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Abstract 

Surrogate fuels aim to reproduce real fuel combustion characteristics in order to 

enable predictive simulations and fuel/engine design. In this work, surrogate mixtures 

were formulated for three diesel fuels (Coryton Euro and Coryton US-2D certification 

grade and Saudi pump grade) and two jet fuels (POSF 4658 and POSF 4734) using 

the minimalist functional group (MFG) approach, a method recently developed and 

tested for gasoline fuels.  The diesel and jet fuel surrogates were formulated by 

matching five important functional groups, while minimizing the surrogate 

components to two species. Another molecular parameter, called as branching index 

(BI) which denotes the degree of branching was also used as a matching criterion. The 

present works aims to test the ability of the MFG surrogate methodology for high 

molecular weight fuels (e.g., jet and diesel).  1H Nuclear Magnetic Resonance (NMR) 

spectroscopy was used to analyze the composition of the groups in diesel fuels, and 

those in jet fuels were evaluated using the molecular data obtained from published 

literature. The MFG surrogates were experimentally evaluated in an ignition quality 

tester (IQT,) wherein ignition delay times (IDT) and derived cetane number (DCN) 

were measured. Physical properties namely, average molecular weight (AMW), 

density; and thermochemical properties namely, heat of combustion and H/C ratio 

was also compared. The results show that the MFG surrogates were able to reproduce 

the combustion properties of the above fuels, and we demonstrate that fewer species 

in surrogates can be as effective as more complex surrogates. We conclude that the 

MFG approach can radically simplify the surrogate formulation process, significantly 

reduce the cost and time associated with the development of chemical kinetic models, 

and facilitate surrogate testing.  

 

Keywords: surrogates, functional group, ignition delay time (IDT), 1H NMR 

spectroscopy 
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1. Introduction 

Practical fuels contain hundreds of individual molecules and modeling their 

combustion behavior is highly challenging. Usually mixtures of two or more species 

called as surrogates, are employed to emulate various physical, thermochemical and 

combustion properties of their respective target fuels. This makes it easier to develop 

chemical kinetic models required for design, simulation and optimization of engine 

combustion. Significant research and development has been made in surrogate 

formulation towards gasolines [1–3], diesel [4,5], jet fuels [6,7] and also for heavy 

fuel oils [8,9]. Different methodologies [3,4,10,11] have been proposed for the 

selection of surrogate components and their blending to formulate mixtures. Gasoline 

surrogates may be formulated by matching its antiknock behavior against that of an n-

heptane and 2,2,4-trimethylpentane mixture (i.e., primary reference fuel, PRF) 

measured in a cooperative fuels research (CFR) engines.  The PRF composition that 

produces a similar knock (i.e. octane rating) as the target gasoline is specified as the 

PRF surrogate [2]. For diesels, a mixture of 2,2,4,4,6,8,8-heptamethylnonane (HMN) 

and n-hexadecane is used as the PRF to match compression ignition delay time (IDT) 

characteristics (i.e., cetane rating). Other approaches [12] for surrogate formulation 

add species from each hydrocarbon class to create a surrogate palette containing 

several (usually 3-7) species. To date, the majority of surrogate formulation 

methodologies are an engineering art with limitations, as recently discussed in [13], 

when considering experimental uncertainties. 

 This work extends upon a recently developed surrogate formulation 

methodology [14] developed by our team and tested on gasoline fuels.  In that work 

[14], surrogates were formulated by matching functional groups readily identified and 

quantified by analytical techniques such as 1H NMR spectroscopy. The novelty of the 
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minimalist functional group (MFG) approach lies in the focus of matching 

fundamental and elementary molecular parameters in the target fuel, rather than 

focusing on broad molecular classes. In addition, the number of species in the 

surrogate mixtures is minimized to one or a maximum of two.  Besides functional 

groups, another structural parameter, the branching index (BI) was also used as a 

target criterion. BI represents the degree (and quality) of branching and has been 

defined and explained in detail in our previous work [15]. It consists of a position 

index (PI) term that explains why isomers having similar functional group distribution 

have different properties.  

While conventional surrogate formulation methodologies enhance surrogate 

complexity by adding more species, the MFG approach shows that surrogates 

containing fewer species formulated by replicating the fuels functional groups can 

reproduce the behavior of more complex surrogates. Our previous work [14] focused 

on gasoline fuels, which have long ignition delays and lower molecular weights.  In 

this work, we test the MFG surrogate formulation methodology on diesel and jet fuels, 

which are significantly more reactive and are higher molecular weight.  The notable 

differences in chemical reactivity and physical properties of the fuels studied herein 

differentiate this study from prior work [14] and further validate the flexibility of the 

MFG approach. 

