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Abstract 13 

Predicting octane numbers (ON) of gasoline surrogate mixtures is of significant importance to the optimization 14 

and development of internal combustion (IC) engines. Most ON predictive tools utilize blending rules wherein 15 

measured octane numbers are fitted using linear or non-linear mixture fractions on a volumetric or molar basis. 16 

In this work, the octane numbers of various binary and ternary n-heptane/iso-octane/toluene blends, referred to 17 

as toluene primary reference fuel (TPRF) mixtures, are correlated with a fundamental chemical kinetic 18 

parameter, specifically, homogeneous gas-phase fuel/air ignition delay time. Ignition delay times for 19 

stoichiometric fuel/air mixtures are calculated at various constant volume conditions (835 K and 20 atm, 825 K 20 

and 25 atm, 850 K and 50 atm (research octane number RON-like) and 980 K and 45 atm (motor octane number 21 

MON-like)), and for variable volume profiles calculated from cooperative fuel research (CFR) engine pressure 22 

and temperature simulations. Compression ratio (or ON) dependent variable volume profile ignition delay times 23 

are investigated as well. The constant volume RON-like ignition delay times correlation with RON was the best 24 

amongst the other studied conditions. The variable volume ignition delay times condition correlates better with 25 

MON than the ignition delay times at the other tested conditions. The best correlation is achieved when using 26 

compression ratio dependent variable volume profiles to calculate the ignition delay times. Most of the predicted 27 

research octane numbers (RON) have uncertainties that are lower than the repeatability and reproducibility limits 28 

of the measurements. Motor octane number (MON) correlation generally has larger uncertainties than that of 29 

RON. 30 

Keywords: Octane numbers, ignition delay times, toluene primary reference fuels, chemical kinetics. 31 
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1. Introduction33 

As the global energy demand for transportation increases, so does the demand for more efficient automobile 34 

vehicles. One of the main concerns and limiting factors in the automotive industry is the engine knock 35 

phenomenon [1-3].  Engine knock, according to Morgan et al. [4], can be defined as a “limiting factor of a spark 36 

ignition (SI) engine’s thermodynamic efficiency caused by the auto-ignition of the fuel/air mixture ahead of the 37 

turbulent flame front”.  38 

Practical fuels such as gasoline, diesel and jet fuels are complex mixtures of hundreds of different components. 39 

The autoignition chemistry of practical fuels is thus very complicated and difficult to predict accurately. Ignition 40 

delay time measurement devices, such as shock tubes (ST) and rapid compression machines (RCM), cannot be 41 

used to fully understand the knock phenomenon because these idealized reactors operate at near-constant volume 42 

reaction conditions. On the other hand, pressure and temperature evolve and cover wide range of conditions in 43 

practical devices such as engines. Therefore, fuel anti-knock quality has to be described by empirical 44 

measurements, known as Research and Motor Octane Numbers, RON and MON. These tests are run in a single-45 

cylinder CFR (Cooperative Fuels Research) engine in accordance with the procedures set in ASTM D2699 for 46 

RON and ASTM D2770 for MON [5]. The RON test is run at an engine speed of 600 rpm and an intake 47 

temperature of 52 °C while the MON test is run at 900 rpm and a higher intake temperature of 149 °C. 48 

Since commercial gasoline fuels consist of a range of compounds that are not universally consistent due to the 49 

differences in the crude oil origin and refinery processes [6], understanding the fuel behaviour becomes a 50 

multifaceted issue. To simplify this problem, it has been proposed that fuel behaviour can be modelled through 51 

simple mixtures (surrogates) that mimic the real fuel properties under certain conditions. Iso-octane is the 52 

simplest surrogate for gasoline and it is usually used to describe flame propagation [7]. However, the 53 

autoignition properties of real gasoline cannot be adequately described by iso-octane because of its high octane 54 

numbers (RON = MON = 100). Therefore, Primary Reference Fuels (PRFs), which are mixtures of n-heptane 55 

and iso-octane, are used to match the gasoline octane numbers. By definition, PRFs have zero sensitivity, where 56 

sensitivity is defined to be the difference of RON and MON (sensitivity = RON-MON). Hence, two different 57 

PRFs are needed to match real gasoline octane numbers under RON and MON conditions [8-10]. Real gasoline 58 

fuels have sensitivities up to 11 because they contain considerable amounts of branched paraffins, olefins and 59 

aromatics. Thus, a sensitive component must be added to PRF blends to match octane numbers and sensitivities 60 

of the real gasoline. Aromatics, such as toluene, are generally added to PRF blends to account for the missing 61 

sensitivity. Shock tube [11] and engine experiments [12] have demonstrated that blends of n-heptane/isoc-62 

octane/toluene, known as toluene primary reference fuel (TPRF) blends, can adequately represent autoignition 63 

behaviour of gasoline [4, 11, 12]. Some researchers have proposed gasoline surrogates that contain more than 64 

three compounds. Mehl et al. [13] proposed a four component surrogate comprising n-heptane, iso-octane, 65 

toluene and 1-hexene (olefin) to represent the ignition behaviour of RD-387 gasoline. Perez and Boehman [14] 66 
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investigated 5 component surrogates where they added methylcylco-hexane (naphthenes) on top of the four 67 

components proposed by Mehl et al. [13]. Naik et al. [15] replaced 1-hexene with 1-pentene to formulate their 5 68 

components surrogates similar to [14]. Fikri et al. [16] studied the effect of adding diisobutylene to TPRFs and 69 

Yahyaoui et al. [17] investigated mixtures containing iso-octane, toluene, 1-hexene and ethyl-tert-butyl-ether 70 

(ETBE). Recently, Sarathy et al. [18] and Ahmed et al. [19] proposed 5 and 6 component surrogates to reproduce 71 

the ignition delay characteristics of alkane-rich gasoline fuels. 72 

Significant amount of work has been reported on TPRF surrogates and validated chemical kinetic models exist in 73 

literature [13, 16, 20], so this work focuses only on TPRFs. The methodology used to TPRF surrogate 74 

composition for a real gasoline is crucial in order to accurately determine the mixture’s RON and MON. The 75 

most common method of blending the surrogate components (n-heptane, iso-octane, toluene) is through blending 76 

rules that are developed based on data fittings from various experimental data sets. Lately, a study conducted by 77 

