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Overview – The H2–IGCC Project 
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In November 2009 the H2-IGCC project kicked off with 24 partners from 10 
countries with a total budget of 17,8 million euro. Successful dissemination and 
implementation of the project results will be an important step towards opening up 
the market for Integrated Gasification Combined Cycle (IGCC) with Carbon 
Capture and Storage (CCS) by 2020, by increasing gas turbine efficiency and fuel 
flexibility. 
 
TU Eindhoven is involved for the combustion part of the project (Sub Project 1), 
both experimentally and numerically.  
 
My task is to develop the FGM TU Eindhoven combustion model in the Open 
FOAM interface, in collaboration with Siemens AG. 

My work is related to the The H2-IGCC project which is 
co-funded by the European Union's 7th Framework 
Programme for Research and Development, is based on 
the initiative outlined in the European Turbine Network's 
(ETN) Position Paper on Gas Turbine Fuel Flexibility 
(August 2007).  



Flamelet Generated Manifolds (I) 
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Ø Reduced chemical methods are becoming very interesting nowadays due to     
detailed reaction mechanism are extremely time consuming as: 

u  PDE for each chemical component 
u  Non-linear coupling of equations by hundreds of chemical reactions  
u  Stiffness of system  because of a broad range of time scales. 

  
Ø  FGM is the solution to this with very good accuracy, respect to detailed 
chemistry, but with reduction in CPU time (2 orders of magnitude) 

Ø The idea is to solve a multidimensional flame considering it as a set of many 1D 
flames called flamelets  
 
Ø Conservation equations for a premixed flame are adapted in terms of the 
Controlling Variables Yi 
 
Ø A manifold is built in the way that mixture composition  is described by small 
number of controlling variables. 
 

  



Flamelet Generated Manifolds (II) 
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Ø  Flamelet equations are obtained considering the conservation equations for a 
premixed flame in a system along the coordinate s perpendicular to the flame 

  
 
Ø  From this equation the source term is unclosed but can be obtained from the 

manifold. 

Ø  Specialized 1D flame code (CHEM1D) developed in TU/e is used 

Ø  Pre-processing: manifold is computed and variables needed   to solve 
conservation equations (ρ, Y ,     , . .) are stored in a FGM database. 

Ø  With the use of FGM it is possible to predict minor species 

Ø  CFD code solves flow field equations and equations for controlling variables 
(i.e. Y and h ). 
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Flamelet Generated Manifolds Examples 
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FGM reduces CPU time by 2 
orders of magnitude! 

2D FGM has nearly same CPU 
time as 1D FGM 

These results have been 
developed by the TU/e 

Combustion Group 
directed by Prof. De Goey 



FGM in Open FOAM 
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Ø  In the beginning of my project it took quite a long time to decide which CFD 
code was to be used for the work package and finally it was decided for Open 
FOAM, in according with Siemens AG request. 

Ø  Getting started with the Open FOAM environment took a big starting effort due 
to the open source environment 

Ø  Cold flow studies have been performed on different geometries, either with 
laminar and turbulent flows, before starting with the combustion modelling 

Ø  Development of a 1D FGM table generation using a pure methane mixture, φ = 
0.9, has been done and validated with Comsol using a simple geometry such as 
the flame in a box. 

Ø  To implement a FGM > 1D it became necessary to build from scratch a complex 
tool for the table manipulation.  



1D FGM implementation 
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Ø  For a 1D FGM an extra scalar for the progress variable has to be added and 
linked to the solver.  

Ø  The interpolationTable tool available for the code is able to handle a 1D table 
and doing the interpolation between progress variable and source term. 

Ø  The source term has been first used as an analytical function and in a second 
moment directly taken from a real 1D FGM table for the methane fuel (φ=0.9). 

Ø  The flame in the 2D geometry, with a proper value of the source term, stabilizes 
at the inlet of the burner.  
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1D FGM results 
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Ø  The flame in the 2D geometry, with a proper value of the source term, 
stabilizes at the inlet of the burner. The comparisons with Comsol 
Multiphysics has shown good correspondance. 



