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ABSTRACT 

A Computational Assessment of Laminar Flame Speed Correlation in 

an Ultralean Prechamber Engine 

Ghufran Alkhamis 

 

Predictive modeling of pre-chamber combustion engines relies primarily on the correct 

prediction of laminar and turbulent flame speeds. While the latter has been rigorously 

derived, the former correlations are mostly semi-empirical and valid for a limited range of 

operating conditions. The current work aims at highlighting the fundamental significance 

of correct laminar flame speed prediction on numerical modeling of ultralean prechamber 

engine combustion. Gulder's empirical correlation for laminar flame speed was chosen for 

the current work. It was modified for ranges beyond what it was originally derived for. It 

was initially observed that the numerical results that utilize Gulder's correlation for the 

laminar flame speed underperform compared to the one computed from the skeletal GRI3.0 

by Lu and Law. In all cases, Peters' turbulent flame speed correlation was used, which 

evidences that any potential difference comes from the laminar flame speed. Using Lu and 

Law's chemical mechanism as a reference for laminar flame speed calculations, the values 

of the empirical constants 𝛼, 𝜂, and 𝜉 in Gulder's correlation were optimized to yield more 

accurate flame speeds at ultralean engine conditions. The updated Gulder's correlation for 

methane was implemented in CONVERGE, a three-dimensional computational fluid 
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dynamics (CFD) solver, and validated against the experimental engine results from 

KAUST. The flame topology was also explored to correlate the observed behaviors in the 

pressure predictions among all tested cases. Finally, the Borghi-Peters diagram provides 

insightful information on combustion regimes encountered in pre-chamber combustion 

engines.  
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Chapter 1 

Introduction 

A major driving force in the field of internal combustion engines research is the 

necessity for lower emissions and high fuel efficiency while maintaining a reasonable cost. 

The option of lean-burn condition can directly solve the proposed issues by decreasing the 

NOx emissions below the standard emissions level and reducing the fuel consumption [1]. 

However, exceeding the flammability limit makes engine operation under lean conditions 

with a conventional spark plug more difficult [2]. The prechamber engine was, hence, 

designed to extend flammability limits of SI engines operation. Instead of being ignited by 

a spark plug alone, the homogenous and ultra-lean charge in the main chamber is ignited 

by highly turbulent and reactive jets issued from the prechamber.  

The charge in the relatively small-sized prechamber is ignited using a spark plug. 

The flame propagates from the prechamber into the main chamber through the connecting 

nozzles. The combustion of the lean mixture in the main chamber is then initiated by the 

jets issued from the prechamber. The jets have high temperatures, are highly turbulent, and 

contain highly reactive radicals. Multiple works have attempted to investigate the effect of 

the prechamber composition [3], the prechamber geometry [4-6], and spark plug location 

on the main chamber combustion [7].  

Due to the nature of the operating conditions encountered in prechamber 

combustion engines, the accuracy of numerical modeling of such devices is still an 

evolving mission. The recent predictive modeling of the prechamber and main chamber 
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pressure and heat release rate is found to be inconsistent with the obtained experimental 

engine data [2, 8]. To resolve this issue, several works [2, 8] adjusted the turbulence-related 

model constants in Peters’ turbulent flame speed correlation, aiming to match the numerical 

results with the experimental data without a consistent rationale. Those constants were 

derived through rigorous mathematics, as shown in Peters’ work. Since the values of those 

constants were not selected initially to fit his empirical expression into the experimental 

data, additional modifying of the values would not be an appropriate approach [9]. In fact, 

this method of adjusting Peters’ model constants is case specific and, hence, does not yield 

a general solution to the posed issue of numerical model accuracy. 

The laminar flame speed is a crucial component of combustion prediction that has 

not been investigated in relation to the accuracy of numerical modeling. Indeed, the 

turbulent flame speed (ST), as calculated by Peters’ correlation, is a magnification of the 

laminar flame speed (SL) caused by flame front corrugation due to turbulence [10]. 

Therefore, if SL is inaccurate, ST will be inherently imprecise. Commonly known semi-

empirical flame speed correlations, like Gulder’s, are curve fit and are obtained for multiple 

fuels within a limited range of pressure and temperature. This results in no guarantee that 

these correlations are valid at ultralean engine conditions. Consequently, adjusting the 

laminar flame speed correlations can be a consistent route towards improving the predictive 

modeling of prechamber combustion engines. 

The laminar flame speed correlations are functions of temperature, pressure, and 

equivalence ratio. Nearly all suggested correlations for the laminar flame speed agree on 

exponential dependence of SL on both temperature and pressure [11]. The value of the 
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pressure dependence coefficient is similar in most of the known correlations for SL. At 

ambient and near ambient temperature and pressure conditions, the value of the 

temperature dependence coefficient is mainly agreed upon to be around 2. At high 

temperature and pressure conditions, the value of the temperature constant greatly differs 

in literature due to the limited experimental data available at such conditions [11].  

Gulder’s correlation [11] is one of the most commonly used relations for calculating 

SL and is already implemented in the CFD solver CONVERGE. Therefore, it is investigated 

in this work and is selected to assess the effect of SL on the predictive modeling of 

prechamber engine combustion. In his correlation, similar to most other correlations, SL is 

a function of the ratio of the unburned temperature to the ambient temperature 𝑆𝐿 ∝

(
𝑇𝑢𝑛𝑏𝑢𝑟𝑛𝑒𝑑

𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡
)
𝛼

. For methane, he states that 𝛼 has a value between 1.37 and 2.33 depending 

on the pressure and equivalence ratio used. Andrews and Bradley [12], in their 

investigation on the burning velocity of methane-air mixtures, suggest that 𝛼 = 2 and its 

value indeed differs based on the pressure and equivalence ratio. Babkin and Kozachenko 

[13] show in their extensive study on the effect of high pressure on the normal burning 

velocity of methane that the value of 𝛼 ≥ 2 for the range of pressure of 1-70 [atm]. 

Therefore, the exact value of the temperature exponent (𝛼) remains a debate and depends 

highly on the operating conditions. This work will, hence, attempt to optimize the value of 

𝛼 for the selected engine conditions.  

Furthermore, some of the chemical mechanisms available to calculate the laminar 

flame speed are the detailed GRI 3.0 [14], reduced GRI 3.0 by Lu and Law [15], Aramco 

[16], and UCSD [17]. At ambient conditions, all the mentioned mechanisms calculate 
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similar values for SL as a function of equivalence ratio. Previous CFD works [3, 5, 7, 18] 

utilized the skeletal GRI 3.0 by Lu and Law and obtained satisfactory prediction of ultra-

learn prechamber experimental engine data. Therefore, the skeletal GRI mechanism was 

selected as a reference case for the 1-D calculation of the laminar flame speed. While 

Gulder’s correlation and the skeletal GRI mechanism calculate similar laminar burning 

velocity at ambient temperature and pressure, they disagree widely at the high engine 

conditions encountered in prechamber combustion.  

The primary objective of this study is to demonstrate the effect of the laminar flame 

speed on the prediction of the turbulent flame speed in numerical modeling of prechamber 

engine combustion. Using the calculations of SL by the skeletal GRI mechanism as a 

baseline, the empirical constants in Gulder’s SL correlation will be adjusted to reflect the 

specific prechamber engine operating conditions. The optimized Gulder’s relation is then 

implemented in CONVERGE to assess its ability to predict the KAUST prechamber 

experimental engine results. 
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Chapter 2 

Flame Speed Model and Correlations 

2.1 G-Equation 

The level set approach based on the G-equation is used for the modeling of 

premixed turbulent combustion. The non-reacting scalar 𝐺 is derived from the iso-scalar 

surface 𝐺(𝒙, 𝑡) which denotes the mean flame front position (at 𝐺 = 0) and divides the 

flow into the unburnt mixture region (𝐺 < 0.0), and the burnt gas region (𝐺 > 0.0). 

