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Abstract 9 

This paper presents an experimental and numerical investigation of a spark-ignited (SI) 10 

cooperative fuel research (CFR) engine fueled with different liquefied petroleum gas (LPG) 11 

fuels and exhaust gas recirculation (EGR). The effects of LPG fuel composition on engine 12 

combustion characteristics are initially evaluated at two different compression ratios (CR). 13 

Results show normal combustion at CR 7 and heavy knocking combustion at CR 10 for all 14 

the tested fuels, with a more substantial impact for the LPG fuel with high proportions of n-15 

butane species. The Livengood-Wu (LW) integral method is then used to analyze the knock 16 

occurrence risk of individual fuels based on the reactivity of the tested fuels. The introduction 17 

of EGR then demonstrates the potential of knock intensity reduction below the borderline 18 

knock limit. A zonal-based kinetic interactions study is also performed to understand the 19 

knock mitigation effectiveness of EGR over the pressure-temperature domain relevant to SI 20 

engine operation. Finally, a multidimensional, computational fluid dynamics (CFD) 21 

simulation model is shown to predict the LPG combustion characteristics and presents the 22 

evolution of in-cylinder temperature and chemical species to demonstrate the development of 23 

end-gas autoignition events without and with EGR. 24 
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1 Introduction 30 

Over the past decade, research on lower carbon intensity alternative fuels has made 31 

significant progress as the demand for efficient and cleaner internal combustion engine 32 

operation intensifies [1]. There are several works involving spark-ignited (SI) engines using 33 

alternative fuels, which include compressed natural gas [2], liquefied petroleum gas [3], 34 

hydrogen [4], and alcohol fuels (methanol and ethanol) [5].  Liquefied petroleum gas (LPG) 35 

has emerged as one promising alternative fuel for SI engines, particularly for heavy-duty 36 

vehicle applications, due to its high knock resistance [6], easy liquefication capability at 37 

relatively low pressure, and lower fuel cost [3]. The composition of LPG fuel primarily 38 

consists of propane, n-butane, isobutane, ethane, propene, and butene, with small amounts of 39 

methane and other C4-C5 hydrocarbons. LPG is generally extracted from streams of natural 40 

gas from oil and gas fields, or obtained as a co-product of refining of crude oil at refineries 41 

(which is primarily responsible for the presence of olefins in the LPG fuel) [7]. The 42 

proportion of species in LPG fuels varies significantly depending on the extraction region, 43 

season, processing method, etc. Its composition also differs considerably from one country to 44 

another when used as an automotive fuel, with propane concentration from virtually 100% to 45 

as low as 50% [8–11]. 46 

Several experimental works [12–14] reported a comparable engine performance and 47 

substantial emission benefits with LPG fueling than gasoline. The previous study by the 48 

authors [9] demonstrated the impact of LPG composition on the performance and emission 49 

behavior of a spark-ignited CFR engine and found similar engine performance with the tested 50 
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LPG blends. Ravi et al. [15] demonstrated an improvement in LPG-fueled lean burn SI 51 

engine performance and combustion characteristics with higher piston squish area using 3D 52 

CFD simulations. Chiriac et al. [16] found higher torque and equal fuel conversion efficiency 53 

(at full load) with an optimized LPG-fueled engine compared to the original diesel version of 54 

the engine. Campbell et al. [17] showed that the principal LPG fuel constituents (i.e., 55 

propane, n-butane, and iso-butane) have similar burn rates when used as SI engine fuels. 56 

Furthermore, compared to gasoline, propane fueling requires more spark advance at low 57 

engine speed while less advancement at high speed [18].  58 

The performance of an LPG-fueled SI engine is shown to be improved with the increase of 59 

compression ratio [8,19], but the onset of knock may restrict the upper limit of CR. Knock is 60 

generally defined as the mechanical response of the engine to non-uniform pressure 61 

distribution in the combustion chamber. This occurs as a result of the abnormally high rate of 62 

heat release due to autoignition of the end-gas ahead of the propagating flame front [20]. For 63 

hydrocarbons, the pre-flame chemical oxidation reactions being exothermic in nature heat up 64 

the end-gas, which may lead to autoignition and thereby engine knock. The knock resistance 65 

of a conventional SI engine fuel is generally characterized by two octane numbers - the 66 

Research Octane Number (RON) [21] and the Motor Octane Number (MON) [22]. Smith et 67 

al. [23] found that the end-gas autoignition of major LPG fuel species (i.e., propane, butane) 68 

is dominated by the intermediate and high-temperature reactions and by the amount of time 69 

the end gas spends at temperatures above approximately 900 K. Ramalingam et al. [24] 70 

studied the oxidation behavior of four different LPG blends (as per the mixture requirement 71 

of EN 589) at stoichiometric 20 bar conditions and found changes in the reactivities of the 72 

fuels in the low-to-intermediate temperature regimes. A knock limit study in a gas-fueled SI 73 

engine by Badr et al. [25] showed a much lower knocking limit of LPG than that with 74 

propane due to the higher reactivity of LPG. For pure propane and commercial LPG fuels, the 75 
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end gas also requires a higher compression pressure compared to that for gasoline fuel to 76 

achieve the threshold condition for autoignition [26,27].  Boronat et al. [28] performed a 77 

multidimensional CFD study of the mixing process for LPG fueling. They suggested an 78 

improvement in knock resistance via faster combustion due to a higher peak tumble ratio and 79 

kinetic energy with a large stroke engine design. 80 

Exhaust gas recirculation (EGR) offers the potential to improve thermal efficiency in SI 81 

engines while maintaining the functional compatibility of a three-way catalyst (TWC) after-82 

treatment system. The efficiency benefit of EGR generally results from the reduced heat 83 

transfer, low pumping losses, and higher ratio of specific heats (γ) of working fluid [29–31]. 84 

However, combustion difficulties are common for about 20% or higher EGR levels in 85 

gasoline-fueled SI engines [31,32]. According to Splitter et al. [19], LPG enabled an 86 

increased EGR rate compared to gasoline (20-50% relative increase depending on load). The 87 

results were attributed to fundamental flame dynamics and combustion properties, such as 88 

flame stretch differences between the fuels with EGR. Analysis of CFD simulations by 89 

