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Abstract
The effect of ignition kinetics and fuel chemistry of conventional jet fuels like JP-8, Jet-A, and JP-5 on the detonation length 
and time scales was studied and compared for applications in detonation-based combustors. The numerical calculations were 
carried out over a range of initial conditions to evaluate critical detonation responses of interest of real distillate fuels for 
their application in detonation-based combustors. The effect of the addition of ignition promoters and inert diluents on the 
ignition kinetics of real distillate fuels was also computed and compared. Results show that the global detonation properties 
of the three jet fuels are approximately the same under comparable conditions. Also, the length and time scales of real dis-
tillate fuels have very small variations under varying initial conditions. Similarly, the addition of ignition promoters shows 
similar reductions in the chemical length and times scales. The increase in the detonation length and time scales with the 
addition of inert diluents is also similar for the three jet fuels. For all the cases tested so far, the detonation chemistry and 
the critical detonation parameters are found to be very close to each other for JP-8, Jet-A, and JP-5. In so far as the global 
detonation properties are concerned, the three jet fuels tested exhibit nearly the same chemical behaviors and global combus-
tion properties. Additionally, the three jet fuels tested yield nearly the same composition and amounts of pyrolysis products 
under comparable conditions. It is found that the pyrolysis product distribution determines the global detonation properties 
of the original, multicomponent jet fuels. 
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List of Symbols
Δi	� Induction zone length (mm)
τi	� Induction delay time (μs)
σ̇ 	� Thermicity
T0	� Initial temperature (K)
P0	� Initial pressure (atm)
a0	� Upstream speed of sound (m/s)
φ	� Equivalence ratio
PCJ	� Post-detonation pressure (atm)
TCJ	� Post-detonation temperature (K)
MCJ	� CJ detonation Mach number
VCJ	� CJ detonation velocity (m/s)
PVN	� Post-shock pressure (atm)
TVN	� Post-shock temperature (K)

Subscripts
VN	� Von Neumann state
CJ	� Chapman–Jouguet state

Introduction

Detonation cycle engines have been proposed as a promis-
ing alternative to conventional gas turbine engines for quite 
some time now (Heiser and Pratt 2002; Kailasanath 2000; 
Lu and Braun 2014; Nicholls et al. 1966; Wolański 2013). 
Although these engines have been developed in various 
research laboratories across the world, the practical imple-
mentation of the same for aircraft engines is still under pro-
cess. It is well known from past experiments and computa-
tions that the fuel composition plays an important role in the 
overall performance of the engine as different fuels tend to 
exhibit different combustion behaviors. The critical detona-
tion parameters for various fuel types tend to follow a dis-
tinct trend in certain cases. Recently, due to the scarcity of 
fossil fuels, biofuels are being used as a suitable alternative 
(Demirbas 2008; Dahake and Singh 2022a, b; Rodionova 
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et al. 2017). Till now, gaseous fuels, such as hydrogen, meth-
ane, ethylene, propane, etc., have been widely used in deto-
nation experiments and numerical calculations due to their 
simple chemistry. It is of interest to investigate the detonat-
ing behavior of liquid hydrocarbon fuels that has received 
little consideration so far when compared to gaseous fuels. 
Real distillate fuels and biofuels fall under such category, 
and it is essential to evaluate the detonation chemistry of 
such fuels since it can provide a concrete understanding of 
the detonating behavior of real distillate fuels.

Earlier, Stamps and Tieszen (1991) investigated the influ-
ence of initial temperature and pressure on hydrogen–air-
diluent detonations. In his classical work, Westbrook (1982) 
investigated the role of chemical kinetics of hydrocarbon 
oxidation in gaseous detonations. Similarly, the detonation 
cell sizes and induction delay times in hydrogen nitrous 
oxide-diluent mixtures were predicted by Mevel et al. (2008) 
using a detailed chemical kinetics model. Garikov et al. 
(2000) also presented a model for cell size prediction using 
a chemical kinetic approach. Recently, Zhang (2019) inves-
tigated the detonability limits in methane–hydrogen–oxy-
gen mixtures and pointed out the dominant role of induction 
length in gaseous detonations. Crane et al. (2019) studied the 
hydrogen–oxygen-diluent mixtures in the presence of ozone 
where they provided meaningful insights into the relation-
ship between detonation cell size and chemical length scales. 
Vasil’ev (2006) also reported the vital role of cell size in a 
multifront detonation wave. Recently, Kumar et al. (2021) 
studied the effect of the addition of ignition promoters in 
small amounts on the chemical length and time scales of 
hydrogen–air/oxygen detonating mixtures. They reported 
the significance of fuel sensitization for improving the det-
onability limits and ignition kinetics of fuel–air mixtures. 
Liang et al. (2019) also investigated the explosion limits of 
hydrogen–oxygen mixtures in the presence of ozone. Peng 
et al. (2018) experimentally investigated the ethylene–air 
rotating detonation waves in a hollow chamber with a Laval 
nozzle. Recently, NOx emissions from Jet-A–air and C1–air 
detonations have been reported by Iyer and Singh (2021) and 
Dahake and Singh (2021), respectively.