Knop et al. [21] on octane number prediction methods of TPRF fuel mixtures found that the linear-by-mole 78 

blending rule produce the best results in terms of accuracy. The results from their proposed blending rule were 79 

compared with six different existing methods and previously published experimental data. Recently, Kalghatgi et 80 

al. [22] proposed a new non-linear-by-mole blending rule that was based on a wide range of CFR experimental 81 

data for TPRF mixtures. Although these methodologies prove to give reasonably accurate results in predicting 82 

the ON of TPRF, the addition of any other components, such as ethanol, to the mixture causes the blending rule 83 

to fail [14, 23]. 84 

Several studies have focused on trying to link the ON from CFR engine to basic chemical kinetic parameters. 85 

Leppard [9] related the sensitivity of the fuel to the negative temperature coefficient (NTC) behaviour of various 86 

fuels. Curran et al. [24] and Mehl et al. [25] proposed that the ON might actually correlate with the critical 87 

compression ratio (CCR). Hori et al. [26, 27] investigated possible relation between ON and ignition properties 88 

within micro-flow reactors (MFR). Furthermore, Mehl et al. [13] and Sarathy et al. [28] examined the possibility 89 

that ON might correlate with homogeneous gas-phase ignition delay times. Mehl et al. [13] tried to correlate the 90 

anti-knock index (AKI=(RON+MON)/2) with ignition delay times of stoichiometric fuel/air mixtures at 825 K 91 

and 25 atm, whereas Sarathy et al. [28] chose different conditions (835 K and 20 atm) to relate RON to 92 

homogeneous ignition delay times.  Both authors utilized constant volume simulations for their correlations, 93 

while Sarathy et al. [28] also included experimental shock tube ignition delay data acquired for pure components 94 

(normal and branched alkanes) for the correlation. 95 

The purpose of this study is to provide a methodology to associate a fuel’s research octane number (RON) and 96 

motor octane number (MON) with the homogeneous gas-phase ignition delay times through the use of chemical 97 

kinetic simulations. Ignition delay times are calculated at various conditions to investigate possible correlation 98 

with ON. Constant volume ignition delay times were tested by using the previously proposed temperature and 99 

equivalence ratio conditions of Mehl et al. [13], Sarathy et al. [28] and newely proposed RON-like and MON-100 
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like conditions. Variable pressure and temperature profiles from CFR engine experiments were also tested. 101 

Finally, compression ratio and octane number dependent pressure and temperature profiles were investigated, 102 

and a promising correlation between ON and ignition delay times was obtained. 103 

2. Prediction Methodology and Numerical Approach 104 

To obtain a correlation between ignition delay times and ON for TPRF fuels, CFR measurements in the literature 105 

were collected and used for the current analysis. Recently, our group published a new set of CFR experimental 106 

data for TPRF mixtures with the toluene concentration varying from 10% to 90% by volume [22]. For each 107 

toluene percentage, iso-octane (vol.%)/n-heptane (vol.%) was varied from 0 to 100. This experimental data set 108 

was utilized to develop a new non-linear by mole blending rule, which was validated against other data from 109 

literature [22]. In the current work, new CFR measurements were performed so that the prediction can cover a 110 

wider range of octane numbers. The newly collected data are primarily for n-heptane/toluene mixtures with 111 

varying toluene concentration from 10% to 80% by volume. Also,  MON measurements for some TPRF 112 

mixtures were not provided in [22] and are measured in the current work. The CFR data from Knop et al. [21], 113 

Morgan et al. [4] and ASTM [29, 30] were also utilized here. The new experimental measurements are presented 114 

in Table 1. The various data sets from literature used in the current work are presented in Table S1 115 

(Supplementary Material). 116 

CHEMKIN-PRO [31] was used to perform all ignition delay time simulations presented in this work. 117 

Simulations were performed for a homogenous batch reactor with constant UV (constrain volume and solve 118 

energy equation) assumptions. However, a volume profile was used in the calculations when pressure and 119 

temperature profiles are required. Volume profiles were calculated from the measured CFR pressure profiles via 120 

isentropic relations. More details on volume profiles calculations are given in the subsequent sections. The 121 

detailed gasoline surrogate mechanism developed by Mehl et al. [13, 32] was employed to simulate ignition 122 

delay times for the mixtures presented in Table 1 and Table S1. Because the global stoichiometry in the CFR 123 

engine is around 1, stoichiometric (Φ=1) TPRF/air mixtures were used in all simulations presented in this work. 124 

Please note that all the subsequent correlations are specific to this particular chemical kinetic mechanism. Using 125 

different chemistries will result in different correlations if there are differences in calculated ignition delay times. 126 

3. Results and Discussions 127 

3.1.  Condition 1: Constant volume ignition delay times at 835 K and 20 atm 128 

Ignition delay times of the fuel/air stoichiometric mixtures presented in Table 1 and Table S1 were calculated at 129 

constant volume conditions. First, the conditions (835 K and 20 atm) proposed by Sarathy et al. [28] were 130 

investigated. Figure 1a shows the RON and MON as functions of ignition delay times calculated at 835 K and 20 131 
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atm (logarithmic scale) for the Kalghatgi et al. [22] and current TPRF blends. As can be seen from Fig. 1a, a 132 

correlation exists between ignition delay times and ON for the various TPRF mixtures. However, a scatter can be 133 

observed from the plotted data. For example, three mixtures with similar RON values (≈ 66) that have been 134 

tested in the same CFR engine ([22] and current) have three different ignition delay times, as illustrated in Table 135 

2 (C1). Also, there is noticeable scatter in the ON versus ignition delay time plot for octane numbers ranging 136 

from 80 to 100. The data shown in Fig. 1a were fitted exponentially to obtain: 137 

𝑅𝑂𝑁 = 118.0867 − 139.5077 × exp (
−𝐼𝐷𝑇

1.11278
) − 45.00948 × exp (

−𝐼𝐷𝑇

6.2065
) − 19.7269 × exp (

−𝐼𝐷𝑇

72.4718
) (1) 138 

R2=0.9955  139 

𝑀𝑂𝑁 = −1298640 − 32.6186 × exp (
−𝐼𝐷𝑇

12.6758
) − 109.4963 × exp (

−𝐼𝐷𝑇

1.5107
) + 1298740 × exp (

𝐼𝐷𝑇

19099100
)140 

  (2) 141 

R2=0.9908 142 

where IDT is the ignition delay time at 835 K and 20 atm in ms. The R2 values are promising with the RON 143 

