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Abstract

Laminar burning velocity is a fundamental property of a fuel-air mixture at a given pressure,
temperature and equivalence ratio. Many practical combustion appliance designs are based on
the laminar burning velocity. It is also a strong candidate to validate or develop chemical kinetic
models. The laminar burning velocity is also an important input in modelling turbulent
premixed combustion in spark ignition engines. Therefore, its accurate measurement is
necessary. The constant volume method is the only technique suitable for determining laminar
burning velocity at engine-relevant thermodynamic conditions. Values of laminar burning
velocity obtained by the conventional constant volume method suffer from the inaccuracies
induced by the weak burned gas mass fraction model and the effect of flame stretch. Direct
measurement of the flame radius along with pressure-time trace can result in accurate
determination of laminar burning velocity in constant volume method. This motivates the
present work to look closely at the constant volume method with a view to improve its

accuracy/eliminate its weaknesses.

A spherical chamber would be the best choice for the constant volume method, as in such
chambers, the flame remains spherical throughout the combustion. However, full optical access
in a spherical chamber may produce lens effect due to the curvature of chamber walls, and
would need an optical correction to get the correct flame radius. Spherical transparent chambers
are also difficult to fabricate. The remedy for this is the use of flat optical windows. Use of flat
optical windows in a spherical chamber restricts the useful range of the flame radius-time data.
The other alternative is to the use a cylindrical chamber with full flat optical windows. Such a
combustion chamber gives direct visual access to the entire range of flame radii in the chamber,
and can also help in detecting the onset of cellularity. A cylindrical combustion chamber with

full optical access is also easy to fabricate.

Since the flame in a cylindrical vessel does not remain spherical throughout the period of
propagation, the end-view radius obtained during the experiment cannot be used directly to
compute the actual burned gas volume and flame surface area. The current work proposes a
new methodology for determining accurate values of laminar burning velocity in a cylindrical
vessel using constant volume method. A comprehensive numerical simulation of constant
volume combustion in a cylindrical and spherical chamber is performed using computational
fluid dynamics (CFD). Two normalized relations in a cylindrical vessel are developed using

CFD simulations. The relationship obtained by numerical simulation between the normalized



radius of the end-view of the flame, (Ry ¢na—view/R.) and the normalized burned gas volume
(v, /V,) as well as the normalized flame surface area (Af/At) in a cylindrical chamber is found
to be purely geometric, and hence is independent of the fuel-air mixture and chamber size, so
long as its aspect ratio is unity. Using these relationships, end-view of flame radius,
Rf ena—view: Can be mapped to correct burned gas volume and flame surface area in a
cylindrical vessel of any size. Then, using burned gas volume, flame surface area and pressure-
time trace, laminar burning velocity can be accurately calculated at each location of the flame
without the need for a model for burned gas volume.

Firstly, the pressure-time trace and end-view flame radius obtained from numerical
simulations, in combination with the mapping approach, are used to calculate laminar burning
velocity using constant volume method. The obtained values of laminar burning velocity in a
cylindrical vessel are identical to those obtained numerically in a spherical vessel. Second,
using the proposed method, obtained values of laminar burning velocity are also corrected for
flame stretch. A stretch-correction methodology requires the values of laminar burning velocity
with different stretch rates at a given target state (p, T) of the mixture, for extrapolating the
laminar burning velocity to zero stretch. Stretch-corrected values of laminar burning velocity
obtained in a cylindrical vessel for a H, + 0, —diluent mixture at various equivalence ratios

are in good agreement with those obtained in a spherical chamber.

The new methodology proposed using numerical simulation is demonstrated for experimental
data for methane-air mixture. This starts with developing a new cylindrical combustion
chamber of volume 10.86 litre with full optical access and heating arrangement. Using the
experimentally recorded pressure-time trace, end-view of flame radius and mapping
methodology, the laminar burning velocity for a stoichiometric methane-air mixture is
determined using the constant volume method, and the results agree well with those of a
previously published study. The present work also demonstrates the stretch-correction method,
originally proposed by the author’s research group [99], for methane-air flames for pressures
up to 2.5 bar, for equivalence ratio 0.8 — 1.2. Thus, the present work significantly reduces the
main drawbacks of the constant volume method, making the method a candidate for accurate