Though some investigations have been performed for 
liquid hydrocarbon fuels in detonating environments, the 
effect of fuel chemistry on detonation parameters needs 
to be investigated for real distillate fuels. In this paper, 
conventional jet fuels like A1 (JP-8), A2 (Jet-A), and A3 

(JP-5) are considered, and critical detonation parameters 
are investigated for each fuel–air mixture over a range of 
initial conditions. The evaluated parameters are compared 
with each other to explore the possible differences/similari-
ties in their detonation behavior. A1, A2, and A3 are multi-
component fuels and seem to behave a lot differently in their 
combustion behavior when compared to their surrogates. 
This is evident as surrogates cannot capture the combustion 
chemistry of real distillate fuels over a wide range of initial 
conditions (Wang et al. 2018). In the present analysis, the 
HyChem reaction model is used to model the detonation 
chemistry of conventional jet fuels since it has been thor-
oughly validated against the experimental data and is shown 
to predict the global combustion properties of conventional 
jet fuels very well including the laminar flame speed, extinc-
tion strain rates, and ignition delay time.  In the present 
work, the ZND calculations are carried out for conventional 
jet fuels at varying initial conditions. Also, the effect of inert 
diluents and ignition promoters on fuel–air detonating mix-
tures is reported and their performance is compared. In the 
present study, we consider three conventional, petroleum-
derived jet fuels: JP-8, Jet A, and JP-5, designated here as 
A1, A2, and A3, respectively. Key properties of the conven-
tional jet fuels studied are listed in Table 1.

Figure  1 presents typical compositions of three jet 
fuels. A1, A2, and A3 primarily contain n-paraffins, iso-
paraffins, cyclo-paraffins, and aromatics, as depicted in 
Fig. 1. The jet fuels considered here are quite similar in their 
chemical composition. The only notable difference is in the 
concentration of various constituents.

Computational Methodology

The ZND calculations in the present work were carried out 
by integrating CANTERA 2.4.0 with MATLAB and Python 
(Goodwin et al. 2018). To compute the relevant ZND param-
eters, the modified CalTech Shock and Detonation Toolbox 
was used (Browne et al. 2008; Kao and Shepherd 2008). 
HyChem model (Hybrid Chemistry) was used to define 
the combustion chemistry of A1, A2, and A3 fuels. The 
HyChem model expresses fuel pyrolysis and oxidation of 
the pyrolysis products in two separate submodels (Wang 
et  al. 2018). The HyChem model combines an experi-
mentally constrained fuel pyrolysis model with a detailed 

Table 1   Key properties of real 
distillate fuels

Fuel Average molecular 
weight (g/mol)

LHV (MJ/kg) H/C ratio Average formula Model formula

A1 (JP-8) 151.9 43.2 2.00 C10.8H21.6 C11H22

A2 (Jet-A) 158.6 43.1 1.90 C11.4H21.7 C11H22

A3 (JP-5) 166.1 42.9 1.86 C12.0H22.3 C12H23
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foundational fuel chemistry model for the oxidation of the 
pyrolysis products. In HyChem, USC Mech II is used as a 
foundational fuel chemistry model to describe the oxidation 
of the pyrolysis products (Wang et al. 2007). The HyChem 
model consists of 119 species and 841 reactions. Addition-
ally, the Princeton ozone submodel (Zhao et al. 2016) was 
incorporated into the HyChem model to perform calcula-
tions with ozone addition.

The governing equations for a one-dimensional detona-
tion model are given in the literature elsewhere (Kumar et al. 
2021). The induction zone length ( Δ

i
 ) and induction delay 

time ( �
i
 ) were estimated by first calculating the detonation 

velocity, VCJ for a particular initial condition. Von Neumann 
and CJ conditions of detonation wave are evaluated using SD 
Toolbox. The normal shock relations are used to evaluate 
the Von Neumann conditions like temperature TVN, pressure 
PVN, and density �

VN
 , which are then used as initial condi-

tions for estimating the ZND structure by solving the con-
servation equations (Kumar and Singh 2021; Kumar et al. 
2021). Further, Δ

i
 was evaluated as the distance from shock 

front to peak thermicity in the wave frame of reference. At 
the thermicity peak, (dT/dx) will be maximum. Similarly, the 
time scale from the leading shock front to thermicity peak 
represents the induction time ( �

i
).

