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Abstract 39 

 40 
Rapid compression machines (RCM) are extensively used to study autoignition of a wide variety of 41 

fuels at engine relevant conditions. Fuels ranging from pure species to full boiling range gasoline 42 

and diesel can be studied in an RCM to develop a better understanding of autoignition kinetics in 43 

low to intermediate temperature ranges. In an RCM, autoignition is achieved by compressing a 44 

fuel/oxidizer mixture to higher pressure and temperature, thereby initiating chemical reactions 45 

promoting ignition. During these experiments, the pressure is continuously monitored and is used to 46 

deduce significant events such as the end of compression and the onset of ignition. The pressure 47 

profile is also used to assess the temperature evolution of the gas mixture with time using the 48 

adiabatic core hypothesis and the heat capacity ratio of the gas mixture. In such RCM studies, real 49 

transportation fuels containing many components are often represented by simpler surrogate fuels. 50 

While simpler surrogates such as primary reference fuels (PRFs) and ternary primary reference fuel 51 

(TPRFs) can match research and motor octane number of transportation fuels, they may not 52 

accurately replicate thermodynamic properties (including heat capacity ratio). This non-conformity 53 

could exhibit significant discrepancies in the end of compression temperature, thereby affecting 54 

ignition delay (𝜏𝑖𝑔𝑛) measurements. Another aspect of RCMs that can affect 𝜏𝑖𝑔𝑛 measurement is 55 

post compression heat loss, which depends on various RCM parameters including geometry, extent 56 

of insulation, pre-heating temperature etc. To, better understand the effects of these non-chemical 57 

kinetic parameters on 𝜏𝑖𝑔𝑛, thermodynamic properties of a number of FACE G gasoline surrogates 58 

were calculated and simulated in a multi-zone RCM model. The problem was further investigated 59 

using a variance based analysis and individual sensitivities were calculated. This study highlights 60 

the effects on 𝜏𝑖𝑔𝑛 from thermodynamic properties of various surrogate fuels and differences in post 61 

compression heat loss over low, intermediate and high temperature region.  62 

Keywords:  Ignition delay; surrogate formulation; rapid compression machine.  63 
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1. Introduction 64 

Rapid compression machines (RCM) are routinely used to study autoignition of fuels under 65 

temperature and pressure of relevance to practical engines. A wide variety of fuels, ranging from 66 

pure hydrocarbons to regular gasoline and diesel [1-3] can be investigated in an RCM. Figure 1 67 

describes a typical RCM experiment where a fuel/oxidizer mixture is rapidly compressed to top dead 68 

center (TDC) thereby reaching a higher pressure and temperature. After TDC, the compressed gases 69 

experience heat loss (manifested as pressure decay), which is followed by a small pressure rise 70 

marking the onset of first stage ignition. Further, second stage or final ignition is recorded by a sharp 71 

pressure rise, and this duration between TDC and final ignition is designated as ignition delay (𝜏𝑖𝑔𝑛). 72 

In this experiment, two parameters are of particular significance for the accurate determination 73 

of  𝜏𝑖𝑔𝑛 : 1) The fuel/oxidizer mixture’s temperature at TDC ( 𝑇𝑇𝐷𝐶 ); and 2) Post compression heat 74 

loss, manifested as pressure decay.  75 

 76 

Figure 1: RCM pressure profile for a gasoline/air mixture at equivalence ratio ∅ =1 and 𝑃𝑇𝐷𝐶 =77 

20 𝑏𝑎𝑟 𝑇𝑇𝐷𝐶 = 718 𝐾 [3] 78 

 79 

The effect of  𝑇𝑇𝐷𝐶 on  𝜏𝑖𝑔𝑛 is well known from several RCM studies [4-7] and also the effect of post 80 

compression heat loss on  𝜏𝑖𝑔𝑛 is well understood [5]. Briefly, higher 𝑇𝑇𝐷𝐶 increases the rate of 81 
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reactions promoting the ignition (except for negative temperature coefficient (NTC) region) and 82 

hence a shorter  𝜏𝑖𝑔𝑛 is observed, while higher heat loss rate effectively reduces the bulk gas 83 

temperature thereby reducing the rate of reactions and yielding a longer 𝜏𝑖𝑔𝑛.  Accurate temperature 84 

measurement in an RCM still remains a challenge, except for a few attempts [8-11]. The adiabatic 85 

core hypothesis  [7] is largely used to estimate the temperature profile from the measured pressure 86 

trace. Equation 1 describes the relation between  𝑃𝑇𝐷𝐶 , 𝑇𝑇𝐷𝐶 of the adiabatic core and its dependence 87 

on 𝛾, defined as the ratio of specific heats (
𝐶𝑝

𝐶𝑣
) of the fuel/oxidizer mixture. 88 

∫
𝛾

𝛾−1

𝑑𝑇

𝑇

𝑇2

𝑇1
= 𝑙𝑛 (

𝑃2

𝑃1
)                                                (1)        89 

Equation 1 implies that 𝛾 needs to be well known to estimate 𝑇𝑇𝐷𝐶 precisely. Figure 2 presents the 90 

effect of 𝑇𝑇𝐷𝐶 on measured  𝜏𝑖𝑔𝑛 in an RCM for iso-octane from the data set of Atef et al. at 𝑃𝑇𝐷𝐶 =91 