From 1D to 2D FGM 
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Ø  An Open FOAM library for reading the FGM tables has been built and 
tested. This library is under upgrading for reading tables for FGM > 2D 
system and to make the interpolation between the lookup CV.  

Ø  From the raw data of the detailed chemistry code CHEM1D it is possible to 
create the laminar manifolds. 

Ø  Turbulent Manifolds are created filtering the variables through the Beta-PDF 
approach.  

Ø  A new CFD Open FOAM code solver has been built taken as a reference a 
rhoPimple solver (Density based solver with PISO and SIMPLE 
discretization) and adapted this one for the extra equations of the controlling 
variables (progress variable, enthalpy,…). 



Creation of the 2D FGM with CHEM1D 

PAGE 10 27/06/12 7th Open FOAM Workshop – 25th – 28th June 2012  - Darmstadt - Germany 

The simulation of CHEM1D for 1D flamelet is done with the following steps: 
Ø  First result is a freely propagating flame where fuel composition, 

equivalence ratio and other details have to be set. This is used as an 
adiabatic reference flamelet.  

Ø  A further simulation is done with the burner stabilized flametype 
simulation, decreasing the mass burning m rate of the flame until its 
extinction. As a consequence of this decrease, enthalpy also drops until 
reaching the minimum value. These results are merged to obtain the 
Manifold with Heat Loss in which CV become PV and Enthalpy. 
Mechanism used is GRI. 

 
From the CHEM1D results the 
Manifold is created. This includes the 
CV, source terms and all the variables 
that can be retrieved from the table 
during the runtime of the code.  



Open FOAM for the 2D FGM 
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The FGMlibrary uploads the manifolds and stores all the data before the runtime 
begins.  
 
For a 2D FGM there are two extra equations to be solved: 
 
 
 

 

 
Each equation during the runtime reads the variables from the manifold. 
Interpolation between each correspondent value is necessary because the 
tables are of discrete type ( in this case the interpolation is bilinear ) 
 
Boundary condition play an important role on the CVs, expecially when heat loss 
in the wall occurs.  
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Boundary Conditions for Heat Loss 
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Ø  BC for the CV (Enthalpy) [ref. van Oijen et al. ] 

Ø  Inlet with the adiabatic enthalpy (Had = 0) 
Ø  Outlet with zero gradient BC 
Ø  Considering that Enthalpy can be considered as: 

Ø  for the walls the BC are not uniform but they have to respect the following 
behavior:  

 

H = cp !T + f (PV )



Heat Loss Results – Laminar Case 
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With respect to the pubblication of van Oijen et al. (2002) a heat loss test case 
has been compared. 
Due to the heat loss effects, the flame is lifted and stabilizes on the top of the 
side wall (without heat loss the effect is a flame attached to the burner).  
For the boundary conditions of the wall I used the tool swak4foam. 



Turbulence Effects 
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Ø  In a 2D turbulent Manifold, the variables are tabulated as a function of the 
reaction progress variable c and its respective variance var (c).The 
turbulence statistic which is used is of a β-PDF shape. 

Ø  Equations which have to be solved are: 
o  A scalar equation for c 
o  An algebraic equation for the variance:  

Ø  β-PFD approach is used to construct a table where the filtered chemical 
quantities depend on the filtered value of c and its variance. This table is 
merged with the chemical FGM composing the so called turbulent 
manifold. 

Ø  A different method which is used as well for the turbulent approach would 
be, instead of a variance algebraic model, an addition of a extra scalar 
transport equation for the variance variable. 
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The turbulent Manifold 
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The β-PFD is assumed to be a reasonable choice for the probability 
distribution and provides a suitable description of the subgrid chemical 
terms. 



Work in progress with Open FOAM  
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Ø  A 3D geometry (DLR Stuttgard Jet Flame) will be used as test 
case 

Ø  The algebraic model is developed but unfortunately variance 
values go out of bounds (0 - 0.25). Still need some clinics on it. 

Ø  To include heat loss ( and to shift from 2D FGM to higher 
dimensions) in the future I will have to include a trilinear, 
quadrilinear, …, interpolation between the various CVs.  
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THANK YOU FOR YOUR 
ATTENTION 

 
ANY QUESTION ??? 

 
 