Beyond the flame surface, |
𝜕𝐺

𝜕𝑥𝑖
| = 1. Therefore, the G-equation is a scalar three-

dimensional field equation used to describe the instantaneous flame front position. It has 

properties similar to other field equations used in fluid dynamics [9]. The equation was 

originally derived by Forman Williams [19] for the corrugated flamelet regime and later 

adjusted to be valid for the thin reaction zone regime as well. Therefore, the G-equation is 

only valid when the flame is in the thin reaction zone or the corrugated flamelet regime 

[9].The field equation determines the flame front position by solving for the mean of 𝐺 in 

the following equation: 

𝜕𝜌�̃�

𝜕𝑡
+ 

𝜕𝜌𝑢�̃��̃�

𝜕𝑥𝑖
= −𝜌𝐷𝑡

′�̃� |
𝜕�̃�

𝜕𝑥𝑖
| + 𝜌𝑢𝑠𝑡  |

𝜕�̃�

𝜕𝑥𝑖
| 

 (2.1) 

where  𝜌𝑢 is the density of the unburnt mixture, 𝑠𝑡 is the turbulent flame speed, 𝑐𝑠 is a used-

supplied constant, 휀 is the turbulent dissipation, and 𝑘 is the turbulent kinetic energy. 𝐷𝑡
′ 
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denotes the turbulent diffusion terms and, when the variance of 𝐺 is not solved, are 

calculated as: 

 𝐷𝑡
′ =

𝑐𝜇

𝑆𝑐

𝑘2

휀
 

 (2.2) 

The mean flame curvature is given by: 

�̃� =  − 
𝜕

𝜕𝑥𝑖
(
𝜕�̃�

𝜕𝑥𝑖
|
𝜕�̃�

𝜕𝑥𝑖
|⁄ ) 

 (2.3) 

2.2 Turbulence Modeling 

The Reynolds-Average Navier-Stokes (RANS) turbulence model decomposes the 

flow velocity into an ensemble mean term and a fluctuating term 

𝑢𝑖  =  𝑢 𝑖  +  𝑢′𝑖 

    (2.4) 

Substituting the velocity decomposition equation into the Navier-Stokes equations 

yields the RANS equations for mass and momentum transport. 

𝜕𝜌 

𝜕𝑡
  + 

𝜕𝜌 �̃�𝑗

𝜕𝑥𝑖 
 =  0  

    (2.5) 
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𝜕𝜌 �̃�𝑖
𝜕𝑡 

 +  
𝜕𝜌 �̃�𝑖�̃�𝑗

𝜕𝑥𝑗

= − 
𝜕�̅�

𝜕𝑥𝑖 
 + 

𝜕

𝜕𝑥𝑗
  [𝜇 ( 

𝜕�̃�𝑖
 𝜕𝑥𝑗

 +  
𝜕𝑢�̃�

𝜕𝑥𝑖
  )  −  

2

3
 𝜇 ( 

𝜕�̃�𝑘 

𝜕𝑥𝑘 
𝛿𝑖𝑗)]  

+  
𝜕

𝜕𝑥𝑗  
 (−𝜌 𝑢𝑖′𝑢𝑗′̃ )  

    (2.6) 

The last term in the momentum equation refers to Reynolds stress term and 

represents the effects of turbulence and is introduced by the ensemble averaging of the 

equations, which need to be closed or modeled. 

 

2.2.1 The RNG 𝒌 − 𝜺 Model 

To model the Reynolds stress term in the RANS equations, two additional equations 

are used in the RNG (Renormalization Group) 𝑘 − 휀 model. One equation is for 𝑘, the 

turbulent kinetic energy, and the other is for 휀, the dissipation of the turbulent kinetic 

energy. The Reynold stress is modeled as: 

𝜏𝑖𝑗 = −𝜌 𝑢𝑖′𝑢𝑗′̃ = 2𝜇𝑡𝑆𝑖𝑗 −
2

3
𝛿𝑖𝑗 (𝜌𝑘 + 𝜇𝑡

𝜕 𝑢�̃�

𝜕𝑥𝑖 
)   (2.7) 

The turbulent viscosity and the turbulent kinetic energy are defined as: 

𝜇𝑡 = 𝐶𝜇𝜌
𝑘2
  ,    𝑘 =

1

2
 𝑢𝑖′𝑢𝑖′̃        (2.8) 

where 𝐶𝜇 = 0.09 is a model constant. The mean stress rate tensor is: 
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𝑆𝑖𝑗 =
1

2
(
𝜕 𝑢�̃�

𝜕𝑥𝑗 
+

𝜕 𝑢�̃�

𝜕𝑥𝑖 
)      (2.9) 

The turbulent diffusion (𝐷𝑡)  and conductivity (𝐾𝑡) are computed as 

𝐷𝑡 = 
𝜇𝑡

𝜌𝑆𝑐𝑡
                                                         (2.10) 

  𝐾𝑡 =
𝜇𝑡

𝜌𝑃𝑟𝑡
𝐶𝑝                                                     (2.11) 

where Sct and Prt are the turbulent Schmidt number and the turbulent Prandtl number, 

respectively. The two equations for the turbulent kinetic energy and the dissipation of the 

turbulent kinetic energy are:  

𝜕𝜌𝑘

𝜕𝑡 
 +

 𝜕𝜌𝑢𝑖𝑘

 𝜕𝑥𝑖
 =  𝜏𝑖𝑗  

𝜕𝑢𝑖

𝜕𝑥𝑗 
 + 

𝜕 

𝜕𝑥𝑗 
 
𝜇 + 𝜇𝑡

𝑃𝑟𝑘
 
𝜕𝑘

𝜕𝑥𝑗
 −  𝜌휀 + 

𝐶𝑠

1.5
𝑆𝑠   (2.12) 

 

𝜕𝜌

𝜕𝑡 
 +

 𝜕(𝜌𝑢𝑖 )

 𝜕𝑥𝑖
 =   

𝜕 

𝜕𝑥𝑗 
 (

𝜇 + 𝜇𝑡

𝑃𝑟
 
𝜕

𝜕𝑥𝑗
) + 𝐶 3 𝜌휀 

𝜕 𝑢𝑖

𝜕𝑥𝑖 
 + 

𝑘
(𝐶 1

𝜕 𝑢𝑖

𝜕𝑥𝑗 
𝜏𝑖𝑗 − 𝐶 2 𝜌휀𝐶𝑠𝑆𝑠) + 𝑆 −

𝜌𝑅   (2.13) 

where the 1.5 is an empirical constant, 𝑆 is a user-defined source term, 𝑆𝑠 the source term 

that includes interactions with discrete phase (=0 in the case of gaseous flows), and 𝐶 𝑖 

terms are model constants that represent compression and expansion. Finally, 

𝑅 =
𝐶𝜇𝜂

3(1−𝜂 𝜂0)
2⁄

(1+𝛽𝜂3)𝑘
      (2.14) 

𝜂 =
𝑘
|𝑆𝑖𝑗| =

𝑘
√2𝑆𝑖𝑗𝑆𝑖𝑗     (2.15) 
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2.3 Laminar Flame Speed 

The normal velocity of the flame front propagation, relative to the flow in the 

direction of the unburnt mixture, is called the laminar flame speed (SL). It is a transport 

property and a function of the unburnt mixture temperature, pressure, and equivalence ratio 

[9]. The laminar flame speed can be measured experimentally or numerically using 

extensive or reduced chemical mechanisms. 