determination of laminar burning velocity.
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AR T IR (LBV) 3T TTU 214, AaaM iR THded SUTd UR SeH-ga1 & fHgyur
&1 Teh HIfeTd T[0T 3 | 3 e WETId STSRUN Bt GeaT LBV TR MR 8 | ST YaIT
RS Tt Al &1 gfY a1 3% faaRid dH3 & forg fosan ST 8 | 1dh Uoda oM
o g1 9T cqde Wiftifaas gga ot Afsfein & e LBV &1 udl 811 sawue ¢ | 3fal,
SHT AT I A0 SRl 8 | SoH-3Ugad &1 it fufaat & LBy &1 Fuffd & &
forT i e ATy AYS (CVM) THHAH I+ § | TRURS CVM & STelt g8 719 HT SadqH
313 FpTan & fore S Afsd TRt § AT ST 8, S9! Bl & HRUN R T KA &
TUTd ¥ LBV &1 Tal FuRor 981 81 urdT| 99g & 1Y Sead gu ga1d o A9 & SAfaRad
| B &1 A1 o fo5ar ST af cVvM & RT LBV &1 Ui HYRUT fohar ST 9 g
IR gaded IHHM REd H CVM &1 TetahdT iR ST B! BT Saeiar-] dHR- & oy
ORd Fxar 8|

CVM & fiTE Ueh AR Pef Ta 31w fadhed 8, Fiifer T8 el H TaH R 81 &b ok
MATHR BT 81 BTAND, 39 UHR & H&f & SIaR! B Gebdl & HRU AF THTT ST 8
qhdl g, S FRUT IS Ty B ura o34 & forg iifded JuR &1 srawadsdr gift|
MATHR RS wef a1 it gftwd g1 tele sHifvwa [3S! &1 wanT 39 Ofwdl &l gx )
qHd1 8| TMATHR Hef H Tie APHd [dS! &1 TN Wid Ha-99d Sel &1 ST I
DI Tfaafeid Har g1 ol e SifPwd 98! & WY da-TPR $e& T 3 fadhed g, iR
U T Y ST B | SU UHR BT &g e THul Tl a1 &1 =T 3R SIS JHTE
DI T T H Tg® il 5|

ITIDHR H& T T, TR B 3@ & SR MATPR gl it | 3fc: AN & GRM
JTTHR & YR P 3R T AT g3 AT BT STIRT STeit g5 719 B AT 3R TH & 9dg
D1 &FH HbTa & T g1 fovdT ST Tl | TAHM S H CVM BT YA HRh SA-TDR
Hef B LBV & Uid AH &I Ui &1 & Y T 78 UGia &1 Uama 3@l T g
HIECYAA IS S SIAIHRT (CFD) T SUTNT HRh Sa-THR 3R MATBR Hell § Hiee
dlegd T8 &1 fakgd SeTdd REARH 6 T g1 CFD RIgaRe &1 SudnT axds
JTTER Hef | ggd & fore o amfied daiy faw i frt T4 § 1 SaHI6R &ef (L/D =1)
H &g 31 RIgaRM gRT, TRiH B RGBT BT (Rf enaview /Re) SR ST G5 11969 1 HET

Vi



V,/V,) & §19 Td T B il o1 SR Tl &1 98 & &3%d (4,/4,) & a4
S Ty FeTe T § 9 O dRE ¥ St WR e B ora: O Wy SuH-arg Hyur 3R
FE P MBR W FHR 51 B | 37 Yael BT SUIRT BB Ry enapieny P 1001 1AM &
forg, fopdt +ft 3TPR & ITTIPR Pl & St §3 719 I HET 3R TH B g P &bl bl
TG 3T ST GahlT 8 | TRIORI, STctl §5 119 1 AT, TRH &1 9ag & 8% d 3R g16-99g
o &1 YA FHRap, Sl g8 119 BT SIHM i AT o1, LBV &1 9t AuiRor fa
EIRESIE

T U5, ST RIRIRM 3 U fohd U Q18-85 ¢ 3R R epapiew BT ST BRb
CVM ¥ LBV & U F&Tdl T & | SaTHR def & FdbTd T LBV & T, MATGR H&f §
fAeTa T A & SRR B 1 39 918, URATad fafd &1 IughT &hd §USH LBV & HIF U
TUE 390 I T I & UG &1 gx o Tt g | FArefor & U 718 a9 8iR €19 (p, T) W
Ut {68 T LBV & UM ¥, Tl Td & YHT Bl GR HRA & [T S{elvT-3fe T Id &
A & T LBV & HHI &1 SHTIRISHdT gkl 8, o LBV & AF &1 TiH $d & 9 8 1
fRufa & fore fear o I&dT 81 39 UHR ¥ feTd MU LBV & HH MATHR FHef § oA
T T & UT b 7T LBV & AT & SRIeR ¢

