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1  Introduction

Laser diagnostics used in combustion applications are 
invaluable in addressing issues related to process effi-
ciency, performance, and pollution. Laser diagnostics 
assist in the development of computational tools, which 
ultimately empower engineers to effectively design and 
develop improved combustion technology. Chemical 
kinetic models form a pivotal component of these compu-
tational tools. Detailed models of realistic fuels comprise 
thousands of species and tens of thousands of chemical 
reactions. Development of these models requires robust 
testing against experimental data. Laser-based diagnostics 
are now typically acknowledged to be capable of provid-
ing such robust testing, thus facilitating the development of 
reliably accurate kinetic models to ultimately improve the 
computational design capability towards improved com-
bustion technology.

New combustion concepts, such as lean premixed 
prevapourized (LPP) gas turbines and reactivity-controlled 
compression ignition (RCCI) engines, tend to be based 
on lean, low-temperature, and high-pressure conditions, 
chiefly in order to reduce soot and NOx emissions. In the 
case of LPP technology, temperature was determined to be 
one of the main determinants of process behaviour [1, 2]. 
However, under such homogenously lean conditions the 
rate of reaction tends to be rate limiting and it is, there-
fore, very important to study the role of chemical kinetics 
in understanding and controlling such process behaviour. 
This would involve the development, testing, and improve-
ment of chemical kinetic models for a particular fuel used. 
One of the traditional methods of testing such models is to 
compare the predicted ignition delay time with that from 
shock tube experiments. However, more accurate and com-
prehensive model testing has been increasingly taking a 
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multivariable approach through the measurement of species 
concentrations and temperature time profiles [3–7], chiefly 
using laser diagnostics.

Detailed investigation of hydrocarbon intermediates, 
for example, is important for understanding reaction paths 
controlling overall fuel consumption [8] and pollutant for-
mation [9]. In particular, the overall rate of fuel consump-
tion can be a strong function of alkene chemistry [10]. It 
is, therefore, paramount to gain refined knowledge of the 
formation and decay rates of various alkenes [11–17].

Propene (C3H6) is a relatively abundant alkene inter-
mediate present in combustion gases. Propene is gathering 
interest in the kinetics community because of its important 
role in combustion chemistry [12–17]. The abundance of 
propene as a by-product of combustion is due to its molec-
ular stability and serves as a reliable marker of combustion 
inefficiency in internal combustion engines [18]. Propene 
emission into the atmosphere poses the greatest threat with 
respect to ground-level photochemical ozone formation [9], 
and therefore it is of interest to minimize its emission. Soot 
abatement is also a high priority, with particulate matter 
originating from the propargyl radical •C3H3. Propene leads 
a direct pathway to the creation of propargyl, which readily 
forms the benzene molecule during combustion [19]. Ben-
zene, similar to other aromatics, leads to the formation of 
polycyclic aromatic hydrocarbons and subsequent particu-
late matter.

The concentration and residence time profile of propene 
formed during combustion, and its consequences down-
stream, can be controlled by the chemical profile of the 
fuel burned and influenced by molecular size, molecular 
branching, degree of saturation and aromaticity, and degree 
of oxygenation or nitration [20]. Fuel formulation may be 
guided by better insight via quantitative measurements of 
propene formed during combustion, using laser diagnos-
tics, in order to ultimately (1) minimize residual soot from 
engine exhaust, (2) reduce ground-level ozone formation in 
cities, and (3) control knock in engines.

Direct measurement of propene has traditionally 
involved physical sampling using probes [21]. This 
approach is very effective at detecting many species within 
a single measurement. Unfortunately, it is an invasive pro-
cedure and is generally less straightforward to implement 
compared to laser diagnostic approaches. Most importantly, 
physical sampling does not offer a sufficient degree of time 
resolution compared to laser diagnostics, and therefore is 
not ideally suited to rapidly evolving chemical reactions 
taking place inside a shock tube. A more recent approach to 
overcome the limitations of physical sampling is to use an 
electronic sensor. Samman et al. [22] used a MOSiC (SiC-
based metal-oxide semiconductor) sensor which showed 
signs of species specificity, including that towards propene. 
However, there is still relatively slow time response of such 

sensors (~100 ms). More recently, there have been develop-
ments in optical absorption sensing of small hydrocarbon 
intermediates in shock tube environments, namely CH4 [23, 
24], C2H4 [25], C2H2 [26], and i-C4H8 [11]. Hitherto, to the 
best of our knowledge, there is no reported laser absorption 
diagnostic for the C-3 hydrocarbon propene (C3H6). The 
optical approach offers many advantages such as the ability 
to readily perform in situ measurements with excellent time 
resolution without perturbing the system environment.

The specific objective of the current work is to develop 
a highly time-resolved, non-invasive, and accurate in situ 
laser diagnostic based on absorption spectroscopy for 
measuring the composition of propene (C3H6) in a shock 
tube environment. Such a diagnostic would facilitate the 
ultimate goal of chemical kinetic model development and 
validation.