Results and Discussions

Computed Species Profiles for A1‑, A2‑, A3‑air 
Mixtures

For each stoichiometric fuel–air mixture with A1, A2, and 
A3 as three different real fuels, ZND calculations were 
performed at 298 K and 1 atm to evaluate the detonation 
parameters. Behind the leading shock front, the high post-
shock temperatures (~ 1500 K) facilitate the decomposition 
of the parent fuel molecule. The parent fuel molecule (A1, 
A2, and A3) undergoes pyrolysis first and gets decomposed 

into a set of key pyrolysis products. In this case, for all the 
three fuels studied, the key pyrolysis species are C2H4, H2, 
C3H6, i-C4H8, CH4, C2H6, 1-C4H8, C7H8, and C6H6 with 
C2H4 and CH4 being the two most important species. The 
pyrolysis process does not require the presence of molecu-
lar oxygen and the slight decrease in oxygen concentration, 
as observed in Fig. 2, is due to molecular diffusion. From 
Fig. 2, it can be observed that for all the three fuels tested 
here (A1, A2, and A3), the concentration of key pyrolysis 
products are quite similar. This is because the composition of 
parent fuel molecule governs the distribution and concen-
tration of pyrolysis products. The jet fuels considered here 
are quite similar in their chemical composition, where they 
contain different concentrations of n-paraffins, iso-paraffins, 
cyclo-paraffins, and aromatics. Therefore, during thermal 
decomposition or oxidative pyrolysis, they get decomposed 
into the same set of pyrolysis products and yield nearly the 
same amounts of pyrolysis products under comparable con-
ditions. Following pyrolysis, the oxidation of decomposed 
products begins in the oxidation zone. Unlike the pyrolysis 
process, which is quite fast, oxidation is a slower step and 
is rate-limiting during the entire course of reaction lead-
ing to ignition. The rate of the oxidation of the pyrolysis 
products is critical to radical growth and heat release, and 
for this reason the composition of pyrolysis products deter-
mines the combustion and detonation properties of real 
distillate fuels. Evidently, by referring to Figs. 2 and 3, it 
can be observed that the length and time scales associated 
with the pyrolysis of parent fuel molecules are quite small 
when compared to the length and time scales associated with 
the oxidation of pyrolysis products. Since the oxidation of 
decomposed products is rate-limiting, a detailed reaction 
model is employed in HyChem to capture the oxidation 
process of pyrolysis products. The thermal decomposition 
process is not rate-limiting and hence can be modeled by 
6–10 experimentally-constrained lumped reaction steps. The 
decomposition zone and the oxidation zone together consti-
tute the induction zone for all real fuels. The line dividing 

Fig. 1   Chemical composition of typical Jet-A (A2), JP-8 (A1), and JP-5 (A3) fuels
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decomposition and oxidation is set at a value of 95% or more 
parent fuel disappearance. The oxidation zone follows the 
decomposition zone and represents the region that extends to 
the location of peak thermicity since major pyrolysis prod-
ucts are consumed within this region (see Figs. 2 and 3). 
Toward the end of the oxidation zone, the concentration of 
pyrolysis species rapidly drops, and the formation of CO2, 
H2O, and CO begins. Moreover, the maximum amount of 
energy from the chemicals bonds is converted to flow ther-
mal energy at this location, as is evident from the peak in 
the thermicity curve (refer to Fig. 3). From Fig. 3, it can be 

observed that ethylene is the major pyrolysis species for all 
the three fuels investigated. This implies that the detonation 
chemistry of A1, A2, and A3 fuels are almost identical and 
the conventional jet fuels behave similarly in a detonating 
environment. 