Chuahy et al. [33] showed that propane flames compared to gasoline ones are likely less 90 

sensitive to influences from the flow field due to less thickening of the flame and higher 91 

effective flame speeds. Various studies [34–36] also investigated the role of EGR as a knock 92 

suppression strategy in SI engines as it helps to improve the engine efficiency either by 93 

enabling a higher compression ratio or by allowing advanced combustion phasing. Alger et 94 

al. [35] demonstrated the advancement of 15 crank angle degrees (CAD) in the combustion 95 

phasing with the use of 20% EGR at 8 bar brake mean effective pressure (BMEP). However, 96 

Szybist et al. [37] found no combustion phasing advancement benefits with EGR addition at 97 

higher loads above 15 bar indicated mean effective pressure (IMEP) for gasoline-fueled 98 

operation. The knock suppression benefits of EGR are more visible in low power density 99 

(LPD) engines, and there is a substantial kinetic effect of EGR related to the pressure-100 
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temperature trajectory of the fuel-air mixture [38]. However, the same magnitude of knock 101 

suppression achieved in LPD engines with EGR is not possible in high power density (HPD) 102 

engines with gasoline fueling due to potential kinetic limitations of EGR at boosted operating 103 

conditions [39,40]. 104 

To ensure the desired performance of LPG-fueled SI engines with the expected variations in 105 

fuel composition, the combustion behavior of the most commonly used LPG blends needs to 106 

be characterized. Additionally, utilization of EGR as a knock mitigator for LPG-fueled 107 

operation is necessary to investigate considering its kinetic effect related to the in-cylinder 108 

thermodynamic states. Therefore, this study first performs an experimental investigation in a 109 

spark-ignited cooperative fuel research (CFR) engine with different LPG fuels without and 110 

with EGR and evaluates the effects of fuel composition and EGR rate on engine combustion, 111 

particularly on end-gas autoignition. For different LPG fuels, mixture autoignition assessment 112 

through Livengood-Wu (LW) integral method is then performed to demonstrate the impact of 113 

fuel’s reactivity on knock occurrence probability. The effectiveness of EGR to mitigate 114 

knock with LPG fueling is assessed over the in-cylinder pressure-temperature domain using 115 

chemical kinetics modeling. Finally, a numerical three-dimensional (3D) computational fluid 116 

dynamics (CFD) model of the test engine is developed for the fundamental understanding of 117 

in-cylinder LPG combustion processes with different EGR rates. 118 

 119 

2 Experimental Activity 120 

2.1 Test set up 121 

A single-cylinder, spark-ignited cooperative fuel research (CFR) engine with the variable 122 

compression ratio technology was used to conduct experimental investigations. The 123 

specifications of the test engine are presented in Table 1. The previous work by the authors 124 

[9,41] provides complete details of the test engine setup and its instrumentation and control. 125 
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In this work, three different LPG fuels, i.e., Pure propane, EU rep, and US rep, were used for 126 

experimental investigations, and their compositions are presented in Table 2. Note that the 127 

tested fuels, particularly US rep and EU rep, are chosen because they represent average 128 

compositions of different LPG blends used as automotive fuels across the continent [9]. 129 

Table 1: Test engine specifications. 130 

Type CFR F1/F2 

No of Cylinder 1 

Bore and Stroke  82.55 mm & 114.3 mm 

Compression Ratio  Adjustable, 4:1 to 187:1 

Number of Valves 2 

Valve Overlap 5 crank angle degrees 

Mixing System Air-fuel premixed 

 131 

Table 2: Composition of the tested LPG fuels. 132 

 Volume (%) of LPG composition 

Pure Propane US rep EU rep 

Methane (CH4) - 0.05 - 

Ethane (C2H6) - 6.54 - 

Propane (C3H8) 100 92.65 81.95 

Propene (C3H6) - 0.23 - 

N-butane (n-C4H10) - 0.08 18.05 

Isobutane (i-C4H10) - 0.45 - 

 133 

A cooled, external exhaust gas recirculation (EGR) system was integrated with the test engine 134 

to reintroduce the exhaust gas to the intake system [42]. The EGR rate is calculated based on 135 

the measured mass flow rates as follow: 136 

 EGR �%� =  m
 ��
m
 ����� ∗ 100 �1� 
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where m
 ��
 is the EGR mass flow rate and m
 ����� is the total mass flow rate combining fresh 137 

air, test fuel, and recirculated exhaust gas. 138 

High-speed, crank angle resolved in-cylinder pressure data was acquired using a water-cooled 139 

piezoelectric transducer (Kistler 6061B). Intake and exhaust absolute pressures were also 140 

measured using two dynamic sensors, Kistler 4007D and 4049B, respectively. A rotary 141 

encoder with 0.1 crank angle degrees (CAD) resolution was used to record 1000 full engine 142 

cycles. These high number of cycles are required to capture the knocking events with a high 143 

level of statistical accuracy. A large engine control module (LECM) from Woodward Inc. 144 

and a customized LabView firmware were incorporated to control and monitor engine 145 

operation.  146 

 147 

2.2 Test methodology 148 

In this study, a premixed air-fuel (gaseous) mixture was supplied to the intake manifold to 149 

run the test engine at different compression ratios. For all engine operating conditions, 150 

ignition timing was varied to maintain the location of 50% mass fraction burned (i.e., CA50) 151 

in between 9 to 10 deg aTDC. An overview of the test plans, including engine operating 152 

conditions, is presented in Table 3.  153 

Table 3: Experimental test matrix. 154 

 155 

An in-house built LabView code was used to perform the power spectrum analysis of the 156 

bandpass filtered pressure signal based on the FFT technique and to report a summation value 157 

of the maximum amplitude of power spectrum for 200 consecutive engine cycles in real-time 158 



8 

 

during engine testing for each operating condition [42,43]. This reported value was called 159 

knock integral (KL), which quantifies the knocking intensity. The authors found that the 160 

value of KL ~ 5 kPa2 indicates the borderline or trace knock condition based on the 161 

judgement of audible sounds from the CFR engine. A Butterworth type bandpass filter with 162 

lower and upper cut-off frequencies equal to 3 and 20 kHz, respectively, was used to capture 163 

all significant high-frequency spectral components of the pressure signal [44].  Various other 164 

metrics of knocking combustion, such as the maximum amplitude of high-frequency pressure 165 

oscillation (MAPO), knock point (KP), and knock point pressure (KPP), were also evaluated. 166 

