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Motivation

e Low Swirl Injectors (LSI)
— Flame stabilization method
—  Recirculation region
— Lean Premixed flame
— Advantages
— Simple & robust
— Ultra low emissions (NO,, CO)

Swirler Center _ - .
channel & pilot Fuel considered: CH,, H,

http://eetd.lbl.gov/aet/combustion/LSC-info

e Modeling challenges

—  Partially premixed combustion
—  Premixed flame
— Diffusion flame

—  Non-unity Lewis number effects
— Differential diffusion
— Combustion instabilities
— Noise

Day et al. Comb. Flame 2009
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Swirler Center
channel & pilot

e Previous work / modeling

“A dynamic model for the turbulent burning velocity for large eddy
simulation of premixed combustion”, Combustion & Flame, 2008, E.
Knudsen, H. Pitsch

— “A general flamelet transformation useful for distinguishing between
premixed and non-premixed modes of combustion”, Combustion &
Flame, 2009, E. Knudsen, H. Pitsch

e Limitations / next step
— Does notinclude differential diffusion

Uy,

— Assumes same diffusivity for all species (Le = 1)

Unmx/ Uu

— Extend the framework to hydrogen combustion (Le = 0.3)
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*  Premixed combustion
— Modeling approach
— Validation

— Application: low swirl burner

* Non-unity Lewis number effects
— Modeling approach
— Validation

— Application
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Qutline

*  Premixed combustion
— Modeling approach
— Validation

— Application: low swirl burner

* Non-unity Lewis number effects
— Modeling approach
— Validation

— Application
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Premixed Combustion

Premixed LES Regime Diagram
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Modeling Approach

* 3 transport equations 1-D Premixed Flamelet Solution
1.00 -

— Mixture fraction
h(pZ)+ V- -(puZ)—V.-(pDVZ)= () 0.75
— Progress variable © 0.50
% (pC)+ V- (puC) =V - (pDVC)=awc 0‘25'
— Levelset
0.00!
oG aG X 2
— tuj— =(DK)g| VG| + 5L ¢, VYI.
Jt : ().\‘/'
e Source Terms Transported Progress <

— Prog. Variable % Variable:
Src. Term: w,

\ Assume Progress . M
Variable Profile: C¥(G) €=m Region of Level Set Influence
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1D laminar case

Validation — Laminar Flame

LVLSET vs. Distance

Temp vs. Distance
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Low Swirl Burner - Geometry

. . |
e Configuration -
C =~ T-nm
— Cheng et al. Proc. Comb. Inst. 32 (2009) eB
S 0
— Pure CH, and pure H, flames 2 E
|
* Large Eddy Simulation ‘
— Structured Code: NGA* S Quartz
_ ' _ ) 2 E window
— Swirler described with Immersed Boundaries £ -
() < ——18 cm
© Quartz line

-

* Desjardins, O., Blanquart, G., Balarac, G., Pitsch, H. Journal of Computational Physics (2008)
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Swirler I
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Boundary Conditions

i)

Velocity

80
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0

1.4
* Effects of boundary conditions i
0.8 F
— Bulk velocity ek
— Small effects °~§
0.2 E

— Percentage of massflux through center

= Recirculation region
— Strong effect

36 % through the center
45 % through the center

, , -60 -30 0 20 B0
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Pure Methane Case

Along the centerline
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Qutline

*  Premixed combustion
— Modeling approach
— Validation

— Application: low swirl burner

* Non-unity Lewis number effects
— Modeling approach
— Validation

— Application
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Non-Unity Lewis Number Effects

Mixture fraction transport equation E. Knudsen, H. Pitsch, Combustion & Flame, 2009

o(pZ)+V-(puZ)—-V.(pDVZ)= 0

Progress variable transport equation

d(pC)+ V- (puC)—V - (pDVC(C) =awc —) EC:ffﬁc(Z,C]ﬁ(Z.fledC
Z C

Levelset transport equation I

3G 3G i 3G .. B8G .- P .
—Fu;—= (D) | VG| +5L,6,| VG|, —ple——p =4[(DK)T + 57 ]|V9|
ot T 0x; ot S % p u u

4

57 oo |VG1 =51 oIV ]

Differential diffusion
— Small scales (subgrid)

Fresh —> Change local f = Change burning speed
Gases

- >0, e Approach1

=>S>S :
L= =10 —  Express S, as a function of curvature

— Model subgrid scale curvature

<y # e Approach2

= Si<Sy — S, already expressed as a function of f

Burnt

Gases — Model mixture fraction fluctuations due to curvature
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H, / Air
$=0.40

——— Diff

* Modeling assumptions

— Lewis number for H,: Le<1
— All other species unity Lewis number o
— Mixture averaged species diffusion

Diffusion Terms

e Mixture fraction fluctuations of
— Mixture fraction equation kil
0,(p2)+V.(uZ)+V.j, =0 0]

0 0.02 0.04 0.06 0.08 0.1
Progress Variable C

— Full mixture fraction flux term

) 1 1 1 VW
=p/N, =—pDVZ -pD1-Z.) —-1|VY, —pD/ — -1 VY, —pDI1l-2)Y -1
Jz = P2V ==pDVZ - DI S‘)(Le j LI (e j v ~ D! )HZ(Le jW
q J J
l Y Y
Term 1 Term 2
1\ J
Normal Y
diffusion Differential diffusion Molar/mass diffusion
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1D laminar case

Validation — Laminar Flame

LVLSET vs. Distance

Temp vs. Distance
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u'=43cm/s

1D laminar case
— H, / Air
— ¢=0.40

DNS of Turbulent H, flame
Day et al.
Comb. Flame 2009

e  Mixture fraction

T v T T 7 T T 1
500 1000 1500

— Not constant TR
* Non-unity number effects
- SOU rce term Key to Ca ptu re Flamer:/laster |
_ thermo-diffusive e
* Captures correlation Z ¢ C . -
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Flamelet Table Creation

14 -
© VH?
Flamelet table 12 et |
— Compute laminar flames 1 & T~
» Different equivalence ratios (flamelets) 08
=> Different Z ool N
— Mapping 04 Q%% y
 2tableentries:Z&C e S 4
i 01}9"3“’*&5 ‘.
. . rpe . OO-E"}:' 'ojb'z : 004 0.2)6 : m 0.12
Mapping difficulties el
— Fast H, diffusion e T
0.02 + .
—> Steep gradient at C=0 dgigL |
— Need smart discretization 0.016
; 0.014
E 0.012 |-
Mapping unigueness 001 ¢

0.008

— No crossing of flamelets!

0.006 P\

0.004
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

Prog. Var.C
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* Configuration
— Cheng et al. Proc. Comb. Inst. 32 (2009)

e Large Eddy Simulation

Pure CH, and pure H, flames

Exit Section

Low Swirl Burner - Geometry

Structured Code: NGA*
Swirler described with Immersed Boundaries

-~ Combustor —— Resonant —

31cm

Quartz
window

Quartz line
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* Desjardins, O., Blanquart, G., Balarac, G., Pitsch, H. Journal of Computational Physics (2008)
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Isocontour U=0
Recirculation region

Isocontour G=0
Flame front

Effects of differential diffusion qualitatively reproduced
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Conclusion

* Model for premixed combustion

— Coupled levelset [/ progress variable approach
— Valid for low / high Ka number

— Validated & applied to low swirl burner

e Partially premixed combustion
— Mixture fraction equation
— Regime index

* Non-unity Lewis number effects

— Mixture fraction equation
e Additional source term

— Tested & validated in laminar flame
— Application: low swirl burner

4
* Reproduce local mixture inhomogeneities GU EST I O NS
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