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K. Gkagkas and R.P. Lindstedt, Department of Mechanical Engineering, Imperial 
College London, Exhibition Road, London SW7 2AZ.

Background

 The potential benefits with oxyfuel combustion have been The potential benefits with oxyfuel combustion have been
outlined in a number of papers.

 It has also been shown that detailed chemical kinetic
modeling can be applied to understand the inter-conversion
of oxides of sulfur and nitrogen in flue gases (see Lindstedt
and Robinson paper from Session 2b).

 We also need to understand and optimize the actual
combustion process which takes place under quite different
conditions as compared to conventional power plant.

 Novel combustion modes may also be of benefit (e.g.
Kobayashi and van Hassel) such as dilute combustion,
mixing via fast jets, in-furnace flue gas recirculation or mild
combustion.

 What are the challenges?

Challenges

 Limited experience with oxyfuel/oxycoal burners and optimal
configurations remain to be determined.

 Limited fundamental data suitable for separating out cause
and effect with respect to performance.

 Need to consider a range of fuels – including the
complexities of coals – and new oxidant compositions.

 Radiation loading and burnout of particulates may pose
more severe challenges than in conventional plant.

 The customary problems of linking combustion to they p g
distribution of pollutants in flue gases remain.

 The lack of a heuristic data base suggests a case for the
development and application of advanced computational
methods to support experimental and practical studies.

 So we have a severe case of “barnsjukdom” for example
värmeutslag = heat rash.

What has to be done?

 There is a direct need to account for new and/or novel/
reactant compositions on combustion behaviour in turbulent
flames.

 Topics of concern include flame stabilization and, depending
on the combustion mode, auto-ignition and extinction
effects.

 The formation, or more likely oxidation, of carbon as in soot
or coal is a key feature.

 Radiative heat transfer becomes more important underp
certain conditions.

 Can we deal with more complex fuels?
 The key is to be able to take advantage of combustion

research in the area of chemical kinetics to be able to
remove or substantially reduce any heuristic “fitting”.



9/16/2009

2

Modelling Approach

 In transported PDF methods highly non-linear chemical
reactions and radiation effects can in principle be treated
without approximation.

 This makes it possible to include finite rate chemistry effects
that dominate pollutant emissions, auto-ignition and flame
stability.
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 At the current closure level the approach needs to be
combined with a RANS/LES model for the flow field.
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Flame Stabilization and Auto-ignition in Vitiated Air

Case Configuration
 Detailed chemistry with 44 

chemical species and 256 chemical 
reactions.

 NC = 80 control volumes
 Time Steps = ~ 1900
 NP/Cell = 120 and 400
 CPU Time = between 1 and 3 days 

(Xeon Processor; Ebay Class)(Xeon Processor; Ebay Class)

Gkagkas, K. and Lindstedt, R.P., Transported PDF 
modelling with detailed chemistry of pre- and 
auto-ignition in CH4/air mixtures, Proc. 
Combust. Inst. (2007).

Flame Stabilization and Auto-ignition in Vitiated Air

CommentsComments

 Two-stage behaviour 
of the flow.

 Initial temperature 
increase due to 
mixing.

 Steep increase due to 
reaction, accompanied 
by increase of 
fluctuations.

Flame Stabilization and Auto-ignition in Vitiated Air

Comments

 Good agreement with 
experimental data.

 Point of auto-ignition 
and flame stabilization 
well reproduced.

 Modest disagreement  Modest disagreement 
for molecular 
hydrogen.
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Modelling Approach for Radiation

 Radiative heat loss per unit volume is calculated using
RADCAL (Grosshandler 1993) and by taking into accountRADCAL (Grosshandler 1993) and by taking into account
contributions from H2O, CO, CO2, CH4 and Soot.

 Interactions between turbulence and radiation taken into
account naturally.

 Particle growth is here considered in the free, continuum
and transition regimes.
A l ti i d d th li it h l t
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5 )

 Agglomeration is regarded as the limit where coalescent
growth is replaced by the formation of chain-like structures
composed of similarly sized primary particles (e.g. Köylü et
al. 1995).