20 bar and 𝑇𝑇𝐷𝐶 = 803, 841, 884𝐾. The measurements from these experiments demonstrate a 92 

reduction in  𝜏𝑖𝑔𝑛 with increase in temperature, a well-known fact reiterated to substantiate the 93 

arguments in this study.  In later sections, it is shown that the differences in 𝑇𝑇𝐷𝐶 could be introduced 94 

by dissimilarities in 𝛾 of surrogates, in line with Eq. 1. Such surrogates could have identical ignition 95 

delays across a range of experimental conditions but due to the differences in 𝛾, they could show 96 

dissimilarities in  𝜏𝑖𝑔𝑛 in RCM. 97 

It must be noted that differences in 𝑇𝑇𝐷𝐶  in Fig. 2 are not due to dissimilar 𝛾, but is attained through 98 

variation in initial experimental conditions and is presented solely to substantiate the effect of  𝑇𝑇𝐷𝐶 99 

on  𝜏𝑖𝑔𝑛. 100 
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 101 

 102 

Figure 2: The effect of 𝑇𝑇𝐷𝐶 on measured ignition delay for iso-octane in air at ∅=1 (O2: N2 = 1: 103 

3.76) at 𝑃𝑇𝐷𝐶=20 bar. 104 

 105 

The implications of this observation lie in the practice of using surrogate fuels to represent 106 

transportation fuels in RCM simulations and experiments. Traditional surrogates for gasoline-type 107 

fuels are primary reference fuels (PRF) and ternary primary reference fuels (TPRF), which are 108 

comprised of iso-octane/n-heptane and iso-octane/n-heptane/toluene respectively. The PRFs and 109 

TPRFs are prepared to match research and motor octane numbers of the target fuel, while they do 110 

not necessarily match other fuel properties, including specific heat ratio (𝛾 over the temperature 111 

range). If such discrepancies exists, they could introduce uncertainty in 𝑇𝑇𝐷𝐶 , eventually affecting 112 

𝜏𝑖𝑔𝑛 measurements and simulations. 113 

The other parameter considered in this study with a potential effect on 𝜏𝑖𝑔𝑛 measurements in RCM 114 

is the post-compression heat loss which is specific to an RCM facility. In Fig. 3, RCM pressure 115 

traces from the National University of Galway, Ireland (NUIG) and the University of Connecticut, 116 

USA (UCONN), are shown under identical TDC conditions from the data set of Atef et al. [12]  117 

 118 
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 119 

Figure 3: Comparison of RCM pressure traces from NUIG and UCONN under identical TDC 120 

conditions with iso-octane in air at ∅ = 1 (O2: N2 = 1: 3.76) (Note: Initial mixture temperature was 121 

different in cases between 𝑇𝑇𝐷𝐶 ≅ 740 𝐾 𝑎𝑛𝑑 791 𝐾) 122 

 123 

In both the cases, measurements from UCONN show higher pressure decay, indicating higher rate 124 

of heat loss, and hence a longer 𝜏𝑖𝑔𝑛. Figure 3 interestingly points out that even under identical 125 

experimental conditions, different heat loss attributes of the RCM facility can result in different 126 

ignition delays for identical fuel/oxidizer mixtures. This observation also implies that, while 127 

studying a fuel across RCM facilities, the data must be interpreted in conjunction with the employed 128 

RCM’s heat loss attributes, as earlier discussed by Mittal and Sung [7]. 129 

RCM exhibits a complex reactive flow problem, and there are several experimental factors that could 130 

affect the processes leading to ignition. Apart from differences arising from 𝛾, temperature in the 131 

RCM is affected by experimental factors such as pressure, fuel mixing procedure, and diagnostic 132 

measurements techniques as shown by Weber et al. [13]. They also show that the initial temperature 133 

and pressure are the major sources of uncertainty in 𝑇𝑇𝐷𝐶 estimation. RCM experiments often use 134 

diluents in ignition studies which leads to differences in ignition delay measurements. Wulmer et al. 135 

[14] conducted such an investigation on shock tube and RCM with different diluent mixtures and 136 

concluded that ignition delay strongly depends on diluent’s properties such as thermal conductivity, 137 
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thermal diffusivity and heat capacity. In a similar investigation, Wagnon et al. [12] discussed the 138 

effect of four different diluent gases: argon, nitrogen, water, and carbon dioxide, on ignition delay 139 

measurements for three different fuels in an RCM. The heat release rates and 𝜏𝑖𝑔𝑛 were found to be 140 

sensitive to diluents; the study also discussed the significance of diluents on low-temperature 141 

kinetics. Recently Goldsborough et al. [5] conducted a detailed review of recent RCM studies and 142 

also discussed about parameters that could significantly affect 𝜏𝑖𝑔𝑛 measurements and simulations 143 

in RCMs. Some of the earlier investigations (and comparisons in Fig. 3) have shown that the RCM 144 

heat loss affects the 𝜏𝑖𝑔𝑛 [4, 15] measurements and different RCM facilities could report different 145 

values of 𝜏𝑖𝑔𝑛  under identical experimental conditions. However, to the authors’ knowledge none 146 

of the earlier studies have conducted a detailed analysis of such effects of variation in 𝑇𝑇𝐷𝐶  (due to 147 

𝛾) and heat loss  on 𝜏𝑖𝑔𝑛 in RCM, and therefore a detailed investigation is warranted.  To study this 148 

problem in detail, three surrogates of FACE G [16] gasoline with different 𝛾 resulting in different 149 