Also, the decomposition and oxidation zone length and 
time scales are approximately the same for the three real dis-
tillate fuels considered here. Overall, due to similar composi-
tion of pyrolysis products,  the three jet fuels tested (A1, A2, 
and A3) indicate the same detonating behavior for a given 
initial condition. Additionally, the three jet fuels tested yield 

Fig. 2   Computed species profiles and representation of thermal decomposition zone for stoichiometric a A1–air, b A2–air, and c A3–air mix-
tures at T0 = 298 K and P0 = 1 atm

Fig. 3   Computed species profiles and representation of decomposition and oxidation zones for stoichiometric a A1–air, b A2–air, and c A3–air 
mixtures at T0 = 298 K and P0 = 1 atm
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nearly the same amounts of pyrolysis products under com-
parable conditions. This shows the insensitivity of the basic 
detonation responses to fuel composition since the pyrolysis 
product distribution determines the global combustion prop-
erties of the original, multicomponent real fuels. This obser-
vation supports the preconceived notion that when the num-
ber of components in a real distillate fuel is large enough, the 
rate behavior of the mixture exhibits diminishing sensitivity 
toward fuel composition and is in agreement with previous 
studies (Iyer and Singh 2022; Wang et al. 2018).

Effect of Equivalence Ratio

The calculation for varying equivalence ratios was evaluated 
for A1, A2, and A3 fuels at an initial pressure and tem-
perature of 1 atm and 298 K, respectively. The variation of 
induction length and TCJ with equivalence ratio is shown 

in Fig. 4a, whereas Fig. 4b shows the variation of induc-
tion time with equivalence ratio. For slightly rich mixtures 
(φ =1.1), the values of TCJ are observed to be maximum. 
This is due to the large energy release at an equivalence 
ratio of 1.1. Similarly, the PCJ and VCJ exhibit a maximum 
around φ = 1.1. VCJ primarily depends on the normalized 
energy content of the reactive mixture and is a property of 
the energetic gas. The equivalence ratio is observed to have 
a significant impact on the detonation parameters (refer to 
Fig. 4a and b). The induction time and length are found to be 
minimum near stoichiometric conditions (minimum occurs 
at φ = 1.1). Lower induction length and time scales rep-
resent mixtures that are more detonable and are indicative 
of robust detonations that have a strong coupling between 
the reaction zone and the leading shock front. However, for 
the fuel-lean and -rich mixtures, the length and time scales 
increase considerably, which indicates a loosely coupled 

Fig. 4   Effect of equivalence ratio on detonation parameters of A1–, A2–, and A3–air mixtures, a induction length and TCJ, b induction time and 
TCJ, and c VCJ and post-detonation pressure PCJ at T0 = 298 K and P0 = 1 atm
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shock flame complex and represents mixtures that are less 
detonable. Also, for these mixtures, the heat release is small 
when compared to the stoichiometric mixtures, thus lead-
ing to smaller TCJ values. From Fig. 4a and b, it is to be 
noted that both the induction length and time scales and 
TCJ seem to be similar for the three jet fuels considered in 
this study. Figure 4c indicates that the values of PCJ and VCJ 
also remain the same among all three conventional jet fuels. 
Typically the values only differ by small amounts and seem 
to coincide graphically. This is expected as the real distillate 
fuels considered in the given study have a large number of 
components which makes the rate behavior of the mixture 
exhibit small sensitivity toward fuel composition regardless 
of what components are found in the mixture. This explains 
the small sensitivity of detonation parameters to fuel com-
position variations and the same can be observed in Fig. 4. 
The equivalence ratio has a significant effect on the deto-
nation parameters for a given fuel–air mixture. Comparing 
the effects of equivalence ratio on detonation parameters 
for A1, A2, and A3 fuels suggests that the trend for each 
parameter is almost identical for the conventional jet fuels 
considered in this study. It is observed that the influence of 
the equivalence ratio on the length and time scales and the 
post-detonation thermodynamic parameters is almost the 
same for the real distillate fuels considered in this study. 
Therefore, the performance of detonation-based engines 
is expected to have a small sensitivity to fuel composition 
variations if the number of components in a fuel mixture 
becomes large enough (> 12–14). Since conventional jet 
fuels considered in this study are multi-component distillate 
fuels and contain hundreds to thousands of chemical com-
pounds they exhibit similar detonating characteristics over a 
range of equivalence ratios. Thus, the detonation chemistry 
and combustion properties of real distillate fuels (JP-8, Jet-
A, and JP-5) are governed primarily by the composition of 
their key pyrolysis products rather than the details of the 
initial fuel composition, since these details are washed out 

if the number of components is large enough. Thus, in a fuel 
mixture in which the H/C ratio falls within a certain range 
and the number of components is large enough, the pyrolysis 
product distribution and detonation properties appear to vary 
little. The notion is supported through ZND computations 
for real distillate fuels at varying initial conditions and is 
discussed in the subsequent sections that follow. Table 2 pre-
sents the A1-air detonation parameters with varying equiva-
lence ratio. 

