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- More than 85% of the energy produced today is
by combustion (it might change!)

- Primary source of propulsive systems

-+ Main source of pollution

- Climate change effects
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IC engines




APPLICATIONS

IC engines

Fou f'S“'Oke cy0|e intake exhaust ;

intake vaive spark plug valves closed valves closed valve closed valve open
open exhaust valve
air-fuel__,_, Closed
mixture >
e &
. P o
combustion '-?
chamber .
piston ® 3 l
connecting "
rod \ / \
crankshatft - O
intake compression power exhaust
Air-fuel mixture Air-fuel mixture Explosion forces Piston pushes out
is drawn in. is compressed. piston down. burned gases.

© 2007 Encyclopadia Britannica, Inc.
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APPLICATIONS

IC engines

Gasoline Engine Diesel Engine HCCl Engine
(Spark Ignition) (Compression Ignition) (Homogeneous Charge
spark plug fuel injector Compression Ignition)

Hot-Flame Region: Hot-Flame Region: Low-Temperature Combustion:
NOx NOx & Soot Ultra-Low Emissions (<1900K)
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Jet engines
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@ APPLICATIONS

Jet engines

HPC HPT LPT
high-pressure high-pressure low-pressure
compressor turbine turbine

Fan

LPC

low-

pressure

compressor

—— combustor
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Jet engines

C. Fureby, Flow Turbulence Combust (2010)
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Jet engines

APPLICATIONS

A SNECMA combustion chamber

(BURNER)

(COMBUSTION CHAMBER)




APPLICATIONS

Jet engines

M. Boileau,G. Staffelbach, B. Cuenot, T. Poinsot, C. Bérat, Combust. Flame (2008)
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Jet engines

M. Boileau, G. Staffelbach, B. Cuenot, T. Poinsot, C. Bérat, Combust. Flame (2008)



APPLICATIONS

Rocket engines

GIMBAL BEARING
OXIDIZER INLET ELBOW -

OXIDIZER DOME
FUEL MANIFOLD —

FUEL MANIFOLD

EXHAUSTERATOR

SUSTAINER THRUST CHAMBER ASSEMBLY

Relics of the Heroic Age of National Aeronautics and Space Administration
Manned Space Flight Lewis Research Center
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Rocket engines

. ’ = Glenn
Liquid Rocket Engine  Reseacn
Center

Fuel Oxidizer Pumps Cg:lnabmugtei?n Nozzle

V = Velocity
m = mass flow rate
D = pressure

Thrust= F =m V, + (P.-Py) A,




(( MODELLING COMBUSTION SYSTEMS

Challenges

- Solving chemistry problem

- Solving fluid mechanics problem (turbulent flows, etc)

= Fully coupled system!

- Complex geometries

- Moving/rotating parts
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GOVERNING EQUATIONS

dp , Olpyj) _
ot | Oxj i 0 " Ym
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COMBUSTION CHEMISTRY

Chemical kinetics

Methane combustion

C Hy

202 =7 COQ

2H50

Represented by 325 reversible chemical

reactions and 53 reactive species!

Number Reaction A n E Ref
1f H+0; « OH+O 3520E+16 |-0.70 | 714 | [1]
2f H, +0 # OH+H 5.060E+04 | 267 | 263 | [1]
3f Hs + OH + HsO + H L1T0E+09 | 1.30 | 152 | [1)
4f H,O + O + 20H TO00E+00 | 384 | 535 | [1]
5 2H+ MY =2 Hy+MWY 1.300E+18 |-100| © 2]
6 H+ OH+M® &« HO0+M® 1LOOOE+22 |-200| © 2]
7 20+ M® 0, + M@ 6.1T0E+15 | 050 | 0 2]
8 H+O+M% & OH+M® 4TI0E+18 [-100| © 2|
of O+ OH+M% = HO, + M¥ S8.000E+15| 000 | © 2]