MAPO was calculated based on the maximum absolute amplitude of the bandpass filtered in-167 

cylinder pressure related to knock. KP is the crank angle location where a sharp inflection 168 

occurs in the cylinder pressure trace before the onset of high-frequency pressure oscillations. 169 

The KP of each engine cycle was estimated as the crank angle corresponding to the peak of 170 

the second derivative of in-cylinder pressure [41,45].  171 

In this work, a single, representative in-cylinder pressure trace for the non-knocking condition 172 

was selected from all recorded 1000 cycles by minimizing the COSTNK function [46], as 173 

defined in Equation 2. 174 

 COST��  �i� = ��IMEP! − IMEP�#$IMEP�#$ %&' + ��PP! − PP�#$PP�#$ %&' �2� 
where IMEP is the indicated mean effective pressure, PP is the peak in-cylinder pressure, and 175 

the subscripts i and avg denote the ith cycle and the average quantity (evaluated from all 1000 176 

cycles), respectively. 177 

For the knocking condition, the top four measured, in-cylinder pressure traces with minimum 178 

COSTK were initially identified based on Equation 3. The power spectral density (PSD) of 179 

each of the four traces was then compared with the average PSD of all recorded 1000 cycles 180 
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[47]. The candidate cycle with PSD similar to the average spectrum was chosen as the final 181 

knocking representative pressure trace that is to be used for comparison with CFD results. 182 

 COST� �i� = *+,- ,./ 0123
4 − +,- ,./ 0123

256 *
+,- ,./ 0123

256     +  7E89:4 − E89:2567E89:256 + 7MAPO4 − MAPO2567MAPO256  �3� 
where (dP/dt) max is the maximum pressure rise rate used to characterize the uniform in-183 

cylinder pressure rise. MAPO is the maximum amplitude of pressure oscillations of the 184 

bandpass filtered pressure [48,49], and Eres is the energy of resonance associated with a high-185 

frequency pressure signal [50]. Both MAPO and Eres describe the unsteady pressure field. 186 

3 Numerical Methodology 187 

3.1 Chemical kinetic model 188 

ANSYS Chemkin-Pro software package [51] was used as a reaction kinetic solver to perform 189 

different kinetic evaluations, such as ignition delay and laminar flame speed. A closed, 190 

constant volume homogeneous 0-D batch reactor with adiabatic and chemically inert walls 191 

was used to calculate ignition delay time (IDT) of the air-fuel mixture representing the in-192 

cylinder trapped charge for the pressure and temperature conditions found in the engine 193 

cycles. IDT is defined as the time corresponding to maximum OH species concentration 194 

generation in the reactor [23,51]. An adiabatic, freely propagating flame model was used to 195 

calculate laminar flame speeds corresponding to different state conditions found in the CFR 196 

engine. Note that the in-cylinder pressure measured during engine experiments and the 197 

unburned gas temperature determined by the GT-Power three pressure analysis (TPA) model 198 

were used as input pressure and temperature in the kinetic model. Measured fuel and exhaust 199 

gas composition volumes were also used as simulation inputs. A reduced chemical kinetic 200 

mechanism including NO chemistry (consisting of 153 species and 1227 elementary 201 

reactions) developed from the detailed NUIGMech1.1 mechanism based on the ignition delay 202 
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and laminar flame speed studies by Slunecka et al. [52,53] was used in the chemical kinetic 203 

model. 204 

In this study, the Livengood and Wu (LW) method [54–56] was used to study the end-gas 205 

autoignition probability of a trapped charge via calculated ignition delay using the in-cylinder 206 

pressure-temperature trajectory of a given engine operating condition. The LW integral 207 

describes the evolution of a specific mixture towards ignition, considering the information 208 

related to the kinetics of oxidation reactions under specific pressure-temperature conditions 209 

for a given mixture composition. As postulated by Livengood and Wu [54], the amplitude of 210 

the considered ignition carriers would only increase towards its critical value at ignition 211 

according to a specific time delay (τ), and LW integral can be expressed as : 212 

 1 =  = 1>  ,.?@AB
C  �4� 

where >46E is the time delay until ignition and > is the instantaneous ignition delay time. If the 213 

LW integral of Equation 4 reaches or comes close to 1, the air-fuel mixture will be subject to 214 

autoignition under those conditions of temperature and pressure due to the high concentration 215 

of ignition carriers [56]. 216 

3.2 CFR engine model 217 

In this study, a 0D/1D simulation model of the CFR test engine was developed based on the 218 

three-pressure analysis (TPA) method using Gamma Technologies’ GT-Power software 219 

platform [41,57,58], as shown in Figure 1. The TPA model, which incorporates the two-zone 220 

combustion concept and Woschni’s heat transfer correlation, performs the non-predictive 221 

combustion simulations (based on chemical equilibrium calculation) using the measured, 222 

crank angle resolved intake, exhaust, and in-cylinder pressure (cycle-averaged) as well as 223 

other experimental data, including exhaust compositions, time-averaged temperatures of 224 

intake, exhaust, and cooling systems. The model validation was performed by comparing the 225 
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simulated inducted charge mass and in-cylinder pressure with those obtained from 226 

experiments. Figure 2 shows a comparison of in-cylinder pressure from experiments and non-227 

predictive simulations for propane fueling without and with EGR at CR 8, and a close 228 

agreement between the results confirms the accuracy of the TPA model. The residual gas 229 

fraction and wall temperatures obtained from this 0D/1D model were then used as initial and 230 

boundary conditions for the subsequent 3D CFD simulations. 231 

 232 

Figure 1: Three pressure analysis (TPA) 0D/1D model of the CFR engine in GT-Power. 233 

 234 

 235 

Figure 2: Comparison of cycle averaged in-cylinder pressure with propane fueling without and with 236 

