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CFD FOR FUNDAMENTAL UNDERSTANDING

DNS of unstable hydrogen flames

= Problem definition 2D CFD domain
» Lean hydrogen flame
« T,=298K
* p=1bar
* 0=0.5
» Lewis number (/D) < 1
» Laminar conditions (Re| )

Flame detail

= Case setup
» 2D DNS with AMR
» Detailed chemical kinetics
» Domain size:
* 60 x /- (18x18 mm)
* Base cell size: 140 um
* ~1 million total cell count
» Minimum cell size:
* 17.5 um
» ~25 cells within thermal flame thickness (/)

AMR detail
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CFD FOR FUNDAMENTAL UNDERSTANDING

DNS of unstable hydrogen flames 0.00 ms

= HPC resources
» UPV cluster (Sirius)
» GPU (NVIDIAHGX H100)
» Return time: ~2 weeks

= Thermo-diffusive instabilities characterization
» Caused by high mobility of H, molecules
» Effective flame velocity increased (~ x 2)
» Wavelength of flame perturbations (~ 6 x /)

Temperature (K)
300 500 700 900 1100 1300 1500 1700
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CFD FOR FUNDAMENTAL UNDERSTANDING
URANS of hydrogen combustion: from DNS to URANS models

= Thermo-diffusive instabilities characterization from DNS

» New H, combustion models: development and

implementation

= Numerical model setup
» CONVERGE v3.0.28
» Turbulence modeling: URANS, RNG k-¢

» Cell sizes
*  AMR: Velocity (0.125 mm), Temperature (0.125 mm)

* Spark embedding: 0.0625 mm around the spark
* Total cell count: varied between 1 and 5 million
» Specific sub-models/features
* G-Equation + SAGE (in/fon/out of the flame)
* Tabulated laminar flame speed (s, )
o Corrected with thermo-diffusive instabilities effects
* Chemical mechanism
o Kéromnes et al. (10.1016/j.combustflame.2013.01.001)
* Molecular diffusion modeling

o Mixture averaged

3D CFD domain

Intake

Exhaust ports “\(2 mm)
ports \
/(2 mm)

Mesh details at
intake valves

Walls

refinement
(0.5 mm)
Combustion

chamber .

(1 mm) Velocity-based

/ AMR
- (0.125 mm)
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CFD FOR FUNDAMENTAL UNDERSTANDING
URANS of hydrogen combustion: from DNS to URANS models

= Thermo-diffusive instabilities characterization from DNS B 8l s, look-up
table

» New H, combustion models: development and w
implementation o0 I
opG . 3 0O [l
—— + V(puG) = —pD.K|VG| + pls7}VG]| nZ B
ot N/ (_ID_I< »
_______________ o — T 2
\ =3 K
Turbulent flame propagation %'%En’ = Detailed
Peters’ correlation , 1/2 T ] chemistry
AL ] .
{:SZ\, 2b1 6L 2b1 6L 4 3SL 6L ! )
v’

| = 1
:Correctlon for thermo-diffusive instabilities I I exp(0.08w,) if IT < TI,

I
otherwise.

w, TABLE CONVERGE
' CFD SOFTWARE

C“ CORRELATION
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CFD FOR FUNDAMENTAL UNDERSTANDING
URANS of hydrogen combustion: from DNS to URANS models

1500 rpm @ 8.5 bar of IMEP
4 dilution levels (A)
Calibration case:

» In-cylinder pressure and HRR profiles

= Validation: comparison with experimental results i

A=24

— Experiment
— CFD-TDI
— CFD-no TDI
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= CFD for fundamental understanding
>
>
» URANS/LES of hydrogen injection
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CFD FOR FUNDAMENTAL UNDERSTANDING

URANS/LES of hydrogen injection

= Modeling hydrogen injection under critical conditions

» Combination of different modeling approaches
CHAMBER: 3D simulation

INJECTOR: 2D axisymmetric

Integration
surface

Validation
0.6

= Experiment Avg.
----- Experiment +3 SD
''''' Experiment -3 SD
= Simulation
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» LES for combustion noise source
characterization
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CFD FOR FUNDAMENTAL UNDERSTANDING

LES for combustion noise source characterization

= Problem definition
» CC resonance in Cl engines
» Characterization of sources

» Assessment of simulation complexity and cost

= Case setup
» 3D LES/URANS with AMR
» Detailed chemical kinetics

Velocity-based AMR
(intake valves flow)

