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Å The GDI engine, even in homogeneous combustion mode, 
is an important source of Particulate Matter. 
 

ï Over the NEDC, GDI engines produce greater soot number density than 

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

ï ñNone of these [GDI injection technologies] were able to satisfy the 

proposed particle number regulations for Euro 6 standardsò [2] 

 

ï Three concurrent causes of soot formation [3, 4] 

 

Å Sizeable R&D investment on engine design and 

strategy to delay/avoid GPF implementation 
 

ï Combustion simulation has a primary role in engine development allowing 

cost-effective design analysis and improved process understanding 
 

ï One of the major engineering challenges is the development of an 

effective combustion and soot modelling approach to be rolled out to 

industry 
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Background 



ÅTo explore the capabilities of STAR-CD® CFD 
software for modelling soot processes in a 
wall-guided GDI engine. 
 
 

ÅCFD simulations covered the full engine cycle 

with three primary objectives: 

ÅSpray modelling and mixture preparation 

ÅCombustion Modelling 

ÅSoot Modelling 

 

Aim and Objectives 



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

conditions 
 

Å Spark and Injection timings controlled via 

manufacturer ECU 
 

Å Stoichiometric and (theoretically) 

homogeneous combustion 
 

Å Spark plug-mounted Kistler piezo-electric 

pressure sensor 
 

Å Ensemble-average pressure trace (/100) for 

combustion analysis and CFD calibration 
 

Å Engine-out PM distributions using 

Differential Mobility Spectrometer DMS-500 

by Cambustion 
 

Å 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) 

Displacement (cm3) 1598 

Bore (mm) 77 

Compression ratio 10.5:1 

Con-Rod Length (mm)  138.4 

Combustion Chamber 4-Valve, Central Spark Plug, 

Pent-Roof Design 

Engine type In-line 4-cylinder 

Cycle 4-stroke Spark Ignition 

Fuel Injection system Common Rail Direct Injection 

Fuel Injectors  Side-mounted, wall-guided 

spray 

Max. Injection Pressure (bar) 120 

Max. Rated Torque (Nm)  240 

3000 rev/min 

2300 rev/min 

2300 rev/min 

Engine Testing 



Å Engine uses high-pressure 7-point nozzle 

GDI injector with dhole = 0.165 mm 
 

Å Experimental spray morphology analysis 

previously carried out by Whelan [5] using 

optical-access vessel 
 

Å STAR-CD CFD software (version 4.22) 

used to reconstruct experimental spray 

vessel. 
 

Å Computation grid used regular hexahedral 

cells with characteristic size of 2 mm. 

 

Å Grid of 155,000 cells captured injection 

structure and avoided interaction with the 

external boundaries 

 

Simplified Injection Profile 

7-point Injector Used  

Spray Modelling Validation 



STAR-CD Model Details 

Spray Model Coupled Lagrangian Multi-phase 

Injection method 5ƛǎŎǊŜǘŜΣ ǳǎƛƴƎ рллΣллл άǇŀǊŎŜƭǎέ 

Primary Break-up Kelvin-Helmoltz (KH) Rayleigh-Taylor (RT) model [6-10] 

Initial Droplet Distribution  Rosin-Rammler type based on [11,12] 

Turbulence Model RNG k-epsilon 

Interaction droplets-main flow Momentum and heat; turbulence dispersion 

Fuel thermo-physical properties Temperature dependent (polynomial) 

Operating Conditions Conditions 

Fuel injection pressure 120 bar 

Fuel flow rate Simplified injection profile, adapted from [13] 

Injection duration 0.3 ms 

Injection Conditions Nitrogen-filled vessel in non-evaporative/ambient 
conditions 

Spray Modelling Final Setup 



Å KH-RT model enabled accurate prediction of spray morphology and penetration length 
(hence velocity) for the initial part of the injection process (where experimental data 
available) 
 

Å The final predicted SMD after EOI  (~ 14 ˃m) compared well with published work for 
120 bar injection pressure [14, 15] 
 