(R2=0.9955) data having better fitting than the MON (R2=0.9908) data. 144 

3.2.  Condition 2: Constant volume ignition delay times at 825 K and 25 atm 145 

Next, ignition delay time for the various mixtures presented in Table 1 and Table S1 were calculated at the 146 

conditions (825 K, 25 atm) recommended by Mehl et al. [13]. Mehl et al. [13] proposed these conditions based 147 

on multiple ignition delay time calculations at various temperatures and pressures for many TPRF/1-hexene 148 

mixtures. They found that the AKI correlates reasonably well with ignition delay times at the proposed 149 

conditions. Figure 1b presents ignition delay times at 825 K and 25 atm (logarithmic scale) of the Kalghatgi et 150 

al. [22] and current TPRF mixtures versus the ON. The correlation between ignition delay times at 825 K and 25 151 

atm and the ON is better than the correlation for the 835 K and 20 atm ignition delay times. For example, the 152 

three mixtures with similar RON (Table 2) have closer ignition delay times at 825 K and 25 atm, as illustrated in 153 

Table 2 (C2). 154 

Octane numbers and ignition delay times at 825 K and 25 atm (Fig. 1b) were fitted according to the following 155 

exponential expressions, 156 

𝑅𝑂𝑁 = 116.4454 − 18.2418 × 𝑒𝑥𝑝 (−
𝐼𝐷𝑇

59.9858
) − 41.0467 × 𝑒𝑥𝑝 (−

𝐼𝐷𝑇

4.6849
) − 152.5195 × 𝑒𝑥𝑝 (−

𝐼𝐷𝑇

0.7556
) 157 

 (3) 158 

R2=0.998 159 

𝑀𝑂𝑁 = 526351.7 − 526253.5 × 𝑒𝑥𝑝 (−
𝐼𝐷𝑇

9200910
) − 28.35 × 𝑒𝑥𝑝 (−

𝐼𝐷𝑇

11.925
) − 106.15 × 𝑒𝑥𝑝 (−

𝐼𝐷𝑇

1.13
)  (4) 160 

R2=0.9874 161 
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The R2 value (0.998) for RON is now higher due to less scatter in RON data (Fig. 1b) compared to Fig. 1a. 162 

However, the R2 value (0.9874) for the MON correlation comes out to be lower than the previous correlation 163 

because of the larger scatter in the MON data in the range of 90 and above. 164 

3.3.  Condition 3: Constant volume ignition delay times at RON- and MON-like conditions 165 

Knock in the CFR engine occurs when the pressure and temperature are near their maximum values. The in-166 

cylinder pressure increases due to piston compression and flame front propagation. Mehl et al. [25] presented 167 

simulated in-cylinder temperature and pressure histories during RON and MON tests in the CFR engine. Figure 168 

7 in [25] reveals that the in-cylinder pressure versus CAD (crank angle degree) is close under RON and MON 169 

conditions during the compression cycle. The pressure rise caused by flame propagation is higher at RON 170 

conditions compared to MON. The in-cylinder temperature history is always higher during MON test compared 171 

to RON due to the higher intake air temperature for MON test (ASTM D2770 standard) [30]. Also, Kalghatgi et 172 

al. [22] demonstrated that a significant contribution to the Livengood-Wu integral [1, 22] is actually in the last 173 

few crank angle degrees (CAD) before knock occurs. At engine speeds of 600 (RON) and 900 (MON) RPM, 15 174 

ms corresponds to 54 CAD and 81 CAD for RON and MON conditions, respectively. Therefore, ignition delay 175 

times longer than 10 or 15 ms negligibly contribute to the Livengood-Wu integral [1, 22] and may not correlate 176 

well with the octane numbers. Consequently, the maximum pressure and temperature from the simulated RON 177 

and MON conditions that Mehl et al. [25] reported are tested here as RON- and MON-like conditions. As can be 178 

seen from Figure 7 in [25], RON has a maximum pressure of 50 atm and a maximum temperature of 850 K. 179 

similarly, MON has a maximum pressure of 45 atm and a maximum temperature of 980 K. The ignition delay 180 

times for the various mixtures presented in Table 1 and Table S1 were calculated at these conditions. Fig. 2 181 

presents the RON and MON of the Kalghatgi et al. [22] and current TPRF mixtures versus the ignition delay 182 

times at RON- and MON-like conditions. As can be seen from Fig. 2, the correlation between ignition delay 183 

times and RON is better than what was observed with the two previous conditions. The three mixtures (Table 2) 184 

with similar RON values have closer ignition delay times of 9.45 ms, 9.11 ms and 8.81 ms, respectively. The 185 

MON correlation (Fig. 2) is more scattered than the previous conditions. The data in Fig. 2 was fitted using the 186 

equations below, 187 

𝑅𝑂𝑁 = 117.41654 − 17.99786 × 𝑒𝑥𝑝 (−
𝐼𝐷𝑇

22.0574
) − 41.40406 × 𝑒𝑥𝑝 (−

𝐼𝐷𝑇

1.7736
) − 184.6537 ×188 

𝑒𝑥𝑝 (−
𝐼𝐷𝑇

0.30285
)   (5) 189 

R2=0.9989 190 

𝑀𝑂𝑁 = 119.8228 − 563.6194 × 𝑒𝑥𝑝 (−
𝐼𝐷𝑇

0.21002
) − 563.6174 × 𝑒𝑥𝑝 (−

𝐼𝐷𝑇

0.21004
) − 42.1142 ×191 

𝑒𝑥𝑝 (−
𝐼𝐷𝑇

2.88312
)    (6) 192 

R2=0.9556 193 
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The R2 of 0.9989 value for RON is the highest so far, however, the MON fitting R2 (0.9556) is the lowest 194 

amongst the three tested conditions. It is noted that the binary mixtures of iso-octane and toluene are the ones 195 

causing much of the scatter in the high MON region. This might be due to some deficiency in the used chemical 196 

kinetic model for iso-octane and toluene at high temperatures and pressures.  197 