TR 1 Tl U ) Hid=-arg fiysor & urifiies sricet & forg wefia fear g1 59
T&fd &1 TRNT kA & T 10.86 Tiex &1 T URERIT S-TIHR déf ST 71 § ford
A D1t TIRITE | TART & SR U T T G-I T, Ry engpiew SR AP RIC 5T
T4 et 1 IUART b, CVM I Wisfrdrafesds Hi9-arg g &t LBV & O U fhd
T &, 3R U 353 1T 014 Ugal ¥ UehIIRId fad T AT & A1 3fad! aig 3 9gAfd H |
IHM P | Ui Kd-JUR 3T &7 IaT dxd §T H1Y9-arg {91 & 7T 2.5 bar & &
a1q 3R YA 3UTd 0.8 - 1.2 P fort XA Med LBV & AF it U fhd U § | 39 TR,
AT UGl CVM BT T4t Sl o I ke I gad R &t 8, SR g8 LBV I
fefRor & fo U srest fafy 9 S 21
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Variation of laminar burning velocity with pressure (corresponding isentropic
compression temperature on secondary horizontal axis), of (H, + 0, + 7He)
mixture at ¢ = 3.0
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Laminar burning velocity of methane-air mixture using constant pressure
method

The effect of initial mixture temperature on the laminar burning velocity of
methane-air mixture obtained using constant pressure method
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Abbreviations
1-D
PLC
EGR
CPM
CVM
LBV
HTDR
CFD
ASME
TOF
PID
CCS
MIE
IGBT
PISO

Greek Letters

> g ™ R

<

Nomenclature

One Dimensional

Power-law Correlation

Exhaust Gas Re-circulation
Constant Pressure Method
Constant Volume Method

Laminar Burning Velocity

Hybrid ThermoDynamic-Radiation

Computational Fluid Dynamics

American Society of Mechanical Engineers

Theory of Failure

Proportional Integral Derivative
Control Center Series

Minimum Ignition Energy
Insulated-gate Bipolar Transistor

Pressure-implicit Splitting of Operators

Temperature Exponent

Pressure Exponent

Equivalence Ratio

Half Cone Angle

Specific Heats Ratio

Unburned Mixture Specific Heats Ratio
Burned Gas Specific Heats Ratio
Unburned Mixture Density
Burned Mixture Density

Axial Stress

Radial Stress

Tangential Stress
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Oys

Obending

T

K

Symbols

Ay

A¢

D bolt circle

inner dia of groove
i, inner flange

i, pipe

i, supporting flange

oS O O T O

i, outer flange

o

o~

s

Yield Strength
Bending Strength
Shear Stress

Flame Stretch Rate

Flame Surface Area

Total Inner Surface Area

Bolt Circle Diameter

Inner Dia of Groove

Inner Dia of Inner Flange

Inner Dia of Pipe

Inner Dia of Supporting Flange
Inner Dia of Outer Flange

Dia of Fused Quartz Glass Exposed to Pressure
Litre

Mass Flow Rate

Unburned Mixture Mass

Pressure

Initial Pressure

End Pressure/Maximum Pressure
Spherical Chamber Radius
Cylindrical Chamber Radius
Spherical Flame Radius
End-View Flame Radius

Inner Radius of Cylindrical Vessel
Outer Radius of Cylindrical Vessel
Stretched Flame Speed
Unstretched Flame Speed

Stretched Laminar Burning Velocity
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tinner flange

touter flange

Subscripts
b

i

Unstretched Laminar Burning Velocity

Time
Temperature
Combustion Chamber Wall Thickness
Fused Quartz Plate Thickness

Initial Temperature

Inner Flange Thickness

Outer Flange Thickness

Unburned Fuel-air Mixture Velocity
Burned Gas Volume

Combustion Chamber Total Volume
Unburned Mixture Specific Volume

Burned Gas Mass Fraction

Burned

Initial

Unburned
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