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Computational Simulation for the Propagation

Behavior of CH;-Air Premixed Flame

Hyun Ah Choi
Department of Mechanical Engineering, Graduate School
Pukyong National University
Abstract

A various study on premixed combustion is under way to make
effectively a designing and operation on combustion machinery. This
paper includes contents of numerical analytic study on various flame
structure occurring in premixed combustion on closed tube. A
numerical method for the analysis of CHy-Air premixed flame is
presented with the scrutiny into the flame structure and propagation
behavior. The continuity, momentum, energy and mass fraction
equation with standard k-e¢ turbulence model were solved utilizing

ANSYS-Fluent solver. And also G-equation model is employed for
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analysing properties in premixed combustion. This model was chosen
because it is famous for premixed flame-front tracking model and
having high accuracy about that. To verify the validity of numerical
simulation method on premixed combustion applied on this paper,
numerical results were compared with experimental data. As a
numerical results, it is confirmed that flame structure changes in the
order of hemispherical flame, flat flame, and tulip flame. In addition,
the detailed analysis on each flame structure is conducted using
vectors and contours. And also, it is confirmed that the velocity of
flame propagation is changed depending on the flame structure. Just
after ignition, the flame velocity increases dramatically. During
hemispherical flame, it shows the uniform speed. But in the transient
zone which is flame structure changes from hemispherical flame to
tulip flame, the flame propagation speed decreases rapidly. After
forming a tulip flame perfectly, the flame velocity maintain a
uniform speed generally. It is considered that these phenomenon
shows up because various affects such as reverse flow, vortex, and
turbulence flow and so on. And also, the detailed investigation about

flame thickness on each flame structure is conducted too.
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Nomenclature

Roman Characters

D Diffusivity

F body force

G generation term

g acceleration of gravity
h enthalpy

J diffusion flux

P pressure

R net rate of production
S source term

u velocity

Y mass fraction

Greek Characters

a heat transfer coefficient
v fluid velocity vector
o turbulent Prandtl number
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Subscript

b buoyancy

c chemical

eq equilibrium

M fluctuating dilatation
m mixture
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11 & w73
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ZNIAAE} F77 QxR FUH7] Aol Aoz Ao9)
A FHE Dotn, oA7|A BAEE o EdSS (premixed flame)E 7]
AA87t 39 H(flame front)oll £E3F7] Aol 2k29b v T3 o

A

rr

e FHANA TAst= e Pt dEFEEY AdansS H
A4 (unburned) BE-&=3 7| A4 (burned) A =0] E2lE 499 <

ANA AT

W7o &3 (turbulent premixed) 2 F | &F(partial premixed)<

IS 0T AEFRGL FAEN, AxE, WANB S gL
TE dh Ao $gHAN T Jon, oot ge Ax AL HA

T E T HY dEFIELS 1800 ] FHE A5
52 FEe AfzEd o THAA TV Y H o
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dg4F 59 @yl el E Aow 4y Uui3-5]. 2HE oA

of stEA = et A (curved, flat, cusped, or cellular fronts)<

Collection @ pknu



flow),
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©H
< ofg ol Ant. 2 Y ASEHE HAFE 4] Moz 8| dA
T EFEA W FHLS A7 A ol Aok
Makhviladze et al. (1994), Kuzuu et al.

(1996) 18]al Kratzel et al.
(1998)= LA HolA BAstE AEFSE AFggol tisf 2344

Azl el 4 HA, A9y FJH7 AT HA =
il EH93dol AAEHE AFdA ] B mhge

FA T 2000d ] o] F &, Paterl et al. (2003)7} S5/ 3 (laminar
flamelet)ol]l gk 7d<s == F A(deflagration)ol| A 2] F7F3H7F

L
off
o
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o
fu)
ol
Aui
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AL it AFE fs 22k E2 ol T3t S sy ste] B9
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FF= 717 0= A e Fls v 12].
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Fig. 1 Tulip—flame inversion, redrawn following Ellis[9].

of, AU AETFIHdoNA WA= 7] HS wEA B3
ol o8 frdE o] F(advection)ol oA I FAdo] YIHAA H
o} Guénoche[6]°l] ¢J3tH o] JHAFL FHH 20 o] 59 &4 =%
Aol S=HH A BhdE 4 Jlon RSl # EY3tdo] v o
2 Ued T Aty o e E, 2" dolA e wg-E7]

o
e
o,

Fo FolA BESA Ha olF A2 A3 BT FE= A
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2 EH3de FHE g Ay
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7IMe dHsta, si" 7ol B3RS ASskr] fs 2ddA e sy
e Pl &, 2ake) el tid nES st Ik I, o
A 7led dEdsidel AuAAAAM et gdR sz o
s E4ista EA ol s GAls =ofstaa ok
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Al 2 TR H