3.4.  Condition 4: Variable volume ignition delay times 198 

The fuel/air mixtures inside the CFR engine experience a wide range of temperatures and pressures during the 199 

compression cycle. Also, the flame front generated by spark ignition causes the pressure and temperature of the 200 

end gas to further increase. Therefore, trying to correlate octane numbers from CFR engines with ignition delay 201 

times at constant volume conditions might not the best strategy. As mentioned earlier, Mehl et al. [25] presented 202 

simulated in-cylinder temperature and pressure histories during RON and MON tests in the CFR engine. To feed 203 

these temperature and pressure profiles into CHEMKIN PRO for ignition delay time calculations, the data 204 

presented in Fig. 7 of [25] was digitized. The pressure profiles are then converted into volume profiles using the 205 

isentropic relation. The calculated volume profiles are used as input in the CHEMKIN PRO simulations. The 206 

initial pressure and temperature values for the simulations are taken from the digitized simulation data; these are 207 

1.05 atm / 330 K and 1.05 atm / 440 K for RON and MON conditions, respectively. These initial conditions 208 

correspond to the -160 CAD where the presented calculations start. The calculations presented in this work also 209 

start from -160 CAD in correspondence with the digitized data. The ignition delay times of the Kalghatgi et al. 210 

[22] and current TPRF mixtures were calculated using the digitized pressure/volume profiles. The same volume 211 

profile was fed for the calculation of ignition delay times of all the tested TPRF mixtures. Fig. 3 shows ON as a 212 

function of ignition delay times calculated using the variable volume profiles. As can be seen from Fig. 3, the 213 

scatter in the RON data is lower compared to the constant volume ignition delay times presented earlier (Figs. 1 214 

and 2). Particularly, the three mixtures (Tables 2 and 3) with similar RON values have almost identical ignition 215 

delay times of 40.88 ms, 40.85 ms and 40.75 ms, respectively. Also, ignition delay times are now spanning a 216 

much smaller scale compared to the three constant volume cases. Here, ignition delay times are ranging from 39 217 

ms to 49 ms for ON from 20 to 120. This causes the error in the predicted ON to be smaller. There is some 218 

scatter in the MON data between 70 and 80 ON but the rest of the curve is quite good. 219 

Different fitting methods, including various exponential functions, were tested on the data presented in Fig. 3 220 

and the fit that produced the highest R2 values was a 4th order polynomial: 221 

𝑅𝑂𝑁 = (−0.071672 × 𝐼𝐷𝑇4) + (13.726733 × 𝐼𝐷𝑇3) − (914.559866 × 𝐼𝐷𝑇2) + (27056.926 × 𝐼𝐷𝑇) −222 
299894.4872    (7) 223 

R2=0.99824 224 

𝑀𝑂𝑁 = (−0.06139127 × 𝐼𝐷𝑇4) + (11.035927 × 𝐼𝐷𝑇3) − (742.4421207 × 𝐼𝐷𝑇2) + (22162.463827 ×225 
𝐼𝐷𝑇) − 247682.5414    (8) 226 
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R2=0.9917 227 

More significant digits are needed because of the 4th order polynomial fit. The R2 values for RON (0.99824) and 228 

MON (0.9917) fittings are slightly higher compared to the initial two constant volume cases considered in the 229 

previous section. However, the R2 value of RON fitting for condition 3 is slightly higher than the one reported 230 

here. 231 

Calculated ignition delay times for the four studied conditions for all mixtures of Table 1 and Table S1 are 232 

presented in Table S2 (Supplementary Material). 233 

3.5.  Comparisons between conditions 1-4 234 

Using the correlations developed here, RON and MON were predicted for the TPRF mixtures from literature of 235 

Table 1 and compared with the measured values. Fig. 4 shows the predicted versus measured RON and MON 236 

values for the literature [4, 21, 29, 30] TPRF mixtures presented in Table 1 using the four correlations 237 

considered. As can be observed from Fig. 4, the best RON correlation with calculated ignition delay times is for 238 

condition 3 RON-like (850 K, 50 atm) where the R2 value of the predicted versus measured RON fitting is 239 

0.9983 and the worst correlation is for condition 1 (835 K, 20 atm) where R2 is 0.9742. However, the highest R2 240 

value (0.9866) for MON correlation with simulated ignition delay times is for condition 1 (835 K, 20 atm) and 241 

the lowest R2 (0.9556) is clearly for condition 3 MON-like (980 K, 45 atm) where the scatter was more 242 

observable in Fig. 2. The predicted RON and MON errors using the four different correlations are tabulated in 243 

Table 3 and Table 4, respectively. In addition, these predicted RON and MON errors from the different 244 

correlations are plotted in Fig. 5. Octane number errors are the differences between measurements and 245 

predictions. As can be seen from Fig. 5a, condition 3 (850 K and 50 atm, RON-like) produces RON errors that 246 

are relatively small (±1 RON) between the predicted and measured RON values for the various literature TPRF 247 

mixtures. The repeatability and reproducibility limits for RON measurements are about 0.2 and 0.7 RON [21], 248 

respectively. Therefore, any error in RON predictions that is less than ±0.7 RON is within the experimental 249 

uncertainty. Only 3 out of the 25 predictions have errors larger than ±0.7 RON using condition 3 RON-like. 15 250 

out of 25 predictions have RON errors larger than ±0.7 RON using the correlation from condition 2. Conditions 251 

1 and 4 are similar in terms of errors outside the uncertainty limits with 18 out of 25 for condition 4 and 17 out 252 

of 25 for condition 1. However, the RON errors from condition 4 are closer to the uncertainty limits compared to 253 

condition 1. 254 

Errors in predicted MON are generally larger than RON errors. The repeatability and reproducibility limits for 255 

MON measurements are around 0.2 and 0.9 MON [21] and hence any error within ±0.9 MON is within the 256 

experimental uncertainty. As can be seen from Fig. 5b, condition 4 produces the lowest MON errors with 12 out 257 
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of 25 predictions have errors larger than ±0.9 MON. most of the predicted MON have errors outside the 258 

uncertainly limits using the other three conditions. 259 

3.6.  Condition 5: Compression ratio dependent ignition delay times 260 

In a CFR engine, different fuels experience different pre-knocking pressure and temperature histories. This is 261 

caused by the different compression ratios (CR) required to make a certain fuel to knock. For example, a high 262 

octane number fuel requires the CFR engine to be operating at a high CR and a fuel with low octane number is 263 

tested at a relatively small CR. Therefore, the compression stroke and hence volume profile is compression 264 

ratio/ON dependent. In addition, the flame propagation effect is not same for all fuels. The pressure rise due to 265 

flame propagation depends on the adiabatic flame temperature and the flame speed of the tested fuel. Therefore, 266 

compression ratio dependent volume profiles which account for the piston compression stroke and flame effects 267 

need to be generated and used in ignition delay time simulations.  268 

In the CFR engine, the compression ratio is changed by adjusting the cylinder head position which is monitored 269 

using digital counter readings (DCR). Often, the ON are tabulated for various DCR values, as stated in Tables 270 