2 � Diagnostic scheme

2.1 � Likely intermediates

In order to effectively devise a sensing strategy for the pro-
pene (C3H6) intermediate during combustion, a prelimi-
nary check of the likely major molecular species formed 
during pyrolysis and oxidation of n-butane (a simple and 
well-studied fuel) was performed using the JetSurF 1.0 
kinetic mechanism [27]. Such identification of intermedi-
ate species highlights molecules that could potentially lead 
to spectroscopic interference and hence guides the sensing 
strategy to be invoked. Figure 1a shows dominant species 
formed during the pyrolysis of 5 % n-butane at representa-
tive combustion conditions (1350  K, 3.5  bar). The domi-
nant species are primarily stable hydrocarbon molecules. 
At the conditions of Fig. 1a, appreciable quantities of pro-
pene are formed (~1 %), equating to about 20 % of the ini-
tial loading of n-butane here.

At similar conditions, stoichiometric oxidation of 1 % 
n-butane yields the predicted species time profile shown 
in Fig.  1b. One per cent loading was chosen as 5  % 
would otherwise result in large energy release in shock 
tube experiments. Large energy release leads to depar-
ture from ideal shock tube behaviour, and thus a smaller 
and more appropriate initial loading was chosen. The 
simulation predicts about 0.2  % peak formation of pro-
pene along with several other hydrocarbons, radicals, and 
product species. In general, oxidation of fuels results in 
hydrocarbon intermediate species being formed and con-
sumed in a relatively short period of time, as exemplified 
by the first ~ 500 μs shown in Fig. 1b. In this study, we 
have focused on developing a propene diagnostic for fuel 
pyrolysis to provide an early demonstration of propene 
sensing.
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2.2 � Selection of probe wavelength

Given a preliminary audit of the major (>0.1  %) likely 
intermediate species for 5  % n-butane pyrolysis has been 
conducted, a subset of spectroscopically relevant molecules 
can be identified. In regard to the application of spectros-
copy, all molecules identified in Fig.  1a, except H2, are 
responsive to infrared radiation. The infrared region is ideal 
due to high spectral resolution, well-characterized transi-
tions, and wide availability of radiation sources. In par-
ticular, the mid infrared (MIR) spectral region offers the 
strongest transitions due to the existence of the dominant 
fundamental vibrational bands and, furthermore, results in 
less interference from fewer species; these two aspects are 
favourable when devising a sensing strategy. Less interfer-
ence implies that the spectral contribution originating from 
the target species (propene in this study) can be more easily 
discriminated from the aggregate signal. Less spectral inter-
ference consequently requires fewer measurements to yield 

a unique solution and therefore also results in improved 
accuracy of inferred species concentration derived from the 
aggregate spectra.

Figure  2 shows example infrared spectra for C-2 and 
C-3 hydrocarbons relevant to n-butane pyrolysis. It is evi-
dent that both alkanes and alkenes possess vibrational 
bands located around 3000 cm−1, outlined in red in Fig. 2. 
Such bands are due to the –C–H stretching mode of hydro-
carbon molecules.

However, there also exist bands further into the MIR 
region that are characteristic to alkenes, outlined in green 
in Fig.  2. Such bands which lie around 1000  cm−1 are 
attributable to the =C–H bending mode of the alkene mol-
ecules. Detection at this spectral location clearly enables 
discrimination against potential spectral interference from 
alkanes present in the combustion mixture, since alkanes 
do not absorb near 1000 cm−1. It was therefore decided to 
devise a sensing strategy using wavelengths near 10 μm 
(1000  cm−1), allowing for the elimination of all alkanes 
(CH4, C2H6, C3H8 etc.) as considerable spectral interfer-
ents. Fortuitously, this scheme can be realized with today’s 
advances in MIR technology, which have realized the avail-
ability of sufficiently sensitive detectors and quantum-cas-
cade lasers (QCLs) near 10 μm.

After elimination of the possibility of many spectroscop-
ically interfering species, it is more feasible to use a dif-
ferential absorbance scheme to overcome interference from 
the remaining species. The differential absorbance scheme 

Fig. 1   Simulated history of major species generated during a 
pyrolysis of 5 % n-butane in argon and b oxidation of stoichiomet-
ric 1 % n-butane/O2/Ar mixture. Initial temperature and pressure for 
both cases are 1350 K and 3.5 bar. Simulations are performed using 
CHEMKIN-PRO [28] with the JetSurF 1.0 chemical kinetic mecha-
nism [27]

Fig. 2   Infrared absorption spectra of C-2 and C-3 alkanes (a, c) and 
alkenes (b, d). Region of the –C–H stretching mode near 3000 cm−1 
(conventionally used) is compared to the region of the =C–H bending 
mode near 1000 cm−1 (used in this work)
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can be summarized by Eqs.  (1–4). Absorption of mono-
chromatic radiation is described by the Beer–Lambert law:

where I/Io is the fractional transmission, σ(λ, T, P) is the 
absorption cross section, and α(�, T ,P,X, L) is the spectral 
absorbance, with associated dependencies on wavelength 
(λ), temperature (T), pressure (P), composition (X), and 
path length (L). Equation  (1) can be modified to accom-
modate additional absorption contributions from molecu-
lar interferents and extinction (ε) from scattering sources. 
These two terms are represented in parentheses within 
Eq.  (2), which contribute further to the absorbance origi-
nating from the target species (propene).