SL for the methane-air mixture can also be calculated using one of the available 

empirical or semi-empirical correlations [11]. The most commonly used correlation is the 

empirical expression suggested by Gulder [11]: 

𝑆𝑢(𝜙, 𝑇, 𝑃) = 𝑆𝑢0(𝜙) [
𝑃𝑢

𝑃𝑜
]
𝛽

[
𝑇𝑢

𝑇𝑜
]
𝛼

    (2.16) 

where 

𝑆𝑢0(𝜙) = 𝑧 𝑊 𝜙𝜂 exp[−𝜉(𝜙 − 1.075)2]    (2.17) 

𝑆𝑢0 is the room temperature burning velocity, 𝑃𝑜 = 1𝑎𝑡𝑚, 𝑇𝑜 = 300𝐾, 𝛼 = 1.37 − 2.33,

𝛽 = −0.5, 𝑍 = 1, 𝑊 [𝑚 𝑠⁄ ] = 0.422, 𝜂 = 0.15, and 𝜉 = 5.18 for methane as stated by 

Gulder (1984) [11].  

Gulder measured the methane-air burning velocities experimentally in a constant-

volume spherical bomb with a diameter of 0.325 m with a density correction scheme [11]. 

The empirical correlation in (2.17) was then selected to represent the normal burning 

velocity at ambient temperature and pressure. The temperature and pressure dependence 
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coefficients were then determined separately by examining the variation in 𝑆𝑢 with 

𝑇𝑢

𝑇𝑜
 and 

𝑃𝑢

𝑃𝑜
, respectively.  

Therefore, according to Gulder, the values of 𝜂, and 𝜉 are fuel-dependent and were 

determined empirically to curve fit the expression in (2.17) into the experimental data for 

SL of methane at room temperature (300 K) [11]. The range of values for 𝛼 was then 

selected to scale the expression of SL into the experimental measurements of the burning 

velocity conducted at higher temperatures (>300 K).  

 

2.4 Turbulent Flame Speed 

The premixed turbulent flame speed (ST) depends on local mean quantities. It is the 

speed at which the mean turbulent flame front propagates relative to the flow field.  The 

full derivation of the turbulent burning velocity [9] is not shown here. The correlation used 

for the turbulent velocity is that provided by Peters [9]: 

𝑆𝑇 =  𝑆𝐿 + 𝑢′ {−
𝑎4𝑏3

2

2𝑏1
𝐷𝑎 +  [(

𝑎4𝑏3
2

2𝑏1
𝐷𝑎)

2

+ 𝑎4𝑏3
2𝐷𝑎]

1
2⁄

}   (2.18) 

 

where 𝑢′ is the fluctuating turbulent component, 𝑙𝑇 the turbulent length scale, 𝛿𝐿 the flame 

thickness, Da the Damköhler number (𝑙𝑇𝑆𝐿/𝑢′𝛿𝐿), and 𝑎 and 𝑏 model constants. The 

constant representing the large-scale turbulence is 𝑏1 while 𝑏3 represents the small-scale 

turbulence. 
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2.4.1 Damköhler Number 

The Damköhler number (Da) relates the turbulent timescale (𝜏𝑡) to the chemical 

reaction timescale (𝜏𝑐).   

𝐷𝑎 =̅  
𝜏𝑡

𝜏𝑐
= 

𝑙𝑇 𝑢′⁄

𝛿𝐿 𝑆𝐿⁄
  (2.19) 

The integral length scale is calculated in RANS formulation by:  

𝑙𝑇 =  𝐶𝜇
3 4⁄ 𝑘3 2⁄

휀
     (2.20) 

where 𝐶𝜇 = 0.09. The flame thermal thickness is calculated through: 

𝛿𝐿 = 
𝜆/𝐶𝑝

𝜌 𝑆𝐿
      (2.21) 

where 𝐶𝑝 is the heat capacity, 𝜆 is the molecular conductivity, and 𝜌 is the density. 

When 𝐷𝑎 <  1, the flow turbulence time scale is lower than the chemistry rate and 

the combustion is characterized as diffusion-limited. When 𝐷𝑎 >  1, on the other hand, 

the chemical time scale is smaller than the turbulence time scale, hence the combustion is 

said to be reaction limited. 

 

2.4.2 Karlovitz Number 

There are two Karlovitz numbers used in turbulent combustion. When the 

Kolmogorov scales are used, the Karlovitz number (𝐾𝑎) defines the ratio between the 

chemical time scale (𝑡𝑐) and the Kolmogorov time scale (𝑡𝜂). 
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𝐾𝑎 = 
𝑡𝑐

𝑡𝜂
= 

𝛿𝐿
2

𝜂2
= 

𝜐𝜂
2

𝑆𝐿
2     (2.22) 

where 𝛿𝐿 is the flame thickness.  𝜂 and 𝜐𝜂 are the Kolmogorov length and velocity scale, 

respectively, and are calculated as: 

𝜂 = (
𝜈3
)

1

4
, 𝜐𝜂 = (𝜈휀)1/4     (2.23) 

When Damköhler number is also defined using the Kolmogorov scale, 𝐾𝑎 =

 1 𝐷𝑎⁄ . When the appropriate reaction zone thickness is used,  

𝐾𝑎𝛿 = 
𝑙𝛿
2

𝜂2
      (2.24) 

where 𝑙𝛿 is the thickness of the inner layer with fraction 𝛿 of the flame thickness. 

Therefore,  

𝐾𝑎𝛿 = 𝛿2 𝐾𝑎      (2.25) 

When 𝐾𝑎 > 1, 𝑅𝑒 > 1, and 𝐾𝑎𝛿 < 1, the flame is said to be located in the thin 

reaction zone. When 𝐾𝑎 < 1, 𝑅𝑒 > 1, and 𝑣′ > 𝑆𝐿, where 𝑣′ denotes the turnover velocity 

of large eddies, the flame is in the corrugated flamelet regime [9]. 
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Chapter 3 

Numerical Setup  

3.1 1-D Model Setup 

The PREMIX model within the Chemkin-pro package [20] was used to calculate 

the 1-D laminar flame speed. The model assumes a steady, isobaric, quasi-one-dimensional 

flame propagation. The freely propagating flame speed model was used with mixture-

average transport within the entire range of the defined engine-like conditions. This 

specific model for the flame was used since it calculates the characteristic flame speed of 

the burnt gas mixture at the specified inlet pressure and temperature.  

3.1.1 Boundary Conditions 

For a freely propagating flame model, the mass flux is an eigenvalue and must be 

determined in the solution. The location of the flame is fixed by specifying the temperature 

at one point (𝑥 = 0) in a flame-fixed coordinate system.  

