE evaluates the mass fraction of benzene at the 
boundary face */ 
 
 }  
  end_f_loop(f, thread) /* end of the loop over the faces*/ 
 
} 
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E) sarahconcflux7 
 

/****************************************************************** 
UDF that sets the species mass flux at the boundary 

*******************************************************************/ 
 
#include "udf.h" 
 
/* define the constants */ 
#define BI 0.1 /* Biot number */ 
#define CINF 1.0 /* concentration at infinity */ 
#define dx  0.005 /* distance between the cell center and the cell face */ 
 
/* DEFINE_PROFILE is a fluent defined macro to define a custom boundary profile that 
varies as a function of spatial coordinates or time */ 
DEFINE_PROFILE(face_conc, thread, position)  
{ 
  
  face_t f; /* is an integer index that identifies a particular face within a given thread */ 
  cell_t c; /* is an integer index that identifies a particular cell within a given thread */ 
   
  begin_f_loop(f, thread) /* starts a loop over the faces*/ 
    { 
  
      /* F_PROFILE stores a boundary condition in memory for a given face and 
thread and is nested within the face loop as shown in the examples below */  
      F_PROFILE(f, thread, position) = (BI * dx * CINF - C_YI(c, thread, 0))/(BI * 
dx - 1); 
   /* in this case F_PROFLIE evaluates the mass fraction of benzene at the 
boundary face */ 
 
     }  
  end_f_loop(f, thread) /* end of the loop over the faces*/ 
 
} 
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F) sarah2flux2 
 
/****************************************************************** 

UDF that sets the species mass flux at 2 boundaries 
*******************************************************************/ 
 
#include "udf.h" 
 
/* define the constants */ 
#define BIa 0.01 /* Biot number for the first diffusion / 
#define CINFa 0.9 /* concentration at infinity outside the first boundary */ 
 
DEFINE_PROFILE(face_conca, threada, positiona) /* fluent defined macro */ 
{ 
 
  face_t fa;  
  cell_t ca; 
  real dxa; 
 begin_c_loop(ca, threada) /* starts a loop over the cells*/ 
   { 
 
     begin_f_loop(fa, threada) /* starts a loop over the faces*/ 
  {   
 
    dxa = 0.005;   /* calculate dx */        
    F_PROFILE(fa, threada, positiona) = (BIa * dxa * CINFa - C_YI(ca, 
threada, 0))/(BIa * dxa - 1); 
  } 
   end_f_loop(f, thread) /* end of the loop over the faces*/ 
 
 }  
  end_c_loop(c, thread) /* end of the loop over the cells*/ 
 
} 
 
 
/****************************************************************** 
         2nd function sets conditions for another boundary 
*******************************************************************/ 
 
#define BIb 0.01 /* Biot number for the second boundary condition */ 
#define CINFb 0.0 /* concentration at infinity of the second boundary */ 
 
DEFINE_PROFILE(face_concb, threadb, positionb) /* fluent defined macro */ 
{ 
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  face_t fb;  
  cell_t cb; 
  /*real x[ND_ND]; 
  real y[ND_ND]; */ 
  real dxb; 
 begin_c_loop(cb, threadb) /* starts a loop over the faces*/ 
   { 
 
     begin_f_loop(fb, threadb) 
  {   
 
    dxb = 0.005;   /* calculate dy */         
    F_PROFILE(fb, threadb, positionb) = (C_YI(cb, threadb, 0) - BIb * dxb 
* CINFb)/(1 - BIb * dxb); 
 
  } 
   end_f_loop(fb, threadb)  
 
 }  
  end_c_loop(cb, threadb) /* end of the loop over the faces*/ 
 
} 
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Appendix  4 
Discretization of Boundary Condition for Concentration 

 

( inf )c Bi C Cf
x

∂ = −
∂

 

 

( inf )

* ( inf )
* * inf * *

* * * * inf
(1 * ) * * inf

* * inf
1 *

Cf Cc Bi C Cf
dx

Cf Cc Bi dx C Cf
Cf Cc Bi dx C Bi dx Cf
Cf Bi dx Cf Cc Bi dx C
Cf Bi dx Cc Bi dx C

Cc Bi dx CCf
Bi dx

−⇒ = −

⇒ − = −
⇒ = + −
⇒ + = +
⇒ + = +

+⇒ =
+

 

 

where:  Bi = the Biot number,  
Cinf = the concentration outside the domain,  
Cf is the concentration of the face,  
Cc is the concentration of the cell, and  
dx is the distance between the cell and the face.   

The boundary condition required was ( inf )c Bi C Cf
x

∂ = −
∂

, so the flux varies depending 

on the difference in concentrations.   
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Appendix  5 
Integrals of Mass Fraction of Reaction A + 2B→C+ 2D 

 
Species Inflow Outflow 
   
A 0.0066535119 0.0053623216 
B 0.013343317 0.010760951 
C 1.0567711e-06 0.0012922424 
D 2.1135422e-06 0.0025844849 
E 0 0 
Total 0.0199999992 0.01999999999 
 
 

 