Effect of Initial Pressure and Temperature

The effect of varying initial pressure and temperature on 
the detonation parameters is presented in this section. The 
calculations for varying initial pressure are evaluated for the 
stoichiometric fuel–air mixtures at a fixed initial temperature 
of 298 K. The induction zone is dominated by two-body 
binary collisions. With the increase in initial pressure, the 
likelihood of these collisions is significantly increased, and 
this also increases the kinetic rate of chemical reactions 
that occur in the induction zone. As the chemical kinetics 
become faster, this leads to smaller induction length and 
time scales as observed in Fig. 5a. From Fig. 5b, a dras-
tic increase in the PCJ can be noted; however, the increase 
in TCJ and MCJ is not so profound with increasing initial 
pressures. Also, the CJ detonation velocity remains almost 
the same with increasing initial pressure (refer to Table 3). 
Similar to the previous case of varying equivalence ratios, 
initial pressure is observed to have a similar influence on 
the A1, A2, and A3 fuels. Real distillate fuels considered in 
this study exhibit almost identical trends with varying initial 
pressure and the same is depicted in Fig. 5a, and b. Table 3 
presents the detonation parameters for A1-air detonations 
with varying initial pressure (P0).  

For the case of varying initial temperature, the ZND cal-
culations were performed for stoichiometric mixtures at a 
fixed initial pressure of 1 atm. At higher initial temperatures, 

Table 2   A1–air detonation 
parameters with varying 
equivalence ratio at P0 = 1 atm 
and T0 = 298 K. Values for A2- 
and A3-air detonations are not 
shown as they are very similar 
to that of A1-air detonations

φ PVN (atm) TVN (K) MCJ VCJ (m/s) PCJ (atm) TCJ (K) Δi (mm) τi (μs)

0.4 19.6 1119.2 4.1 1389.1 10.7 1794.3 148.0 484.2
0.5 23.1 1237.6 4.4 1499.6 12.5 2066.7 28.9 94.1
0.6 26.2 1337.6 4.7 1591.2 14.2 2308.9 9.7 30.9
0.7 29.0 1418.0 4.9 1664.8 15.7 2511.1 16.2 29.4
0.8 31.3 1478.8 5.1 1721.8 17.1 2666.9 3.2 9.7
0.9 33.2 1522.7 5.3 1764.8 18.1 2777.7 2.4 7.5
1 34.7 1552.3 5.4 1796.5 18.9 2848.6 2.1 6.5
1.1 35.8 1568.9 5.5 1817.8 19.5 2880.9 2.0 6.1
1.2 36.5 1572.2 5.5 1828.4 19.7 2873.0 6.7 11.5
1.3 36.8 1562.7 5.6 1828.8 19.6 2827.6 2.2 6.7
1.4 36.7 1544.4 5.6 1821.6 19.4 2758.4 2.5 7.7
1.5 36.5 1521.3 5.6 1810.2 19.1 2678.2 2.9 9.1
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from the normal shock relations, the post-shock temperature 
(TVN) increases drastically. As the chemical reactions in the 
induction zone are dependent on TVN (from the Arrhenius 
equation), higher values of post-shock temperature lead to 

faster kinetic rates. This ultimately results in the smaller 
induction length and time scales at higher initial tempera-
tures, as observed in Fig. 6a and Table 4. Also, at higher 
initial temperatures, the post-detonation temperature (TCJ) 

Fig. 5   Effect of initial pressure on a induction length and time, and b MCJ and post-detonation thermodynamic parameters for A1–, A2–, 
and A3–air stoichiometric mixtures at T0 = 298 K and P0 = 1 atm

Table 3   A1–air detonation 
parameters with varying initial 
pressure (P0) at φ = 1 and 
T0 = 298 K. Values for A2- and 
A3-air detonations are not 
shown as they are very similar 
to that of A1-air detonations

P0 (atm) PVN (atm) TVN (K) MCJ VCJ (m/s) PCJ (atm) TCJ (K) Δi (mm) τi (μs)

1 34.7 1552.3 5.4 1796.5 18.7 2848.6 2.1 6.5
2 70.3 1567.6 5.4 1808.6 37.8 2891.6 1.2 3.7
3 106.3 1576.1 5.5 1815.3 57.0 2915.8 0.9 2.7
4 142.4 1582.0 5.5 1819.9 76.3 2932.4 0.8 2.2
5 178.7 1586.4 5.5 1823.4 95.6 2945.0 0.7 1.9
6 215.2 1590.0 5.5 1826.2 115.0 2955.1 0.6 1.6
7 251.7 1592.9 5.5 1828.5 134.4 2963.4 0.5 1.5
8 288.3 1595.4 5.5 1830.4 153.9 2970.6 0.5 1.4
9 324.9 1597.6 5.5 1832.1 173.4 2976.8 0.5 1.3
10 361.6 1599.5 5.5 1833.6 192.8 2982.3 0.4 1.2