𝑇𝑇𝐷𝐶   are considered. The effect of heat loss on ignition delay has been accounted for by building a 150 

simplified multi-zone RCM model to allow variation in the heat loss rate for fuels with single and 151 

multi-stage ignition delays. Furthermore, a numerical experiment was designed with  𝜏𝑖𝑔𝑛 as a 152 

function of 𝑇𝑇𝐷𝐶  (a strong function of  𝛾 ) and heat loss rates. Investigations were conducted with a 153 

variance based analysis to decouple the effects of these parameters on 𝜏𝑖𝑔𝑛 and identify individual 154 

sensitivities. 155 

 156 

2. Methodologies 157 

2.1 Thermodynamics of fuel and surrogate mixtures 158 

FACE G is a fully characterized, high research octane number (RON = 96.8) and high octane 159 

sensitivity (S = 11) gasoline with high percentages of iso-paraffins ( 38 mol %) and aromatics ( 32 160 

mol %). A detailed description of various properties of FACE G is available in the literature [16, 161 
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17]. In this section, FACE G and its three surrogates were investigated for their thermodynamic 162 

properties and their subsequent effect on 𝑇𝑇𝐷𝐶 . These three surrogates are PRF91.5 (primary 163 

reference fuel), TPRF-G (ternary primary reference fuel), and FGG-KAUST (a multicomponent 164 

surrogate fuel), as described in Sarathy et al. [16]  165 

Thermodynamic properties were calculated for all the species in FACE G, FGG-KAUST, PRF91.5, 166 

and TPRF-G. In Table 1, temperature dependent heat capacities: 𝐶𝑝𝑇, enthalpy of formation at 298 167 

K: 𝐻𝑓298  and entropy of formation at 298 K: 𝑆𝑓298 , are shown for FACE G and surrogates. These 168 

calculations were made using the group additivity methodology [18] implemented in the THERM 169 

software [19] on CloudFlame portal (cloudflame.kaust.edu.sa) developed at KAUST [20, 21]. The 170 

calculations employ updated group values based on the work of Burke et al. [22]. The species 171 

formula, identification of groups, number of rotors and symmetry number were declared for each 172 

individual species for the computations. Finally, the thermodynamic properties for each species was 173 

multiplied by its mole fraction to obtain the final thermodynamic properties of the blend. 174 

Thermodynamic properties for a few representative species found in the DHA of FACE G are also 175 

presented in Table 1. Also, heat capacity as a function of temperature, 𝐶𝑝𝑇 is presented for a large 176 

range of temperatures (T = 300-900 K). The last three rows of Table 1 (in bold) report 177 

thermodynamic properties calculated for FACE G, and its surrogates FGG-KAUST, TPRF-G and 178 

PRF91.5. A similar table, with the thermodynamic properties of all components in FACE G and 179 

surrogates, is given as Supplementary Material (file title: “FACE G and surrogates”). In Table 2, 180 

H/C ratio and molecular weight of FACE G and surrogates is reported. 181 

 182 

 183 



9 
 

Table 1: Thermodynamic properties of representative species from the DHA of FACE G. The last 184 

four rows (bold) report the respective properties, considering fuel and surrogates as mixtures of 185 

hydrocarbons. Thermodynamic properties are referred to a standard state of an ideal gas at 1 atm. 186 

 187 

Species  aHf298 bSf298 cCp300 Cp400 Cp500 Cp600 Cp700 Cp800  Cp900 

n-butane -2.99E+04 7.34E+01 2.39E+01 2.96E+01 3.49E+01 3.97E+01 4.40E+01 4.77E+01 5.09E+01 

i-pentane -3.66E+04 8.19E+01 2.84E+01 3.62E+01 4.35E+01 5.00E+01 5.57E+01 6.05E+01 6.46E+01 

2,2,4-
trimethylpentane 

-5.32E+04 1.01E+02 4.53E+01 5.83E+01 6.95E+01 7.90E+01 8.71E+01 9.40E+01 9.98E+01 

m-xylene 3.81E+03 8.55E+01 3.05E+01 3.94E+01 4.76E+01 5.49E+01 6.11E+01 6.62E+01 7.04E+01 

methylcyclopentane -2.52E+04 8.09E+01 2.61E+01 3.57E+01 4.48E+01 5.28E+01 5.93E+01 6.44E+01 6.84E+01 

1-pentene -5.03E+03 8.27E+01 2.60E+01 3.30E+01 3.91E+01 4.44E+01 4.89E+01 5.29E+01 5.62E+01 

- - - - - - - - - - 

- - - - - - - - - - 

FACE G -2.42E+04 8.77E+01 3.30E+01 4.26E+01 5.13E+01 5.89E+01 6.55E+01 7.09E+01 7.54E+01 

FGG-KAUST -2.31E+04 8.73E+01 3.25E+01 4.19E+01 5.04E+01 5.78E+01 6.42E+01 6.96E+01 7.40E+01 

TPRF-G -1.02E+03 8.21E+01 2.88E+01 3.80E+01 4.58E+01 5.24E+01 5.78E+01 6.24E+01 6.62E+01 

PRF91.5 -5.25E+04 1.01E+02 4.47E+01 5.76E+01 6.86E+01 7.80E+01 8.60E+01 9.27E+01 9.85E+01 

a
 Enthalpy of formation in Cal/mole, bentropy of formation in Cal/mol-K, 

c
heat capacity in Cal/mol-K 188 

Table 2: H/C ratio and Average molecular weight of FACE G and surrogates studied in this study 189 

Properties FACE G PRF 91.5 TPRF-G FGG-KAUST 

H/C 1.83 2.25 1.4 1.85 

Avg. mol. wt. 99.7 112.9 94.8 94.3 

 190 

In Fig. 4, the heat capacity, 𝐶𝑝 and specific heat ratio, 𝛾 for FACE G, FGG-KAUST, TPRF-G and 191 

PRF91.5 are compared at stoichiometry, ∅ = 1, Fuel/air mixtures.  The 𝐶𝑝  and 𝛾 for FGG-KAUST 192 

match those of FACE G, which is also evident from Table 1. However, TPRF-G and PRF91.5 193 

shows deviations averaging around 8 − 10 %. 194 

 195 
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 196 

Figure 4: Comparison of thermodynamic properties of air-fuel mixture at 𝜙=1 with fuel as FACE 197 