𝜕𝑇

𝜕𝑥
=

𝜕𝑌𝑘

𝜕𝑥
= 0 (3.1) 

3.1.2 Chemical Mechanisms 

The skeletal GRI 3.0 mechanism by Lu and Law [15] was used as a reference for 

the calculation of the laminar burning velocity since previous works [3, 5, 7, 18] observed 

satisfactory predictive modeling of the KAUST data. The Chemkin model used was 

validated for the selected reduced GRI chemical mechanism by Lu and Law as shown in 

figure 1.  
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Figure 1: Chemkin setup validation for the reduced GRI mechanism 

 

Using the same freely propagating 1-D premixed laminar flame speed model and 

setup, the commonly used mechanisms including the reduced and detailed GRI 3.0 [14], 

Aramco [16], and UCSD [17] mechanisms were compared for the condition of T=300 [K] 

and P=1 [atm] as further validation of the Chemkin setup used. All mechanisms agree well 

on the values of SL at the ambient condition as shown in figure 2. 



27 

 

 

Figure 2: SL as determined by various chemical mechanisms at ambient 

conditions. 

 

3.2 CONVERGE setup 

The full-scale 3D engine simulations were conducted in the computational fluid 

dynamics (CFD) solver CONVERGETM. A full-cycle simulation was initially considered. 

For a balance between saving computational time and adequate field initialization, the 

solution was mapped at -20 CAD aTDC. The spark timing was -13 CAD aTDC. A 

homogeneous charge of methane was assumed at the intake port with a global air-fuel ratio 

λ = 1.8. Three different cases of the same global λ with 3%, 7%, and 13% total fuel energy 

added in the pre-chamber were investigated. 

The grid size for the prechamber region was fixed at 0.25mm. The nozzle 

connecting the prechamber region and main chamber had grid size of 0.125 mm to 
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adequately capture the transition between the two chambers. The adaptive mesh refinement 

(AMR) model was also activated, which generates a smaller mesh size of 500 µm within 

the main chamber region to maintain a balance between the computational run time and 

accuracy. The full detailed numerical setup and the KAUST prechamber design can be 

found in [21].  

The turbulence was modeled with the RNG k-ε model [16]. For combustion 

modeling, the level set G-Equation model [19] was coupled with the SAGE chemistry 

solver for the prediction of the intermediate combustion species. Three laminar flame 

speeds were accounted for in separate simulations: the one tabulated from the skeletal 

mechanism of GRI 3.0, the original Gulder relation, and the updated Gulder relation. For 

each of the three cases, three different compositions of the prechamber were investigated: 

rich, slightly rich, and stoichiometric composition. The turbulent flame speed ST was 

computed using Peters’ correlation [18] for all three models.  
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Chapter 4 

Optimization and 1-D Flame Speed Assessment 

4.1 Gulder’s Model Constants 

Recall Gulder’s correlation for laminar flame speed. 

𝑆𝑢(𝜙, 𝑇, 𝑃) = 𝑧 𝑊 𝜙𝜂 exp[−𝜉(𝜙 − 1.075)2] [
𝑃𝑢

𝑃𝑜
]
𝛽

[
𝑇𝑢

𝑇𝑜
] 
𝛼

  (4.1) 

The three constants that were examined for this work are the temperature exponent 

𝛼, and the two empirical constants 𝜂 and 𝜉. The values of the two later constants were 

originally chosen by Gulder to fit the empirical expression into the experimental data for 

SL of methane at room temperature (300K) and ambient pressure (1atm). Gulder defines 

the temperature exponent in his SL correlation to be in the range of 1.37 to 2.33 for methane 

at various equivalence ratios and pressures [11]. While the value of the pressure exponent 

𝛽 is agreed to be -0.5 for methane, the value of the temperature exponent is still argued 

within the combustion community [12, 13, 22-24]. Usual engineering practices that utilize 

Gulder’s model assume a value of 𝛼 = 2 for methane. However, within the 𝛼 range 

suggested by Gulder, SL can vary significantly at high pressures as shown in figure 3. As 

observed, the choice of the value for 𝛼 can greatly affect the value of Gulder’s SL. 

Previous works have investigated the value of the temperature exponent and its 

dependence on pressure and equivalence ratio. Babkin and Kozachenko [13] explored the 

effect of high pressure and temperature on mixtures containing methane. They found that 

while the pressure exponent is also a function of temperature and mixture composition, it 
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is almost constant for pressures higher than 8 [atm] [13]. As for the temperature exponent, 

they state that 𝛼 has a minimum value of 2 near stoichiometry, but its value is not constant 

for rich and lean mixtures and at higher pressures. It is also mentioned in their work that 

within the pressure range of 1-70 atm, the value of temperature exponent increases from 

2.32 to 3.01 for an methane-air mixture containing 8% methane. Since 𝛼 denotes the slope 

of the corresponding curve of 𝑆𝐿 ~ 𝑇
𝛼 , they calculate the temperature exponent according 

to: 

𝛼 = 
log(𝑆𝑢2 𝑆𝑢1⁄ )

log(𝑇𝑖2 𝑇𝑖1⁄ )
 , (4.2) 

where 𝑆𝑢2 and 𝑆𝑢1are the normal burning velocities at two different states of the same 

mixture, and 𝑇𝑖2and 𝑇𝑖1are the temperatures of the fresh mixture at the respective states. 

Babkin’s calculation of SL, and consequently 𝛼, is done relatively between two different 

states: ambient (state 1) and another state where the temperature and pressure are usually 

higher (state 2). Furthermore, they state that the quantity (𝑆𝑢2 𝑆𝑢1)⁄  is a function of 

√𝑛𝑏2 𝑛𝑏1⁄ , the ratio between the two relative mass concentrations of the chain carriers (H, 

O, and OH) at the two combustion temperatures 𝑇𝑏1 and 𝑇𝑏2. The method of successive 

approximation for weak dissociation was used to calculate the chain carrier concentrations 

[13]. Therefore, an increase in pressure results in a decrease in the degree of dissociation, 

which leads to enhancing the efficiency of heating. According to their experimental 

calculation of the heating efficiency and √𝑛𝑏2 𝑛𝑏1⁄ , an increase in efficiency results in an 

increase in √𝑛𝑏2 𝑛𝑏1⁄ ; hence, an increase in 𝛼. Therefore, operating at high pressures 

requires a higher value for the temperature exponent than that suggested by Gulder since 
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the prechamber engine operates at much higher temperature and pressure than that 

investigated by Gulder [11].  

 

Figure 3: Variation in Gulder’s SL within the Gulder’s range of 𝛼 at high pressure 

and temperature 

 

Varghese et al [23] used the method of an externally heated diverging channel that 

accurately measures the laminar flame speed to evaluate the joint effect of high pressure 

and temperature on the propagation of premixed methane-air flames within the range of 

𝜙 = 0.7 − 1.3, 𝑃 = 1 − 5 𝑎𝑡𝑚, and 𝑇 = 350 − 650 𝐾. They confirm the dependence of 

the temperature exponent on pressure and report that 𝛼 = 𝛼0 + 𝛼1(1 − 
𝑃𝑢

𝑃𝑢,𝑜
) where 𝑃𝑢,𝑜 =

1 [𝑎𝑡𝑚] and 𝛼0 and 𝛼1 are the coefficients of linear fit whose values depend on the mixture 

composition. Their expression for 𝛼 was determined by a linear fit of the variation of the 

temperature exponent at various pressures. Their experimental results for the variation in 
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𝛼 were compared, with a fair agreement, to the prediction of SL according to the Aramco 

2 kinetic mechanism. Clearly, the value of 𝛼 in Gulder’s correlation must be selected to 

reflect engine-like conditions of high pressure and temperature.  