104** H+ 0y +M® & HO;+M® kg |5750E+19|-140| 0 [][3,2
ko | 4650E+12 | 044 | O
111 HO; 4+ H # 20H 7.080E+13 | 000 | 1.23 | [4]
12f HO; + H & Hp+ Oy 1.660E+13 | 0.00 | 344 | [4]
13f HO; +H « H O+ 0 3100E+13 | 000 | 72 | [1)
14f HO, + O = OH + 0O, 2000E+13| 000 | 0 [5]
151 HO; 4+ OH + H.0 + O 28900E+13 | 000 | -208( [1]
161** 20H+M® + HyO, + M® iy | 2300E+18 | -0.90 | -7.12| [1]
ke | 7T400E+13 | 037| 0
17f 2HO; &= Hy0y + Oy 3.020E+12 | 000 | 58 | [1]
18f HyOy + H « HO; + Hy 2.300E+13 | 0.00 | 333 | [6]
191 H,0, + H H,0 + OH 1L.OOOE+13 | 000 | 15 [7]
20f HyOp + OH + Hy0 + HO, 7080E+12 | 000 | 6 1]
21f H,0, + O « HO, + OH 9.630E+06 | 200 | 167 | [1]
a2lf*® | CO+ 0+ MM & COp 4+ MM Ky | 1L550E+24 [-2.79 | 175 | [6]
ko | 1LBOOE+11 | 0.00 | 997
22 CO4+OH = COy4+H LA00E+06 | 150 | -3.1 | [1]
23f CO + HO, & COy + OH 2000E+13 | 000 | 96 (6]
24§ CO+0y « CO;+0 1.000E+12 | 0.00 | 200 | [2]
251 HCO + M™ &2 CO + H+ M7 1L860E+17 | -1.00 | 701.1 | [8]
26f HCO + H CO + Ha 5.000E+13 | 0.00 0 [9]
27 HCO + O + CO + OH 3000E+13 (000 | 0O 1]
28§ HCO +0 « COy+H 3.000E+13 | 000 | © 1]
20f HCO + OH « CO + HyO 3.000E+13 | 000 | O [10]
301 HCO + Oq CO + HOq 7580E+12 | 000 | 1.72 | [9]
31f HCO + CH; + CO + CH, 5000E+13 | 000 | 0 9]
32%* |H + HCO + M® = CH,0 + M® &k, | 1.350E+24 | -2.57 | 1.78 | [11)
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Chemical kinetics

Methane combustion CH4 + 205 — COy + 2H50

C,oH; igg-mb Products

l‘i_M) +H7 +02

CH,, CO
C H +0 2 ’
202 ¥ HCCO(CH?)

il IH = H =H = =H = =H H H HE H BE HE HE HE B =HE B = = =B =5 =B = &= = = = = m
4 = = =m = E = = I = I I I I I I I I I I I N I N N N N NN EE m

------------------------

Cqreaction path Careaction path
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Challenges in chemical kinetics

- Large number of reacting species

* Solving additional transport equations

- Large number of chemical reactions
- Multi-scale problem: large spatial and temporal length scales (slow/fast
reactions and species)

- Strong non-linearities in the source terms

=  Stiff system
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Approaches for chemical kinetics

- Solve the full system

» Reduced chemical schemes

- Chemistry tabulation
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Reduction approach
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COMBUSTION CHEMISTRY

C2H5+02=HO2+C2H4

T

H+C2HB6=C2H5+H2
H+HO2=02+H2
OH+HO2=02+H20
2CH3=H+C2H5
= HCO+M=H+CO+M
H+CH2CO=CH3+CO
C2H3+02=0+CH2CHO
H+C2H4=C2H3+H2
HO2+CH3=0H+CH30

=
=
-
—
_—— i

7 OH+C2H4=C2H3+H20 -— Ir=1250 K
—
—
p—

2HO2=02+H202 p=12atm
2CH3(+M)=C2H6(+M) B s=20
H+C2H4(+M)=C2H5(+M) Bl =05
H+02=0+0H ) ) ]
08 06 04 02 00 02 04 06 08

‘

Sensitivity coefficient

- Neglect irrelevant elementary steps

- ldentify steady state species

- ldentify main chains for conversion of non-steady state species
- Identify a representative set of global reactions

- Simplify resulting rates by truncation

- Testing the suggested rates

- ldentify the limitations of the suggested mechanism
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H-> oxidation mechanism

H+ O»— OH 4+ O E
H, + O — OH + H 5
H, + OH — H,0 + H "

0 + 0 = 20 '
20 + ¢ 4 15,

2H+ M =H; + M

1

2

3

4

5.