21 X3 {7

WEEs] dERsde] ARAs AAe dsM Agmee
ANSYS-Fluent Program[13]-& AR&-3tH, A v hAd a2 A&50A 2, A&

W 2 (mass fraction equation), *& % 2 oA HEAO =T

&
BE I 77 ofef ok o) Zledn

Ao

—

> SO S <1>

%(PYi)""V o (PZYz‘) — Z+Ri+5i (2)
= (onon )+ V o) =
—VP+V[um(va—i-va)]—f-pm;-l-F—i-V . (Eakpkvdhkvdhk)
k=1

n

- —

9] 2o A#HF<LE(mass-averaged velocity, v,), EFES] WE
(mixture density, p,), HE(mixture viscosity, p,), 229 FEEE
(drift velocity for secondary phase k, v, ,), %% oli4=](total energy

for phase k, E,), J18]a 8% =& (effective conductivity, k)< ©Fel
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A= fp SR
k k i 9
Kerr > ol k)

O EE RO E RN B RS

A 4 o] Aabol = @

Aol A4Fste] SIMPLE(semi-implicit  method  for

agFollA AAIZT

equations) & AFE- AL S A
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~~

= WA A2 (closely coupled

pape)

o=
He-g7] AEFsdoA EAs= FR
Boussinesq 7} 7]%3% standard k-e
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dFEdo] o34
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-?’] Z\_l Oﬂ /\‘] Cle/ 026’ CL/ O :1]:'/] :]1

/

1.0, 1.3 ©o|t}. o] =L AA=,

Collection @ pknu

}—FG,;FGb

w3 2] 7ledth



of| £dA 4 3= T (adiabatic)Z71 2] G-equation model< A&
. G-equation model2 o3 e] 3HAT 2 29 (premixed
flame-front tracking model)® <#H A flom, Mux= 3FAHY HIA
o},

.

“H(unsteady) ) WS A4 93 AL oo

p%-i—pV- VG =pUlvGl-pDrlval (14)

dREAd tsted 9 42 3AH T H A (flame mean position)E A
oJst7] A FE AL S AASH7] #18te] Favre Reynolds-averaged

52 spatially-filtered 2 T Jo™, F21& A3 A &stA ol 2

.

5%+5;- V@@= p.U,|vGl—p D% v (15)

A71M 34 A2 M=,

. - - B s
5‘9; + e VG =V« (pD,V| VG 2)+2pth<VG)2—cspu7;—G 2 (16)
t

D, = %) (17)
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modeling constant, ¢, ¢ #-> 0.09°]1, 7]2 2] modeling constant, c,
= 2082 AAHIY 2 3FY FE(curvature)= UEIH = ZolH,
n=-va/lvald W, k=v .nloZ HgHAT. 2 16)A v, | & &
Abero] st d e HasHA ALHues Ae e+ AolH[19],
HAEL IR daEE27E AdEo
Bostdddel A7 FoixH, H
A&7} G-equation variance®o] ZH =] wef 7F-92
i3 (Gaussian distribution)®ll & &} Al4FE X, 2] ofgje} o

mi

2P M (mean  progress

<
0
S
o
D
rlr
ot
1:(8

oo A X
c 7 / ;_”exp[— (G—G) jdG (18)
G=0 1\ or@? TG’
HWds, By2E, 183 Bt 318 F A T & (species mass fraction)

47 ol
st FARG 2, T3 39 Y Y (flame
zone)= WFT o FE LI LdHA Yvh o] EHL flamelet
A2~ (burned) 7}
2> k9] HEW(interface) 0.2 A 3tEWe] WIE AWsr]  Hd

level-set o] ALSHT} level-set & G SIAATAAE =G =

o] Rdl& f3& WelA 7 A2 Kelmogorov scales®]

=
c
=
o
=3
0]
)
o)
@)
o
Q.
=
o

N
i
2

ey 7F4S 7Ivte 2 dla w4 (unburned

~
NE
N
o

Foste 2z (scalar field)olH, GE tda: EFE HollHes S

e 7EITH20. @Exo] AHEH ATIAL REoAO =S

Collection @ pknu



=
re
b
(ot
ol
il
1o
®
N
Q

>~
ox
oX,
il
1o
ro
b

(T,)) AFelell A A3

Hoz WsE FomH ANsolAu, 4o ohdst gt
T=0-¢T,+cT,, (19)

zimont[21]E A &3ttt dFRIJIEEE SRS S5 E(detailed
chemical kinetics)¥- 5t o}
54 Soll sl 2A FH A

