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ABSTRACT

Combustible gases such as ethylene, propane, methane, and hydrogen are widely used in petro-
chemical engineering, power generation, metallurgy, mining, transportation, and gas supply in-
dustries. However, during their manufacturing, transportation, storage, and use, these gases can
pose significant hazards. When a premixed combustible gas and air mixture ignites, the flame
can accelerate as it interacts with obstacles and confinement walls, potentially leading to highly
dangerous explosions. The dynamics of flame propagation in such mixtures are strongly influ-
enced by the geometrical characteristics of the confinement. This work explores the mechanisms
of flame acceleration caused by both obstacles and walls, with an emphasis on reducing explosion

overpressure to mitigate associated hazards.

In the obstacle study, most previous research has focused on linear plate-type blockages, which
offer predominantly one-dimensional obstruction. In contrast, this work investigates the effects of
obstacles with area (2D) and volume (3D) blockage, providing a more realistic representation of
real-world geometries. The study involves numerical simulations using the XiFOAM solver in
OpenFOAM. Four different Flame Surface Density (FSD) combustion models are evaluated, and
the Weller model is selected along with a dynamic k-equation LES turbulence model. A correla-
tion between the turbulent intensity of flame surface and the resulting overpressure is established,
showing a strong linear relationship with an R? value of 0.85. The outcomes of this study offer
valuable insights into the design of indoor spaces to minimize extreme overpressure caused by

sudden ignition of premixed gases.

Another major cause of flame acceleration is wall confinement. In relatively narrow pipes,
flame acceleration can be comparable to that produced by multiple obstacles with a blockage ratio
of 50 %. The acceleration mechanism in plain pipes differs significantly from that in obstructed
configurations; here, the flame undergoes repeated acceleration and deceleration phases, particu-

larly in mixtures with low laminar burning velocities such as hydrocarbon fuels. During the first
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deceleration phase, a tulip flame forms - a purely hydrodynamic phenomenon arising due to wall
effects. Consequently, this work investigates the influence of wall boundary conditions on flame
acceleration and tulip flame formation. The effects of constant wall temperature (7%,,;;) and wall
roughness are examined, with roughness introduced numerically through modifications in the wall
boundary condition of dynamic viscosity. Since tulip flame formation is flow-driven, additional
studies are conducted by altering the flow field through natural and forced venting. The results
show that natural vents located close to the ignition point are most effective in reducing flame

acceleration and overpressure.

In addition, an experimental investigation is carried out to study flame inhibition through the
introduction of solid aerosol additives. This part of the study examines both obstructed and un-
obstructed geometries. Two metal-salt aerosols are introduced into the premixed fuel-air mixture
before ignition to assess their inhibitory effects. The synergistic influence of obstacle positioning
and aerosol addition is also analyzed. The chosen geometry allows for studying aerosol inhibition
in both laminar and turbulent flame regimes: the flame behavior before the tulip formation (first
retardation point) is predominantly laminar, while after it, the flame becomes highly turbulent.
For plain propaneair mixtures, a clear trend is observed where overpressure increases as the obsta-
cle moves upstream; however, for aerosol-laden mixtures, a more complex relationship emerges,

which is discussed in detail in the relevant chapter.

The findings of this work contribute to a deeper understanding of flame acceleration mech-
anisms in confined geometries and the influence of obstacles, wall conditions, and venting on
explosion behavior. The established correlation between flame turbulence and overpressure pro-
vides a useful predictive basis for safer structural design. Furthermore, the study on aerosol-based
inhibition offers practical insights into flame suppression strategies, also providing a useful com-
parison between the two commonly used metal salts, KCl and KHCO;. Together, these results
can guide future efforts toward developing more effective explosion mitigation and flame control

techniques in industrial applications.
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TRYEE, TioE, WA SR gIEgioH o cgid Tl &1 U IUURT Ui fied SollareT,
faggd IareH, urged, W=, ufkas aut g smgfd SRft sMw selfie ok 2w Siad @
nfafafera & fosar oirar 219U, =1 A & fRmfor, giagq, HeRU 8k ST & SR Uk
[ I B qhd & | 5Id Ge-RITd 1 3R arg & 801 ysaferd gid g, df ol (TeiH) 370 AR
o IURRYT SraRIeT qUT W SIaRT & Y URWRS fohaT & SR g T o Tt Fabell @,
o 3 WA fawple 8 9od &1 W ol § @ & yR @) vfaet, aikey
(confinement) &1 AT faRwdrat or rafde MR g1 81 g8 My i, sraRielf gyt Sart
GRT IUT A @RP (flame acceleration) TF BT AT FRT 8, fSTPHT IL 2T faple § I
fYBTH T (overpressure) DI HH HIb SIAH! B! FAHHd AT

