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Combustion timeline,

NOW 375MW Gas powered
Turbines

Humans tend to use laws of physics

and phenomena of the nature before 1920 AD High-pressure

Steam Power plants
i

completely understanding it, A

Better understanding leads towards
1875 AD First coal and Oil
development. power plants
1850 AD

Coal powered trains

100 AD

Coal is burnt — for
heating and melting

metals
500,000 BC
Fire is discovered
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Numerical modeling
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Governing equations | Combustion modeling | Coupling

Favre Filtered Governing equtions

Modeling
Conservation of mass
_ - i. Closing the equations
op  Opu,
—+—L=0 ii. Combustion Modeling
ot ox

i

Conservation of momentum

opl, 8 [ - 6 |_(oq o84 2_ ad, =51 P _
+—\pul; )= —| pv +— |- pv—-6, ———+
ot ox, (p3,) o, |, ax ) 37 e, ax, Y

Smagorinsky sub-grid scale model

Species transport equations

o#7), o (pi¥,)-= i[—D

+—|pd
ot X, p ox,

1000 of reactions
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< Introduction + Motivation
+ Numerical modeling
- Combustion modeling and coupling
- Parallel computing in FASTEST
- Stratified burner
- Configuration
- Experimental and numerical setup
- Grid
- Results
« Summary and outlook
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+ Trend of using lean stratified combustion (IC-engines, |

ean-burn gas turbines), gaining

deeper understanding into the physics by means of numerical modeling,

« Stratified conditions in practical combustion
processes — have reduced harmful emissions
and improved combustion efficiency for reduced

fuel consumption

Perfectly . Perfectly
premixed Stratified con non-premixed
reactants reactants
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Numerical modeling
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Governing egquations | Combustion modeling

i. Flamelet Generated Manifold (FGM)

« Idea: Multidimensional turbulent flame can
be divided into large amount of 1D laminar
flames

+ Describing detailed chemistry by only two

controlling _ variables computed by
transport equations

< progress variable & mixture fraction

il. Artificially Thickened Flame (ATF)

+ capturing flame front on standard Large
Eddy Simulation (LES) grid size of 1 mm
[G. Kuenne et al.]

| Coupling

3D Flame

i

Manifold Table
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Numerical modeling

Governing equations l Combustion modeling |

Coupling

FGM

CHEM1D

3.0 6| detal reaction
mechanm

LOOK - UP TABLE

Controling
variables for
next time step

e

Navier — Stakes equations

T

Transport equations for
controling variables

_ Grid adaptive Efficiency Dynarmic ATF ATF
Combustion thickening function
modeling F(s,) 5 F,Q
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=
D_isothermal I
Pi s
Slot 1 Slot 1
CH4 +airl® =09
Slot 2 | Slot2
‘ ‘ w ‘ b
b

Stratified flames are stabilizec

by central pilot flame,
m e
Config. Mo Vs —]| Vitnzr— |
& :Dnm g D |||V s Dy || s Central  pilot  flame i
» stabilized by central flame
D.il 0.9 1 0 10 0 20 holder,
Dr 0.9 5 0.9 10 0.6 20
= Perforated plate centers the
L — ] flame  holder (x10%) and
enhances turbulence intensity
SLOT1 SLOT 2 upstream.
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Experimental setup

e) Raman camera for
—

species concentracion

E measurements
i \
= =
-

—

Rayigh camera for
termperature measurements
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Parallel computing in FASTEST
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« Concept of block-structured grids is used for the treatment of complex geometries,

Domain

Block-structured sub:

domains

-

L Au
[

xiliary
Vs

- Block structuring is also used for parallel

computing by means of grid partitioning

technique,

.