Similarly, the values of the constants 𝜂 and 𝜉 are fuel-dependent and were selected 

to fit Gulder’s experimental data at ambient temperature and pressure. Therefore, adjusting 

them to fit higher pressure and temperature conditions can result in the desired change in 

the calculation of Gulder’s SL at high pressure and temperature. 

 

4.2 Constants Optimization Method 

After selecting the three constants in Gulder’s model that is to be adjusted, a simple 

method of optimization was followed to select the new values of such constants. The 

approach adopted was to systematically minimize the difference between the SL calculated 

from Gulder and the SL from skeletal GRI. This was done for the full range of engine 

conditions defined as 𝜙 = 0.6 − 1.5, 𝑃 = 30 − 80𝑎𝑡𝑚, and 𝑇 = 700 − 1060𝐾. This 

means that the new values of the constants were optimized such that Gulder’s prediction 

of SL matches the GRI mechanism’s SL. The global minimum was obtained by: 

% 𝑑𝑖𝑓𝑓 =  
𝑆𝐿,𝐺𝑢𝑙𝑑𝑒𝑟− 𝑆𝐿,𝐺𝑅𝐼

𝑆𝐿,𝐺𝑅𝐼
  (4.2) 

𝑇𝑜𝑡𝑎𝑙 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 % 𝑑𝑖𝑓𝑓 =
∑ ∑ ∑ % 𝑑𝑖𝑓𝑓𝜙𝑇𝑃

# 𝑜𝑓 𝑝𝑜𝑖𝑛𝑡𝑠 𝑖𝑛 𝑒𝑛𝑔𝑖𝑛𝑒 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 𝑟𝑎𝑛𝑔𝑒
   (4.3) 

The original values of 𝛼, 𝜂, and 𝜉 were separately doubled and halved to assess 

their sensitivity and be used as a range from which the new optimized values will be 
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selected. For each constant, the Gulder’s SL was calculated as a function of the constant 

within its respective range. Then, the individual percent difference between Gulder’s SL 

and the GRI’s was calculated according to (4.2). The final optimized value for each 

constant was selected to minimize (4.3). Figure 4 shows the optimization of the temperature 

exponent 𝛼. Within the range of 𝛼 = 1 − 4, the percent difference between the two SL’s at 

each point in the engine conditions range was calculated. Finally, the value of 𝛼 that 

minimized the total average percent difference between Gulder's SL and the chemical 

mechanism’s SL as calculated by (4.3) was then selected. The process was identical for the 

other two constants. Optimal values of 2.6, 3.94, and 0.273 were found for α, ξ, and η, 

respectively.  

 

Figure 4: Percent difference between the two SL for the range of 𝛼 = 1 − 4. 
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4.2 1-D Laminar Flame Assessment 

The effect of the optimized values within Gulder’s updated model was tested in 1-

D Chemkin simulations by comparing Gulder’s SL to the GRI’s. Figure 5 shows the 

comparison between the SL computed from the reduced GRI mechanism and Gulder’s 

original model for a representative pressure of 40 [bar], while figure 6 compares the 

updated Gulder relation against the reference SL. It is clear from the figure that Gulder’s 

original relation for the laminar burning velocity calculated significantly lower values than 

those calculated using the reduced GRI 3.0. Although not shown here, the mismatch in 

calculation of SL is observed in all the range of pressure investigated for this work. 

 

Figure 5: SL - Gulder vs. skeletal GRI – for a wide temperature range and 

P=40atm 
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Figure 6: SL – updated Gulder vs. skeletal GRI - for wide temperature range and 

P=40atm 

Using the optimized values of Gulder’s constants improves the agreement between 

the empirical flame velocity model and the baseline case that utilizes the reduced GRI 

mechanism. Although the curves are not identical, the magnitude of the flame speed is 

more similar between the updated model and the reference case than between the original 

model and the baseline case. Due to the global averaging of the optimized constants over 

a wide range of engine conditions, the updated model still differs from the reference 

mechanism. 

It is possible to minimize the difference between the curves even further by 

suggesting temperature, pressure, or equivalence ratio-dependent values for the 

investigated constants. However, this work aims to introduce as minimal a change to 

Gulder’s original model as possible for easier implementation in the CFD solver 
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CONVERGE. Therefore, the small remaining difference between Gulder’s SL and the 

mechanism’s is considered acceptable for this work. 

 

4.2 Summary 

It was shown that the values for Gulder’s empirical constants for methane are 

heavily dependent on the operating temperature, pressure, and composition. The 

temperature exponent, specifically, has been studied in many works. All such efforts agree 

with Babkin’s explanation for the relationship between the temperature exponent and 

pressure [12, 13, 22-24]. Babkin’s work shows that the temperature exponent value must 

be more than 2 for pressures higher than 1 [atm], and it increases with increased pressure 

[12, 13, 22-24]. The original values suggested by Gulder for those constants, therefore, are 

not applicable for the high temperature and pressure and ultra-lean engine conditions since 

they were selected to fit the correlation into his experimental data gathered at ambient 

temperature and pressure.  

For Gulder’s relation to correctly predict the laminar flame speed for such extreme 

conditions, its empirical constants were adjusted. Using the calculations of the laminar 

burning velocity from the skeletal GRI 3.0 chemical mechanism as a reference, the 

constants were altered so the Gulder’s correlation would calculate similar SL. The constants 

were optimized for a global average minimum difference between the Gulder’s and the 

mechanism’s SL. The optimized relation was then implemented in Chemkin for 1-D flame 

speed assessment. The 1-D results show a significant improvement in the magnitude of SL 

as calculated by the updated correlation and compared to the reference SL.   
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Chapter 5 

3D CFD Results 

5.1 Effect of Updated Laminar Burning Velocity 

To assess the effect of the new optimized constants, the updated Gulder’s model 

was implemented in CONVERGE. Figure 7 shows the CFD results of the three prechamber 

combustion models that utilize laminar flame speeds computed from the skeletal GRI 3.0 

(Fig. 7 (a)), original Gulder (Fig. 7 (b)), and modified Gulder (Fig. 7 (c)), with  3% of the 

total fuel energy added in the prechamber. All three models are compared to the average 

KAUST experimental engine data shown in black. The individual experimental cycles are 

shown in grey. The in-cylinder pressure measurement is used as a reference to analyze the 

combustion process quantitatively and evaluate the predictability of each combustion 

model. The running time for the models that use the empirical expressions is around 20% 

less than that of the model using the tabulated data. The 3D flame topology for all three 

cases are shown at two different positions: when the jet hits the piston wall and at TDC. 

These two critical positions in flame development were selected to highlight the differences 

that result from the three different models.  

After flame initiation in the prechamber, the flame starts to propagate and the 

pressure in the prechamber then increases. When the prechamber pressure surpasses that 

of the main chamber, the flame is passed into the main chamber through the connecting 

nozzles as highly reactive jets. The shear-driven instabilities cause the wrinkling of the 
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flame front and the development of a mixing layer, which maintains the combustion of the 

homogenous charge in the main chamber until all the jets have passed from the prechamber. 

 

Figure 7: CFD and 3D results for tabulated mechanism and Gulder’s original and updated 

models with PCFR 3% 

Figure 7 (a), which utilizes the SL calculation from the skeletal GRI3.0, shows a 

satisfactory agreement with the experimental results and is, therefore, used as a reference. 