EGR at CR 8 obtained from non-predictive TPA simulations and experiments.  237 
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A three-dimensional (3D) computational fluid dynamics (CFD) simulation model of the CFR 238 

test engine was developed using CONVERGE software platform (version 3.0.18) 239 

[41,47,59,60]. For combustion modeling, the SAGE detailed chemistry solver [61] was 240 

implemented in the unburned zone to capture end-gas autoignition. The G-equation based 241 

chemical equilibrium (CEQ) model was incorporated on flame, and the model tracks the 242 

turbulent flame front in a Eulerian manner by solving the transport equation for the Favre-243 

averaged mean of the non-reacting passive scalar G [62] based on the flamelet theory of 244 

turbulent premixed combustion [63]. The incipient spark kernel was modeled by adding a 245 

volumetric source for a passive scalar G. Furthermore, the turbulent flame speed is calculated 246 

based on Equation 5 in the RANS context [63]. 247 

 SF = GH +  IJ K− LMNO&2NP  QL +  ��LMNO&2NP  QL%& +  LMNO& QL'P/&S �5� 
where u՛ is the turbulent velocity fluctuation, Sl is the laminar flame speed, Da is the 248 

Damköhler number, and a1 and b1 are modeling constants. The value of b1 = 2.5 was used in 249 

this work for model calibration.  250 

In-cylinder turbulence was modeled using the Reynolds-averaged Navier-Stokes (RANS) 251 

based renormalized group (RNG) k-ϵ model [64]. Wall heat transfer was captured using the 252 

model proposed by O՛Rourke and Amsden [65]. The grid control strategy of the current 253 

computational domain was adopted as per our previous work [41]. The model incorporates 254 

the 153 species reduced chemical kinetic mechanism, including the NO chemistry for LPG 255 

combustion [52]. This reduced mechanism was also used to generate a lookup table of 256 

laminar flame speeds as a function of pressure, temperature, and equivalence ratio using the 257 

CONVERGE 1D laminar flame speed solver [59]. A comparison of the percentage difference 258 

in the calculated laminar flame speed (SL) by Converge and Chemkin solvers using the 259 

reduced chemical mechanism is presented in Figure 3 for pure propane, EU rep, and US rep 260 
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at the different temperature, pressure, and EGR conditions. As shown, apart from low 261 

pressure and high EGR conditions, flame speeds calculated by Converge are within 3% of 262 

those obtained from Chemkin, indicating a reliable accuracy of the Converge 1D flame speed 263 

calculation solver. Therefore, the laminar flame speed lookup table created by the Converge 264 

solver was implemented in the G-equation model. 265 
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 266 

Figure 3: Difference in laminar flame speed (SL) calculated by Converge and Chemkin solvers for 267 

pure propane (top), EU rep (middle), and US rep (bottom) at different operating conditions. 268 

It is now necessary to verify initial CFD model results before performing detailed simulation 269 

calculations for different engine operating conditions. A comparison of in-cylinder motoring 270 

and firing pressure obtained from experiments and CFD simulations are presented in Figure 4 271 
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and Figure 5, respectively. At CR 7 and 10, in-cylinder motoring pressure traces are 272 

reasonably predicted by the simulations, which confirms a reasonable accuracy of the 273 

compression ratio setup used in the CFR engine model. It is essential as the CFR engine has 274 

variable compression ratio technology. Furthermore, as shown in Figure 5, the predicted in-275 

cylinder firing pressure traces are well within the span of measurement limits. This suggests 276 

that the 3D CFD model can further be used to simulate LPG combustion processes, 277 

particularly end-gas autoignition. 278 

 279 

Figure 4: Comparison of in-cylinder pressure (motoring) obtained from experiments and CFD 280 

simulations at CR 7 and 10. 281 
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 283 

Figure 5: Comparison of in-cylinder pressure (firing) obtained from experiments and CFD simulations 284 

for EU rep fueling at CR 7. 285 
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 297 

Figure 6: Comparison of measured, representative in-cylinder pressure with propane, US rep, and EU 298 

rep fuelling for CR 7:1 (top) and CR 10:1 (bottom) at 900 RPM, λ=1. 299 

i.e., an increase in the rate of pressure rise, is observed for all fuels at CR 10, indicating a 300 

likelihood of end-gas autoignition.  301 
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 311 

Figure 7: Maximum amplitude of power spectrum and knock integral (KL) with propane, US rep, EU 312 

rep fuelling for CR 7:1 (top) and CR 10:1 (bottom) at 900 RPM, λ=1. 313 

increases and KL >> KLKnock limit for all tested fuels, implying highly knocking conditions. A 314 

higher compression ratio increases the in-cylinder pressure and temperature that may lead to 315 

autoignition of the unburned-fuel air mixture and, therefore, knocking combustion. Among 316 

the tested fuels, the knock integral follows the trend as KLEU rep > KLUS rep > KLPure propane and 317 

EU rep fuel exhibits the highest knock intensity likely due to a high percentage of reactive C4 318 

alkane (i.e., n-butane) in the mixture. 319 

Additionally, Figure 8 shows the distribution of the maximum amplitude of bandpass filtered 320 

high-frequency pressure oscillation (MAPO) for all the tested fuels at CR 10 over the 321 

recorded engine cycles. Consistent with KL observations, EU rep demonstrates the largest 322 

0 200 400 600 800 1000
0

2

4

6

8

M
ax

. a
m

p.
 o

f 
po

w
er

 s
pe

ct
ru

m
 (

kP
a2 )

Recorded cycles

KLPropane = 81.6

KLUS rep = 106

KLEU rep = 162.4

CR 10:1

0 200 400 600 800 1000
0.0

0.1

0.2

0.3

0.4
 Propane
 US rep
 EU rep

M
ax

. a
m

p.
 o

f 
po

w
er

 s
pe

ct
ru

m
 (

kP
a2 )

Recorded cycles

KLPropane = 4

KLUS rep = 2.7

KLEU rep = 4.3

CR 7:1



19 

 

variations in high-frequency pressure oscillations due to end-gas autoignition. The average 323 

MAPO trend follows as MAPOEU rep > MAPOUS rep > MAPOPure propane. 324 

 325 

Figure 8: MAPO for pure propane, US rep, and EU rep fuels at CR 10. 326 
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due to the calculation assumption of iso-butane having the same knock resistance as n-butane 334 

with an MN of 10 [8] and the presence of ethane with higher MN. As shown, EU rep fuel has 335 

methane no of 30, which is less resistant to end-gas autoignition than pure propane with 336 

methane no of 34. This supports the experimental observations of EU rep having the 337 

maximum knock tendency (KLEU rep ~162.4 kPa2) and pure propane with minimum 338 

propensity (KLPure propane ~ 81.6 kPa2). 339 
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 340 