G (symbols), FGG-KAUST, TPRF-G and PRF91.5.(left), heat capacity, Cp, (right) ratio of heat 198 

capacity, 𝛾.  199 

 200 

This discrepancy in 𝛾 between FACE G and surrogates (PRF91.5 and TPRF-G) could lead to 201 

inconsistency in 𝑇𝑇𝐷𝐶 in RCM experiments and simulations. Therefore to further investigate, 202 

Chemkin Pro [23] inert RCM simulations were conducted with PRF91.5, TPRF-G and FGG-203 

KAUST. For these simulations, individual volumetric profiles were generated using fuel specific 𝛾 204 

and pressure traces from Sarathy et al. [16] at equivalence ratio, ∅ = 1 for inert mixtures (Fuel/N2 205 

mixture). The comparison between temperature profiles of FGG-KAUST, TPRF-G and PRF91.5 is 206 

presented in Fig. 5 for two cases. Zoomed insets are also provided within respective figures to 207 

highlight the differences in the attained 𝑇𝑇𝐷𝐶.  208 

 209 



11 
 

Figure 5: Effect of γ on TDC temperature in two different cases for all the surrogates of FACE G, 210 

i.e., FGG-KAUST, TPRF-G, and PRF91.5 at ∅=1 and identical initial conditions. 211 

 212 

FGG-KAUST closely emulates 𝐶𝑝 and  𝛾 of FACE-G (see Fig. 4) and hence it is expected to closely 213 

match FACE G - 𝑇𝑇𝐷𝐶 in RCM.  FGG-KAUST (a multicomponent surrogate) provide improved 214 

reproduction of several target fuel properties such as H/C ratio, molecular weight (see Table 2), 215 

carbon types [24], RON, MON, volatility etc. [16, 25-29]. These well matched properties especially 216 

carbon types along with H/C ratio and molecular weight includes the complete structural description 217 

of the target fuel. Such a matching of properties eventually allows molecular level replication of the 218 

composition of the target fuel ensuring improved performance of the surrogate on multiple fronts, 219 

for example thermodynamic, properties in this case. It is also notable that PRF91.5 shows maximum 220 

deviation in 𝐶𝑝 and  𝛾 from FACE G (see Fig. 4), which explains the highest difference in the 𝑇𝑇𝐷𝐶 221 

(15 K) from FGG-KAUST in Fig. 5.  222 

Hence it is established that 𝑇𝑇𝐷𝐶 is a strong function of heat capacities ratio, 𝛾 (=
𝐶𝑝

𝐶𝑣

); therefore in 223 

further discussion only 𝑇𝑇𝐷𝐶  is analyzed and its subsequent effect on ignition delay is discussed. 224 

 225 

2.2 RCM multi-zone model 226 

To accurately assess the impact of post-compression heat loss  on  𝜏𝑖𝑔𝑛, a multi zone model for 227 

RCM, similar to Zhang et al. [30] has been developed. This model is written in Python- Cantera [31] 228 

and allows simulation of ignition delay in RCMs with different rates of heat loss at diverse 𝑇𝑇𝐷𝐶. 229 

This model consists of three zones: zone 1) the adiabatic core, zone 2) the boundary layer and zone 230 

3) the crevice, as shown in Fig. 6.   231 

The assumptions involved in developing the model are as follows: 232 
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1. The zones are homogenous in concentration and temperature, and pressure is equivalent across all 233 

the zones. 234 

2. During the compression phase, the dimensions of the adiabatic core and boundary layer zone (not 235 

present at the beginning of compression) decrease with time as the piston proceeds towards TDC. 236 

Post-compression, all the zone volumes are kept constant. 237 

3. In accordance with adiabatic core hypothesis, the core zone is modeled as adiabatic. Heat loss is 238 

experienced only at the boundary layer zone and the crevice zone to the RCM wall. 239 

4. The core zone is modeled as reactive, while the boundary layer and crevice zone are non-reactive. 240 

5. Heat loss is only implemented in post-compression phase. 241 

 242 

Figure 6:  Schematic of multi-zone model for RCM with three zones 1) adiabatic core, 2) boundary 243 

layer and 3) crevice zone 244 

 245 

In the current model, heat loss is implemented at the boundary layer and the crevice zone while the 246 

adiabatic core remains unaffected as discussed in Lee et al. [32]. The heat loss term is expressed as 247 

a polynomial function of temperature, surface area and time. Heat loss function was acquired 248 

empirically and is expressed as Eq. 2. 249 

 𝑄 = (𝐾𝐵𝐿(𝑇𝐵𝐿 − 𝑇𝑤𝑎𝑙𝑙)𝑛 + 𝐾𝑐𝑟𝑒𝑣𝑖𝑐𝑒(𝑇𝑐𝑟𝑒𝑣𝑖𝑐𝑒 − 𝑇𝑤𝑎𝑙𝑙)𝑛)𝑡𝑇𝐷𝐶                             (2) 250 

Where, 251 

𝑇𝐵𝐿 = 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝑙𝑎𝑦𝑒𝑟 252 

𝑇𝑐𝑟𝑒𝑣𝑖𝑐𝑒 = 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝑐𝑟𝑒𝑣𝑖𝑐𝑒 253 

𝑇𝑤𝑎𝑙𝑙 = 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝑅𝐶𝑀 𝑤𝑎𝑙𝑙 254 
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𝑡𝑇𝐷𝐶 = 𝑡𝑖𝑚𝑒 𝑙𝑎𝑝𝑠𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 𝑇𝐷𝐶 255 