Gulder’s original model (Fig. 7 (b)) does not show an acceptable agreement with the 

experimental results nor the 3D reference flame topology. When the flame enters the main 

chamber, its cross-sectional development is poor compared to the baseline case. Gulder’s 

original model underpredicts the peak pressure in the main chamber by 13% in this case. 

While it predicts the maximum pressure in the prechamber well, the original model’s 

prediction after TDC is less consistent with the average experimental data. This 

inconsistency between Gulder’s model and the experimental results has been observed in 

                   (a)                                            (b)                                            (c) 
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other works [8]. In those works, the mismatch was believed to result from the calculation 

of the turbulent flame speed. To resolve the mismatch, Kim et al [8] altered the model 

constants 𝑏1 and 𝑏3 in Peters’ correlation of ST from 2.0 and 1.0 to 1.5 and 2.0, respectively. 

The adjusted values were chosen such that the simulated maximum pressure in the main 

chamber match the experimental one [8].  

In fact, the mismatch could not be turbulence-driven, since Peters’ turbulent flame 

speed correlation is used for all three cases shown in figure 7. The only difference among 

the three combustion models is the laminar burning velocity. Therefore, the mismatch in 

figure 7 (b) must be due to the slow laminar flame speed. The slow laminar flame speed, 

in fact, compromises the propagation of the turbulent flame, the flame surface area, and the 

mean pressure prediction in the case of Gulder’s original model.  

Furthermore, the value of the constant model 𝑏3, according to Peters, was not 

selected to fit the correlation into experimental data the same way the adjusted Gulder’s 

model constants were [9]. Instead, it was derived by Damköhler (1940) from the relation  

𝑆𝑇/𝑆𝐿 =  𝑏3√𝐷𝑡 𝐷⁄  , where 𝐷 is the molecular diffusivity and 𝐷𝑡 the turbulent diffusivity, 

and was confirmed through direct numerical simulations (DNS) conducted by Wenzel in 

1997 [9]. Therefore, the value of 𝑏3 must not be modified arbitrarily without solid physical 

reasoning. 

Gulder’s updated model (Fig. 7 (c)) shows significant improvement compared to 

the performance of Gulder’s original model. The updated model predicts the average 

pressure profile well in both the pre and main chambers. This improvement confirms the 

earlier claim that the mismatch between Gulder’s original model and the experimental 
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results is due to the inaccurate prediction of the laminar flame speed instead of the turbulent 

flame speed. The mismatch still present between the updated Gulder model and the 

experimental results is considered negligible and is an expected outcome of the global 

averaging of the optimized constants. However, the 3D flame topology of the updated 

model agrees well with the baseline case as compared to the original model. The slight 

difference of 0.5 in the crank angle in the case of the updated Gulder model for the flame 

topology at the jet hitting the piston is considered minor compared to the improvement 

obtained.  

It is critical to mention that the still remaining difference seen in figure 7 (c) can be 

further minimized by optimizing the values of 𝛼, 𝜂, and 𝜉 for specific local conditions (for 

a given 𝑃, 𝑇, 𝜙). Future work could be dedicated to investigate a dynamic optimization of 

the constants as a function of the local rather than the global conditions. 

To further confirm the applicability of Gulder’s updated model, additional 

assessments with PCFR 7% and 13% were conducted and shown in figure 8 and figure 9, 

respectively. Similar to the case of PCFR 3%, Gulder’s model (Fig. 8 (b)) fails to predict 

the pressure profile in the prechamber and main chamber after TDC. Its flame topology 

also shows a significant lag, when compared to the baseline case (Fig. 8 (a)), in the jets 

issued from the prechamber. The updated Gulder’s model (Fig. 8 (c)), on the other hand, 

predicts both pressure profiles in the main and prechamber significantly well. Notice that 

although the prechamber peak pressure predicted by the updated model is slightly higher 

than the average experimental peak pressure, it still falls within the range of maximum 

pressure in the experimental cycles. The flame development of the updated model agrees 
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                   (a)                                            (b)                                            (c) 

well with the reference case in both cross-sections shown with a slight, but expected 

difference. 

 

Figure 8: CFD and 3D results for tabulated mechanism and Gulder’s original and updated 

models with PCFR 7% 

 

The patterns discussed in figure 7 and figure 8 are also observed in figure 9. The 

updated model performs better than the original model in both predicting the pressure 

profiles and the flame development. With 13% of the fuel energy added into the 

prechamber, a rich homogenous charge is available in the prechamber. It is considered an 

extreme case compared to the near-stoichiometric and slightly rich cases of PCFR 3% and 

7%. That explains why both the reference case and the updated model predict a slightly 
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                   (a)                                            (b)                                            (c) 

smaller peak pressure than the average experimental maximum pressure in the main 

chamber.  

 

Figure 9: CFD and 3D results for tabulated mechanism and Gulder’s original and updated 

models with PCFR 13% 

 

In both cases, however, the predicted pressure still falls within the range of the 

experimental peak pressure, unlike the peak pressure predicted by Gulder’s original model 

(Fig. 9 (c)). Furthermore, Gulder’s updated model’s prediction of the flame development 

at -3.5 CAD appears faster than the prediction provided by the baseline case. This is 

consistent with the difference in the peak pressures as calculated by the two models. Recall 

that in figure 6, the updated model calculates slightly faster SL at stoichiometric and slightly 

rich equivalence ratios. Therefore, it is expected that the optimized model’s flame develops 

faster than the reference case. 
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5.2 Analysis of Damköhler Number and Borghi-Peters Diagram in Pre 

and Main Chambers 

 

One critical observation seen in figure 7 and figure 8 is that minimal perturbation 

of the prechamber pressure builds up irrespective of the SL used, while the main chamber 

is heavily affected. In the case of PCFR 13%, however, a different pattern is observed. 

Gulder’s original model completely fails to predict the pressure in the prechamber. This 

section provides a priori reasoning for such observations of prechamber pressure 

prediction.  

 

 

Figure 10: 3D results of the prechamber composition at spark time (-13 CAD)  
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5.2.1 PCFR 3% 

 The prechamber composition for a PCFR of 3% is around stoichiometry. It can be 

observed in figure 7 that updating Gulder’s model, and hence changing the calculation of 

SL, does not significantly alter the prediction of the prechamber pressure prior to TDC. 

Figure 11 shows the prechamber pressure as predicted by the three models for the case of 

PCFR 3%. Gulder’s original model seems to acceptably predict the average prechamber 

pressure up to TDC. After TDC, the original model’s prediction of prechamber pressure is 

less consistent with the average experimental data and baseline case but still falls within 

the range of experimental cycles. The updated model consistently matches the reference 

case throughout the entire the combustion process. 

 

Figure 11: Prechamber pressure as predicted by the reference case, Gulder’s original 

model, and Gulder’s updated model for the case of PCFR 3% 
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The flame topology within the prechamber region shown in figure 12 for all three 

models is in fair agreement. The effect of Gulder’s slow SL, however, is clear in the analysis 

of Damköhler number. Recall that Damköhler number is a function of the laminar burning 

velocity. Gulder’s slower flame speed, therefore, corresponds to smaller Damköhler 

numbers in the prechamber region. The effect of the slow speed on the flame development 

becomes more apparent when the flame enters the main chamber. The 3D results for the 

prechamber agree with the pressure prediction shown in figure 11. Gulder’s original model 

produces acceptable results for the prechamber before TDC.  