Å Good correlation towards EOI provides reassurance that particle size distribution is 
predicted appropriately [16] 
 
 

Droplet Size 
(m) 

Spray Modelling Validation 



Å Variable-volumes computational domain with local 
refinement 
 

Å Target cell size 1.0 mm [17]; refinement in valve seats, 
squish and spark-plug regions 
 

Å Approximately 209K hexahedral cells at TDC and 362K 
at BDC 
 

Å Single-cell boundary layer at the walls (0.3mm) 
 

Å CAD models were converted to a surface mesh using 
STAR-CCM+® 
 

Å Surface mesh conversion into volume mesh using  
      es-iceTM, using semi-automatic trimmed method 

 
Å Computations undertaken using STAR-CD® solver 

(v4.22.026) 

Computational Mesh 



STAR-CD Model Details 

Turbulence RNG k-epsilon 

Fuel Spray Previously discussed 

Gas and liquids thermo-physical properties Temperature dependent (NIST tables) 

Fuel Model  άD!{h[Lb9мέ ǎǳǊǊƻƎŀǘŜ ¢wC CǳŜƭ ώмуϐ 

Liquid spray-wall interaction (impingement) Bai-Onera [19, 20, 21]: droplets may adhere, 
spread, rebound or splash depending on Weber 
number and temperature regime 

Combustion 3-Zone Extended Coherent Flamelet Model 
(ECFM-3Z) [19, 22] 

Flame Propagation Flame Surface Density Transport Equation; it 
incorporates 1. Theoretical flame speed and 2. 
9ƳǇƛǊƛŎŀƭ άǘǳƴƛƴƎέ ŎƻŜŦŦƛŎƛŜƴǘǎ  hand ̡  [19] 

Differencing Schemes Momentum ς MARS 
Turbulence ς MARS 
Temperature ς UD 
Density  - CD  

Simulation Methodology 



Å Simulations started at 40 CA deg BTDC (exhaust 

stroke) and ended at EVO (expansion stroke) 
 

Å Covering all events/processes potentially 

influencing formation of soot (gas exchange, 

mixture preparation and combustion) 
 

Å 1D-CHT model implemented to allow spray wall 

cooling ï minimal effects at the conditions 

investigated 
 

Å Three fully-warm, steady-state, theoretically 

homogeneous, stoichiometric, part-load 

engine conditions 

 

Å Simulation inputs from experimental data: 

Engine Speed 

(rev/min) 

Engine 

Load (Nm) 

SOI 

(CA ATDC of Intake) 

EOI 

(CA ATDC of Intake) 

Fuel Mass 

(mg/cycle/cylinder) 

Ignition Timing 

(CA deg BTDC) 

2300 60 45 75 12.8 35 

2300 120 55 79 23.3 15 

3000 90 58 81 18.2 25 

Initial gas composition: 

typical of gasoline 

engine exhaust gas 

Exhaust Boundary 

Cond. 

- Typical Gas Comp. 

- T and P from tests  

Intake Boundary Cond.  

ï Ambient Air 

ï T and P from tests  

Initial Piston 

Temp. of 443 K 

Initial Liner 

Temp. of 423 K 

Initial Dome 

Temp. of 443 K 

Simulation Setup 



Å Control over tuning factors h 
(turbulent flame propagation 
velocity) and ̡ (flame curvature) 
allows for reasonable agreement 
between simulated and 
experimental pressure traces 
 

Å Final calibrated pressure curves 
match the experimental ones (in 
terms of peak pressure, its location 
and phasing of combustion stages) 
 

Å Importantly, the simulated data 
replicate quite well the transition 
between FD and RB, and the RB 
stage in its entirety 
 

Å A slight underestimation is 
observed in all cases during the 
expansion stroke 

Comparison between modelled and 
experimental in-cylinder pressure 

Combustion Modelling Validation 



Å Vertical counter-clockwise tumbling structure, fed by 

high-velocity intake flow  

 