  

2. Background 

Real fuels contain hundreds of different molecules that are composed of a smaller 

number of building blocks (i.e., functional groups) that dictate their physical and 

chemical properties.  Abdul Jameel et al. [15] demonstrated the ability to predict DCN 

of hydrocarbon fuels by a multiple linear regression model trained on six functional 
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groups. The RON and MON of oxygenated fuels have also been successfully 

predicted using an artificial neural network trained by the functional group approach 

[16]. Dooley et al. [7] disassembled surrogates into three functional groups (CH3, CH2 

and C6H3X2CH2) and demonstrated that these groups determine the radical pool 

formation. The type and proportion of the functional groups present control the 

chemical reactions regardless of the parent molecules from which these were 

generated. The common building blocks of paraffinic fuels are CH3 and CH2 groups, 

and it has been experimentally shown [17] that the ratio of CH2/CH3 can be correlated 

with the low temperature alkylperoxy radical reactivity; furthermore, the parameter 

𝐶𝐻2

𝐶𝐻3
∗ (𝐶𝐻2 + 𝐶𝐻3) controls IDT regardless of the species in the mixture. Functional 

group based pseudo-component surrogates were developed for high molecular weight 

paraffinic fuels by Mehl et al. [18]. The propensity for soot formation of oxygenated 

fuels has also been analyzed using a structural group contribution approach [19].  

 In this work, the selected functional groups for surrogate groups were limited 

to five, namely, paraffinic (CH3, CH2 and CH), aromatic C-CH groups, and 

naphthenic CH-CH2. The MFG approach for surrogate formulation was tested on 

three diesel fuels: Coryton Euro and Coryton US-2D, both non-oxygenated 

certification diesels, and Saudi pump grade diesel; and two jet fuels: POSF 4734 (S8) 

and POSF4658 (Jet-A). The functional groups present in diesels were evaluated by 

high resolution 1H NMR spectroscopy and those in jet fuels were calculated using 

GC-MS. Experiments were conducted in an ignition quality tester (IQT) at various 

temperature conditions to compare IDT behavior of real fuels and various surrogates.  

 

3. Experimental methods 

3.1 1H NMR spectroscopy 
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Functional groups in complex hydrocarbon fuels like diesel and jet fuel can be 

conveniently analyzed using 1H NMR spectroscopy. It is a powerful technique that 

can help differentiate the different types of H atoms in the fuel. NMR spectra are 

shown by means of chemical shifts and the molecular structure can be visualized by 

the position and intensity of these shifts. The various functional groups can then be 

identified by their characteristic peaks and quantified followed by peak integration. A 

significant advantage when using 1H NMR spectroscopy is that distinct signals are 

displayed for functional groups of similar nature, thereby aiding their identification. 

  All 1H NMR experiments of the three diesels were carried out at 298 K.  The 

NMR spectrometer used was Bruker 700 AVANAC III. The Coryton Euro and US-

2D diesels were obtained from Coryton Advanced Fuels Ltd (UK) and the Saudi 

diesel was obtained from a gas station in Saudi Arabia. 50 µl of each diesel fuel was 

dissolved in 700 µl of solvent (CDCl3) and then 550 µl was transferred to 5mm NMR 

tubes.  128 scans were recorded for collecting each spectrum and a standard 1D 90o 

pulse sequence was used. Tetramethylsilane (TMS) was used as the internal standard 

to adjust the chemical shifts. Topspin 2.1 software was used for data collection and 

Mestrenova 12 was used for spectral analysis. All of the spectra were processed five 

times after adjusting the baseline and visual phasing, and the average values were 

used. The 1H NMR spectra of the three diesels are shown in Fig. 1. 