Figure 9: Knock integral at CR 10 vs. calculated methane number for all the tested fuels. 341 

 342 

4.1.2 Reactivity of the tested fuels 343 

In this section, the reactivity of the tested fuels is evaluated to understand their impact on 344 

combustion processes, particularly on end-gas autoignition. Most of the previous reactivity 345 

studies [24,52,67] related to LPG blends are evaluated with conditions different from the 346 

actual thermodynamic conditions found in SI engines. Therefore, it is an important 347 

consideration to study the fuel reactivity for actual in-cylinder thermodynamic conditions. 348 

Figure 10 presents the pressure-temperature (P-T) trajectories based on measured, cycle-349 

averaged in-cylinder pressures and unburned zone gas temperatures estimated by the non-350 

predictive TPA model for all the tested fuels at CR 10. Note that the highlighted RON and 351 

MON regimes are for conventional gasoline fuel [38] and represent a wide range of engine 352 

operating conditions in the pressure-temperature space. The in-cylinder P-T trajectories of 353 

LPG fuels are placed on the ‘Beyond MON’ region, which indicates higher temperatures than 354 

the RON trajectory for the same pressure condition. A portion of the P-T trajectory ranging 355 

from the location of spark to the knock point is primarily used for ignition delay time 356 

evaluations.  357 
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 358 

Figure 10: Pressure - temperature trajectory in the unburned zone for each tested fuel at CR 10:1, 900 359 

RPM, and λ=1. Standard RON and MON regions of conventional fuel were taken from [38]. 360 

Figure 11 presents the results from the constant volume, homogeneous reactor simulations for 361 

individual species found in the tested fuels corresponding to the pressure-temperature 362 

trajectory of EU rep fuel at CR 10. The results highlight the effect of each species’ molecular 363 

structure on ignition delay time (IDT) in the engine-relevant high temperature and pressure 364 

regime. As expected, methane and ethane have higher IDT, i.e., lower reactivity than propane 365 

due to their compact structure. On the other hand, butane's reactivity is more substantial than 366 

that of propane at relatively low temperatures, which can be attributed to butane’s significant 367 

low-temperature oxidation chemistry due to longer carbon-chain length [23,24]. However, 368 

the difference in the reactivity between propane and butane is less at high temperatures. 369 

Propene also exhibits a significant reactivity at this high-temperature zone due to the 370 

presence of a secondary hydrogen atom associated with the weak C-H bond [68]. This 371 

understanding of individual species reactivity is necessary to explain the specific trends in the 372 

overall reactivity of the tested fuels. 373 
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 374 

Figure 11: Ignition delay time (IDT) of different species present in the tested fuels corresponding to 375 

the pressure-temperature trajectory of EU rep fuel at CR 10. 376 

Figure 12(a) presents the reactivity of the tested fuels in terms of the calculated ignition delay 377 

time for the pressure-temperature trajectory of EU rep fuel at CR 10. This single P-T 378 

trajectory is initially employed for all fuels to investigate only the effect of fuel composition 379 

variation on the fuel reactivity by isolating the in-cylinder thermodynamic condition effects. 380 

As shown, EU rep fuel is the most reactive among all the tested fuels due to the presence of a 381 

high percentage of reactive C4 alkane (i.e., n-butane) in the mixture. The reactivity of US rep 382 

fuel is similar to that of pure propane despite the presence of reactive C4 alkanes and propene 383 

in its mixture. This could be attributed to the presence of a significant amount of less reactive 384 

ethane (~ 6.54 % by volume) in the US rep blend. However, global fuel characteristics are 385 

controlled by the major components in the LPG blends. For example, Morganti et al. [69]  386 

observed that the octane number for a specific LPG fuel blend is associated with the main 387 

components of the fuel, which is also consistent with the findings of similar methane number 388 

(MN) for both Propane and US rep fuel (Figure 9). Furthermore, considering both the effect 389 

of fuel composition and in-cylinder thermodynamic conditions of the respective fuel, it has 390 

been observed that the reactivity of the tested fuels at CR 10 case follows the trend as EU rep 391 

> US rep > Pure propane, as shown in Figure 12(b).  392 
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 393 

Figure 12: Ignition delay time of the tested fuels for the pressure-temperature trajectory of (a) 394 

EU rep fuel and (b) individual fuel at CR 10. 395 

As mentioned in Section 3.1, the Livengood-Wu (LW) integral is a widely accepted approach 396 

for evaluating the knock-occurrence probability in the unburned zone of internal combustion 397 

engines [55,56]. Figure 13 presents the LW integral for each tested fuel based on the 398 

calculated ignition delays, considering their respective pressure-temperature trajectory at two 399 

different compression ratios. According to this method, when the value of LW integral equals 400 

to one, it marks the start of end-gas autoignition during the SI engine combustion process. At 401 

CR 10, the integral value of all the fuels has reached to 1. This indicates that the 402 

concentration of ignition carriers in the mixture arrives at their critical values, resulting in 403 

obvious end-gas autoignition. On a fuel basis, EU rep being the most reactive fuel reaches 404 
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end-gas autoignition among the tested fuels. At CR 7 (Figure 13-b), the final values of the 406 

LW integral are well below the critical mark of 1, suggesting that the in-cylinder 407 

thermodynamic conditions are not conducive enough to initiate any end-gas autoignition 408 

process in the unburned zone. This knock occurrence probability prediction for the tested 409 

fuels by the LW approach is in accordance with the experimental observations, as shown in 410 

Figure 7 for CR 7 and 10. Furthermore, as shown in Figure 14, the predicted knock point 411 

(KP) locations by the LW method (i.e., the crank angle corresponding to LW integral equal to 412 

one) are within 2 CAD of those calculated from measured, in-cylinder pressure traces using 413 

the 2nd order derivative method at CR 10 for all the tested fuels.  414 

 415 

Figure 13: LW integral for all tested fuels corresponding to their respective pressure-temperature 416 

boundary conditions at (a) CR 10 and (b) CR 7. 417 
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 418 