 Further details are provided by Lindstedt and Louloudi
(2005).

Example of Predictions

 Two sooting 
ethylene-air 
flames were 
investigated

 Kent & Honnery 
(1987) (Flame 1)

 Copalle & Joyeaux 
(1994) (Flame 2). 

 Turbulent flows 
with Re = 11800 
and 15600.

Example of Predictions

 Temperature and 
Axial Soot Volume 
Fraction Statistics 
(Flame 2).

 Very reasonable 
agreement.g

Soot Surface Chemistry Effects (Getting More Complicated)

 The hypothesis of chemical similarity between soot surface
chemistry and that of PAH is here pursued via an analogy withc e st y a d t at o s e e pu sued a a a a ogy t
naphthalene oxidation.

C10H7 + H = C10H8 (I)
C10H7 + H2 = C10H8 + H (II)
C10H8 + O = C10H7O + H (III)
C10H8 + OH = C10H7 + H2O (IV)
C10H8 + O2 = C10H7O + O (V)
C10H7 + O2 = C10H7OO (VI)
C10H7OO -> C9H7 + CO2 (VII)
C10H7OO -> C10H6O2 + H (VIII)
C10H7O -> C9H7 + CO

(IX)
C10H7 + C2H2 -> C12H8 + H (X)

 Reaction step (X) corresponds to the soot mass growth step.
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Soot Surface Chemistry Effects

 The above reaction mechanism can be use to derive the
functional dependencies for the soot mass growth and
oxidation (Lindstedt and Louloudi 2005; Bhatt and Lindstedt
2009; Lindstedt et al. 2009).

 The number of active sites is set to 2.32*1019 sites/m2 (e.g.
Frenklach & Wang 1994). A strong sensitivity has been
shown with respect to as and typical values are in the range
0 1 <  < 1 0 (e g Lindstedt 1994)0.1 < s < 1.0 (e.g. Lindstedt 1994).

 The naphthalene concentration can be expressed as a
function of the number of active sites (e.g. Frenklach &
Wang 1994 and Lindstedt 1994).

Example of Predictions

 Effects of 
introducing soot introducing soot 
surface chemistry 
effects.

 Axial soot volume 
Fraction Statistics 
(Flame 1).

 Strong sensitivity 
to the number of 
active sites.

 The original value 
was derived from 
premixed flame 
experiments.

Complex Fuels

 The present work extends past efforts by performing simulations for
a heavy alkane (n-decane) and a reference aromatic (toluene) under
conditions that include heavy (65%) flue gas re-circulation.

 The sizes of the detailed chemistry included in the current
simulations reach 164 species and 951 chemical reactions.

 These mechanisms are significantly larger than those applied to
study the inter-conversion of oxides of nitrogen and sulphur (88
species and 426 reactions).p )

 The sizes are well sufficient for the future study of oxycoal
combustion with reasonably comprehensive descriptions of the coal
chemistry O(100) chemical species for the fuel and immediate
breakdown products.

Complex Fuels (n-Decane)

Computed temperature, carbon monoxide and carbon dioxide mass fractions
during the combustion of n-decane with 65% flue gas recirculation and an
oxidizer temperature of 950 K.
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Complex Fuels (n-Decane)

Computed temperature, carbon monoxide and carbon dioxide mass fractions
during the combustion of n-decane with 0% flue gas recirculation and an oxidizer
temperature of 950 K.

Complex Fuels (n-Decane)

Computed formaldehyde mass fractions during the combustion of n-decane with
0% (left) and 65% (right) flue gas recirculation and an oxidizer temperature of
950 K.

Summary

 We can account for new and/or novel reactant compositions on
combustion behaviour in turbulent flamescombustion behaviour in turbulent flames.

 We can predict flame stabilization and auto-ignition effects for shear
driven flows.

 We are better equipped to deal with the formation and oxidation of
soot/carbon.

 We can compute radiative heat transfer with comparatively good
accuracy for relevant flames.

 We are dealing with increasingly complex fuels.

 Collaborative research that covers a range of modeling and
experimental techniques is the way to advance the area.
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