SaRIE § T sre o 3@ d SHRHIT Ry YT We-UHR &1 IHae! IR Hixd I8 6,
S R Th-3MATl (1D) 3faRIY UeH &Rdt ol 39% f[Ausld, 39 &1 # &g (2p) au
TITTIHS (3D) RN & THTE! B ST P T3 8, Sl aRAfdD Siia b1 II13M &7 31fs
YTSaT} TfoReU TRd HRd & | T8 31T OpenFOAM TIHEATR & XiFOAM TleaR BT SUTNT
A gU =TS ¥ 3§ forar M B IR faftd vel Ry SRIE (FSD) g8 HArsal &l
Tedie- foar T, fo T ¥ Weller ATSE &1 AT T 3R 3% 1Y SEAHS k-SHTA LES
g Aisd &1 TanT fhar a1l @ qdg &I STl digdl (turbulent intensity) R 34
HTAGTH (overpressure) I e Udh TIe] YR Taiel AT o 7, foraast R2 = 0.85 T g3
Y T & FThY STSR Wa1sil & oz # Ger® 81 Udhd & dife [idd 1 &
3TH TP Tsae I I (D 3fdard DI HY (b1 o Fob |

N RS BT TS 30 UG HRUI SIART GRT S IREY g | SUETHd Gbiuf urgdi # &l &1 i
I B i BT bt § oI 50% SATdbol SUTd aTdl B AR &1 Sufdfd T gt g
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1 Urghl F A Rep BT T SR SIfy F B1et e g B; el o, fadw =0 § o1
AR a1 377 1A BT STa SeHl H, IR-IR @R 3R T (2 IRON J o § | Ugd Had
IO & ERM Y T AHG IR §6t 7, off ARt &t IufRUfd I Iod T Y
TESISIHIN® URge 81 39 R, 39 MY H dlar I IRFUFTT (wall boundary
conditions) T Tl @R SR [T Tl FHUN TR YHTE BT 31eq9- foar T ¢ | FRRR iR araa=
(Tarr) 3R TR P WRERIUA (roughness) & THTA! B ST1d &1 T8 &, ST WREIUA o] SAIHD
IRyt ot I wraf & uikad= R & Teardd © 0 § ar fear | dfes Sgferd & &
At gae-=nfed (flow-driven) UfehaT B, ST UaTE &! daeq & folT Wipfae T 1ed
(forced) afT @1 fRufaal &1 ot wieror fosar | afvomdl O gdr g fo gsaa fdg & Ade
R Ui fae® de, A @r® SR sifdere &I gadd &R § Ta 31 guTdt 7

9% 3HfaRad, 319 WHRId TISD! & HIeIH Y & a1 (flame inhibition) T 3T B B
forT v Ui S 1t &1 715 | S YT H SERITT 4T SHARITId aHl UbR &I SaTfad! ol
TRIefuT forem T | Gl PR & YTd-a1a 0T WRINTel & Usadd 9 Jd seF-arg [0 § gitfea
fobar a1 difes 3D THASRI UHTA! BT Gedich+ b1 & Tob | S{aRIY B FRUTT T e &1
JufRUfT & TARIT YT (synergistic effects) BT Y Iz fosan mar| vgaa snfafa = &
SERIY & 37T I AR qUT THaiC el srawiTail & Jya S/ — gl egfad o & &=
¥ Ud 1 I98R Td: AR BT 8, S IqP YT o 3ffdiep 3(rid & oell 31 g
Mo--arg fAeon & forw gg urar mar fo S-S SRy Usda foig @ 3R SFRR BT §,
3ifeTe Tedr 8; fhg W fiyeit & fore ue Tty eiftres Sfea uran mar, fryesT faazor Tefira
31em ¥ U fpar T g |

OB & py gREId Safhifaa & @ @k dF, sraridl, SlaR fufaat qut i & gl
DI e THY UM HR &1 Al DI R 3R I ffdard & o RIfid Faie, JRied
IS feogd & fou T Iuanft Yafqurasd sMuR Ud &dl gl 91y g, Wa-
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