ABSTRACT

The transition toward low-emission and fuel-flexible gas turbine technologies has intensified
the need for accurate and computationally efficient combustion modelling, particularly for lean
premixed systems operating near minimum compliance load (MCL). Under such conditions,
increased carbon monoxide (CO) emissions and combustion instability become major
challenges. While experimental studies and detailed-chemistry simulations provide valuable
insights, they are often either too costly or computationally prohibitive for practical combustor
design iterations. This thesis addresses these challenges by advancing the tabulated chemistry
Flamelet Generated Manifold (FGM) approach within the open-source CFD platform
OpenFOAM®), enabling high-fidelity prediction of flame dynamics and pollutant formation at

a fraction of the computational cost.

A key focus of this work is improving the modelling of CO formation and burnout in lean
premixed combustion, where slow post-flame CO oxidation, flame stretch, heat loss, and small-
scale turbulence drive significant departures from equilibrium. To overcome limitations of the
standard FGM framework—particularly its fast-chemistry assumption—several modelling
enhancements are introduced. These include flame propagation effects, strained flamelet
manifolds, non-adiabatic heat-loss modelling, a transport equation for CO, and a time-scale
separation (TSS) approach for capturing the slower CO oxidation kinetics. Additionally, the
solver is extended for partially premixed and non-premixed combustion through the inclusion
of variance equations for turbulence—chemistry interaction (TCI) and a dual-mixture-fraction

formulation suitable for multi-stream burners such as Sydney Flame L.

The developed solver is evaluated across a range of canonical and practical flame
configurations, including Sandia Flame D, Sydney Flame L, a pulsed variant of Sydney Flame
L, a steady swirl-stabilized premixed burner, and its pulsed counterpart. Results demonstrate
that variance equations are essential for accurate modelling of non-premixed flames, while the
enhanced FGM formulation successfully captures transient flame responses and dynamic
behaviour under pulsed operation. For the swirl-stabilized premixed combustor, the integrated
modelling approaches—accounting for wall heat loss, flame stretch, and CO oxidation time-
scale effects—significantly improve CO prediction under lean conditions. An important
contribution of the work is detailed sensitivity study on modelling parameters and assumptions,
which is missing in literature for CO modelling. Furthermore, simulations of the pulsed swirl

burner reveal the strong impact of periodic forcing on CO emissions due to localized

iiijfPage



extinction—reignition cycles and unsteady flow—flame interactions, which has direct relevance
for industrial combustion systems operating near MCL. The results demonstrate that rapid CO
rise at low loads due to lean flames, which creates the MCL limit, can be potentially captured

by incorporating effects of transient flame.

Overall, this thesis demonstrates that the extended FGM-based modelling framework provides
a robust and computationally efficient tool for simulating complex premixed and partially
premixed combustion systems. The enhanced OpenFOAM® solver developed herein offers
valuable capabilities for predicting CO emissions, understanding large-scale unsteady

dynamics, and supporting the design of next-generation low-emission gas turbine combustors.
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HH Scqol IR SUA-oriel I XS YeITfeat I 3R WhaAvT o T IR I0TAIcHR
A A FASA GgeT ASTolaT T INaTehcl I g A AT 8, f4AT &9 & goAdar 3rqarel
R (MCL) & fase Tenfad 8 aret ol NfAeg feea & o) oy aRfeafaat &, s
HAIFASS (CO) 3cdole #H gefe 3R aga AT 9H7E TAfadr a1 S §1 Jeaf
e sreae 3R faEga e e e Heaar Adagfe vee wid 8, &
IR Ge=Th f3oss TRIgfaat & fow a1 ar 9gd A g9 § a1 I0eiears &9 &
HATETH BT &1 TE AT G INTA-ARF CFD TolThiA OpenFOAM® & #rak ARofiegyr
W faAe FoHAE Seikes HAAWIes (FGM) GiSeshivT &l 3ol Fleh $oT ATl o
FATIT AT &, [T 0TecA® aetd & Ueh 372 9T o aifaeiierar 3R sgwe AT &
FI-TaREHAIAT YaleTHIT H81d &1 I g

38 H & YHE 3652 ol WMiAFEs &g A CO feor 3R et & #isfolr # gur
AT &, STEl T GE-FeH CO 3RO, TFold T, FSAT gl 3R og-Eeia 3renfa
Hold & HgedquT farerelel 3cieal I &1 AT FGM thoash T TR &9 & g&hr
AT YRl ¥ el & U, S Aisfoir dagus seqa e av g1 58 woH
JAR JH1E, Tees FolFee Afawles, IR-ufzamfes Fsar gifa Afsfeer, co® fow e alaga
FHrERoT 3R AT CO 3iferiaor aifddt s T & AT U TgA-FhA JUFHIOT (TSS)
giceahior enfder §1 g JTaRerd, 3rnfa-tarae 3d:fhar (TCI) & o Feetar @it
3R TS Fold LS Aed-EEH ol o foIU 3ugerd algl Ao 3ier FEeor &l annfder
Fh TledX &l e & T NfFFas 3R N-NfFTas gga & fov eaka frar = &

fafid AfeaX &1 Ao A FodA 3, B oA o, sl wod T & wied
HERLOT, T 8RR 7e-eudind MfAed aok 3R g@d ¥iea aadel aied #8 AT 3R
agIRe off Aearal W fRar s=r g aRome cufar § fF I-hfdew sarenst & ads
Frsfoler & T freRor Fetentor 3maRaes g, STafdh 3eald UhSUA FAUT FfEd Haleld &
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fedisa MfAsw wraeey & AT, whigd Aisfeer gftenor - far & Fvar gifa, saren
f@iﬂﬁﬁﬁﬂ#mwﬁmﬁ%mﬁtmﬂﬁwﬁg@m%‘uﬂwﬁ
EUf 7 A3 qElgH= & Seol@eig FUR I &1 38 Y & Teh Hgeaqul AerereT Hisferar
ACST 3N ATABT W faEgd Haearelieldr 3reaae g, St @3 Avsfer & fov afgey &
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W &1 RO i § & #F ¢ W e FoH % FROT COH glel arel die g,
S MCL 3o &1 30T 3t & FF e10 ot & wormar o anfdd s genfad &9 &
T frar s g g
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