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A The GDI engine, even in homogeneous combustion mot
IS an important source of Particulate Matter.
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Over the NEDC, GDI engines produce greater soot number density than P ;
reparatlon

PFI (1 magn. order) and DPF diesel engines (> 1 magn. order) [1]

A N o of these [GDI injection technologies] were able to satisfy the

proposed particle number redul ati /
i Three concurrent causes of soot formation [3, 4] Residual
Liquid Film
A Sizeable R&D investment on engine design and T
. . ) S
strategy to delay/avoid GPF implementation L%/Q ~

Combustion simulation has a primary role in engine development allowing
cost-effective design analysis and improved process understanding

One of the major engineering challenges is the development of an
effective combustion and soot modelling approach to be rolled out to
industry

“~Residual Liquid
Droplets
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A To explore the capabilitiesof STARCD®CFD
software for modelling soot processedsn a i
wall-guidedGDlengine

A CFD simulations covered the full engine cycle !

with three primary objectives:

A Spray modelling and mixture preparation

A Combustion Modelling

A Soot Modelling



Engine Testing

Steady-state, fully-warm, part-load operating
conditions

Spark and Injection timings controlled via
manufacturer ECU

Stoichiometric and (theoretically)
homogeneous combustion

Spark plug-mounted Kistler piezo-electric
pressure sensor

Ensemble-average pressure trace (/100) for
combustion analysis and CFD calibration

Engine-out PM distributions using
Differential Mobility Spectrometer DMS-500
by Cambustion

A Size detection between 5-1000 nm; sampling at
exhaust port of cylinder N.1; sampling time:10
min; tests repeated 3 times; data at d<10 nm
excluded from analysis (higher variance)
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Engine Load (Nm)
Displacement (cr¥) | 1598
Bore (mm)| 77
Compression ratig 10.5:1
ConRodLength (mm)| 138.4
Combustion Chambe| 4-Valve, Central Spark Plug,
PentRoof Design
Engine type| In-line 4cylinder

Cycle

4-stroke Spark Ignition

Fuel Injection system

Common Rail Direct Injectior

Fuel Injectors

Sidemounted, wallguided
spray

Max. Injection Pressure (bar

120

Max. Rated Torque (Nm

240




Spray Modelling Validation

A Engine uses high-pressure 7-point nozzle
GDI injector with d,,,, = 0.165 mm

A Experimental spray morphology analysis
previously carried out by Whelan [5] using
optical-access vessel

A STAR-CD CFD software (version 4.22)
used to reconstruct experimental spray
vessel.

7-point Injector Used
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Simplified Injection Profile

—Fuel Flow Rate at 120 Bar|

(2300rev/min at 120Nm) |

A Computation grid used regular hexahedral = %%
cells with characteristic size of 2 mm. B 09 A
“§0.0025 l \
5 0.002 [
A Grid of 155,000 cells captured injection 3 00015 /
structure and avoided interaction with the | 3 %% /
external boundaries 3 0-0002
0 5

10 15 20 25 30
Crank Angle (Degrees)
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STARCDModel Details

Spray Model

CoupledLagrangiaMulti-phase

Injection method

5Aa0NBGSSY dzaAy3a pnnZnnn

Primary Breakup

KelvinHelmoltz(KH) RayleigiTaylor (RTjmodel [6-10]

Initial Droplet Distribution

RosinRammlertype based on [11,12]

TurbulenceModel

RNCk-epsilon

Interaction dropletsmain flow

Momentum and heat; turbulencdispersion

Fuel thermaphysicalproperties

Temperature dependent (polynomial)

Operating Conditions

Conditions

Fuel injection pressure

120 bar

Fuelflow rate

Simplified injectiorprofile, adapted from [13]

Injection duration

0.3ms

Injection Conditions

Nitrogentfilled vessel in nomvaporative/ambient
conditions
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A KHRT model enabledccurate predictiorof spray morphology angenetration length
(hence velocityjor the initial partof the injection process (where experimental data
available)

A The final predicted SMBfter EOI (~ 14m) compared well with published work for
120 bar injection pressurd4, 15]

A Good correlation towards EOI provides reassurance that particlesizéution is
predicted appropriately16]