The temperature of the homogenous non-reactive zones, boundary layer and crevice is calculated at 256 

each time step with evolving adiabatic core pressure and heat loss to the ambient. The constants 𝐾𝐵𝐿   257 

and 𝐾𝑐𝑟𝑒𝑣𝑖𝑐𝑒 in the heat loss term consist of a calibration constant (representing convective heat 258 

transfer coefficient) and the annular surface area of the inner wall of RCM through which heat loss 259 

takes place to the ambient. The constant n is iteratively adjusted to match the pressure decay of the 260 

system across several inert RCM profiles.  261 

In Fig. 7, the pressure decay calculated with the RCM model is shown against experimental pressure 262 

decay, for two different cases from Sarathy et al. [16], and fixed wall temperature of  𝑇𝑤𝑎𝑙𝑙 = 340𝐾.  263 

 264 

Figure 7: Post compression pressure decay for different TDC conditions in RCM model and 265 

experiments. P_exp presents the experimentally measured pressure history for an inert run. 266 

P_model is predicted by RCM multi-zone model 267 

 268 

2.3 Numerical experiment: Mapping the effect of 𝜸 and heat loss on 𝝉𝒊𝒈𝒏 269 

A numerical experiment was designed to evaluate the collective effect of these parameters on 𝜏𝑖𝑔𝑛 270 

in RCM. The objective of this exercise is to quantify the variance in ignition delay, with deviations 271 

in  𝑇𝑇𝐷𝐶 representing different surrogate mixtures, and 𝛼, signifying diverse heat loss rates from 272 
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different RCM facilities. As previously noted, in RCM operations, fuels exhibit either single or two 273 

stage ignition; therefore, two different cases were considered in the current framework, representing 274 

single and two stage ignition events along with a broad range of heat loss rates.  Variation in the 275 

ratio of heat capacities, 𝛾 from surrogates, is expressed in terms of  𝑇𝑇𝐷𝐶, whose range was selected 276 

to yield single and two stage ignition events. Further, the 𝑇𝑇𝐷𝐶 range was parameterized using an 277 

independent distribution of a canonical random variable 𝜉1, uniformly distributed over [−1,1], 278 

according to Eq. (3): 279 

𝑇𝑇𝐷𝐶 = 𝑇1 + (
𝜉1+1

2
) (𝑇2 − 𝑇1)                                 (3) 280 

Following the previous discussion, two temperature ranges were selected in single and two-stage 281 

ignition regions; the selected bounds were 𝑇1 = 808 K, 𝑇2 = 868 K and 𝑇1 = 730 K, 𝑇2 = 790 K 282 

respectively. The temperature ranges defined above were discretized with Eq. (3), and seven node 283 

points were obtained between T1 and T2, in both cases representing a range of  𝑇𝑇𝐷𝐶. 284 

To study the effect of post TDC heat loss on ignition delay, a heat loss factor 𝛼, was defined and 285 

parametrized using a second independent and identically distributed random variable, 𝜉2, as 𝛼 =286 

𝑈𝐹𝜉2. An uncertainty factor, UF=2, was assigned describing the variability in levels of heat loss 287 

from RCM facilities.  The node points were located at 𝜉2 = 𝑐𝑜𝑠 (
𝑘𝜋

𝑀−1
) with 𝑘 = 0,1, … (𝑀 − 1), equal 288 

to the number of nodes in the 𝑇𝑇𝐷𝐶 interval. Here 𝑀 is given as [33]  𝑀 = 2𝑙(3) − 1 = 7, which is 289 

defined by the Clenshaw Curtis rule of level 3 (𝑙 =3) . The range of 𝜉2 defines the upper and lower 290 

bounds of heat loss, allowing variations from 0.5 to 2.0 for 𝛼.  In the process, seven heat loss cases 291 

were generated, corresponding to each 𝑇𝑇𝐷𝐶 point in both the temperature intervals, and representing 292 

single and two stage ignition cases, as shown in Table 3.  The discrete values of 𝑇𝑇𝐷𝐶 and 𝛼 were 293 

considered over a two-dimensional space, and 𝜏𝑖𝑔𝑛 was mapped for different combinations over this 294 

space, representing different surrogate mixtures and heat loss rates as shown in Table 3. Thus, a 295 

simulation experiment was established to ascertain the impact of 𝑇𝑇𝐷𝐶 and heat loss rates on 𝜏𝑖𝑔𝑛.  296 
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Table 3: Heat loss factor and TDC temperature for the simulation exercise. 297 

Heat Loss Factor, 𝛼 TTDC-two stage (K) TTDC-single stage (K) 

 

0.500 730 808 

0.548 734 812 

0.700 745 823 

1.000 760 838 

1.414 775 853 

1.822 786 864 

2.000 790 868 

 298 

Apart from the conditions shown in Table 3, another case with adiabatic condition (𝛼 = 0) was also 299 

considered to derive better understanding of effect of heat loss on ignition delay and will be 300 

discussed in later section.   301 

3. Results and discussions 302 

3.1 Effects of 𝑻𝑻𝑫𝑪 and heat loss on 𝝉𝒊𝒈𝒏 303 

Multi-zone RCM simulations were conducted using FGG-KAUST/air mixture at ∅=1 with the 304 

chemical kinetic mechanism from Sarathy et al. [16]. The compression segment of RCM was 305 

excluded, and simulations were initiated from TDC to ascertain pre-determined 𝑇𝑇𝐷𝐶 values. This 306 

simplification prolonged the predicted 𝜏𝑖𝑔𝑛, as also shown by Mittal et al. [6]. In Fig. 8 (a) and 8 (b), 307 

cases for two and single stage ignition events corresponding to 𝑇𝑇𝐷𝐶  range of 730-790 K and 808-308 