Mesh details at
intake valves

General view of
the numerical
domain and mesh
configuration

Intake
ports

/ Temperature-based AMR
(combustion process)
Exhaust
ports

Spray and chamber
embbeding

Squish

region \
Bowl --'L\_/‘ >

Unsteady Pressure (Pa)

150000  -75000 0 75000 150000
Configuration URANS-Coarse® URANS-Fine LES
Domain Full geometry®
Base size 3 mm 3 mm 2.2 mm
Walls refinement 3 (0.375 mm) 3 (0.375mm) 3 (0.275 mm)
Spray refinement 3 (0.375 mm) 3 (0.375mm) 3 (0.275 mm)
Chamber refinement 2 (0.75 mm) 2 (0.75 mm) 2 (0.55 mm)
AMR 3 (0.375 mm) 4 (0.188 mm) 4 (0.138 mm)
Sonic CFL number <1
Initialization Non-uniform®

Turbulence modelling

URANS RNG k-e Dynamic structure LES
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CFD FOR FUNDAMENTAL UNDERSTANDING

LES for combustion noise source characterization

= Phenomenological analysis of combustion noise sources
» Premixed combustion phase

Snapshot 1 Snapshot 2 Snapshot 3 Snapshot 4 Snapshot 5
0.95 ms 1.01 ms 1.05 ms 1.06 ms 1.09 ms
’ ‘F Ignition ‘;1 \;.
““ —f V‘t‘; ‘ "%/ w‘}: 9" \'f
3 ‘ L )
d/ O VW T WA T W
- Local pressure -
increase
V 'Rel.. pres. [MPa]
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CFD FOR FUNDAMENTAL UNDERSTANDING

LES for combustion noise source characterization

= Phenomenological analysis of combustion noise sources
» Diffusive combustion phase

| |
Snapshot 1 Snapshot 2 Snapshot 3 Snapshot 4
2.69 ms 2.94 ms 3.26 ms 4.40 ms

due to flame instabilities
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CFD FOR FUNDAMENTAL UNDERSTANDING

-
LES for combustion noise source characterization 5
g
= Phenomenological analysis of combustion noise sources o
e . Y, ° 5
> MOdaI decompOSItlon teChanueS Total unsteady Mc'ada'l sp_atial Modal  Modal t'ime O%/‘f/ 1011 — 10\“\\
° Proper Orthogonal DecompOSition flow field dlft?ﬁetlon energy  evolution 5w

o Spatial oscillation pattern
o Time evolution
o Energy contribution V(x,t)

Ignition N 0
SVD
‘" P(x,t)= ) ¥;(x)-0; - WT(t)

w/(t)

» The size of the oscillation structures correlates with the energy contribution
* Large-scale oscillation structures gather 80% of the energy
* Jet-induced structures only constitute 20% of the energy

W, (7.1 kHz)

Spray mode
detail

QO
L w
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= CFD for applied research

» LES for optimization of pre-chamber
ignition systems

>
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CFD FOR APPLIED RESEARCH

LES for optimization of pre-chamber ignition systems

= Problem definition
» Pre-chamber ignition concept modelling

= Numerical model setup
» CONVERGE v3.0.28
» Turbulence modeling: LES (dynamic structure)

» Cell sizes
*  AMR: Velocity (0.0625 mm), Temperature (0.625 mm)

* Spark embedding: 0.0312 mm around the spark

Mesh details at 3D CFD domain
pre-chamber

Plenum —_

Exhaust port

* Total cell count: varied between 10 and 15 million Intake port

» Specific sub-models/features
* G-Equation + SAGE (in/fon/out of the flame)

* Tabulated laminar flame speed (s, ) Mesh details at

B main chamber
*  Chemical mechanism

o Liu et al. (gasoline fuel)
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CFD FOR APPLIED RESEARCH

LES for optimization of pre-chamber ignition systems

= Analysis of cycle-to-cycle variability
» Pre-chamber flow patterns
» Combustion progress inside the pre-chamber
» Uniformity of flame patterns and nozzle distribution

TKE [m?/s?] TKE SD [m?/s?] HRR
0.0 NN ,, (0 S, PRE-CHAMBER COMBUSTION I
Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Average SD % 18 CAD 17 CAD
(a] x <t
g 2
| " o
= . 3 ¥ >
I | o
e Q2 &0 Y 00 @ @