Droplet Size

30 — (m)
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Turbulence RNG kepsilon
FuelSpray Previously discussed
Gasand liquids thermephysical properties Temperature dependent (NIST tables)
Fuel Model GD! {h[ Lb9mM¢é¢ &adz2NNR3IAIGS

Liquid spraywall interaction (impingement) BatOnera[19, 20, 21: dropletsmay adhere,
spread, rebound or splash depending on Webe
number and temperature regime

Combustion 3-Zone Extended Coherent Flamelet Model
(ECFM32)[19, 22]
Flame Propagation FlameSurface Density Transport Equation; it

incorporates 1. Theoretical flame speed and 2.
9YLIANROIt aidnandyAy O2

Differencing Schense Momentum¢ MARS
Turbulenceg MARS
Temperatureg UD
Density - CD




A

A

Simulation Setup

Simulations started at 40 CA deg BTDC (exhaust
stroke) and ended at EVO (expansion stroke)

Covering all events/processes potentially
influencing formation of soot (gas exchange,
mixture preparation and combustion)

1D-CHT model implemented to allow spray wall
cooling i minimal effects at the conditions
investigated

Three fully-warm, steady-state, theoretically
homogeneous, stoichiometric, part-load
engine conditions

Simulation inputs from experimental data:
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Exhaust Boundary
Cond.
- Typical Gas Comp.

Intake Boundary Cond.
T Ambient Air

T T and P from tests
-Tand P from test§\

Initial gas composik

typical of gasoline
engine exhaust gas

\ Initial Liner /

Temp. of 423 K

Initial Piston

Temp. of 443 K

Dome
of 443 K

Initial
Temp

Engine Speec Engine SOl =e] FuelMass Ignition Timing

(rev/min) Load (Nm) (CAATDC ofntake) (CAATDf Intake) (mg/cycle/cylinder) (CAdegBTDC)
2300 60 45 75 12.8 35
2300 120 55 79 23.3 15
3000 90 58 81 18.2 25




Combustion Modelling Validatio

Control over tuning factors
(turbulent flamepropagation

OXFORD

Comparison between modelled and
experimental incylinder pressure

n BROOKES

UNIVERSITY

velocity) and (flame curvature)
allows for reasonable agreement
between simulated and
experimental pressure traces

Finalcalibratedpressure curves
matchthe experimental onegéin
terms of peak pressure, itscation
and phasingf combustionstages)

Importantly, the simulated data
replicate quite well the transition
betweenFD and RB, arttie RB
stage in itentirety

Pressure (Bar)

60

50

40

30

20
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0

- - 2300RPM @ 60NmMExp
—2300RPM @ 60Nm Sim
- - 2300RPM @ 120Nm Exp
——2300RPM @ 120Nm Sim
- - 3000RPM @ 90Nm Exp
——3000RPM @ 90Nm Sim

———
— e — - - — = - - -

680

740 760 780 800 820 840 860

Crank Angle (degrees)

700 720

880

A slightunderestimationis
observed in all cases during the
expansiorstroke




Spray and Ircylinder Flow Motion
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Droplet Size
(m)

0.9343E-04
0.8651E-04
0.8015E-04
0.7343E-04
0.6682E-04
0.6015E-04
0.5349E-04
0.4682E-04
0.4016E-04
0.3349E-04
0.2683E-04
0.2016E-04
0.1350E-04
0.6834E-05
0.1686E-06
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Flow Velocity
(m/s)

25.00
23.21
21.43
19.64
17.86
16.07
14.29
12.50
10.71
8.929
7.143
5.357
3.571
1.786
0.000
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Droplet Size
(m)

0.7546E-04
0.7008E-04
0.6470E-04
0.5932E-04
0.5394E-04
0.4856E-04
0.4318E-04
0.3780E-04
0.3242E-04
0.2704E-04
0.2166E-04
0.1628E-04
0.1090E-04
0.5515€-05
0.1349E-06

Vertical counter-clockwise tumbling structure, fed by

high-velocity intake flow

In-cylinder motion conserves its features but reduces

intensity during compression

After EOI, most fuel droplets are entrapped in the
main rotating structure; this, at low engine load,
creates a locally rich region along the cylinder dome