 

 

 

Figure 12: 3D results of flame topology and Damköhler number within the prechamber 

region for the three models for the case of PCFR 3% 
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Similar to the prechamber pressure, the main chamber pressure as predicted by 

Gulder’s model agrees with the average experimental and reference curves before TDC. 

Even though the model predicts a pressure within the range of the experimental cycles after 

TDC, it doesn’t match the baseline case. The 3D results of the jets development for the 

three models show a great disagreement. Even prior to TDC, the slow flame speed 

calculated by Gulder’s original model is clearly observed in the main chamber. Its effect 

compromises the jets development as the flame enters the main chamber and after the jets 

hit the piston walls. The average Damköhler number, for the reference case and the updated 

model, recovers to be larger than unity once the jets hit the piston walls and the turbulent 

mixing starts. In the case of Gulder’s original model, due to the slow SL, the average 

Damköhler number stays less than one. The turbulent mixing of the flame at TDC is also 

compromised due to the poor development of the turbulent jets. The updated model 

predicts better jets development and turbulent mixing; hence the agreement on the pressure 

profile in the main chamber between the updated model and the baseline. 

Figure 13: Main chamber pressure predicted by the reference case, Gulder’s original 

model, and Gulder’s updated model for the case of PCFR 3% 
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Figure 14: 3D results of flame topology and Damköhler number within the main chamber 

region for the three models for the case of PCFR 3% 

 

Both behaviors observed for Gulder’s original model in the prechamber and main 

chamber regions can be explained by examining the Borghi-Peters diagram shown in figure 

15. The diagram shows the simulation data points taken ahead of the flame. For the baseline 

case, the flame starts in the thin reaction zone and transfers to the corrugated flamelet 

regime right after TDC. It is critical to note that in the corrugated flamelet regime, the 

Karlovitz number is less than unity and the laminar flame speed is similar in magnitude to 

the turbulent fluctuations [9]. Recall that Peters’ correlation calculates the turbulent flame 

speed as a combination of the laminar flame speed and the turbulent fluctuations [9]. 

Therefore, the effect of SL becomes more significant while calculating ST when the flame 
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is in the corrugated flamelet regime than when it is in the thin reaction zone.  Furthermore, 

the slow laminar flame speed calculated by Gulder’s original model results in a sufficiently 

large 𝑢′/𝑆𝐿 ratio that the flame enters the broken reaction zone, where the G- equation is 

not valid [9]. This explains why Gulder’s original model fails after TDC.  

 

Figure 15: Borghi-Peters diagram for PCFR 3% showing the base case and Gulder’s 

original model 

 

Figure 16 shows that the updated model is in good agreement with the reference 

case in terms of the flame front location in the Borghi-Peters diagram. Both flame fronts 

start in the thin reaction zone and transfer into the corrugated flamelet regime around TDC. 

When SL is calculated using Gulder’s updated correlation, the 𝑢′/𝑆𝐿 ratio is not too large 

that the flame front enters the broken reaction zone. The slight differences observed again 
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result from the global averaging of the model constants explained in chapter 4. In addition, 

the difference in the flame front data is consistent with the difference seen in figure 6 and 

figure 12. Recall that in figure 6, the optimized model slightly overpredicts SL compared 

to the reference case at stoichiometric and slightly rich equivalence ratios. This difference 

causes a faster increase in the pressure predicted by the updated model compared to the 

reference case observed in figure 12. Note that by 30 CAD, the combustion process is 

considered complete. Therefore, the points in the case of the updated model that enter the 

wrinkled flamelet regime are of no major significance to the validity of the optimized 

Gulder’s model. 

 

 

Figure 16: Borghi-Peters diagram for PCFR 3% showing the base case and Gulder’s 

updated model 
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5.2.2 PCFR 7% 

For a PCFR of 7%, the prechamber composition corresponds to a slightly rich 

mixture of 𝜆 = 0.8 on average as seen in figure 10. The same pattern explained for the 

prechamber pressure prediction of PCFR 3% is observed here. Gulder’s original model 

acceptably predicts the prechamber pressure only before TDC. After TDC, in the case of 

PCFR 7%, the pressure predicted by the original model falls outside the range of the 

pressures obtained in the experimental cycles. The agreement between the baseline and the 

updated model is seen again here. 

Figure 17: Prechamber pressure as predicted by the reference case, Gulder’s original 

model, and Gulder’s updated model for the case of PCFR 7% 

 

Figure 18 shows the flame development at -11 CAD for all three models. Clearly, 

Gulder’s original model flame develops slower than the reference case and the updated 
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model. This delay, however, does not cause a significant disagreement in the pressure 

profile before TDC. The delay in SL seems to build up cumulatively over time in the 

prechamber, and the lag becomes more evident in the flame topology by the time the flame 

exits the prechamber. Since the effect of the slow speed is more dominant in the flame 

development in the case of the 7% than in the 3%, Gulder’s original model’s prediction of 

the prechamber pressure in figure 17 has a slower rate of increase when compared to the 

reference case while it does not in figure 11. The slower SL again results in smaller 

Damköhler numbers in the prechamber as seen in the previous case. 

 

 

Figure 18: 3D results of flame topology and Damköhler number within the prechamber 

region for the three models for the case of PCFR 7% 
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Figure 19: Main chamber pressure as predicted by the reference case, Gulder’s original 

model, and Gulder’s updated model for the case of PCFR 7% 

 

Figure 19 shows the main chamber pressure as predicted by the three models for 

PCFR of 7%. Similar to the case of PCFR 3%, Gulder’s original model predicts the 

pressure profile well within the main chamber region before TDC but significantly fails 

starting at TDC and until the end of the combustion process around 30 CAD. Figure 20 

shows the flame development in the main chamber and the Damköhler numbers for the 

three models. The slow Gulder’s flame compromises the jets development in the main 

chamber. In addition to entering the main chamber later than the reference case, Gulder’s 

slow flame results in smaller Damköhler numbers even at TDC. The poor development of 

the jets also results in poor turbulence at TDC when compared to the reference case and 

the updated model. The updated model, on the other hand, calculates sufficiently fast 

laminar flame speed that both the flame development and Damköhler numbers match the 

reference case despite the slight advancement of the flame seen in figure 18 and figure 20. 
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Figure 20: 3D results of flame topology and Damköhler number within the main chamber 

region for the three models for the case of PCFR 7% 

 

The behavior of the flame front for all three models with PCFR 7% is similar to 

those in the case of PCFR 3%. The baseline model calculates a 𝑢’/𝑆𝐿  ratio that places the 

flame front in the thin reaction zone at the start of combustion and eventually moves to the 

corrugated flamelet regime around TDC. Gulder’s original model calculates a smaller 

laminar flame speed which, consequently, calculates a large 𝑢’/𝑆𝐿 that predicts a flame 

front in the broken reaction zone. Since the G-equation is not applicable when the flame 

front is in the broken reaction zone, the combustion model that uses Gulder’s correlation 

to calculate SL is not valid and, hence, fails at predicting pressure build up and the flame 

topology in both the prechamber and main chamber. The small, yet acceptable, differences 
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seen in figure 22 are consistent with the faster flame development seen in the 3D results of 

the optimized model in the pre and main chambers. 