A4.1 in ASTM D2699 [29] for RON and ASTM D2770 [30] for MON. The values in the tables are used for 271 

bracketing purposes using two primary reference fuel (PRF) mixtures. The DCR values are only used for 272 

simplification purposes; however, they are directly related to the compression ratio as per the following 273 

empirical correlation which is provided in the ASTM standards [33], 274 

𝐶𝑅 =
6345

1850−𝐷𝑖𝑔𝑖𝑡𝑎𝑙 𝑐𝑜𝑢𝑛𝑡𝑒𝑟 𝑟𝑒𝑎𝑑𝑖𝑛𝑔
+ 1          (9) 275 

 276 

Having the compression ratio value, the clearance volume of the CFR engine is calculated using the following 277 

equation:  278 

𝐶𝑅 =
𝑉𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒 + 𝑉𝑠𝑤𝑒𝑝𝑡 

𝑉𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒 
                                   (10) 279 

where the displacement (swept) volume of the standard CFR engine is 37.33 in3 (bore=3.25”, stroke=4.5”). 280 

Those values are employed in the following equation to generate the compression ratio dependent compression 281 

stroke volume profiles: 282 

𝑉𝑜𝑙𝑢𝑚𝑒 (𝑡) = 𝜋. 𝑟2 (𝑅 sin (
𝐸𝑛𝑔𝑖𝑛𝑒 𝑆𝑝𝑒𝑒𝑑

30𝜋𝑡
) + √𝐿2 − 𝑅2 (𝑐𝑜𝑠 (

𝐸𝑛𝑔𝑖𝑛𝑒 𝑠𝑝𝑒𝑒𝑑

30𝜋𝑡
))

2

) + 𝑉𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒 + 𝜋. 𝑟2(𝐿 + 𝑅)283 

             (11) 284 

 285 
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where r is the piston radius which is equal to 1.625”, R is the engine stroke divided by 2 and is equal to 2.25”, 286 

and L is the rod length and it is equal to 10” [34]. The engine speed depends on the mode at which the CFR 287 

engine is operating, with speeds of 600 RPM and 900 RPM for RON and MON modes, respectively. This 288 

volume profile respects that the piston speed is zero at both the bottom dead centre (BDC) and top dead centre 289 

(TDC). The compression stroke was simulated in the ignition delay time calculations by feeding the generated 290 

volume profiles into CHEMKIN PRO. After the piston reaches the TDC, the reduction in pressure due to 291 

expansion and the increase in pressure due to flame propagation are combined. As described in Mehl et al. [25], 292 

the net effect of those two actions is a further pressure and temperature increase. Therefore, additional pressure 293 

and temperature increases were added as further volume reductions to the TDC volume. This additional volume 294 

reduction was calculated from the digitized pressure profiles from Mehl et al. [25] from TDC (CAD=0ᵒ) to the 295 

start of pressure and temperature decays due to expansion because (CAD=10-15ᵒ). The digitized pressure 296 

profiles for RON and MON conditions were converted into volume profiles using isentropic relations where the 297 

specific heat ratio is mixture dependent. The differences in volume profiles due to different specific heat ratios 298 

were negligible and hence the same volume reduction rate was added to the CR dependent compression stroke 299 

volume profiles. This implies that the volume reduction rate due to flame propagation is not mixture dependent 300 

and the same rate is utilized for all tested mixtures. This is considered as an acceptable assumption because the 301 

laminar flame speeds and the heat capacities of the examined mixtures are not too different. The volume profile 302 

calculations start from -160 CAD because the pressures and temperatures at that time are available from the 303 

calculations of Mehl et al. [25]. These pressures (1.05 atm for both RON and MON conditions) and temperatures 304 

(330 K for RON and 440 K for MON conditions) values were used as initial conditions for the ignition delay 305 

time simulations. To visualize the effect of varying octane numbers on the volume, pressure and temperature 306 

profiles, three TPRF mixtures with RON values of 63.7, 79 and 99.8 were chosen. Assuming that the CFR 307 

engine is running in RON mode, Fig. 6 shows the calculated volume profiles for the three different TPRF/air 308 

stoichiometric mixtures. As can be clearly seen from Fig. 6, the three mixtures have different volume profiles 309 

where the high RON mixture is subjected to smaller volumes because of the higher CR used when performing 310 

knock experiments. To further investigate the differences between the three mixtures, non-reacting (by setting 311 

the reaction rate multiplier to 0) CHEMKIN PRO simulations were run for the three TPRF/air stoichiometric 312 

mixtures using the presented volume profiles. Figure S1 and Figure S2 (Supplementary Material) show the 313 

pressure and temperature histories (logarithmic scale) from the non-reacting CHEMKIN PRO simulations. As 314 

can be observed from Fig. S1 and Fig. S2 (Supplementary Material), the higher RON mixtures experience higher 315 

pressures and temperatures throughout the entire compression cycle, particularly near the TDC. For simplicity 316 

and practicality, the excel sheets that are used to calculate the CR/ON dependent volume profiles for RON and 317 

MON conditions are provided in the Supplementary Material. The only needed input is the DCR value and the 318 

volume time histories are calculated according to equations 9-11. 319 
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Ignition delay times for all TPRF/air stoichiometric mixtures from the current study and Kalghatgi et al. [22] 320 

were calculated using the CR dependent volume profiles under RON and MON conditions. The calculated 321 

ignition delay times are presented in Table S2 in the Supplementary Material. Ignition delay times are plotted 322 

against the digital counter readings (DCR) in Fig. 7a for the TPRF mixtures under RON conditions. The DCR 323 

values were taken from [29] and [30] for RON and MON conditions, respectively. As can be observed from Fig. 324 