6. H+ OH + M = H.0 + M 16. 20H + M = H;0, + M
7

8

9

1

17. 2HO; = H20> + O3

204‘_M'_‘02*M 18. H')O'>+H~_'HOZ+H3

H+O0O+M=0H+M -

: O+OH+M=HO, +M 19. H,05 + H= H,0 + OH
00 H+00 4 M= HO, + M | 20 H202+ OH = H0 + HO,
| T e 21. H,0, + O = HO, + OH
Crossover temperature: kirCo, Cyy = kior G Co, Ci

T.~1000 K at p =1 atm and 7. = 1500 K at p = 100 atm

P. Saxena & F. A. Williams, Combust. Flame (2006)

350¢ & |
300 1atm. —detailed ng 10
Qg — skeletal _g
E 250} :
% 2001 10at o°~ 10
E x
S 150 :
2 100 :
r o
= 50atm. g .
LL =
. : — detailed
: : = — skeletal
19 10’ i 0.6 0.8 1
2 1000K/T

P. Boivin, C. Jimenez, A.L. Sanchez and F.A. Williams, Combust. Flame (2011)

COMBUSTION CHEMISTRY

21 reversible chemical reactions
8 reactive species

REDUCED MODELS

Skeletal mechanism
12 elementary steps, 8 species

H+ O
Ho + O
Hs + OH
H+ O+ M
HO, + H
HO, + H
HOs + OH
H+OH-+M
H+H-+M
HO5 + HO»
HoOo + M
HO2 + Ho

1l

Il

Il

OH+0O (1)
OH + H (2)
H20 +H (3)
HO2 + M (4)
20H (5)
Ho + O9 (6)
HaO + Og (7)
H20O + M  (8)
Ho + M (9)

H202 + O5(10)
20H+ M (11)
HaOo + H (12)
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H-> oxidation mechanism

3-step reduced mechanism

Validation OH, + 0, L 2H,0
IT*
QOO+ ses s ss st H,O, +H, = 2H,O
I1T*
__ 10 H2 = 202 = 2H02
£
0.1k
I W= = —We — W7 T+ Wg
R , Wa + Ws — 2Wg — W7
\J 1O LS A Wirr* —
E 2
10144L
09

ks Gy Co, + k7 Gy Caoy + 2kg Clyo, G

' 1000K/T Cu
(ks Cot — k1)Coy

21 (solid), 8 (dashed), 3 (dot-dashed)

C. Trevifio, F. Méndez, Combust. Sci. Tech. (1991) * Valid on |y for some reg Imes!
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Approaches for chemical kinetics

Chemistry tabulation

- Assume 3D flame can be defined by a composition of 1D
flames (“flamelets”)

- Define a controlling variable that defines the unburnt
mixture and the burnt mixture: RPV

- Tabulate all properties depending on that variable
(“manifold”)

unburnt

Y; = const

-‘_

Valid only for some regimes!
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LAMINAR FLAMES
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Fuel

Oxidizer

Reaction rate
Temperature

—/

Structure of a premixed flame (schematic)

LAMINAR FLAMES

-

Fuel

Temperature

Reaction rate
Oxidizer

\_ _/

Structure of a diffusion flame (schematic)




@ LAMINAR FLAMES

Premixed flames

- Fuel and oxidizer are mixed prior entering the

combustion chamber
- Due to thermal expansion, the velocity at the flame front

IS increased
- Bunsen flame cone is formed at the tip of the tube

Iy

Diffusion flames

- Fuel and oxidizer enter the combustion chamber separately
- Mixing takes place by convection and diffusion | |
. Chemical reactions only take place when fuel and oxidizer are ‘ '
mixed at the molecular level A\
- Time-scale of reaction is shorter than time-scale of diffusion N <>



@ LAMINAR FLAMES

: Methane (CHy)
Pre-Mixed Flame

Diffusion Flame
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Premixed flames

Preheat zone
O(1)

'~ — Reaction zone Oy

— Equilibrium zone

Reaction zone

st —  0(e)
T, Yo,»
-7‘;1' (l) X
- Thin reaction zone
. Strong temperature gradient
. Propagation towards fresh gases
. Heat diffusion + reaction mf/moa:

- Equivalence ratio ¢ T
- Progress variable to locate flame front (mf / mOCE)St
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Premixed flames

1 f T(to)
A T(tl)
DIFFUSION
—>
4 1(tl)
f COMBUSTION




LAMINAR FLAMES

Premixed flames

Lean flamelets Rich flamelets

0.12 b =1 0.12 6= 1
c 0.10F K‘—— 0.10 ﬁ
o - ; -
g 0.08 | 0.08
(e |
§ 0.06_ 0.06.
£ 0.04} 0.04}
8 _ . Y
O 0.02 d—0 0.02 b — o0

2 4 0 1 2 2 4 0 1 2

Distance (cm) B Distance (cm)
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Premixed flames

0.12r

Lean side Rich side

0.10r

0.08}
Construction of “flamelets”

0.06 .
for all properties!