Table 4   A1–air detonation 
parameters with varying initial 
temperature (T0) at φ = 1 and 
P0 = 1 atm. Values for A2- and 
A3-air detonations are not 
shown as they are very similar 
to that of A1-air detonations

T0 (K) PVN (atm) TVN (K) MCJ VCJ (m/s) PCJ (atm) TCJ (K) Δi (mm) τi (μs)

300 34.4 1553.6 5.4 1796.3 18.6 2848.8 2.1 6.4
400 25.7 1616.9 4.7 1789.1 14.0 2865.2 1.9 5.8
500 20.4 1683.5 4.2 1782.7 11.2 2884.5 1.7 4.9
600 16.9 1753.1 3.8 1777.0 9.4 2905.7 1.4 3.9
700 14.5 1825.5 3.6 1771.9 8.1 2928.2 1.1 3.0
800 12.6 1900.3 3.3 1767.1 7.1 2951.7 0.9 2.2
900 11.1 1977.5 3.1 1762.7 6.3 2975.8 0.7 1.6
1000 10.0 2056.8 3.0 1758.5 5.7 3000.5 0.5 1.2
1100 9.0 2137.6 2.9 1754.4 5.2 3025.2 0.4 0.9
1200 8.2 2219.4 2.7 1750.4 4.8 3050.0 0.3 0.7



830	 Transactions of the Indian National Academy of Engineering (2022) 7:823–834

123

increases (~ 2800–3000 K). However, a decrease in PCJ and 
MCJ can be observed with increasing initial temperatures 
(see Fig. 6b and Table 4). This is because the upstream speed 
of sound in the pre-shock unburnt mixture (a0) before the 
incident shock greatly increases (owing to large values of 
T0); however, VCJ remains fairly the same (see Fig. 7). This 
leads to the decreasing values of MCJ (MCJ = VCJ/a0). Also, 
as the detonation Mach number reduces, it results in lower 
values of post-shock pressure (PVN) as the initial pressure 
(P0) is fixed in these calculations. Hence, with the lower 
values of PVN, the post-detonation pressure (PCJ) reduces 

and becomes much smaller than PVN due to flow expansion 
in the reaction zone. A similar explanation can be extended 
to the post-shock density and post-detonation density (not 
shown in the figure). Table 4 presents the detonation param-
eters for A1-air detonations with varying initial temperature 
(T0).  

As observed in the case of initial pressure, the varying 
initial temperature seems to have a significant impact on the 
detonation parameters of A1–, A2–, and A3–air detonations. 
However, the trends exhibited by various parameters with 
varying initial temperature are almost identical for the three 
jet fuels considered in this study. It indicates that the initial 
thermodynamic parameters (varying initial temperature or 
initial pressure) affect the detonating behavior of A1, A2, 
and A3 fuels similarly. However, for a given fuel–air mix-
ture, initial conditions significantly affect the length and time 
scales and post-detonation thermodynamic parameters.

Effect of Inert Diluents

The dilution effects of compounds, such as CO2, H2O, N2, 
Ar, and He, on the gaseous detonations have been inves-
tigated previously (Kumar and Singh 2021; Kumar et al. 
2021). However, in the present analysis, the effect of inert 
diluents on A1–, A2–, and A3–air detonating mixtures is 
considered. Inert diluents like argon and helium do not par-
ticipate in chemical reactions and have a strictly thermal 
inhibiting effect on the detonation structure. Hence, only 
Ar and He are considered here. ZND calculations were per-
formed for stoichiometric fuel–air-diluent mixtures at initial 
temperature and pressure of 298 K and 1 atm, respectively.