Å In-cylinder motion conserves its features but reduces 

intensity during compression 

 

Å 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 

 

Å Some fuel droplets remain grouped along the piston 

crown periphery (isolated from the main rotational 

flow) 

Droplet Size  
(m) 

Flow Velocity  
(m/s) 

Droplet Size  
(m) 

Spray and In-cylinder Flow Motion 



Å Due to the inherently short mixing time, control over global Air-to-Fuel Ratio does not 
guarantee local stoichiometric and homogeneous conditions [23] 
 

Å Despite early intake-stroke fuel injections, the low injection pressure (20 to 30 bar) used at 
low engine load (60 Nm), causes poor fuel droplets atomisation (droplet size > 50 ˃Ƴ) and 
poor mixture homogeneity at the start and during combustion 

 

Å In the fully-warm part-load conditions investigated, no liquid film is left at the walls at spark 
timing 
 

Å Local charge stratification appears to be the main cause of increased soot production at 
low load  (measured as a ~20-fold increase compared to the other two cases) 

 

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

Equivalence 
Ratio at ST 

Mixture Preparation  



2300 rev/min at 60 Nm

 

2300 rev/min at 120 Nm

 

3000 rev/min at 90 Nm

 

 
Temperature 

(K) at 10% MFB 

    

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

 

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

¶ At 60 Nm, a rich mixture layer establishes along the cylinder dome (ū~1.5), forcing 
combustion to develop in the lower part of the chamber (ū ~ 1). 

 
¶ The core gas temperature increases as expected with load 

 

   Temperature 
(K) at 90% MFB 

 
  

 

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

 
¶ As engine load decreases, combustion becomes slower, the burned zone appears less 

extended and at lower temperature 

 
¶ 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 

 

Flame Propagation 



ÅThe Sectional Method solves the transport equation for soot mass fraction Yi,soot  in 
each άǎŜŎǘƛƻƴέ 
 
ÅSoot computational field divided in 20 theoretical particle volume sections 

 
ÅSources calculated for all soot mechanisms: inception/nucleation, condensation, 

surface growth, coagulation/agglomeration and oxidation 
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ÅSources calculated through ǘŀōǳƭŀǘŜŘ άǇǊŜ-ŦŀŎǘƻǊǎέ as a function of in-cylinder local 
conditions (temperature, pressure, EGR, fuel mass fraction) as well as of scalar 
dissipation rates or a combustion progression variable 
 
ÅTwo categories of pre-factors libraries available within STAR-CD: Flamelet and the Plug 

Flow Reactor (PFR) libraries 
 

Soot Sectional Method 



 

Model Response  
 
ÅFlamelet libraries for both surrogate TRF gasoline and KAUST mechanism did not yield 

plausible soot formation profiles 
 
ÅPFR library returned realistic soot formation profiles which follow (with a slight delay) the 

rate of heat release ς as confirmed by optical [24] and simulation work on GDI engines 
[25,26] 

 
ÅAvailable PFR library originally developed from diesel non-premixed diffusion flames, hence 

needed calibration. Re-adaptation of mechanisms originally developed for diesel combustion 
is common [25-27] 

Soot Sectional Method 



Å Using experimental cylinder-out soot data, the model 
was optimised for one operating point (2300 rev/min 
at 120 Nm) and then applied to other cases without 
any changes 
 

Å When calibrated, this model predicts total soot 
number density and total mass concentration with 
acceptable level of accuracy (both soot mass and 
number density to within 20%) 
 

Å Predictions of soot size-resolved number density 
distributions are not fully satisfactory (typical bimodal 
nature of GDI-type distributions not well captured) 
 

Å Application of the model to the high speed case (3000 
rev/min at 90 Nm) showed similar accuracy. 
 

Å For the low load case (2300 rev/min at 60 Nm), the 
model was only able to capture increasing soot 
loading , but both mass and number densities were 
under-estimated.  
 
 

2300rev/min at 120Nm 

Soot Model Validation 