868 K respectively, are presented. Comparing the trends in ignition delay observed in Fig. 8 (a) and 309 

8 (b), 𝜏𝑖𝑔𝑛 was found to be more sensitive to temperature in the lower temperature (LT) region (730-310 

790 K). This observation is ascertained by steep slope of 𝜏𝑖𝑔𝑛 in LT region in Fig. 9, a characteristic 311 

of high octane sensitivity fuels such as FACE G.  The 𝑇𝑇𝐷𝐶 range of 808-868 K lies in the NTC 312 

region, which significantly reduced the overall sensitivity of ignition delay to temperature within 313 

this interval. This observation implies that an accurate description of 𝛾 is imperative if the intended  314 

𝑇𝑇𝐷𝐶 lies in either the HT or LT region for high octane sensitivity fuels, while minor changes in 𝑇𝑇𝐷𝐶 315 
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are not significant to 𝜏𝑖𝑔𝑛 in the NTC region. Furthermore, the NTC (Fig. 8 (b)) case with 𝑇𝑇𝐷𝐶= 808 316 

K demonstrates weak first stage ignition (temperature rise < 50 K) before final ignition. This event 317 

indicates shifting of fuel ignition behavior from the single to two stage ignition region, due to the 318 

shift in 𝑇𝑇𝐷𝐶. Thus, apart from introducing uncertainty in the 𝜏𝑖𝑔𝑛, poorly formulated surrogates may 319 

shift the ignition behavior from single- to two-stage ignition or vice versa especially when 𝑇𝑇𝐷𝐶 lies 320 

near the turnover point. 321 

 322 

Figure 8: The effect of 𝑇𝑇𝐷𝐶 on ignition delay: (a) two-stage ignition corresponding to 𝑇𝑇𝐷𝐶 range 323 

of 730-790 K (b) single stage ignition cases corresponding to 𝑇𝑇𝐷𝐶 range of 808-868 K for FGG-324 

KAUST ∅ = 1 325 
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 326 

Figure 9: Ignition delay obtained from RCM multi-zone model for FGG-KAUST in air ( 𝑇𝑇𝐷𝐶= 327 

730-868 K at 20 bar, ∅ = 1) 328 

 329 

In Fig. 10 (a) and (b), the effect of heat loss on 𝜏𝑖𝑔𝑛 is presented again for cases with two and single 330 

stage ignition events for 𝑇𝑇𝐷𝐶 = 730 K and 868 K respectively. Heat loss rate was varied by 331 

multiplying by the heat loss term, Q (Eq. 2) by the heat loss factor, 𝛼  during the simulations. Along 332 

with the cases shown in Table 3, another case with no heat loss (𝛼 = 0) has been added to Fig. 10 333 

(a) and (b). This case with no heat loss does not only shows significant decrease in final ignition 334 

delay time in both single- and two-stage ignition cases but also a reduction in interval between 335 

ignition events is observed. 336 
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  337 

Figure 10: RCM simulations showing the effect of heat loss on ignition delay (a) two-stage ignition 338 

events at 𝑇𝑇𝐷𝐶  = 730 K (b) one stage ignition events at 𝑇𝑇𝐷𝐶 = 868 K 339 

 340 

Ignition delays in Fig. 10 (a) with non-zero (𝛼 ≠ 0) heat loss rates indicates that the effect of heat 341 

loss is only experienced by first stage ignition events, which are advanced or delayed based on 342 

employed heat loss factor, indicated by 𝛼. Second stage ignition however, remains virtually 343 

unaffected within the range of heat loss variation in this study. This occurrence could be explained 344 

by the steep temperature rise rate after the first-stage ignition event up to the final ignition; such a 345 

high rate of heat release effectively mitigates the impact of heat loss and thus the interval between 346 

the first and second stage ignition events remain unchanged. Figure 10 (b), presents another set of 347 

RCM simulations with 𝑇𝑇𝐷𝐶 = 868 𝐾 and the effect of heat loss on single-stage ignition events. The 348 

increasing rate of heat loss is shown to prolong the ignition delay time, however the change observed 349 

in ignition delay due to the effect of heat loss variation is quantitatively and qualitatively similar in 350 

both cases (Fig. 10 (a) and 10 (b)) across the range of 𝛼. To further investigate the effect of heat loss 351 

on the interval between first and second stage ignition events, an additional set of simulations were 352 

conducted for FACE G at ∅ = 0.5 with 90 %  N2 dilution at 𝑇𝑇𝐷𝐶 = 670 K and 20 bar, as shown in 353 

Fig. 11. The range of heat loss rates extended from no heat loss (𝛼 = 0) to double the heat loss (𝛼 =354 
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2) of the nominal case. These conditions showing a longer interval between first and second stage 355 

ignition events were specifically selected to investigate the effect of heat loss on this duration (2-356 

1). 357 

 358 

 359 

Figure 11: RCM simulations showing the effect of heat loss on ignition delay (a) two-stage ignition 360 

events at ∅ = 0.5 with 90 % dilution with N2 at 𝑇𝑇𝐷𝐶 = 670 K and 20 bar 361 

 362 

The effect of heat loss on first stage ignition in Fig. 11 is qualitatively similar to Fig. 10 (a), first 363 

stage ignition is delayed by increasing the rate of heat loss. Further analyzing the interval between 364 

the first and second stage ignition events indicate that the second stage ignition events are also 365 

marginally delayed in cases with higher heat loss rates. Another case with no heat loss is also 366 

presented in Fig. 11, which shows significantly shorter first and second stage ignition events.  A note 367 

should be taken about the time span of these ignition delays, the first ignition delay is observed 368 

around 200 msec, and the final ignition takes place at approximately 800 msec. The magnitude of 369 

second stage ignition event is well above the practical test time limit for experimental RCM facility 370 

and attaining such conditions in the laboratory would be highly unlikely. However, this trend 371 

indicates that the effect of heat loss on second stage ignition events could be observed in cases with 372 

significantly higher 𝜏𝑖𝑔𝑛.  373 

Figure 12 shows the ignition delay profile for the entire temperature range (730-868 K) across the 374 

range of heat loss factors (𝛼 = 0 𝑡𝑜 2.0).  The increment in heat loss rates is shown to introduce an 375 
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increment in 𝜏𝑖𝑔𝑛, which is also reflected in Fig. 3, while comparing 𝜏𝑖𝑔𝑛  from NUIG and UCONN 376 

