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Abstract. The IC engine is investigated numerically by Cartesian mesh system. The Building 

Cube Method is adopted to generate the mesh partition for complicated engine geometry and 

parallel computation. The fully compressible flow solver by Roe scheme and 5th order MUSCL 

is used to calculate the flow field with high pressure and temperature differences. The species 

transport equations are solved with 11 species of combustion in this framework. The chemical 

reaction of combustion is conducted by equilibrium solver of Cantera module, which is used 

for evaluate the equilibrium state of the reacting flow, and merged with the flow solver and G-

equation flame front treatment. In order to simulate the engine motion, the geometry and engine 

moving piston is calculated by Immersed Boundary Method. The flow field of velocity, density 

and flame front due to the combustion and engine motion is shown in the results. The validation 

is done by the Rapid Compression Machine simulation with the comparison of experimental 
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data. The flame front shapes and flame propagation speed of this framework are well consistent 

with the experimental results.  
 

 

1 INTRODUCTION 

The subject of IC engine is very important for industrial application on automobile filed. The 

heat, mass and flow fields of combustion by the four-stroke procedure dominate the power and 

efficiency of the engine. The difficulty of this subject contains the complex geometry treatment 

of meshing and moving parts, the high compressibility of flow field and the chemical reactions 

of species including the transport phenomena. In this study, we built a CFD framework CUBE 

to solve this complicated IC engine simulation with Rapid Compression Machine (RCM) test. 

For the meshing system, the Cartesian grid by Building Cube Method [1] is adopted to avoid 

the hard work of unstructured meshing but still keep good resolution near engine wall. Due to 

the density difference of high compression ratio and the temperature difference of combustion, 

the fully compressible flow with species transport equations are solved by Roe scheme [2] and 

5th order MUSCL scheme [3]. The chemical reaction calculation is imported from Cantera [4] 

module by equilibrium solver and merged with the flow solver with G-equation flame front 

treatment. Finally, the geometry and engine piston moving boundary are solved by the 

Immersed Boundary Method (IBM) [5]. The results showed reasonable flow fields and flame 

propagation with the experimental data. 

 

Figure 1: RCM geometry 
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2 PHYSICAL MODEL 

The physical model of this study is a RCM as indicated in Figure 1(a). Figure 1(b) shows 

the detail spark plug and chamber geometry. Figure 2 shows the grid distribution, and the whole 

computation domain is divided by several cubes, and each cube contains 16×16×16 cells. 

In this work, we discussed two conditions of RCM as listed in Table 1. Case A has an initial 

pressure of 200 kPa and with stationary piston at TDC, where case B is at 101.3 kPa of pressure 

and piston moves from BDC to TDC. Both cases are premix iso-octane/air and the equivalence 

ratio is equal to 1.0.  

In order to simplify the chemical reaction calculation, only the main products of combustion 

are taken into account. The total species used in this study are iso-octane, O2, H, O, OH, H2O, 

H2, CO, CO2 , NO, and N2. The gas properties are evaluated by the GRI-mechanism. 

 

 
 

Figure 2: Cube distribution 

 

Table 1: RCM conditions 

 Fuel Initial 

temperature(K) 

Initial 

pressure(kPa) 

Equivalence 

ratio 

Ignition time Compression 

ratio 

Case A Iso-octane 300 200 1.0 0ms - 

Case B Iso-octane 300 101.3 1.0 80ms 13 

 

3 NUMERICAL METHOD 

In this paper, in order to solve the combustion phenomena in RCM, several methods are 

investigated. The Building Cube Method is adopted for the mesh distribution, and the 
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compressible flow with high temperature and pressure is solved by fully compressible flow 

solver. The transport phenomena of the fuel and reaction products and carrier gas are conducted 

by merging the species transport equations with compressible flow solver. For the flamelet 

model and combustion kinetics, the G equation solver and equilibrium module imported by 

Cantera are adopted.   

3.1 Building Cube Method 

The BCM [1] is used for mesh partition of RCM geometry. The whole computation domain 

is divided into several cubes, and each cube has the same numbers of uniform mesh grids, which 

is effective for parallel computation.  

3.2 Fully compressible flow solver 

In order to solve the fully compressible flow, the fifth-order differentiation for the derivative 

term of the MUSCL scheme is necessary. Besides, Roe scheme, preconditioning [6] are also 

adopted to solve the compressible governing equation as follows. 
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U and F  are described as follows. 
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(2) 

 

iF  is the inviscid term solved by Roe scheme and 5th order MUSCL, where vF  is the viscous 

term solved by 2nd order central difference. G  and  H  are as the same expressionas as F for 

y and z directions. 

3.3 Species transport equations and G equation 

The species transport equations and G equation are merged and coupled with compressible 

flow governing equations with additional 11 equations for species and 1 equation for G. The 

final expression of governing equations are as follows. 
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where 
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ih , iû , iY , and imD are the mass enthalpy, diffusion velocity, mass fraction and diffusion 

coefficient of ith species, respectively. 

In G equation, there is a source term of  GSL   , which indicates the effects of flame speed 

in combustion. This flame speed is estimated by the correlation equation of Metghalchi and 

Keck [7] as follows. 
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and mB , 2B  and m  are fuel constant parameters from [7]. 
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3.4 Re-initialization of G equation  

Since G equation is solved by level set function, the characteristic of it may be destroyed 

during the calculation. Therefore, a re-initialization procedure is performed ones every several 

timesteps. The values of G near flame front is iterated and reconstructed to 1G  by the 

smoothed sign function as follows.  
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where 0SG  is the smoothed function of G equation and 0G  is the solution of G equation. 

