
• Motivation
– Homogeneous charge compression Ignition (HCCI) 

engines can achieve high efficiency and low emissions

• Challenges:
– Limited peak load because of high heat release rates

• Key factors:
– Compositional stratification – Direct fuel injection
– Residual gas trapping Dilution
– Thermal stratification – Sequential ignition

• Objective:
– Investigate thermal and compositional stratification in an 

HCCI engine with large residual gas trapping
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Motivation and Objective

• 3D CFD model of the experimental setup was 
developed in Converge CFD [2].

• LES modeling using the Dynamic Smagorinsky 
[3] sub-grid turbulence model.

• The larger eddies were resolved using the 
Navier-Stokes equations.

• SAGE combustion model [4] , Liu et al. chemical 
kinetics mechanism [5], and a multi-zone model 
[6] were used.

• Werner and Wengle [7] law of the wall and the 
O’Rourke [8] heat transfer model were used.

• Cartesian cut-cell grid was used [2], dx = 0.5 mm, 
maximum of 4 million cells in the domain.

• Used METIS for load balancing [9].

Research Methods

• LES models can predict cycle to cycle variability.
• Reasonable agreement with experimental data was 

observed.
• Reduced cyclic variability attributed to time averaged inflow 

and outflow boundary conditions in the experiments.

Model Validation
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Figure 3: Experimental engine and CFD model

Figure 5: Contours of joint PDF of T-Tbulk and residual gas fraction at 6 
instances during the compression stroke
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Key Findings

• Thermal stratification can extend the HCCI operating 
range.

• LES is an appropriate framework to investigate thermal 
stratification effects on combustion.

• Thermal stratification depends on competition between 
heat transfer and compositional mixing during 
compression.

• Large thermal stratification before ignition (due to heat 
transfer) results in sequential ignition.

• The bulk metrics of thermal stratification dictate the onset 
of heat release.

Conclusions
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• Start of compression: large thermal stratification coupled to 
compositional stratification (Figure 5).

• As compression progressed, compositional mixing 
competed with heat transfer-induced thermal stratification 
(Figure 5).

• Minimal compositional stratification at the onset of ignition.
• Large thermal stratification dictated the onset of heat 

release (OH formation in Figure 6).
• Large spatial cyclic variability of temperature field (Figure 7), 

small variability of the bulk metrics of thermal stratification 
dictated cyclic variability of heat release (Figure 8).

Source: llnl.gov
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initialization and flow 
control

Figure 1: Spark Ignition, Diesel, and HCCI concepts. 
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Controlling thermal stratification: Control 
HRR, expand HCCI operating range

Figure 2: Optical measurement of the temperature field before 
ignition in an HCCI engine [1].

Figure 4: (Left) Pressure as a function of crank angle, (Right) Pressure as 
a function of CA50 for 300 consecutive experimental cycles and 20 

consecutive LES cycles
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Figure 6: Contours of T-Tbulk and residual gas fraction at -10 CAD 
ATDC and OH mass fraction at -8 CAD for two consecutive cycles.   

Figure 7: Contours of T-Tbulk at -50, -30 and -10 CAD ATDC for three 
consecutive cycles

Figure 8: (left) Mass PDF of temperature as a function of T-Tbulk for 3 
consecutive cycles at -10 CAD ATDC, (right) heat release rate as a function 

of crank angle for the same 3 cycles