RCMs. Also as earlier seen in Fig. 10 (b), alterations in heat loss rates introduces a shift in the  377 

turnover point between HT, LT and NTC region; at lower heat loss rates the turnover point is attained 378 

at lower TTDC due to higher bulk gas temperature.   379 

 380 

 381 

Figure 12: Change in ignition delay due to variation of heat loss factor over the temperature range 382 

of 730-868 K  383 

 384 

3.2. Variance analysis 385 

Variance analysis was conducted to quantify the combined impact of the variability in 𝑇𝑇𝐷𝐶 and the 386 

heat loss factor, 𝛼, on  𝜏𝑖𝑔𝑛, and to identify individual sensitivities of these factors on 𝜏𝑖𝑔𝑛. As 387 

previously discussed in section 2.3, the 𝑇𝑇𝐷𝐶 and the heat loss factor 𝛼 were parameterized using 388 

random variables 𝜉1 and 𝜉2 respectively, signifying variance in 𝑇𝑇𝐷𝐶 and heat loss rates. A 389 

polynomial chaos (PC) formalism was used to represent the dependence of 𝜏𝑖𝑔𝑛 on the uncertain 390 

inputs. Specifically, 𝜏𝑖𝑔𝑛 is expressed [33, 34] as : 𝜏𝑖𝑔𝑛(𝜉) = ∑ 𝑐𝑘𝛹𝑘(𝜉)𝑃
𝑘=0  391 
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where 𝛹𝑘 is a multidimensional Legendre polynomial in : 𝜉 = (𝜉1, 𝜉2), and 𝑃 + 1 is the size of the 392 

basis, truncated to retain polynomials of total degree less, or equal to, three.  To determine the 393 

unknown coefficients, a regularized regression technique was used [34, 35].  The computation of  394 

𝜏𝑖𝑔𝑛 at selected realizations of 𝜉 was used for this purpose.  A fully tensorized grid with seven values 395 

of 𝜉1 was used, those yielding the 𝑇𝑇𝐷𝐶 values determined for the different mixtures considered with  396 

different 𝛾, and seven values of 𝜉2, coinciding with the nodes of a third-level Clenshaw-Curtis 397 

quadrature rule [36] for different heat loss rates. The response surface generated for 𝑇𝑇𝐷𝐶= 730-790   398 

K is presented in Fig. 13. Observations from Fig. 13 are discussed, along with Fig. 14 in the 399 

following section. 400 

 401 

Figure 13: PC response surface with individual realizations for range, 𝑇𝑇𝐷𝐶=730-790 K.  Right 402 

Corner: First order and total sensitivity indices indicating dependence of  𝜏𝑖𝑔𝑛 on temperature and 403 

heat loss factor 404 

 405 
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Figure 14 shows a similar PC response surface, with individual realizations for the temperature 406 

range 𝑇𝑇𝐷𝐶 = 808 − 868𝐾. The temperature range considered for this formalism includes the NTC 407 

ignition region and as expected 𝜏𝑖𝑔𝑛 initially increased and then decreased with rising  𝑇𝑇𝐷𝐶. 408 

 409 

 410 

Figure 14: PC response surface showing dependence of 𝜏𝑖𝑔𝑛 on 𝑇𝑇𝐷𝐶 and𝛼 with 𝑇𝑇𝐷𝐶 = 808 −411 

868𝐾.  Right Corner: First order and total sensitivity indices indicating dependence of 𝜏𝑖𝑔𝑛 on 412 

temperature and heat loss factor 413 

 414 

To quantify the variability in 𝜏𝑖𝑔𝑛, first and total order sensitivity indices were computed as shown 415 

in Fig. 13 (right corner) and Figure 14 (right corner). First order sensitivity indices, 𝑆1 and 𝑆2, 416 

respectively account for the direct contribution of 𝜉1and 𝜉2 to the variance in 𝜏𝑖𝑔𝑛; total sensitivity 417 

indices, 𝑇1 and 𝑇2, also account for the mixed effects.  All quantities can be readily computed from 418 

the PC coefficients, 𝑐𝑘 [27]   419 

The first order (𝑆𝑖) and total order (𝑇𝑖) sensitivity indices shown in Fig. 13 and 14 are calculated 420 

using Eq. (4) and (5): 421 

 422 
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𝑆𝑖 =  
∑ 𝑐𝑘

2‖𝜓𝑘‖𝐿2
2

𝑘𝜖𝑆𝑖

∑ 𝑐𝑘
2‖𝜓𝑘‖𝐿2

2∞
𝑘=1

                                                    (4) 423 

 424 

Where, 𝑆𝑖 = {𝑘 | 𝜓𝑘 has degree 0 in all 𝜉𝑗 with j ∉ 𝑖 425 

𝑖 ∈ {l, …, d} and d is the dimension 426 

 427 

𝑇𝑖 =  
∑ 𝑐𝑘

2‖𝜓𝑘‖𝐿2
2

𝑘𝜖𝑇𝑖

∑ 𝑐𝑘
2‖𝜓𝑘‖𝐿2

2∞
𝑘=1

                                                   (5) 428 

 429 

Where, 𝑇𝑖 = {𝑘 | 𝜓𝑘 has degree > 0 in all 𝜉𝑗 with ∈ 𝑖 } 430 

 431 

In Fig. 13 (right corner) the sensitivities of 𝜏𝑖𝑔𝑛 to 𝑇𝑇𝐷𝐶 were substantially higher than those 432 

associated with the heat loss factor. This occurrence could be attributed to the temperature region 433 