7a, ignition delay time values for all TPRF mixtures are within 1 ms. Moreover, the ignition delay times have a 325 

very clear trend when plotted against DCR (or RON, as shown on the upper x-axis of Fig. 7a). The data points 326 

were fitted using a third-order polynomial: 327 

𝐼𝐷𝑇 = −1.77 × 10−8 × 𝐷𝐶𝑅3 + 3.53 × 10−5 × 𝐷𝐶𝑅2 − 2.05 × 10−2 × 𝐷𝐶𝑅 + 53.5,    𝑅2 = 0.9726 328 
           (12) 329 

Similarly, the ignition delay times under MON conditions are plotted against equivalent DCR in Fig. 7b. Again, 330 

the data were correlated very well and the difference between the fastest and slowest ignition delay times is 2 331 

ms. The data points in Fig. 7b were fitted using a second-order polynomial.  332 

𝐼𝐷𝑇 = −7.93 × 10−6 × 𝐷𝐶𝑅2 + 1.14 × 10−2 × 𝐷𝐶𝑅 + 28.7,    𝑅2 = 0.9104 (13) 333 

The ignition delay time correlation with DCR (or MON, as shown on the upper x-axis of Fig. 7b) has a lower R2 334 

value of 0.9104 compared to 0.9726 for the RON correlation. These R2 values are lower than what was observed 335 

with the previous four conditions. However, the range at which the ignition delay times span using condition 5 (1 336 

ms for RON and 2 ms for MON) are much narrower than what was shown earlier (200 ms for conditions 1 and 337 

2, 100 ms for condition 3 and 10 ms for condition 4). The ignition delay time narrower range improves the 338 

accuracy of the prediction as will be shown in the next section. 339 

Based on the correlation between ignition delay times and DCR, a new method for the prediction of ON is 340 

proposed. This methodology states that after curve-fitting the ignition delay times of various TPRF mixtures and 341 

their corresponding DCR, one can use this curve to predict the RON and MON of any TPRF mixture with 342 

known composition. The methodology can be used for ON as low as dictated by Tables A4.1 in [29, 30] and 343 

ON<100 because of the decreased accuracy in the measurements of RON values above 100 since the bracketing 344 

fuel (PRF) has octane ratings of 100 and less. All that is needed is providing CHEMKIN PRO with mole 345 

fractions of the TPRF mixture and a variable volume profile that corresponds to an estimated compression ratio. 346 

The initial variable volume profile is based on an estimated DCR. The resulting ignition delay time will be a 347 

point (A1) on one of the plots for RON (Fig. 7a) or MON (Fig. 7b). An illustration of the application of the 348 

method is presented in Fig. 8 for RON prediction. The next step depends on whether A1 is below or above the 349 

curve fit. In general, for a given TPRF mixture, ignition delay times decrease when increasing the digital counter 350 

reading. The DCR is increased by steps which become smaller (10 DCR) as the curve fit is approached to 351 

produce more points (A2, A3 and A4) and add them to the plot to generate the linear line drawn in Fig. 8. The 352 

calculations stop when the calculated line crosses the curve fit. The intersecting point is referred to as Ax in Fig. 353 
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8. The DCR for Ax is obtained from the plot and the corresponding predicted ON is looked up from Tables A4.1 354 

from ASTM D2699 [29] for RON and ASTM D2770 [30] for MON. Another test case where the initial DCR 355 

guess results in a point below the curve is presented in Fig. 8. 356 

In order to validate this method, the octane numbers of the literature TPRF mixtures given in Table 1 were 357 

predicted using the approach described here. The outcome is presented in Table 5, where the ON error is the 358 

difference between measurements and predictions. As can be seen from Table 5, the errors between the predicted 359 

and measured RON values for the various TPRF mixtures are relatively small (±1 RON). Only 6 out of the 20 360 

predictions have errors more than ±0.7 RON. This is considered as a success of the developed prediction method 361 

for RON and it is comparable to the correlation using condition 3 RON-like. The errors in MON predictions are 362 

higher than those of RON. This is expected because of the larger scatter in the ignition delay times versus DCR 363 

data (Fig. 7b). Also, the larger difference between the minimum and maximum ignition delay times contributes 364 

to these larger errors. Therefore, 12 out of 21 predictions have larger errors than ±0.9 MON. It is noticed that the 365 

predictions with high errors are for the mixtures close to the maximum ignition delay times. The parabolic curve 366 

fit is peaking at that location which makes the intersection of calculation line and curve fit to be less precise and, 367 

hence, larger errors in the predictions occur there. The predictions using the proposed method were compared 368 

with the predictions using the linear-by-mole blending rule [21] and with the non-linear by mole method recently 369 

proposed by Kalghatgi et al. [22]. The comparisons between the predicted ON errors using the three methods are 370 

presented in Fig. 9 for RON and MON. As can be seen from Fig. 9a, the predicted RON error using the proposed 371 

method is comparable to the linear [21] and non-linear [22] by-mole blending rules where most of the RON 372 

errors are within the experimental uncertainty limits. Note that a significant limitation of the linear-by-mole 373 

blending rule is the assumption of the ON of toluene where the predicted ON errors are directly proportional to 374 

the ON of pure toluene which spans a range of almost 10 ON from various experimental measurements [21, 23]. 375 

Regarding MON, Fig. 9b shows that the linear and non-linear-by-mole do better job in predicting the MON for 376 

the tested TPRF mixtures than the proposed methodology and hence improvements for predicting MON are 377 

needed.  378 

Prediction errors larger than the repeatability and reproducibility limits can be caused by one or more of the 379 

following: 380 

 Deficiency in the prediction method, where ignition delay time is not the only chemical kinetic 381 

parameter that directly correlates with octane numbers. 382 

 Deficiency in the compression ratio dependent volume profiles, where the flame propagation pressure 383 

and temperature rise are not modelled adequately and perhaps should be mixture dependent.  384 

 Deficiency in the chemical kinetics model that is used for ignition delay time calculations. These 385 

ignition delay time calculations using the variable volume profiles form a very robust test for the 386 

chemical kinetic mechanism because the chemistry is tested at a very wide range of pressures (1-100 387 
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atm) and temperatures (330-1000 K) for TPRF mixtures of varying composition. The Lawrence 388 

Livermore national laboratory (LLNL) mechanism [13] used to perform the calculations in this work is 389 

known to work well for n-heptane as it has been validated over a wide range of n-heptane experiments. 390 