Figure 14: Comparison of knock point locations predicted by the LW method via ignition delay and 419 

the 2nd order derivative method using measured pressure traces at CR 10 for all the tested fuels. 420 

 421 

4.1.3 CFD model prediction of knock characteristics  422 

In this work, 3D CFD simulations were performed for four consecutive full engine cycles, out 423 

of which the first cycle was discarded for the analysis to remove any effect of initial 424 

conditions. Figure 15 (a) shows in-cylinder pressure traces for simulated engine cycles along 425 

with all the 1000 recorded cycles during experiments at CR10 with EU rep fueling. The 426 

representative cycle selected from those recorded cycles based on Eq. 3 for the knocking 427 

conditions is also presented. As shown, in-cylinder pressure traces predicted by the 428 

simulations are well within the spread of measured pressure traces. Furthermore, the 429 

simulated cycles exhibit sudden changes in the slope of the in-cylinder pressure traces before 430 

the onset of high-frequency pressure oscillations similar to those observed with experimental 431 

cycles. A quantitative comparison of the location of the knock point presented in Figure 15(b) 432 

demonstrates that the knock points predicted by the simulations are in good agreement with 433 

the experimental results with an error of less than 1 crank angle degree (CAD). 434 
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 436 

Figure 15: (a) In-cylinder pressure and (b) knock points from experiments and CFD simulations at CR 437 

10 with EU rep fueling. For representation purposes, random cycles are chosen to highlight KP from 438 

CFD simulations. 439 

Finally, the evolution of in-cylinder intermediate species, radicals, and thermodynamic 440 

properties are analyzed for the fundamental understanding of the end-gas autoignition process 441 

in detail. It is found in the previous studies [47,70] that formaldehyde (CH2O) species is a 442 

good indicator of intermediate-temperature chemistry, and hydroxyl (OH) radical marks the 443 

regions governed by high-temperature chemistry. Figure 16 presents the evolution of in-444 

cylinder temperature and CH2O and OH species mass fraction on a horizontal cut plane 445 

passing through the spark plug for CR 10 case with EU rep fueling over different crank angle 446 

instances. These parameters are obtained from the second simulation cycle. At 10.5 deg 447 

aTDC, a considerable amount of CH2O species is built up towards the exhaust valve side, 448 

implying an enhanced reactivity of the end-gas. In quick succession, CH2O is rapidly 449 
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consumed and a significant amount of OH species is formed in the end-gas, indicating the 450 

start of high-temperature chemistry domination as evidenced by the in-cylinder temperature 451 

rise ahead of the propagating flame front due to autoignition. This results in knocking 452 

combustion events and subsequent pressure fluctuations, as shown in Figure 6 for CR 10. The 453 

results of CH2O consumption and OH formation when end-gas autoignition occurs are 454 

consistent with the observations by [23] for LPG fuels. 455 

 456 

Figure 16: Evolution of CH2O and OH mass fraction and in-cylinder temperature on a horizontal cut 457 

plane passing through the spark plug (obtained from the second simulation cycle). Intake and exhaust 458 

are located on the left and right sides, respectively. 459 

 460 

4.2 Effect of external exhaust gas recirculation  461 

In this section, the effects of external exhaust gas recirculation (EGR) rate on various 462 

combustion characteristics are analyzed for pure propane and EU rep fueling for a constant 463 

engine speed and load condition (i.e., 900 RPM and 10 bar IMEP) at CR 8. 464 
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4.2.1 In-cylinder pressure and heat release rate  465 

Figure 17(a) presents measured, representative in-cylinder pressure traces for both fuels at 466 

CR 8 with 0% and 25% EGR rates.  Note that the 25% EGR rate was chosen here as it 467 

produced the optimal engine efficiency among the tested EGR rates, and the maximum of 468 

30% EGR rate operation was achieved for both fuels within the accepted combustion stability 469 

limit. At the 0% EGR rate, EU rep fuel exhibits the maximum peak in-cylinder pressure, and 470 

the sharp inflection points in the slope of pressure traces are observed for both fuels, 471 

indicating a likelihood of end-gas autoignition. With EGR, the peak in-cylinder pressure 472 

decreases, and the corresponding crank angle location is retarded for both fuels. This is likely 473 

due to the prolonged combustion duration as the introduction of EGR decreases the in-474 

cylinder oxygen concentration and, therefore, chemical reaction rate [71]. Note that the 475 

required ignition timings are observed in a very similar range for both fuels.  476 

Figure 17(b) presents the apparent heat release rate (AHRR) for propane and EU rep fueling 477 

without and with EGR at CR 8. The AHRR is calculated based on the first law of 478 

thermodynamics and does not include the heat losses to walls and crevices [20]. As shown, a 479 

sharp rise in HRR is observed for both fuels at 0% EGR, with EU rep fuel demonstrating the 480 

maximum heat release. Rapid release of energy contained in the end gas due to autoignition 481 

ahead of the propagating turbulent flame is likely contributing to the rise in heat release rate. 482 

With the increase of EGR rate, the sharp rise in HRR corresponding to the end-gas 483 

autoignition diminishes and the overall peak heat release rate also drops for both fuels. As the 484 

EGR rate increased, the combustion rate decreased due to lower in-cylinder temperature and 485 

reduced oxygen concentration, resulting in a lower heat release rate [6,71]. At the 25% EGR 486 

rate, both fuels demonstrate a similar heat release rate despite EU rep being the most reactive 487 

among the tested fuels, as found in Figure 12(a). 488 
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 489 

Figure 17: Effect of fuel composition with different EGR rates on (a) representative in-cylinder 490 

pressure and (b) averaged apparent heat release rate at CR 8:1, 900 RPM, 10 bar IMEP, and λ=1. 491 

 492 

4.2.2 Knock propensity 493 

The influence of EGR rate on the occurrence and intensity of knocking is analyzed by 494 

studying the knock integral (KL) and maximum amplitude of pressure oscillations (MAPO), 495 

as shown in Figure 18. Both fuels demonstrate higher KL than the KLKnock limit (~5 kPa2) for 496 

borderline knock criterion at the 0% EGR rate, confirming knocking conditions. Also, the 497 

knock integral of EU rep (i.e., KLEU rep ~ 54.3 kPa2) is higher than that with pure propane 498 