PC1 5

- i - - o
2 ®
(3] 2
=) )
N A { . . X >
$p &0 5 &F S0 &5 &5 .
2 | , iy 1 :
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o -’ ‘. >|
A 4 4 4 4 :
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CFD FOR APPLIED RESEARCH

LES for optimization of pre-chamber ignition systems

= Analysis of cycle-to-cycle variability
» Pre-chamber flow patterns
» Combustion progress inside the pre-chamber
» Uniformity of flame patterns and nozzle distribution

—Cycle 1 — Cycle 2 —Cycle 3 —Cycle 4 — Cycle 5 —Cycle 6 — Cycle 7 —Cycle 8 — Cycle 9 —Cycle 10
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= CFD for applied research
>

» URANS coupled with optimization
techniques
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CFD FOR APPLIED RESEARCH
URANS coupled with optimization techniques

= Noise optimization - GA optimization methodology
» Combustion system design

» Evolutionary optimization method (genetic algorithms)

* 8 optimizing parameters
o 5 geometric parameters for piston bowl
o Included angle, number of nozzle holes
o 1 parameter for intake port config. (swirl)
* Constraints
o Controlled emissions: NOx and soot
* Objectives
o Minimize resonance energy - Noise ||
o Minimize ISFC - Efficiency 1

Ranges of the optimizing parameters

Geometric parameter 1 [-] 0.01-0.99
Geometric parameter 2 [-]  0.01-0.99
Geometric parameter 3 [-] 0.01-0.99
Geometric parameter 4 [-] 0.01-0.99
Geometric parameter 5 [-]  0.01-0.99

Number of injector nozzles [-] 4-12
Spray included angle [-] 80-180
Swirl number at IVC [-]  0.0-2.0

Example of different bowl profiles obtained by
the Bezier polynomial method

Baseline geometry Bowl geometry #2

Bowl geometry #3 Bowl geometry #4
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CFD FOR APPLIED RESEARCH
URANS coupled with optimization techniques

= Noise optimization - GA optimization methodology

» Solution convergence

Optimized configuration

Configuration Baseline Optimized

Spray included angle [deg] 75.0 83.4
Number of nozzle holes [-] 6 12
Swirl number [-] 1.26 1.69

Baseline bowl geometry

* Reached after 725 simulations (25 citizens x 29 generations)

» Synthesis of the results
* Constraints

o Pollutant levels are maintained below the predefined limits

* Objectives - clear improvements in:
o Noise level (~1.4 dB) - resonance energy |
o Efficiency (~0.8%) - fuel consumption |

9
o o
B [i:%

o LA _
8 A kgt Baseline
n - -_r I. g N I
= AP %

E E‘E " .J-' ‘1‘5 .
[T =5 e
8 HE kg
88
0 200 400 &00
Citlzen [-]

Indicated eff. [%]

£
=

6

%
4

oV,

200

400
Citlzen [-]

GO0

Optimized bowl geometry

Configuration Baseline Optimized

E. [kPa*-s] 5.95 1.53

ISFC [g/kWh] 188.3 184.9
NO, [mg/s] 7.54 7.48
Soot [mgss] 0.16 0.12
Overall noise [dB] 89.6 88.2
Indicated eff. [%] 44.7 45.5
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CFD FOR APPLIED RESEARCH
URANS coupled with optimization techniques

= Noise optimization - GA optimization methodology

» Acoustic energy distribution (FFT analysis) 1o IN-cylinder pressure spectra
* The acoustic energy is shifted towards higher frequencies | _#SD — g:;fn’f;zd
* Resonant modes experience a notable amplitude lowering - 178 |
* Therefore, the overall resonant noise is reduced 2. 165
@
o0 \'172 Bl Baseline 13
40 “= Il Optimized _
30 m 6’6 140
External noise spectra
20 (‘ ’ 95
R 10 '
4 S .
> o
e 10 - @ g oo NI
L < \ A |
20 O \/ &
30 lIlg 46
40 4
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CMT - CLEAN MOBILITY & THERMOFLUIDS

Address: Edificio 6D, Universitat Politécnica de Valéncia

Camino de Vera s/n, 46022 Valencia, Spain
Phone: +34963877650

-mail: @mot.upVv. M
e-mail: cmt@mot.upv.es in ° y
Web: www.cmt.upv.es

Thank you for your attention!

Josep Gomez-Soriano
jogoso1@mot.upv.es

www.cmt.upv.es
cmt@mot.upyv.es
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