However, the iso-octane and toluene sub-mechanisms are not as mature, particularly at low to 391 

intermediate temperature ranges. 392 

 Deficiency in the curve fitting due to limited experimental data. 393 

4. Conclusions 394 

This work examines potential relationship between octane numbers (RON and MON) and ignition delay times 395 

for binary and ternary toluene primary reference fuel (toluene/n-heptane/iso-octane) blends. Ignition delay times 396 

are calculated for: 397 

 Four constant volume pairs: 398 

o Condition 1: 835 K, 20 atm 399 

o Condition 2: 825 K, 25 atm 400 

o Condition 3: 850 K, 50 atm (RON-like) 401 

o Condition 3: 980 K, 45 atm (MON-like) 402 

 Condition 4: Variable volume profiles 403 

 Condition 5: Compression ratio/octane number dependent variable volume profiles  404 

Between the constant volume pairs, the 850 K and 50 atm conditions resulted in better correlation with the RON 405 

than the correlations from conditions 1, and 2. MON was best correlated with ignition delay times at condition 4 406 

(variable volume) compared to conditions 1, 2 and 3. Finally, the compression ratio dependent volume profiles 407 

(condition 5) lead to better correlation with RON where most of the predicted RON values were within the 408 

repeatability and reproducibility limits of RON measurements in the CFR engine. Further work is needed to 409 

improve the prediction of MON using the proposed methodology. 410 
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Supplementary Material 415 

The experimental ON measurements from literature are presented in Table S1. The calculated ignition delay 416 

times for various TPRF/air mixtures are provided in Tables S2-S3. 417 
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Tables 500 

Table 1. Experimental RON and MON data for TPRF mixtures. 501 

n-heptane Iso-octane Toluene RON MON S 

(vol.%) (mol.%) (vol.%) (mol.%) (vol.%) (mol.%)    

90.0 86.7 0.0 0.0 10.0 13.3 22.0 − − 

54.0 54.2 36.0 32.0 10.0 13.8 48.0 46.7 1.3 

0.0 0.0 90.0 85.2 10.0 14.8 102.0 99.5 2.5 

80.0 74.4 0.0 0.0 20.0 25.6 28 − − 

48.0 46.2 32.0 27.3 20.0 26.5 58 53.9 4.1 

0.0 0.0 80.0 72.0 20.0 28.0 104.1 98.5 5.6 

70.0 62.9 0.0 0.0 30.0 37.1 38 − − 

0.0 0.0 70.0 60.0 30.0 40.0 105.6 98.3 7.3 

60.0 52.1 0.0 0.0 40.0 47.9 51.4 46 5.4 

0.0 0.0 60.0 49.1 40.0 50.9 107.7 97 10.7 

50.0 42.0 0.0 0.0 50.0 58.0 65.9 60.0 5.9 

40.0 32.6 0.0 0.0 60.0 67.4 77 68.0 9 

20.0 15.4 0.0 0.0 80.0 84.6 98.6 88.5 10.1 

 502 

  503 
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Table 2. Ignition delay times at 835 K and 20 atm for three different TPRF mixtures. 504 

n-heptane Iso-octane Toluene RON MON Ignition delay times (ms) 

(vol.%) (mol.%) (vol.%) (mol.%) (vol.%) (mol.%)   C1 C2 

36.0 36.9 54.0 49.0 10.0 14.1 66.0 64.4 3.81 2.45 

42.0 38.8 28.0 22.9 30.0 38.2 66.1 61 3.40 2.30 

50.0 42.0 0.0 0.0 50.0 58.0 65.9 60.0 3.06 2.15 

 505 

  506 
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Table 3. Predicted RON errors using the four correlations obtained from the condition 1-4. 507 

n-heptane 

(mol.%) 

Iso-octane 

(mol.%) 

Toluene 

(mol.%) 

Measured 

RON 
Predicted RON Error 

    C1 C2 C3 C4 

63.8 14.2 22 39 -0.35 0.16 0.43 0.21 

42 0 58 65.9 2.99 1.72 1.05 0.92 

34.4 0 65.6 75.6 2.53 1.17 0.24 -0.10 

30.6 27.2 42.2 76.2 -0.04 0.18 0.28 0.01 

27.2 0 72.8 85.2 3.00 1.87 0.83 1.22 

17 69 14 85.7 -4.48 -2.29 -0.81 -0.27 

17 63 20 86.6 -3.48 -1.61 -0.33 -0.65 

16.9 59.9 23.3 87 -3.18 -1.48 -0.31 -1.07 

23.7 0 76.3 89.3 2.71 1.68 0.74 1.59 

20.8 0 79.2 92.3 1.98 0.99 0.20 1.49 

15 35 50 93 0.03 0.28 0.47 -1.22 

13.7 42.8 43.5 93 -0.91 -0.35 0.17 -2.21 

20.3 0 79.7 93.4 2.43 1.44 0.69 2.04 

10 65 25 93.7 -3.15 -1.78 -0.26 -4.55 

9.8 56.5 33.7 95.2 -2.07 -1.15 -0.12 -3.65 

12.3 34 53.7 96 -0.03 0.02 0.08 -1.18 

13 27 60 96.3 0.39 0.18 -0.01 -0.51 

16.5 3.5 80 96.9 1.73 0.88 0.28 1.88 

16 0 84 97.7 1.14 0.31 -0.27 1.70 

13.5 12 74.5 98 0.71 0.09 -0.48 0.72 

12.6 7 80.4 99.8 0.62 0.03 -0.62 1.10 

8.7 10.5 80.8 103.3 0.77 0.53 -0.36 1.00 

4.8 14.1 81.1 107.6 2.34 2.28 1.02 1.62 

0 39.2 60.8 110 4.02 4.07 1.65 1.77 

0 18.4 81.6 113 4.33 4.04 0.18 1.92 

 508 

  509 
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Table 4. Predicted MON errors using the four correlations obtained from the condition 1-4. 510 

n-heptane 

(mol.%) 

Iso-octane 

(mol.%) 

Toluene 

(mol.%) 