 

 

Figure 21: Borghi-Peters diagram for PCFR 7% showing the base case and Gulder’s 

original model 
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Figure 22: Borghi-Peters diagram for PCFR 7% showing the base case and Gulder’s 

updated model 

 

5.2.2 PCFR 13% 

The prechamber composition for a PCFR of 13% is extremely rich with an average 

of 𝜆 = 0.5. Unlike the two previous cases, for the case of PCFR 13%, Gulder’s original 

model fails to predict the pressure profile even before TDC as seen in figure 23. Both the 

maximum prechamber pressure and the profile do not match the average experimental data 

nor the reference case. It is also observed in figure 23 that while the updated model predicts 

the average experimental pressure buildup well, the pressure profile of the reference case 

is slightly delayed compared to the average experimental curve. 
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Figure 23: Prechamber pressure as predicted by the reference case, Gulder’s original 

model, and Gulder’s updated model for the case of PCFR 13% 

 

For the baseline case, figure 24 shows that the amount of fuel consumed by the time 

the flame is at the entrance of the throat region is clearly smaller than the fuel consumed in 

the case of the updated Gulder’s model. Since the pressure buildup is a reflection of the 

fuel consumed, the delay in the pressure increase for the baseline case is a result of the 

smaller amount of fuel consumed. Further investigation of the chemical mechanism is 

needed to understand the reason behind the reduced fuel consumption in the case of 

extremely rich prechamber. The effect of Gulder’s slow speed is also observed early in the 

prechamber. At -8 CAD, the flame development is slower and the fuel consumed is even 

smaller than the baseline case. 
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Figure 24: 3D results of flame topology and Damköhler number within the prechamber 

region for the three models for the case of PCFR 13% 

 

Within the main chamber region, the same pattern observed in figure 13 and figure 

19 is found in figure 25. Gulder’s original model predicts a similar pressure profile as the 

experimental results and the other two models until TDC. Figure 17 shows that before 

TDC, the reference model and Gulder’s updated model have Damköhler numbers smaller 

than unity, but they become larger than unity by TDC. The original model, on the other 

hand, has a much slower flame that does not enter the prechamber until after -5 CAD with 

Damköhler numbers smaller than unity even at TDC.  
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Figure 25: Main chamber pressure as predicted by the reference case, Gulder’s original 

model, and Gulder’s updated model for the case of PCFR 13% 

 

 

Figure 26: 3D results of flame topology and Damköhler number within the main chamber 

region for the three models for the case of PCFR 13% 
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The Borghi-Peters diagram for the reference case and Gulder’s model is shown in 

figure 27. Similar to the previous two cases, Gulder’s flame front enters the broken reaction 

zone, in this case around TDC, due to the slow SL. This result can explain the behavior 

seen in figure 23 and figure 25. Once the flame enters the broken reaction zone, Gulder’s 

pressure prediction fails to match the experimental data and the reference case since the 

combustion model is no longer valid. On the other hand, the updated model’s flame 

remains within the thin reaction and corrugated flamelet zones. With small expected 

differences, the updated model shows similar flame front behavior to the baseline case in 

figure 28.  

 

 

Figure 27: Borghi-Peters diagram for PCFR 13% showing the base case and Gulder ‘s 

original model 
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Figure 28: Borghi-Peters diagram for PCFR 13% showing the base case and Gulder’s 

updated model 

 

5.4 Summary 

The CFD simulations and 3D flame topology are investigated for the three models 

that have the same formula (Peters’ correlation) to calculate the turbulent flame speed but 

different laminar flame speeds using reference skeletal GRI 3.0, Gulder’s original model, 

and Gulder’s updated model, respectively. With a global air-fuel ratio of 𝜆 = 1.8, three 

different prechamber compositions are explored: PCFR 3%, 7%, and 13%. In all three 

cases, the skeletal GRI 3.0 model is used as a reference since it produces satisfactory 

pressure predictions in both the prechamber and main chamber as compared to the 

experimental engine results. Gulder’s original model does not show an adequate estimation 
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of the main chamber pressure in all three PCFR cases, while the prechamber pressure is 

acceptably predicted in the case of the PCFR 3% and 7% prior to TDC. Gulder’s updated 

model, however, predicts the pressure profiles well and matches the reference case for the 

three cases. The flame topology and the analysis of the Borghi-Peters diagram further 

explain the trends found in the CFD simulations.  
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Chapter 6 

Conclusion and Future Work 

 

A mismatch is observed between the KAUST experimental results and the CFD 

simulations conducted in CONVERGE that use the G-Equation for the combustion 

modeling coupled with SAGE chemistry solver and Gulder model’s for the calculation of 

the laminar burning velocity. When using the tabulated SL from the skeletal GRI 3.0 

chemical mechanism with the G-equation, a better match between the simulations and the 

experimental results is obtained. In previous work [8], the mismatch between the 

simulations and the experimental results has been blamed on the calculation of the turbulent 

flame speed by Peters’ model. However, the turbulent flame speed was unchanged in both 

cases where a mismatch was observed and where a perfect match was obtained. It is the 

laminar flame speed, therefore, that is believed to be the reason that the simulations using 

Gulder’s model underpredict the peak pressure.  

Since the empirical constants in Gulder’s model for laminar flame speed were 

selected by Gulder for the prediction of SL at ambient and near-ambient temperature and 

pressure, such constants are altered to fit the defined engine conditions. Many previous 

works modified the same constants to fit a wider range of composition and a higher range 

of temperature and pressure [12, 13, 22-24]. However, this work explores the range of 

composition, temperature, and pressure found in real prechamber engines.  
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The adjustment of Gulder’s constants was made to ensure that the new model 

predicts similar values of SL as those calculated in Chemkin using the skeletal GRI 3.0 

chemical mechanism. A thorough investigation was made to confirm that the constants 

altered are changed within a reasonable and acceptable range and not modified arbitrarily. 

The new values were selected in a way that provides a global average minimum difference 

between the SL calculated by Gulder and by the referenced chemical mechanism. 

The new adjusted model was then implemented in CONVERGE under three 

different prechamber compositions to test its applicability. The updated model shows a 

significant improvement compared to Gulder’s original model across all the cases tested. 

The much improved results highlight the significance of the laminar flame speed in 

modeling turbulent combustion in prechamber engines. Unlike the previously believed 

claim that the turbulent flame speed is responsible for the inaccuracy of the predictive 

modeling of turbulent combustion, the results of this work shows that adjusting the laminar 

flame speed instead resolves the mismatch between the numerical model and experimental 

data. In addition, the model constants in Peters’ correlation for the turbulent flame speed 

must not be modified arbitrarily without thorough examination of the physical meaning 

and mathematical derivation of those constants. 

There remains a slight, yet acceptable, difference between the average experimental 

pressure profile and the simulated profile using the updated model. Such a difference is 

expected since the new values of the empirical constants were optimized for a wide range 

of temperature, pressure, and composition. In fact, local conditions across the flame surface 

are dynamically changing and the model constants should do so as well. The work of 
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Varghese et al [23] provides such a dynamic value for the temperature exponent as a 

function of the pressure and composition within a limited range of composition and 

pressure. Future work will target the assessment of the three model constants investigated 

in this work 𝛼, 𝜂, and 𝜉, while updating them dynamically for the range of engine 

conditions, thus extending the predictive modeling capabilities and accuracy. 

Furthermore, future efforts can be dedicated to using machine learning to analyze 

the KAUST experimental data to optimize Gulder’s constants more efficiently and 

accurately. Using the earlier presented 1-D laminar flame speed calculations, a more 

optimized set of empirical constants can be calculated. More constants within the 

correlation could also be investigated to produce a more fitting expression of Gulder’s 

model to the engine conditions discussed in this work. 
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