Fig. 6   Effect of initial temperature on a induction length and time scales, and b MCJ and post-detonation thermodynamic parameters for stoichio-
metric A1–, A2–, and A3–air mixtures at P0 = 1 atm

Fig. 7   Effect of initial temperature on gas dynamic properties (CJ 
detonation Mach number, CJ detonation velocity, and upstream speed 
of sound) for stoichiometric A1–air mixture at P0 = 1 atm
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Figure 8a, b show the variation of induction length and 
time, respectively, with varying dilution levels of argon and 
helium. Since both the diluents are inert, they do not par-
ticipate in chemical reactions; however, they do induce a 
strictly thermal inhibiting effect. This leads to an overall 
reduction in the exothermicity of the reactive mixture. The 
drastic reduction in the post-detonation temperature TCJ can 
be attributed to this. Thus, for a given fuel–air-diluent mix-
ture, post-detonation temperatures can be reduced at high 
dilution levels of argon and helium. From the perspective 
of engines working on detonation mode of combustion, 
the high temperatures in the combustion chamber could be 
controlled by diluting a given fuel–air mixture with inert 
diluents. Thus, high dilution levels can reduce the operating 
temperatures of a detonation-based engine.

The advantage of lowering the post-detonation tem-
peratures (TCJ) at high dilution levels comes at the cost of 
a reduced likelihood of detonation. This is evident from 
Fig. 8a, b and Table 5, where both the induction length 
and times continuously increase with increasing diluent 
concentration. It must be noted that TCJ remains the same 
for a given dilution level for both argon and helium. Thus, 
thermal inhibition by argon and helium dilution is almost 
the same for real distillate fuels considered in this study. 
However, induction length and time scales increase consid-
erably for helium dilution when compared to argon dilu-
tion. Thus, argon seems to be a better diluent than helium 
as for the same dilution levels it leads to a comparatively 
smaller increase in induction length and time scales while 
maintaining the same post-detonation temperature. Also, the 

Fig. 8   Effect of the addition of inert diluents on a induction length and TCJ, and b induction time and TCJ for A1–, A2–, and A3–air stoichiomet-
ric mixtures at T0 = 298 K and P0 = 1 atm

Table 5   A1–air detonation parameters with varying concentration of inert diluents (molar-based %) at P0 = 1 atm, T0 = 298 K, and φ = 1. Values 
for A2- and A3-air detonations are not shown as they are very similar to that of A1-air detonations

XFuel XOx XAr (%) XHe (%) PVN (atm) TVN (K) MCJ VCJ (m/s) PCJ (atm) TCJ (K) Δi (mm) τi (μs)

0.0126 0.9874 0 0 34.4 1553.6 5.4 1796.3 18.6 2848.8 2.1 6.4
0.0113 0.8887 10 0 33.3 1574.5 5.3 1746.0 18.0 2803.0 2.2 6.6
0.0101 0.7899 20 0 32.1 1593.8 5.2 1694.6 17.4 2747.7 2.3 6.9
0.0088 0.6912 30 0 30.6 1609.8 5.0 1641.2 16.7 2679.0 2.5 7.4
0.0075 0.5925 40 0 29.0 1619.0 4.9 1583.7 15.8 2590.4 2.9 8.5
0.0063 0.4937 50 0 27.1 1615.0 4.7 1518.8 14.7 2470.6 3.7 10.8
0.0113 0.8887 0 10 33.3 1574.5 5.3 1855.5 18.0 2803.0 2.3 6.6
0.0101 0.7899 0 20 32.1 1593.8 5.2 1921.7 17.4 2747.7 2.6 6.9
0.0088 0.6912 0 30 30.6 1609.8 5.0 1996.1 16.7 2679.0 3.0 7.5
0.0075 0.5925 0 40 29.0 1619.0 4.9 2079.4 15.8 2590.4 3.8 8.5
0.0063 0.4937 0 50 27.1 1615.0 4.7 2171.4 14.7 2470.7 5.3 10.9
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real distillate fuels considered in this study behave similarly 
when inert diluents are added to fuel–air mixtures (refer to 
Fig. 8a, b). There is no notable difference in the detonation 
parameters when A1–, A2– and A3–air mixtures are diluted 
with argon or helium and the same is evident from Fig. 8a, b. 
Table 5 presents the detonation parameters for A1-air deto-
nations with varying concentration of inert diluents.

Effect of Ignition Promoters

The effect of the addition of ignition promoters on A1–, 
A2– and A3–air detonating mixtures is evaluated and com-
pared next for conventional jet fuels. ZND computations 
were computed for stoichiometric fuel–air mixtures at the 
initial condition of 1 atm and 298 K. The fuel–air mix-
tures were doped with varying concentrations of ozone 
and hydrogen peroxide and their effect on the chemical 
length and time scales was evaluated for a ZND detona-
tion structure. Due to the addition of O3 and H2O2, the 
induction length and time scales are observed to decrease 
continuously (refer to Fig. 9a, b). Ozone and hydrogen per-
oxide readily decompose into O and OH radicals respec-
tively via the following reactions: O3 + M → O2 + O + M 
and H2O2 + M → 2OH + M. The proliferation of O and 
OH radicals in the case of ozone and hydrogen peroxide 
accelerates the chain-branching process and shortens the 
induction delay time, τi. As the concentration of O and 
OH radicals increase, it fastens the ignition kinetics of 
detonating mixtures and results in a faster detonation pro-
cess. Thus, the induction length and times are observed to 