3.4 Cantera equilibrium module 

For simplifying the chemical reaction calculation, the equilibrium model is used from the 

Cantera module. When the flame front solved by G equation moves to the unburned cell, the 

state of this cell will become a burned cell, and the chemical species will be also changed with 

heat released as a source term. The whole framework is shown in Figure 3. 

Figure 3: Engine simulation framework 
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4 RESULTS AND DISCUSSION 

4.1 Computation parameters 

In case A, the computation domain contains only the region of upper chamber above TDC, 

where in case B the whole domain is calculated. The total grid number of case A is around 5M 

and for case B is around 24M, both with a minimum cell size equals to 0.4mm near wall as 

shown in figure 2.  

Since the fully compressible flow solver is adopted in this study, according to the CFL 

number we can decide the time step size that cxCFLt  . To make the simulation stable, 

usually the 3.0CFL  is chosen, and c  is the speed of sound. However, in combustion 

simulation, the speed of sound is not constant and varied with temperature by the expression of

RTc  , where   is the specific heat ratio and R  is the gas constant. For the combustion of 

iso-octane/air with equivalence ratio equals to 1.0, the temperature will be increased to about 

3000K and makes the speed of sound also be increased to three times compared with ambient 

temperature( K300 ). Finally, the time step size of 71025.1 t  is chosen for the 

combustion part. 

In case B, the piston is moving from BDC to TDC, and then the ignition and combustion are 

started. In this situation, for the computation before combustion, the species transport equations 

and G equation are not necessary, and can be removed from the governing equations to reduce 

the computation cost. Besides, the time step size before combustion can be also increased to 
7105.2 t since the temperature is not increased so much. 

The total physical time for case A is 0.03s and for case B is 0.1s. The total time steps for 

case A is 240000 steps and for case B is 320000(without combustion) plus 160000(with 

combustion) steps.  

4.2 Premixed combustion without piston motion 

In case A, the premixed combustion without piston motion is investigated. The fluids near 

the spark plug are heated and burned. Figure 4 shows the flame propagation with time. The iso-

surface is define by 0G , which is the flame front position, and the color is contoured by 

density.  

Since the expansion phenomena, which is due to the high pressure and temperature of 

burning fluids, dominate the flow fields in this case, the flame shape is nearly like a sphere at 

initial stage, and then expanded and affected by the spark plug and the wall of chamber. As the 

flame propagates, the unburned fluids are pushed and compressed then makes the density of 

them getting higher and higher. As a result, the flame speed is higher at initial and getting lower 

with the propagation of the flame front. 

Figure 5 shows the comparison of CFD results and experimental snapshots. The flame shape 

and flame speed of CFD are well consistent with the snapshots of experiments at almost every 

time step even for those wrinkles at the tip of flames. However, since the ignition condition is 

difficult to represent perfectly at the initial stage, there is a small difference between CFD and 

experimental results when ignition occurred. 
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4.3 Premixed combustion with piston motion 

Case B shows the premixed combustion with piston motion. From 0t  to mst 80 , the 

piston moves from BDC to TDC as shown in figure 6. The density is increased due to the  

 

 

Figure 4: Distribution of flamefront with time of case A 

Figure 5: The comparison of flamefront of CFD (left) and experiments (right) with time of case A 
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Figure 6: Piston motion of case B 

compression process and is shown in figure 7. In figure 8, as the piston moving, the momentum 

magnitude inside the chamber is increased and even higher than the piston speed due to the 

geometry of the neck of the chamber. It makes the flow condition much more different and 

complicated than case A.  

Figure 9 shows the comparison of pressure between experimental and CFD results. The 

pressure measurement point is indicated as the blue point inside the chamber as shown in the 

figure. Both results showed that the pressure is increased as the piston going to the TDC, and 

dramatically raised after 80ms due to the ignition. Before 40ms, the CFD results are well 

consistent with the experimental results, but has discrepancy after that. It is due to the 

insufficient mesh resolution inside the chamber. The moving geometry is solved by IBM in this 

study, which means the mesh distribution is kept the same position and size during the piston 

moving. When the piston moves from BDC to TDC, the resolution inside the chamber near 

piston is getting lower and lower and finally cannot well resolve the results. It is a weak point 

of IBM, but can be solved by locally increasing the resolution near that area.  

In figure 10, the flamefront visualization results of CFD are compared with experimental 

snapshots. Due to the shape of the combustion chamber, the flamefront appears near the spark 

plug at beginning, and then counterclockwise moves through upper part and finally propagates 

to the whole chamber. The flame propagation speed and trends of CFD are similar to the 

experimental results though the full consistency is difficult to show because there are overlap 

flames inside the chamber. 
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Figure 7: Density contours of slice at 0y  of case B 

Figure 8: Momentum magnitude contours of slice at 0y  of case B 
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Figure 9: Pressure variations of experimental and CFD results of case B 

Figure 10: The comparison of flamefront of CFD (left) and experiments (right) of case B 
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5 CONCLUSIONS 

- The IC engine is investigated numerically by Cartesian mesh system with fully 

compressible flow and combustion solver and Immersed Boundary Method. The 

species transport equations and G equation are solved for the mass fractions of 

combustion fuel and products as well as the flame front position. 

- The validations are carried out by without and with moving piston in the RCM tests. 

Both results showed good agreements with experimental data of flame propagation 

speed and flame patterns.  
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