CO2 mass fraction

0.04
0.02

0 1

Equivalence ratio
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2D premixed methane jet

TEMPE

2106.19
2000

1600

1200

800

400
297.9066
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2D premixed methane impinging jet




LAMINAR FLAMES

©

Non-premixed flames

Oxidizer mass fraction Fuel mass fraction

- No flame thickness

- No flame propagation speed

- Reaction limited by mixing of reactants
- Heat loss by convection and diffusion
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Non-premixed flames

oxidizer
nozzle

flame
[y | /
t.\'

"07‘7"\“ gaseous

fuel

Dependent on the strain

(The flame extinguishes if the heat losses are
larger than the heat of reaction)

Represented by mixture fraction Z
SV = A

o=

sV + Y0,
, 2

07 = O(u;2) 3 _D8 Z
Ot 6:1:]- (9:1;2

J

Scalar dissipation rate
2
Y = 2D 0°Z Flame is very sensitive

Ox? to scalar dissipation!
J
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Non-premixed flames

oxidizer 012 T
= \
nozzle g 010 ~ s A
o 2
yd g 008 S 06
» —
ag;o.oe ° 04
& 0.04 £
flame O .02 T 02 |
! A 0.0 2
0.12
T 0.10
5 ool |
Z 0.08} = Increasing strain
i L ¥ (= increasing X)
@ 0.06
nozzle | | oaseous :
AN . v
fuel 8 0.04;
%)
0.02}

0 02 04 06 08 1

Mixture fraction
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Non-premixed flames
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Irregularity (Random and chaotic nature of flow)

Increased exchange of momentum (Diffusivity - spreading rate of jets, boundary layers etc.)
Large Reynolds numbers

Dissipation of kinetic energy to internal energy

Wide range of time and length scales

Almost all practical flows are turbulent.

2

R

D

o

Bl

P
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TURBULENT FLOWS
RANS /LES / DNS
TES ExpeIr)iggnt or

RANS: averages

_____________ LN

>

Temperature
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TURBULENT FLOWS

RANS /LES / DNS

u(xJt)

low pass filtered
signal

stationary flow

instationary flow

log E (k)

large
scales

energy
contamning
mtegral
scales

mertial
subrange

VisCous
subrange
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Time-averaged vs instantaneous

Istantaneous

high velocity
low velocity regions

regions

Time averaged

« >
Length of the recirculation region 1s of engineening interest




TURBULENT FLOWS

@

Time-averaged vs instantaneous

Experiments RANS LES
RANS Domain LES Domain
- - - \
rotor stator
% / LES inflow plane

. P e 'f:'

-
G

':.‘af‘
N —
A ;-> stator wakes | o S
) a » y -
e L ; M
/
A .~
-

20 25 30 35 40 45 50 55

SANDIA National Lab
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averaged vs instantaneous

Time-

Li He, Oxford University (2011)
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TURBULENT FLOWS

Time-averaged vs instantaneous

Outlet combustion

chamber temperature

>

Temperature leading to
/—L_/\ the death of the turbine
1

Mean temperature

Time

>

* We need to use LES!




TURBULENT FLOWS

dp  O¢p  Favre averaged
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Filtering process

log E'w)




i

Filtering the continuity equation

TURBULENT FLOWS

o _ o
- Ot
~~
Apuj)  O(pw;) _ Olp(u; +uj)  Opu;  Opuj  Opu;
Or; Oz 0x ; Or;  Ox; 0x ;
o
dp = Opu,
ot Or;
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Filtering the momentum equation

pu) 0(pm) O(p(@i +u}) Opu  Opdl  Opi,

ot ot ot ot ot ot
N——
O(pujui) Op(u; + uf)(wi + u))  dpugu;  Opuwini  dpuju  Opuiu]
(9$j 8333- 8373' | (95133' | (?Zb‘j | 8&33'
N——