 

Figure 1. 1H NMR spectra of the three diesel samples analyzed 
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3.2 Functional group determination 

The functional groups were identified by chemical shift assignments derived from 

[21,22]. The 1H NMR spectra enables quantitative estimation of different H types in a 

given fuel. For example, the fraction of H atoms appearing in paraffinic CH2 groups 

can be calculated by the area under the CH2 peaks in the region (0.94-1.39 and 2.64-

2.88 ppm) divided by sum of areas under all peaks. Paraffinic CH2 groups (in 

weight %) is then calculated by multiplying the groups molecular weight (14) with the 

quantity of H atoms (in mole %) determined previously and then dividing by 2 i.e., 

the number of H atoms. CH3, CH2 and CH groups appearing in alpha position to 

aromatics were used to calculate the contribution of quaternary aromatic carbons as 

these cannot be directly inferred from the 1H NMR spectra.  The detailed procedure 

and the equations needed to calculate the functional groups in weight % is available in 

our previous work [15].  

The functional groups in POSF 4658 and 4734  jet fuels were calculated from the pure 

components identified using GC-MS from [23,24]. The molecules were broken down 

to their constituent functional groups and then summed up to yield the functional 

group distribution for the entire fuel. Ideally, the functional group should be obtained 

from 1H NMR spectra, but the jet fuels investigated here were obtained from the 

literature studies that did not perform NMR analysis. Therefore we had to rely on the 

literature GC-MS data to obtain the necessary functional groups. 

3.3 Surrogate formulation 

The functional group calculation of the above fuels was followed by a survey of 

potential species that can effectively match the target functional groups. Average 

molecular weight (AMW) of fuels has an important effect on their physical properties, 

so surrogate components were shortlisted such that they fall within the molecular 
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range of the target fuels. Two surrogate mixtures were formulated for Coryton Euro 

diesel. The first surrogate contained four molecules (one from each hydrocarbon class 

in the fuel) and is named as the multicomponent (MC) surrogate. The second 

surrogate contains two molecules and is named as the MFG surrogate. Both these 

surrogates mimic the functional groups closely. This was carried out to test the 

minimalist approach proposed in the work, i.e., potential of a simple surrogate to 

reproduce reactivity of a more complex surrogate. For the other fuels, only one MFG 

surrogate was formulated, as shown in Fig. 2. 

 

Figure 2. Surrogate species used to represent the diesel and jet fuels. The composition 

given in the brackets are in mole %. 

 The MC surrogate of Coryton Euro diesel was formulated using n-hexadecane, 

HMN, n-butylcyclohexane and n-butylbenzene. For the MFG surrogates, a single 

molecule that possesses all the functional groups of the fuel was attempted (see 

Supplementary Material), but such molecules are not commercially available for 

experimentation, so two molecules were permitted. Coryton Euro diesel has an 

appreciable quantity of all five functional groups and its MFG surrogate was 

represented by indan and 2,6,10-trimethyldodecane. Coryton US-2D diesel has 
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slightly more aromatic (22.1 wt %) and naphthenic groups (9.6 wt %) and its MFG 

surrogate was also represented by indan and 2,6,10-trimethyldodecane, albeit it 

contains slightly more indan than the Euro diesel MFG surrogate. The Saudi diesel 

sample has a negligible quantity of naphthenic groups (1.4 wt %) and therefore these 

functional groups were not considered. The MFG surrogate for Saudi diesel was 

formulated using n-heptylbenzene and 2-methylhexane. POSF 4658 jet fuel is very 

similar to Saudi diesel with a high content (18.5 wt %) of aromatic groups and 

negligible naphthenic content (2.5 wt %); therefore, the surrogate also consists of n-

heptylbenzene and 2-methylhexane. POSF 4734 contains no aromatic groups and 

neglible amount of napthenes. Its surrogate was formulated with n-dodecane and 3-

ethylpentane. Figure 3 compares the functional groups in the surrogates against those 

in their respective target fuels. The BI comparison of the fuels and the surrogates is 

reasonable and is reported in Table 1. BI of diesel fuels was evaluated from using the 

expression developed for BI of real fuels in [15]. BI of jet fuels was calculated using 

the compositional data from GC-MS [23,24]. 
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Figure 3. Functional group comparison of MFG surrogates and their target fuels. 

Table 1 

BI comparison  

Name BI (no unit) 

Fuel MFG 

surrogate 

MC 

surrogate 

Cory. Euro 0.78 0.91 0.70 

Cory. US-2D 0.79 0.94  

Saudi diesel 0.51 0.45  

POSF 4658 0.39 0.42  

POSF 4734 0.25 0.29  

 

3.4 Ignition quality tester (IQT) 

The KAUST IQT, a constant volume combustion chamber designed to characterize 

fuels like diesel as per the ASTM standard D6890 [25], was used to assess the global 

chemical reactivity of the MFG surrogates. It has an internal chamber volume of 0.21 

L with an inward opening single hole S-type pintle nozzle for liquid fuel injection. 