(i.e., KLPropane ~ 30 kPa2), which indicates a higher knock propensity of EU rep fuel and is 499 

consistent with the previous observations. This knocking tendency can be reduced using the 500 

appropriate EGR rate. As shown, KL for both fuels are similar and below the borderline 501 

-20 -10 0 10 20 30
0

5

10

15

20

25

A
pp

ar
en

t h
ea

t r
el

ea
se

 r
at

e 
(J

/C
A

D
)

Crank angle (deg)

(a)

(b)

-20 -10 0 10 20 30 40
10

20

30

40

50

60

70
 Propane, 0% EGR
 Propane, 25% EGR
 EU rep, 0% EGR
 EU rep, 25% EGR
 Knock point

In
-c

yl
in

de
r 

pr
es

su
re

 (
ba

r)

Crank angle (deg)



30 

 

KLKnock limit at 25% EGR rate, indicating normal combustion operation. Additionally, Figure 502 

18 (b) shows the maximum amplitude of bandpass filtered high-frequency pressure 503 

oscillation (MAPO) for pure propane and EU rep. With the 25% EGR rate, MAPO drops 504 

significantly over the recorded cycles for both fuels than those without EGR, with a more 505 

substantial impact with EU rep fueling. This can be attributed to lower combustion and end-506 

gas temperatures resulting from the slower chemical heat release and flame propagation of 507 

the charged mixture with EGR [72,73]. Therefore, the results demonstrate the potential of 508 

EGR as an important knock suppression technology for LPG SI engines.  509 

 510 

Figure 18: Effect of fuel composition with different EGR rates on (a) knock integral (KL) and (b) 511 

maximum amplitude of pressure oscillations (MAPO) at CR 8:1, 900 RPM, 10 bar IMEP, and λ=1. 512 
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4.2.3 Knock mitigation effectiveness of EGR over the pressure-temperature domain 513 

It is now important to understand how the knock mitigation effectiveness of EGR is related to 514 

the in-cylinder thermodynamic states and chemical kinetics of fuel. Figure 19 shows the 515 

pressure-unburned gas temperature (P-T) trajectories of the propane-air stoichiometric 516 

mixture without and with EGR at CR 8. With the 0% EGR rate, the P-T trajectory is in the 517 

MON region. With the increase of EGR rate (i.e., 25% EGR), the P-T trajectory moves 518 

towards the RON regime as the intake manifold pressure is increased to maintain a constant 519 

engine load similar to those with baseline without EGR operation for a given inlet mixture 520 

temperature. Additionally, an increase in the ratio of specific heats (γ) of the mixture due to 521 

higher EGR rate results in a rise in temperature during the compression stroke, as shown in 522 

Figure 20. The combined effect of higher manifold pressure and increased γ with EGR raises 523 

the in-cylinder pressure and temperature during the compression stroke. Despite this 524 

conducive environment, the 25% EGR rate case is able to suppress the end-gas autoignition 525 

(Figure 18), which is likely due to a counter effect of slower kinetic rates with EGR [39,74]. 526 

Therefore, a further understanding of LPG fuel chemical kinetic interactions with engine 527 

operation is necessary.  528 

 529 

Figure 19: Pressure-temperature (P-T) trajectories for the stoichiometric propane-air mixture without 530 

and with EGR at CR 8. Highlighted regimes correspond to standard RON and MON trajectories of 531 

conventional fuel [38]. 532 
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 533 

Figure 20: Ratio of specific heats (γ) of the stoichiometric propane-air mixture (obtained from GT-534 

Power simulations). 535 

Figure 21 presents the reactivity of propane without and with EGR in terms of the calculated 536 

ignition delay time for the pressure-temperature trajectory at CR 8. The knock onset is related 537 

to the ignition delay time of the end-gas [6]. As shown, ignition delay times increase with the 538 

increase of EGR rate compared to those with no EGR case, resulting in delayed or suppressed 539 

end-gas autoignition reaction (Figure 18). The introduction of EGR causes a decrease in the 540 

reactivity of the mixture due to the drop in oxygen concentration and the increase in the heat-541 

sink effect via higher λ, which slows down the chemical reaction rate and, therefore, longer 542 

ignition delay time [75]. 543 

 544 

Figure 21: Ignition delay time for the pressure-temperature trajectory of stoichiometric pure propane 545 

combustion without and with EGR at CR 8. 546 
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Finally, the knock mitigation effectiveness of EGR for LPG fueling is evaluated using RON 547 

and MON regimes over different pressure-temperature trajectories. This is useful to design 548 

the EGR strategy for LPG fueling over the operating map as those regimes represent engine 549 

operating conditions spanning from naturally aspirated or lightly boosted engines (i.e., 550 

‘Beyond MON’ space with high temperature and low pressure) to highly boosted, power-551 

dense engines (i.e., ‘Beyond RON’ space with high pressure and low temperature) [38,76]. 552 

For a general understanding of fuel chemical kinetics interaction with engine operation, an 553 

example of ignition delay time (IDT) profile of conventional SI engine fuel is presented in 554 

Figure 22, highlighting the possible ignition zones over the pressure-temperature domain. 555 

Zone 1 represents the high pressure and low-temperature region, and the nearly vertical 556 

ignition delay contours signify its high dependency on temperature. In Zone 2, the ignition 557 

delay contours become almost horizontal, indicating the region’s high sensitivity to pressure 558 

compared to temperature. Zone 3 is characterized by a sensitivity to both temperature and 559 

pressure. 560 

 561 

Figure 22: A general example of ignition delay time profile in the pressure-temperature space 562 

highlighting the different ignition zones. IDT data was taken from Szybist et al. [38]. 563 

In the present study, these zonal-based kinetic interactions on end-gas autoignition are 564 
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from 600 to 1000 K and pressures of 1 to 50 bar for stoichiometric propane-air mixtures, and 567 

an arbitrarily chosen IDT contour corresponding to 10 ms is overlaid on the P-T domain for 568 

analysis. Note that a similar study is also possible with a different constant IDT contour. The 569 

actual IDT leading to end-gas autoignition is likely to be much shorter as the pressure and 570 

temperature of the unburned gas continue to increase. The experimental P-T trajectories for 571 