Measured 

RON 
Predicted RON Error 

    C1 C2 C3 C4 

63.8 14.2 22 37 -3.05 -1.18 1.77 0.62 

42 0 58 57.7 -2.57 -1.19 -1.76 -2.51 

34.4 0 65.6 66.9 -2.87 -1.79 -3.64 -2.83 

30.6 27.2 42.2 70.9 -1.83 0.65 1.19 0.74 

27.2 0 72.8 74.8 -3.25 -2.16 -5.71 -1.84 

17 69 14 84.6 0.22 4.06 4.80 6.33 

17 63 20 84.2 -0.11 3.50 4.34 4.88 

16.9 59.9 23.3 84 -0.38 3.11 3.96 3.99 

23.7 0 76.3 78.2 -3.41 -2.08 -6.65 -1.51 

20.8 0 79.2 80.7 -3.79 -2.16 -7.37 -1.68 

15 35 50 85.8 -0.77 1.93 1.52 0.35 

13.7 42.8 43.5 86.7 -0.63 2.38 2.56 0.33 

20.3 0 79.7 81.5 -3.49 -1.82 -7.09 -1.36 

10 65 25 90.3 0.41 4.34 5.74 1.01 

9.8 56.5 33.7 90.5 0.21 3.81 5.04 0.62 

12.3 34 53.7 88.3 -0.85 1.92 1.46 0.05 

13 27 60 87.3 -1.74 0.81 -0.39 -0.59 

16.5 3.5 80 85.2 -3.19 -1.21 -5.81 -1.00 

16 0 84 86.2 -3.42 -1.42 -6.47 -0.92 

13.5 12 74.5 87.4 -2.91 -0.71 -3.65 -0.94 

12.6 7 80.4 88.7 -3.49 -1.37 -4.57 -1.03 

8.7 10.5 80.8 92.6 -3.53 -1.42 -2.80 -0.76 

4.8 14.1 81.1 96.6 -3.11 -1.05 -1.00 -0.69 

0 39.2 60.8 99.3 -1.28 0.93 3.87 -0.51 

0 18.4 81.6 100.8 -2.37 -0.16 -0.27 -2.36 

 511 

512 
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  513 

Table 5. Predicted versus measured RON for TPRF mixtures from literature [4, 21, 29, 30]. 514 

n-heptane 

(mol.%) 

Iso-octane 

(mol.%) 

Toluene 

(mol.%) 
Measured Predicted ON Error 

   RON MON RON MON RON MON 

42 0 58 65.9 57.7 62.8 57.5 -3.1 -0.2 

34.4 0 65.6 75.6 66.9 74.7 67.2 -0.9 0.3 

30.6 27.2 42.2 76.2 70.9 76.1 67.4 -0.1 -3.5 

27.2 0 72.8 85.2 74.8 83.9 77.5 -1.3 2.6 

17 69 14 85.7 84.6 85.1 80.2 -0.6 -4.4 

17 63 20 86.6 84.2 86.3 81.9 -0.3 -2.3 

16.9 59.9 23.3 87 84 86.5 82.9 -0.5 -1.1 

23.7 0 76.3 89.3 78.2 89 81.4 -0.3 3.2 

20.8 0 79.2 92.3 80.7 92 84.1 -0.3 3.4 

15 35 50 93 85.8 93.9 85.8 0.9 0 

13.7 42.8 43.5 93 86.7 94 86.5 1 -0.2 

20.3 0 79.7 93.4 81.5 92.9 84.5 -0.5 3 

10 65 25 93.7 90.3 94.3 88.6 0.6 -1.7 

9.8 56.5 33.7 95.2 90.5 96.5 88.6 1.3 -1.9 

12.3 34 53.7 96.3 87.3 96.8 87.2 0.5 -0.1 

13 27 60 96.3 88.3 96.9 87.3 0.6 -1 

16.5 3.5 80 96.9 85.2 96.4 86.7 -0.5 1.5 

16 0 84 97.7 86.2 97 87.6 -0.7 1.4 

13.5 12 74.5 98 87.4 98.2 87.9 0.2 0.5 

12.6 7 80.4 99.8 88.7 99.2 89.2 -0.6 0.5 

8.7 10.5 80.8 103.3 92.6 --- 92.6 --- 0 
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Figure Captions 517 

Fig. 1. Calculated ignition delay times (logarithmic scale) at a) 835 K and 20 atm and b) 825 K and 25 atm for 518 

stoichiometric TPRF/air mixtures versus ON. 519 

Fig. 2. Calculated ignition delay times (logarithmic scale) at 850 K and 50 atm (RON-like) and 980 K and 45 520 

atm (MON-like) for stoichiometric TPRF/air mixtures versus RON. 521 

Fig. 3. Calculated ignition delay times using variable volume profiles for stoichiometric TPRF/air mixtures 522 

versus ON. 523 

Fig. 4. Calculated versus measured RON and MON using ignition delay times at the four studied conditions C1-524 

C4. 525 

Fig. 5. Comparison of predicted a) RON error and b) MON error using the four different correlations using 526 

conditions C1-C4. 527 

Fig. 6. Calculated volume profiles for three TPRF mixtures with different RON values. 528 

Fig. 7. Ignition delay times using CR dependent volume profiles for the TPRF/air mixtures from the current 529 

study and Kalghatgi et al. [22] at a) RON conditions and b) MON conditions. 530 

Fig. 8. An illustration of applying the new method to predict the ON for a given TPRF mixture. 531 

Fig. 9. Comparison of predicted a) RON error and b) MON error using three different methods.  532 
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Figures 533 

 534 

Fig. 1. Calculated ignition delay times (logarithmic scale) at a) 835 K and 20 atm and b) 825 K and 25 atm for 535 
stoichiometric TPRF/air mixtures versus ON. 536 
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 538 

Fig. 2. Calculated ignition delay times (logarithmic scale) at 850 K and 50 atm (RON-like) and 980 K and 45 539 
atm (MON-like) for stoichiometric TPRF/air mixtures versus RON. 540 

  541 



 

25 

 

 542 

Fig. 3. Calculated ignition delay times using variable volume profiles for stoichiometric TPRF/air mixtures 543 
versus ON. 544 
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 546 

Fig. 4. Calculated versus measured RON and MON using ignition delay times at the four studied conditions C1-547 
C4. 548 
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 550 

 551 

Fig. 5. Comparison of predicted a) RON error and b) MON error using the four different correlations using 552 
conditions C1-C4. 553 
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 555 

Fig. 6. Calculated volume profiles for three TPRF mixtures with different RON values. 556 
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 558 

Fig. 7. Ignition delay times using CR dependent volume profiles for the TPRF/air mixtures from the current 559 
study and Kalghatgi et al. [22] at a) RON conditions and b) MON conditions. 560 
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 562 

Fig. 8. An illustration of applying the new method to predict the ON for a given TPRF mixture. 563 
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 565 

 566 

Fig. 9. Comparison of predicted a) RON error and b) MON error using three different methods. 567 