The chamber is filled with air as oxidizer, which is pressurized to 21.37 ± 0.07 bar. A 

calibration procedure is carried out to obtain the standard temperature where the 

average of 3 IDT measurements of n-heptane provides an IDT value of 3.78 ± 0.01 
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ms. The measured IDT combines physical processes (atomization, evaporation, and 

mixing) and gas-phase chemical kinetic processes that lead to ignition. The beginning 

of ignition is obtained with a gradient method as discussed in [26,27], which accounts 

for the low temperature heat release (LTHR) exhibited by some fuels. High 

temperature heat release (HTHR) can also be determined by the gradient method with 

the use of two line tangents (LT). The first LT is the point at which pressure recovers 

and the second LT is at the maximum slope of pressure rise as shown in [26].  The 

difference in time between the start of ignition and the start of injection is referred to 

as the IDT. The temperature dependent IDT of two diesel fuels and their surrogates 

was also measured between the temperature range of 833 – 673 K and compared. The 

IDT measured are the average of 32 injections in with the error bars indicating 

standard deviation. The reproducibility errors associated with DCN measurements are 

well defined in the ASTM standard D6890 [25] and are not discussed in this work.  

The IQT IDT is a combination of physical and chemical ignition delay. Computations 

performed in [28] indicated that physical delay times ~ 1.0 ms and experiments 

performed in [29] indicated that physical delay times were consistent among different 

fuels tested in [29].  

DCN measurements are conducted at one specific standard condition and do not 

capture the behavior of surrogate fuels at other temperatures. In order to assess the 

performance of surrogates at lower temperature conditions, temperature sweeps were 

conducted. IDT has an exponential dependence on temperature and power law 

dependence on pressure in the range of 1-3 [30]. A recent work [31] has shown that 

for the ASTM standard pressure condition, if the IDTs at low temperatures are 

matched, their octane sensitivities are also similar. The results in [30] indicate that 

fuels with similar octane sensitivities have similar pressure exponents. Therefore, if 
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the real and surrogate fuel has matching IDTs at different temperature conditions, it is 

reasonable to expect that the surrogate matches other metrics not considered as part of 

this study.  

4. Results & Discussion 

4.1 Physical and thermochemical properties 

The functional groups in molecules have been shown to affect their physical and 

thermochemical properties (viscosity [32], density [32]), heat capacity and heat of 

formation [33,34]). The molecular building blocks (i.e. the functional groups) in a 

fuel have a strong correlation with its properties [35].  Functional groups, when 

matched, will most likely lead to surrogates with properties similar to fuels.  In the 

present work density, AMW, heat of combustion and H/C ratio of the developed MFG 

surrogates were compared against the fuels and are shown in Fig. 4. Surface tension, 

kinematic viscosity, and other physical-chemical of the real fuels are not available, so 

such comparisons are not included in this study. 

 

Figure 4. Physical and thermochemical properties: Comparison between MFG 

surrogates and target fuels. 
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 The AMW  of the diesels was calculated by the distillation curve method in 

[36] and other properties were taken from the fuels certificate of analysis. The 

distillation curves are provided in the Supplementary Material. Jet fuel properties  

were taken from [6,7,23,24].   Heat of combustion and density values of pure 

components in the MFG surrogates were sourced from NIST database [37]. The 

mixture properties were calculated using linear-by-mass rules. Figure 4 shows a very 

good comparison of fuel properties of MFG surrogates with the fuels, except AMW 

of the jet fuels and Saudi diesel where there is 15-20 % difference. 

4.2 IQT ignition delay time 

Experimental measurement of IDT of the fuels and the surrogates was carried out to 

validate the MFG methodology. Pressure traces of the MFG surrogates compared 

against their target fuel along with their IDT are shown in Fig. 5. The pressure traces 

of POSF 4658 and POSF 4734 was estimated based on IDT obtained from IQT 

experiments performed by [6,7].  The time of ignition (SoIgn) and time of injection 

(SoInj) are also depicted.  
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Figure 5. Pressure traces the MFG surrogates and their target fuels from the IQT.  

Pressure traces of POSF 4658 and POSF 4734 not shown as they were not provided in 

[6,7]. 