Opu;u; | Opuguj
o 8:z:j | c%:j

Op 0@+p) _ Op

0x; 0x; 0x;

N~
i // —~ I
OTi e O(Tij _I_Tij) ol | 8’7'7;3'
~~ et |
8xj 8233' &Bj 8$j



@ TURBULENT FLOWS
LES equations

dp  dpuj

8t | 6)33]' i

G O,

OpE  OpEu; 0

(9?5 8£Cj 2 87

g0
Ot | 8@- il




TURBULENT FLOWS

Unresolved momentum transport

o= pujul = puuy — U

Unresolved viscous work

SIS e ) /! /! Doy e
@ g —Tijui —|—uz7' —I—Tju Uﬂ};j —uiT@-j

Unresolved enthalpy flux

H;?° = pE"uf + puf p(Eu; — EW;) + (pu; — puy)

J

Unresolved species mass flux

~~

¢, = puY = p(u;jYm —4;Yn)
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Filtering the reaction rate??

Exampl aF + bO — cP

Wyel = —AT*exp(—Ea/RT)[Fuel]*[Ox]°

Filtering

wfuel — —AT®exp(—Fa/RT)[Fuel]*[Ox]® # —Afo‘e:[;p(—Ea/RT) |Fuel] [Ox]

— Qr expansion
Complex formulations!!
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The turbulent combustion model many times overcomes
the subgrid scale effects in practical applications

All subgrid scale terms are not always critical for reactive
flows with heat release.



i

TURBULENT COMBUSTION
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Turbulent combustion modeling

- Filtering the reaction rate is problematic

- Chemical reactions take place in thin layers

- Turbulence/chemistry interactions affect flame dynamics

- The flame dynamics is very different in premixed and non-premixed

combustion
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Turbulent combustion modeling

Combustion takes place in the subgrid scale

flame
front
Fresh /
gases
Burnt
gases
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Approaches for turbulent combustion

Premixed combustion Non-premixed combustion
Eddy-Break-up (EBU) Eddy-Dissipation Concept (EDC)
Bray-Moss-Libby (BML) Mixture fraction
Flame surface density Conditional-Moment Closure (CMC)
Probability-density functions Linear-eddy Model (LEM)
G-equation

And even more!!



©

TURBULENT PREMIXED
COMBUSTION



Turbulent combustion model based on
flame thickening: DTFLES Model

Collaboration with:
Simon Govert and J.W.B. Kok, Department of Thermal Engineering, University of Twente
B. Cuenot and L.Y. Giquel, Combustion Group, CERFACS

@ UNIVERSITY OF TWENTE. ‘“ii’
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Thickened Flame model (Collin et el., Physics of Fluids, 2000)

s, x VDw 0 o< D/sy,

sox1908

An increase in flame thickness (F > 1) leads to: | — e d 7S wmee] |

- Diffusivity must be increased (DF) : Temperature
- Reaction rate must be reduced (W /F) i i
_ [ :

1
O 7 — NON thickened
61 % 600 — w— Thickened 20 times s
FS? [ § oo Heat release L
Ae ' / K‘ T



TURBULENT COMBUSTION

i@

Thickened Flame model (Collin et el., Physics of Fluids, 2000)

but what about flame/turbulence interactions??

S
F=5
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Thickened Flame model (Collin et el., Physics of Fluids, 2000)

Damkholer number

6L_>F5L \ (SL

S, — constant T,

The Damkhodler number reduces!!
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Thickened Flame model

F=1,5,10 & 25
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Thickened Flame model

A 21In(2 A o\
E 50 ﬁ’Re/ =l+/33 (1/2) I 02 3 ﬁ
;S c, (Re,"=1) \0, s, ]

AN

2/3
with I AO,”—‘(? =0.75exp|- 1'20 = AO
o, (#,/5,)" |\ 9,

(Collin et el., Physics of Fluids, 2000)
p
. [ A Az
[+minf —, T’ O,Z/g,ReA iﬁ
0, 0, 5 o
A

. A
Wllh F(ya T ReA) = ﬁf(ya _3'9 RCA)

Y, Y,

A
E( 39R6A)=

O,
o, s,

(Charlette and Meneveau, Combust Flame, 2002)



@ TURBULENT COMBUSTION
Thickened Flame model (Collin et el., Physics of Fluids, 2000)
O(pYy)  O(pu;Yy) O Y., . 00
| FED.,, — C
Ot 0z 8:63 5z, P 0x ) 0z FPm