£ ofulst 2k

1/4
U, = Al P gtf2e-1141 = Au/(—) (20)

Te

(2D

9 AdA dF3EEE A (turbulent flame speed constant, A)<9}
FF2AY A (turbulence length scale constant, ©,)2] #2 742t
0.52¢} 0.372 AA3tal, A17A < (stretch factor coefficient, )¢t G/
A Hl EF(turbulent Schmidt number, Sc)v= ZH2 0.269F 0.7= A A3
ok o] e thFEe] AQEFEE Aol oM Agsigar dHA
ATH22].

AaEIoME U EHAE T SHFS}YSEE(laminar  flame

speed, U)<= WAIS|oFett. &EFH, 3hglo] A H =(stretching) &3E

Collection @ pknu



mdo ZJAIA A4S st H JA A E(critical rate of strain,

9,)2 S Ao gt} dH 2E X9 8 4 (extinction)S &

= 7bFs/dol A7 W&ol o] &2 HydA

o7 ook, ol gk HA| ¢

FYst= B JoAA BEE=E FEAT7] Yl aFHAIT B =&

ANA BF d= CHyAlr ASFALoNA e Izl AA AAEY
H 2= 300001 41 8000 s—lolt}[23].

A7 Aed At A =9 o]4ksl(discretisation)dl & Z2H7] ©-& W

He A8 2 EEALS oAy AF ATA A H(linear

reconstruction  approach)= AF&3st= 22 AEE FAAAHEH

(second-order upwind scheme)< I8]al WFsodA 2 F7{FA4E
& $AHAL 12 AEE AR (first-order upwind scheme)s 7+2t
Aggr. dAEHAA T ¥ GequationS  FXMEAHAe ISl

Leonard(1979)°l. ~ oJ&f  Alkd | QUICK  (Quadratic ~ Upstream

Interpolation for Convective Kinematics)¥ & 483ttt o] 7|2 23t

d

AAE F4AEHY 7H5E (weighted average)® W9 T4 HIE

of

(central interpolation)S 7|HFO.2 3dto] ZHO| & i3t I thof <l
A3 =X I face valued] ZAMXE Al4tste= W ot

He-g7]  AEFEdS sidsr] 9k ALY 9 (computational
domain)> AA AA AT AA][24,25
71(1000x60 mm)= AAstH, 7 FElE AAe}t A Fig. 201 dEHd
T} A& ANSYS ICEM-CFD program-S ©]-83ke] <F 2,000,000 7§ <]

AP ¥ (quadrilateral) & E (structured) AALE AT EHES FA

|12 2o WaAg =
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Fig. 2 Computational domain and grid configuration.
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2 Hhgo] gle AR (quiescent) BEHIE FASHH, EFEF 717t

T ol 7AlE BEY. =3, 3 EAs

o, TF=H AP EY HEAA T (radiation coefficient)7} k= F o
%

13ted[28], 9 (buoyancy)? HAEIE FAISH, e wHeE

z7|zAo2 AW Ui fedEd 25= 47 101325 Pa, 300 K
o2 A7t =3, wHExI3 ¥ (reaction progress variable, ¢)& X
© &5 (fluid zone)oll el zero @<= 7HAE=S AT w3
Aol Mos 0FE AAZE AHoHH, ndLgdesdis 0, 94E
FEAAE 15 Uetd i, SangFddelA= 03 14409 e 7HK
= B N =

c= Vi DV, (22)
A ZF ZHA (time-step)< 573 Al XF(characteristic time) r=R/U, Ht} Zt

ofof 3}, &7]A RE T7} WA E(equivalent radius), U, 4 &=

g 727t SJuIRT). olel BH3E e B3 Wr)9s) APl
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Fig. 3 Comparison of the flame propagation process between experimental
results and computational data.
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Fig. 4 A various flame structure shown in CH4—Air premixed flame
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Fig. 5 Four types of flame structure observed in CHs—Air premixed flame.
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Numerical results
—O— Experimental data
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Fig. 6 Comparison numerical results with experimental data of the flame
propagating velocity.
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Fig. 7 A variation of the flame thickness according to the flame structure.
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