decrease as the concentration of dopants or ignition pro-
moters increases in a given fuel–air mixture. Similarly, the 
detonability of a given fuel–air mixture can be increased 
with the addition of ozone and hydrogen peroxide in trace 
amounts. It is observed that the post-detonation tempera-
ture TCJ remains reasonably constant at small dopant levels 
of ozone and hydrogen peroxide and this is evident from 
Fig. 9a, b. This is also true for PCJ and other post-shock 
thermodynamic parameters (PVN, TVN, etc.). This implies 
that both ozone and hydrogen peroxide only interfere with 
the chemical kinetics without affecting the post-shock 
and post-detonation thermodynamic parameters (refer 
to Fig. 9 and Table 6). Also, ozone and hydrogen perox-
ide when added in small concentrations do not affect the 
gas dynamic parameters, such as MCJ and VCJ (refer to 
Table 6). Thus, trace amounts of ignition promoters reduce 
the induction delay time of fuel–air mixtures significantly 
without affecting the thermodynamic and gas dynamic 
properties of the resulting mixture. This allows us to study 
the effect of chemistry in isolation. Table 6 presents the 
detonation parameters for A1-air detonations with varying 
concentration of ignition promoters. 

A1, A2, and A3 fuels seem to have a similar likelihood 
of detonating upon the addition of ozone and hydrogen 
peroxide. The jet fuels considered in this study behave 
almost identically in the presence of ignition promoters 
and exhibit similar detonation characteristics. The detona-
tion length and time scales and the post-detonation ther-
modynamic parameters are found to be almost the same for 
the real distillate fuels considered in this study.

Fig. 9   Effect of varying concentration of ignition promoters on a induction length and TCJ, and b induction time and TCJ for A1–, A2–, and A3–
air stoichiometric mixtures at T0 = 298 K and P0 = 1 atm



833Transactions of the Indian National Academy of Engineering (2022) 7:823–834	

123

Conclusions

In this study, detonation chemistry and critical detonation 
parameters have been computed using the ZND model 
for A1 (JP-8), A2 (Jet-A), and A3 (JP-5) fuels with air as 
the oxidizer. HyChem model was implemented to evalu-
ate the detonation and ignition chemistry of real distillate 
fuels. The calculations were performed over a wide range 
of initial conditions. Specifically, the detonation parameters 
were evaluated for varying equivalence ratios, initial pres-
sures, and initial temperatures. Over the range of conditions 
tested, the detonation chemistry and the values of critical 
detonation parameters were observed to be identical for 
A1, A2, and A3 fuels. The influence of inert diluents and 
ignition promoters on the detonation time and length scales 
and the post-detonation thermodynamic parameters were 
also evaluated. Similar to the case of initial conditions, the 
diluents and ignition promoters seem to affect the deton-
ability of A1–, A2–, and A3–air mixtures, where the differ-
ences observed between three sets of fuel–air mixtures were 
small. Hence, for the test cases considered in this analysis, 
the three jet fuels indicate a similar possibility of detona-
tion under comparable conditions. In so far as the global 
detonation properties are concerned, the three jet fuels tested 
exhibit nearly the same chemical behaviors and global deto-
nation properties. This is because the rate behavior of the 
fuel–air mixture has a diminishing sensitivity toward fuel 
composition when the number of components in the mix-
ture is large enough (> 12–14). Since conventional jet fuels 
considered in this study are multi-component distillate fuels 
and contain hundreds to thousands of chemical compounds, 
they exhibit similar detonating characteristics over a range of 
initial conditions. Therefore, the performance of detonation-
based engines is expected to have a small sensitivity to fuel 
composition variations when the number of components in 
a fuel mixture becomes large enough. Thus, the global deto-
nation properties of real distillate fuels (JP-8, Jet-A, and 
JP-5) are governed primarily by the composition of their key 

pyrolysis products rather than the details of the initial fuel 
composition, since these details are washed out if the num-
ber of components is large enough. Thus, in a fuel mixture 
in which the H/C ratio falls within a certain range and the 
number of components is large enough, the pyrolysis product 
distribution and detonation properties appear to vary little. 
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