The similar IDT of the diesel and jet fuels compared to the MFG surrogates 

indicates similar chemical reactivity. IDT differences for the fuels and the MFG 

surrogates were less than 5 %.  IDT are similar for Saudi diesel (4.12 ms) and POSF 

4658 jet fuel (4.32 ms), and their respective surrogates.  This is rationalized by the 

fact that these two fuels have similar functional group distribution, thereby 

highlighting the dependence of fuel reactivity on functional groups.  The IDT of the 

complex four components MC surrogate of Coryton diesel is close to that of the two 

component MFG surrogate. This shows that even simple surrogates can emulate the 

behavior of more complex surrogates when their functional groups match. The DCN 

of fuels and MFG surrogates were calculated from their IDTs and are reported in 

Table 2. The difference in DCN for the fuels and all the surrogates are less 5 %.    

Table 2 

DCN comparison  

Name DCN (no unit) 

Fuel MFG 

surrogate 

MC 

surrogate 

Cory. Euro 55.2 56.8 57.1 

Cory. US-2D 51.7 51.4  

Saudi diesel 49.8 50.2  

POSF 4658 47.1 46.8  

POSF 4734 58.7 59.6  

 

The measurement of DCN based on the ASTM standard provides a single condition 

for comparing ignition behavior. This limits the temperature range for studying 

ignition behavior, so it was imperative to test several target fuels and their surrogates 

at non-standard conditions. The IDT measurements at temperatures lesser than the 

DCN temperature were obtained at the ASTM standard pressure and the temperature 

was varied from 833 – 673 K at steps of 20 K. The IQT has a maximum operating 
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initial temperature of 860 K. The IDT measurements were made at the standard IQT 

operating pressure of 21.3 bar where NTC behavior is expected to be observed above 

860 K, which cannot be achieved due to equipment limitations as mentioned above. 

Additionally, many studies [38] have shown that IDTs at high temperatures are 

virtually the same for many fuels. In the present work, the focus was on low 

temperature region because this is the most sensitive to fuel composition and the 

hardest to match with surrogate formulations. The temperature dependent IDT of 

Coryton Euro and Coryton US-2D diesels, and their respective surrogates, were 

obtained in the IQT, as shown in Fig. 6. Similar IDT indicate that the reactivity of the 

fuel and the MFG surrogates are the comparable across the temperature range studied. 

 

Figure 6. IDT measured at various temperatures for Coryton Euro and Coryton US-

2D diesels and their surrogates measured in the IQT. 

  

5. Conclusion 

This work extended validation of the minimalist functional group (MFG) approach for 

formulating surrogates to diesel and jet fuels. Five functional groups representing 

paraffinic, naphthenic, and aromatic molecular parameters along with Branching 

index (BI) were selected as the targets for surrogate formulation. High-resolution 1H 

NMR was used to analyze the various functional groups in the three diesels studied. 

For the jet fuels, GC-MS was used to calculate the functional groups. The number of 
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components used to represent the MFG surrogates was minimized to two, so as to 

simplify surrogate formulation procedure and for an unambiguous test of the MFG 

approach. Physical and thermochemical properties of the novel MFG surrogates were 

able to emulate the target fuels. The IDT of MFG surrogates and fuels was 

experimentally measured in an IQT and an excellent agreement was obtained for the 

conditions studied here. This study together with previous work  [14] concludes that 

surrogates containing a minimal number of species while matching functional groups 

of the target fuel show great potential for successfully emulating real fuel combustion 

characteristics of gasoline, diesel, and jet fuels. It is not yet known if other metrics 

(e.g., magnitude of LTHR, combustion phasing, mixture stratification, emissions) 

would be as well matched as IDT measured by IQT, so further work is needed to test 

the validity of the MFG approach in surrogate formulation across a broad range of 

realistic combustion conditions. 
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Figure 1. 1H NMR spectra of the three diesel samples analyzed 

Figure 2. Surrogate species used to represent the diesel and jet fuels. The composition 

given in the brackets are in mole %. 

 

Figure 3. Functional group comparison of MFG surrogates and their target fuels. 

Figure 4. Physical and thermochemical properties: Comparison between MFG 

surrogates and target fuels. 

 

Figure 5. Pressure traces of diesel and jet fuels and their respective MFG surrogates 

from the IQT.  Pressure traces of POSF 4658 and POSF 4734 not shown as they were 

not provided in [6,7]. 

  

Figure 6. IDT measured at various temperatures for Coryton Euro and Coryton US-

2D diesels and their surrogates measured in the IQT. 
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Figure. S1. Distillation curves of real fuels 