Mixing is affected by constant F!!
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Dynamic Thickened Flame model (DTFLES) (Durand et el., ASME, 2007)

F = 1+ Fmax—1Q(c)

Q) = 16[c(1-0)]?
Yy
. l_YSt
f
9, O o | 0Y.] E
—pY + —pu; Y = - FD.S+ D,(1—-95)) —| + =ws
otV T g, Pt = g (P (ED) 1 =5) 5o | T 7




@ TURBULENT COMBUSTION
Dynamic Thickened Flame model (DTFLES) (Durand et el., ASME, 2007)
In reaction 0 ? J | Y}, | E
—pY + - w; Y = - FD, - - — Wi
zones: S=1 825/) : 0x; Pt ox; _'0 : ox; | F

Pure mixing O v 9 v _ 9 ( 9
zones : $=0 f)tp o c""):z?z-puz k Ox; £ ti?:z?i



@ TURBULENT COMBUSTION

Dynamic Thickened Flame model (DTFLES)

5 10 15 20 25 30 35 40 45

Thickening
factor F
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Dynamic Thickened Flame model (DTFLES)

Examples (Chen et el., Combust Flame,|996)

Air
Entrainment
N S oy ¥
\,\
Y~ pilovAir

\ Mixing Layer

)/ -
/
7’
F
Flame Front, ’

Mixing Layer — /

|
Flame Holder |

CH/Air
Pilot <«———» Pilot
Stream Stream
D=12 mm
dp=68 mm




TURBULENT COMBUSTION

i@

Dynamic Thickened Flame model (DTFLES)

Examples (Stopford, ANSYS, 201 1)
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Dynamic Thickened Flame model (DTFLES)

Examples (Stopford, ANSYS, 201 1)
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Dynamic Thickened Flame model (DTFLES)

Examples (Wang et al., Combust Flame, 201 )
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Dynamic Thickened Flame model (DTFLES)

Examples (Wang et al., Combust Flame, 201 )
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Combustion systems
FLOX® combustor - DLR

Collaboration with:

Simon Govert and J.W.B. Kok, Department of Thermal
Engineering, University of Twente

O. Lammel, Institute of Combustion Technology, DLR
German Aerospace Centre

(( UNIVERSITY OF TWENTE. ‘#;L"; nstitute.o:

Combustion Technology
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DLR-FLOX® Combustor
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Experimental data Lammel et al. (2012)
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DLR-FLOX® Combustor
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DLR-FLOX® Combustor
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DLR-FLOX® Combustor
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DLR-FLOX® Combustor




Combustion systems

PREdiction and Control of Combustion INSTADIlities in
Industrial Gas Turbines
(PRECCINSTA)

Collaboration with:
Simon Govert and J.W.B. Kok, Department of Thermal Engineering, University of Twente

B. Cuenot and L.Y. Giquel, Combustion Group, CERFACS
W. Meier, Institute of Combustion Technology, DLR German Aerospace Centre

@ “2"; UNIVERSITY OF TWENTE.
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Preccinsta burner
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Prediction and Control of Combustion Instabilities in
Industrial Gas Turbines (PRECCINSTA)



COMBUSTION SYSTEMS

©

Preccinsta burner
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Preccinsta burner
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Preccinsta burner
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Combustion systems
(ongoing)
Scaled PCS combustor SGT5800H - SIEMENS

Collaboration with:
Enric lllana and Lukasz Panek, Siemens AG, Energy Sector
Simon Govert and J.W.B. Kok, Department of Thermal Engineering, University of Twente

@ SIEMENS UNIVERSITY OF TWENTE.



Siemens SGT-8000H series

Compressor

Shaft
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PCS combustor SGT5800H - SIEMENS
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PCS combustor SGT5800H - SIEMENS
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SGT5-8 UO0OH pownscaled can combustor
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Combustion is one of the main responsible of the climate change
for its use in propulsion and power.

It requires not only correct description of fluid mechanics, but also
chemistry.

It adds the complexity of large chemical kinetics to the problem of
turbulent flows: turbulent combustion modelling.

Turbulent combustion modelling is based in chemistry reduction
and turbulent/flame interactions.

Combustion demands high computing power, in particular,
turbulent combustion can only be targeted using HPC.

We need more people working in the combustion community!
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