0% and 25% EGR from Figure 19 are also presented here, where the pressure and unburned 572 

gas temperature of both conditions are taken up to the crank angle location of knock point 573 

corresponding to the 0% EGR case.  574 

 575 

Figure 23: Experimental pressure-temperature trajectories for 0 and 20% EGR for pure propane fuel 576 

overlaid on 10 ms ignition delay contours. 577 

As shown in Figure 23, the temperature-sensitive Zone 1 is in the ‘Beyond RON’ regime of 578 
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an expected knock mitigation effect with EGR in this high pressure and low temperature 581 

region (e.g., boosted high load conditions). Next, the pressure-sensitive Zone 2 resides in 582 

between RON and MON trajectories. Here, the 25% EGR case exhibits at least a 5 bar higher 583 
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‘Beyond MON’ regime of the P-T domain. Unlike Zone 1 and Zone 2, the knock mitigation 587 

benefit of EGR diminishes in Zone 3 as can be seen there is no distinct difference in the 10 588 

ms IDT contour for both 0% and 25% EGR cases in this low pressure and high temperature 589 

region (e.g., light load conditions). Therefore, this zonal-based ignition delay analysis over 590 

the P-T domain suggests that EGR is expected to effectively mitigate the end-gas autoignition 591 

for operating conditions spanning from the naturally-aspirated engine to highly-boosted, 592 

power-dense engine with LPG fueling. Note that this study presents only a specific speed and 593 

load condition to assess EGR’s knock mitigation utility over the P-T domain, but it is an 594 

important first step for LPG fueled engine design with EGR. Further studies over the 595 

complete operating map of the engine are required for the final assessment of EGR’s knock 596 

suppression utility with LPG fueling in the P-T domain. 597 

4.2.4 CFD model prediction with EGR  598 

Figure 24 (a) and (b) present the local evolution of in-cylinder temperature and chemical 599 

species (i.e., CH2O and OH), respectively, for propane fueling without and with EGR at CR 600 

8. These CFD results are obtained from the pressure transducer location in the model for the 601 

second simulation cycle. At the 0% EGR rate, a sudden consumption of CH2O and an 602 

immediate formation of significant OH species along with the temperature rise in the end-gas 603 

indicates the autoignition event for propane fueling, similar to the results shown in Figure 16. 604 

However, at the 25% EGR rate, CH2O consumption is gradual and there is no substantial OH 605 

formation in the end-gas. Also, the predicted peak in-cylinder temperature is lower with EGR 606 

than that with no EGR condition. These simulation results suggest that the introduction of 607 

EGR attenuates the activity related to the onset of end-gas autoignition, which is consistent 608 

with the EGR experimental results shown in Figure 18. All of these simulation results (shown 609 

in Figure 15, Figure 16, and Figure 24) confirm that the current CFR engine CFD model is 610 
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capable to predict both non-knocking and knocking combustion characteristics reasonably 611 

well for LPG fuels without and with EGR. 612 

 613 

Figure 24: Local evolution of (a) in-cylinder temperature and (b) CH2O and OH species for propane 614 

fueling without and with EGR at CR 8. CFD results corresponds to the pressure transducer location 615 

for the second simulated cycle. 616 
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1. The effect of LPG fuel composition on engine combustion characteristics are initially 624 

evaluated at two different compression ratios. Unlike CR 7, a sharp inflection point in 625 

the slope of the pressure traces was observed for all fuels at CR 10. 626 

2. Based on the knock integral and MAPO analysis of the tested fuels, CR 7 indicated a 627 

normal combustion case, while heavy knocking was observed at CR 10 with EU rep 628 

exhibiting the maximum autoignition intensity. This trend was consistent with the 629 

knock resistance of fuels in terms of the calculated methane number. 630 

3. Chemical kinetics study considering the effects of fuel composition and in-cylinder 631 

thermodynamic conditions demonstrated the reactivity trend of the tested fuels as EU 632 

rep > US rep > Pure propane. Based on these, Livengood-Wu (LW) integral method 633 

predicted the risk of knock occurrence of individual LPG fuels, which was in line 634 

with the experimental observations. 635 

4. With the introduction of EGR at constant IMEP condition, the sharp rise in pressure 636 

and heat release rate corresponding to no EGR cases diminishes, and the overall peak 637 

of those characteristics drops for both fuels. Also, both KL and MAPO fall below the 638 

borderline knock limit for the tested fuels with EGR, with a more substantial impact 639 

with EU rep fueling. 640 

5. The knock mitigation effectiveness of EGR was evaluated using the zonal-based 641 

kinetic interactions study, which indicated that EGR is expected to effectively 642 

mitigate the end-gas autoignition for LPG fueling over the pressure-temperature 643 

domain relevant to the current SI engine operation. 644 

6. Finally, the multidimensional CFR engine CFD model was shown to predict the 645 

combustion characteristics and demonstrated the evolution of in-cylinder temperature 646 

and chemical species. During autoignition of the end-gas, a sudden consumption of 647 

CH2O and an immediate formation of significant OH species along with the 648 
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temperature rise were observed for LPG fuel. EGR simulation results showed a 649 

substantial drop in such activity, supporting the knock attenuating potential of EGR 650 

observed during experiments. 651 
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 872 

Abbreviations 873 

CFR Cooperative fuel research 

LPG Liquefied petroleum gas 

CR Compression ratio 

CFD Computational fluid dynamics 

SI Spark-ignited 

CAD Crank angle degree 

IMEP Indicated mean effective pressure 

LW Livengood-Wu 

3D Three dimensional 

FFT Fast Fourier Transform 

KL Knock integral 

MAPO Maximum amplitude of pressure oscillation 

PP Peak pressure 

PSD Power spectral density 

IDT Ignition delay time 

TPA Three pressure analysis 

RANS Reynolds-averaged Navier-Stoke 

aTDC After top dead center 

MN Methane number 

P-T Pressure-temperature 

RON Research octane number 

MON Motor octane number 
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AHRR Apparent heat release rate 

Symbols 874 

γ Ratio of specific heats 

τign Time delay until ignition 

τ Instantaneous ignition delay time 

St Turbulent flame sped 

Sl Laminar flame speed 

u` Turbulent velocity fluctuation 

m
 ��
 EGR mass flow rate 

m
 ����� Total mass flow rate 
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