Some fuel droplets remain grouped along the piston
crown periphery (isolated from the main rotational

flow)
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A Due to the inherently short mixing time, contrmver globalAir-to-FuelRatiodoes not
guarantee local stoichiometric and homogeneaasiditions [23]

A Despite early intakstroke fuel injectionsthe low injectionpressure (2@o 30bar)used at
low engine load (60 Nmgausegpoor fuel droplets atomisation (droplet size > 504 and
poor mixture homogeneity at the start and durimgmbustion

A In the fullywarm partload conditions investigated, no liquid film is left at the walls at spark
timing

A Localcharge stratification appears to be the main cause of increased soot produciion

low load (measured as a20-fold increase compared to the other two cases) Equivalence
— S Ratio at ST

1.850
1.739
1.629
1.518
1.407
1.296
1.186

1.075

0.9643
0.8536
0.7429
0.6321
0.5214
0.4107
0.3000

2300 rev/min at 60Nm 2300 rev/min at 1220Nm 3000 rev/min at 90Nm
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Temperature
(K) at 10% MFB

2370,
2246,
2123,
1999,
1876,
1752
1629,
1505.
1381.
1258,
1134,
1011,
8871
T63.6
540.0

Temperature
(K) at 90% MFB

2300 rev/min at 60 Nm 2300 rev/min at 120 Nm 3000 rev/min at 90 Nm

// e ” ’./‘ )

1 10% MFB (approx. 2 CA deg ATDC) is where soot nucleation would start due to
availability of PAH in the high temperature burned gases

1 The flame kernel develops centrally and then is deformed by the prevailing rotating flow.

1 At 60 Nm, a rich mixture layer establishes along the cylinder dome ( 0 %5), forcing
combustion to develop in the lower part of the chamber ( G~ 1) .

1 The core gas temperature increases as expected with load

2900.
27349,
2577.
2416.
2254,
2093,
1931.
1770.
16049,
1447.
1286.
1124,
962.9
801.4
640.0

1 At 90% MFB, most of chamber has been swept by the flame front and rapid combustion
approaches termination

1 As engine load decreases, combustion becomes slower, the burned zone appears less
extended and at lower temperature

T Importantly, all cases show a deep drop in temperature from the hot core (> 2700K) to the
near-wall region (< 1000K in some cases); this compromises soot oxidation
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A TheSectional Methodsolvesthe transport equation forsootmassfraction Y; ¢, in
eacht 8 SOUG A2V ¢

A Soot computational field divided in 20 theoretical particle volume sections

A Sources calculated for all soot mechanisms: inception/nucleatiomgensation,
surface growth, coagulation/agglomeration aaxidation

[19]

A Sourcescalculated throughi | 6 dzf | &FS RO (ié8LAIBEREtion of ircylinder local
conditions (temperature, pressure, EGR, fuel mass fraction) as well as of scalar
dissipation rates or a combustion progression variable

A Two categories of préactors libraries available withi@TARCD Flameletand the Plug
Flow Reactor (PFR) libraries
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Model Response

A Flameletlibraries for both surrogate TRF gasoline and KAUST mechanism did not yield
plausible soot formation profiles

A PFR library returned realistic soot formation profiles which folfaiith a slightdelay)the
rate of heatreleaseg as confirmed by optical [24nd simulation work on GDI engines

[25,26]

A Available PFR library originatlgveloped from diesel nepremixed diffusiorflames, hence
needed calibration. Radaptationof mechanism®riginally developed for diesel combustion
Iscommon[25-27]



Soot Model Validation

Usingexperimentalcylinderout sootdata, the model
was optimised for one operating poif2300 rev/min
at 120 Nm)and then applied to other cases without
anychanges

Whencalibrated, this model predicts total soot
number density and total mass concentration with
acceptable level of accura@yoth sootmassand
number density to within 2&)

Predictions ofoot sizeresolved number density
distributions are not fully satisfactory (typidaimodal
nature of GDitype distributions

Application of the model to the high speed casz000
rev/min at 90 Nm) showedsimilar accuracy.

Forthe low load caseZ300 rev/min at 60 Nnp, the
model was only able to capture increasing soot
loading, but both mass and number densities were
under-estimated.

2300rev/min at 120Nm
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——Simulated Data (In-cylinder/EVO)
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