730-790 K, where the ignition delay shows steep change with temperature, as also shown in Figure 434 

9. Such high dependence on temperature in this region offsets the effect of heat loss and shifts first 435 

and total order sensitivity of 𝜏𝑖𝑔𝑛 towards 𝑇𝑇𝐷𝐶. Note also that the first order total sensitivity indices 436 

achieved very close values, indicating that mixed interactions between 𝑇𝑇𝐷𝐶 and 𝛼 are weak. 437 

In Fig. 14, the sensitivities of 𝜏𝑖𝑔𝑛 to 𝑇𝑇𝐷𝐶 and 𝛼 were comparable in magnitude, showing a higher 438 

effect of heat loss rate on 𝜏𝑖𝑔𝑛 compared to 𝑇𝑇𝐷𝐶. This shift in sensitivity from Fig. 13 could be 439 

explained by a lesser dependence of ignition delay on temperature due to NTC behavior in the 440 

temperature range involved. The range of temperatures covered in this study included regions 441 

showing low temperatures and NTC region of ignition. High temperature ignition displays strong 442 

dependence on temperature, similar to ignition in low temperature regions, therefore similar 443 

sensitivities are expected to be observed.  444 

 445 

4. Summary and Conclusions 446 

The purpose of this study is to investigate the effect on ignition delay measurements and simulations 447 

in RCM due to discrepancies in 𝑇𝑇𝐷𝐶 by using surrogate fuels with different heat capacity ratios (𝛾) 448 

and also due to using RCM facilities with diverse heat loss rates.  To this end, thermodynamic 449 
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properties were determined for gasoline FACE G and surrogates using group additivity calculations 450 

for each of its constituents. The thermodynamic properties of FACE G were compared against the 451 

surrogate mixtures PRF91.5, TPRF-G and FGG-KAUST to explain discrepancies in the attained 452 

𝑇𝑇𝐷𝐶 in an RCM under identical experimental conditions.  It was also shown that the multi-453 

component surrogate (FGG-KAUST) better emulates heat capacity ratio (𝛾) of FACE G compared 454 

to simpler PRF or TPRF surrogate mixtures and hence would closely predict FACE G-𝑇𝑇𝐷𝐶. The 455 

difference in 𝑇𝑇𝐷𝐶 arising due to surrogates with inaccurate 𝛾 was shown to have implications on 456 

ignition delay times determined in RCMs. Post compression heat loss in RCMs is considered to be 457 

the second factor to effect ignition delay, which is dependent on the RCM facility’s geometry (piston, 458 

volume to surface ratio), level of insulation, and wall temperature etc. The implications of heat loss 459 

rates on ignition delay are also presented which compares pressure traces from two different RCMs 460 

(Fig. 3). 461 

Furthermore, a simplified multi-zone RCM model was developed and was used to analyze trends in 462 

ignition delay due to the combined effects of variation in heat loss and differences in 𝑇𝑇𝐷𝐶 due to 𝛾.  463 

A numerical experiment was then devised and ignition delays were sampled at several nodes, 464 

representing different surrogate mixtures and RCM facilities. In addition, variance analysis was 465 

performed and sensitivities were calculated to quantify the effect of 𝑇𝑇𝐷𝐶 and heat loss rate on 466 

ignition delay in RCM. 467 

The main conclusions drawn from this study are: 468 

 Multicomponent surrogate mixtures are found to better emulate thermodynamic properties 469 

due to improved matching of H/C ratio, molecular weight, and carbon types along with 470 

several other chemical and physical properties with the target fuel. Better matching of 471 

thermodynamic properties ensures precise estimation of 𝑇𝑇𝐷𝐶 and minimizes discrepancies 472 

in the acquired ignition delay data.  473 
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 Heat capacity ratio (𝛾), (determining 𝑇𝑇𝐷𝐶) has a greater effect on ignition delay than the heat 474 

loss rate (𝛼) in low and high temperature regions due to higher sensitivity of ignition delay 475 

to temperature in these regions.   476 

 For high sensitivity fuels such as FACE G, change in ignition delay with temperature is 477 

relatively smaller in the NTC region than in the high and low-temperature regions. Therefore, 478 

in the NTC region, the effect of heat loss rate on ignition delay is nearly comparable to the 479 

effect of temperature on ignition delay. 480 

 The employed surrogate fuel could shift the ignition delay curve on the temperature axis due 481 

to discrepancy in the attained 𝑇𝑇𝐷𝐶. This shift would be entirely driven by thermodynamics 482 

of the surrogate fuel mixture.    483 

 Surrogates with poorly matching of thermodynamic properties may shift fuel ignition 484 

behavior from the single to two-stage ignition region, due to the shift in 𝑇𝑇𝐷𝐶. Thus, apart 485 

from introducing uncertainty in ignition delay measurement, poorly formulated surrogates 486 

may artificially shift the ignition behavior from single to two-stage ignition or vice versa 487 

especially when 𝑇𝑇𝐷𝐶 lies near the turnover point. 488 

 In cases with two-stage ignition events, the first-stage ignition experiences delay when higher 489 

heat loss rates are considered. The time interval between first-stage and second stage ignition 490 

remained relatively constant as heat loss rate was varied except for cases with significantly 491 

higher second stage ignition delays.    492 
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