Y

Curtesy of Stefan Kneipl

According to a number of available processors mapping from

geometrical block-structure into a parallel block-structure is

performed.
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Stratified Burner - Configuration
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D_reacting
Slot 1

Slot 2 CH4

Stot 1

Config. | @ | Ve | @, [|[en 2] | @, vm,%
D_il 09 1 0 10 0 20
Dr 0.9 5 0.9 10 0.6 20
[ E— | —
sLoT1 sLOT2

Flame
sensor

Stratified flames are stabilizec
by central pilot flame,

Central  pilot  flame it
stabilized by cential flame
holder,

Perforated plate centers the
flame  holder (+10%) and
enhances turbulence intensity
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Numerical setup

upstream.
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Convective
cond

oundary

Adiabatic wall
boundary
condi

!

= 0.1 m's

Pilot tube inflow

Slot1 and 2
I inflow

Coflow 0.1 m's

Fully developed turbulent

Coflow 0.1 m's

Y

Adiabatic wall

ndary
on with

cond

Vo = 0.1 m's

+ To minimize sensitivity related to
the boundary conditions, details of
the upstream geometry including the
flame holder, are accounted for by the

grid.

Block stiuctured domain
for stratified bur
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Grid
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« Block structured hexahedral, boundary fitted grids, with 449 blocks to represent stratified

burner geometry,

+ 6.5 mio and 0.8 mio control volume meshes are used.

BLOCK STRUCTURE

6.5 M0 GRID
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Results overview:

1=
. . . " . |
« D_i1 - isothermal case with only pilot flame burning !
- | IS
+ mean axial and mean radial velocities vs. experiments, —
1
+ mean axial and mean radial fluctuating velocities. e
| —— |
« D_r - reacting case i q
'
+ mean axial and mean radial velocities vs. experiments, I I
I |
+ mean axial and mean radial fluctuating velocities, -0
« TSF_Avs. TSF_D reacting cases.
« Parallelization using domain decomposition
« Evaluation of computation time required for TSF_D
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Results
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TSF_D_isothermal |

TSF_D_reacting

| _TSF_A vs. TSE_D

Parallelization

x =100 mm x =100 mm
@ 1 N N .
£ £ ° « Over prediction of the mean axial
Z £ 05 o __o
§ E Y, Je velocity in the last planes close to central
H H °
E E s axis for coarse mesh,
0 002 004 ‘u 002 0.04
Radius, m Radius, m ) . o . .
e x =50 mm e x = 50 mm « Axial velocity profile is slightly shifted
£ g0 . towards central axis,
s 1 ‘o ® ° °
H sz °
3" T 05%° R o o . y
55 g 05| « Shifting toward inward can be seen with
H g
° e m % ° Cem % mean radial velocity under prediction,
x=1mm x=1mm
€ g
z £, -3 + Additional computational time for fine
s H e L
H E] grid is needed.
H L
H 2,
o 06 Tor o 002 o
Radius, m Radius, m
16.04.2012 | NuSim Praject | Institute for Energy-and Powerpl ant Technalogy | Amer Avdic, MSc |15 =

7y TECHNISCHE

Results UNIVERSITAT
DARMSTADT
I==="
= | |
| I |
—
—
] |
| — |
o mm
I 1
.
| I
200 Il I
150
125
100
75
Y
/'
0 .
16.04.2012 | NuSim Project | Institute for Energy-and Pawerpl ant Technology | Amer Avdie, M.Sc | 14 =
TECHNISCHE
UNIVERSITAT
Results DARMSTADT

TSF_D_isothermal |

TSF_D_reacting

| _TSF_A vs. TSE_D

Parallelization

x=100mm =100 mm
B 1
E £ °
g 2 Z o5 °_o
£ g o7\
2 R
= o8 @ -} Ce
s £ 05
H 2,
o 002 004 o 004
Radius, m Radius, m
x =50 mm x= 50 mm
.2 P
E E 100 mm
z 2 Z os o
£ s o H °
s s 0 o
g - 3
£ s Fad 50 mm
H E
o 00z 004 o 00z 004
Radius, m Radius, m Flame
x=1mm x=1mm il
2 1mm
€
= ° o
z o ]
2 0ss w
H 035 11
H 02
o o0z oor 00 oo o
Radius. m Radius, m
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TSF_D_isothermal

TSF_D_reacting

TSF_A vs. TSF_D

I Parallelization

s x=100 mm s x= 100 mm
* Fluctating components of axial and radial . .
velocity are in good agreement with £ z i i
experiments, 1 1fee
o 002 00s o [ 004
Racius, m Radius, m
« Fine mesh provides better agrement, but N x =50 mm . x=50mm
additional computation is needed for the N 2 ¢
g° g3
last planes. s2 o =2
h h
o o0z G0s o [ 08
Radius, m Radus, m
x=1mm x=1mm
B B
4 4 — 0.8mio
e e — 65mio
€ € * B,
= 2 > 2] ® i
' '
o o
o o0z 00s o [ o008
Radius, m Radius, m
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TSF_D_isothermal TSF_D_reacting | TSF_Avs. TSF_D Parallelization
x =100 mm x =100 mm
25 P
E E
) 5
15 * H
10 \ ]
5 A H 200 mm
H
3 008 o1
Radius,m .
x=75mm
.2

Mean radial velocity, mis.

Mean radial velocity, ms.

w
Kl 1
o o1
Radius, m Radius, m
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TSF_D_isothermal TSF_D_reacting TSF_A vs. TSF_D I Parallelization \
x =100 mm x=100 mm x =200 mm x =200 mm
5 s
s of
29 23 -
=2 S2 \
1 '
o 3
o X3 o1 o [ o1
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x=75 mm x=75mm x =150 mm
5
B
P
S
'
() 005 0.1 % 0.05 01 o 005 01
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TSF_D_isothermal TSF_D_reacting TSF_A vs. TSF_D Parallelization

Computing time required

Reacting case D_r « Evaluation :

5 * par

ion for high pressure combustor,

* preveporized kerosene,

+ 2 million CV,

2 + Same physical time simulated,

Time in Months

* HHLR (IBM power6).

8 18 a2 & + More detailed investigation  using

Number of processors . B R
Stratified Burner with complex combustion

models are planned.
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TSF_D_isothermal TSF_D_reacting | TSF_A vs. TSF_D Parallelization
=200 =200 . . . .
¢ - m 23 - m « Higher over prediction of the mean axial
H g2 velocity close to central axis comparing to
H - D_i1,
H H
s g * Increased axial velocity is partially most
Radius, m likely due to assumption that heat loss
x =150 mm
o 2 3 can be neglected.
£ -
£ £ . L -
k) < « Grid sensitivity at symmetry axis in terms
] i of smaller mean axial velocity,
= = 005 o1 + Finer grid can be used for comparison.
Radius, m
x=125mm

« Grid convergence further from the
symmetry axis,
* Flame sensor for lean combustion

should be improved to capture flame
front more correctly in this region.

Mean axila velocity, ms.

Mean radial velocity, m's

Radius, m Radius, m
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Results

TSF_D_isothermal TSF_D_reacting TSF_Avs. TSF_D Parallelization

Configuration A Con
Fully reacting case A_r

guration D
Fully reacting case D_r

Flame sensor

-0.2 -0.1 0 0.1 0.2 -0.2 -0.1
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Summary and outlook

* Summary
+ Combustion modeling

- Isothermal and reacting case for configuration A and D of stratified burner were
simulated using FGM and ATF,

« Results for velocity of TSF_D were presented where fine grid provides good
agreement between experiments and simulation,

- Some improvements for better prediction are suggested.

+ Parallelization

- Evaluation of parallelization using domain decomposition and MPI for complex
combustion models,

- Preliminary data for the verification of openMP by computation for different
conditions (TSF_A and TSF_D configurations) and with different meshes is being
collected.
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Summary and outlook

+ Outlook
+ Combustion modeling
+ Grid refinement,
« Include heat losses for better prediction,
« Influence of stratification effects on flame sensor and its improvement for better

flame front prediction in stratified region.

+ Parallelization

« Heat losses implementation for realistic applications (combustion chambers),

« Implementation of openMP strategy to achieve hybrid parallelization for combustion
models in FASTEST-3D,

« Evaluation of implemented hybrid parallelization.
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Thank you for your attention!
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