The differential absorbance scheme relies on the com-
bined spectral quantity, (αinterferents + ɛ), to be independent 
of wavelength within a reasonable spectral range. This ena-
bles the possibility of invoking the two-colour technique to 
obviate the need for measuring compositions of all inter-
fering species, in order to infer the propene concentration. 
Equation (3) represents the differential absorbance scheme, 
involving separate measurements at two slightly different 
spectral locations, indicated by the terms online and offline.

Equation  (3) assumes its simple form, as a conse-
quence of the invariance of (αinterferents  +  ɛ) between 
online and offline measurements, and hence its cancel-
lation in the differential absorbance scheme. Combi-
nation of Eqs.  (1) and (3) results in Eq.  (4), in which 
the differential absorption cross section is given by: 
∆σ = σpropene (online) − σpropene (offline).

This, in principle, allows propene concentration to 
be inferred in the presence of interferents and scatter-
ing using the method of differential absorbance outlined 
above. Naturally, such a scheme works effectively when 
the background interfering absorption spectra are feature-
less, this being typical of large hydrocarbons. Figure  3a 
shows overlapping absorption cross-sectional spectra [29] 
of the =C–H bending mode band near 1000 cm−1 for four 
spectrally relevant alkenes during n-butane pyrolysis.

In this case, the larger alkene molecules, such as the two 
butenes and to some extent propene, are generally lack-
ing much spectral fine structure over the 100  cm−1 range 
shown in Fig.  3a. Figure  3b, which highlights the region 
of interest of Fig.  3a, manifests the correlation between 

(1)ln (Io/I) = α(�, T ,P,X, L) = σ(�, T ,P).PXL/RT

(2)ln (Io/I) = αpropene + (αinterferents + ε)

(3)
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spectral structure and molecular size. For a C-2 molecule, 
such as ethylene, there is far more fine structure compared 
to other interferent molecules (e.g. 1-butene and 2-butene). 
For propene measurements in this work, the offline loca-
tion of 918.3 cm−1 was chosen because the ethylene cross 
section there is on parity with that of the online location 
at 912.18 cm−1, despite the structure of the ethylene spec-
trum. Therefore, with careful selection of the wavelength, 
the differential absorbance technique can be exploited 
for interference-free measurements when the interferents 
themselves possess structured spectra. Such data to support 
this assertion are presented in Sect. 4.1 of the paper.

To summarize the principles involved in selecting the 
most appropriate wavelengths for the differential absorbance 
scheme used in this study, the following guidelines are listed.

Selection guideline 1:

An initial aim to dramatically reduce the number of poten-
tial interferent molecules, by identifying a spectral attribute 

Fig. 3   a Absorption cross-sectional profiles of propene and 
accompanying interferents at 298  K, 1  atm; spectral resolution of 
~0.1 cm−1. b Detailed view of absorption cross section for propene 
and interferents at the region of interest in a, showing the selected 
online (912.18 cm−1) and offline (918.3  cm−1) wavelengths used in 
this study
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that is unique to the class of target molecule or to the target 
molecule itself. In this study, the =C–H bending mode is 
characteristic to alkenes (olefins), thus allowing to filter out 
the spectral effects of the presence of alkanes

Selection guideline 2:

Once a general spectral region has been narrowed down, by 
invoking guideline 1, the availability of laser sources must 
be assessed. In the case of alkene-specific spectral finger-
prints in this study, the region around 1000 cm−1 (10 μm) 
can be easily accessed using CO2 gas lasers or QCLs

Selection guideline 3:

At the temperatures of interest within the study, the absorp-
tion cross section at the online spectral location should be 
maximized towards optimum SNR. For propene sensing 
here, the peak at 912.18  cm−1 was selected as this is the 
strongest peak at elevated temperature (~1000 K)

Selection guideline 4:

Further to maximizing the online absorption cross section, 
the offline cross section should be minimized to ensure the 
differential cross section, Δσ, is enhanced

Selection guideline 5:

The spacing between the two spectral locations, online and 
offline, should be minimized to ensure that the differential 
cross section of the interferents is constrained to zero

Selection guideline 6:

When a spectrally structured interferent (e.g. ethylene) is 
present, the absorption cross-sectional spectrum requires 
careful inspection to seek exactly where the offline location 
should be chosen to result in zero differential cross section of 
the structured interferent at the temperature of concern. This 
principle should be used in conjunction with guideline 5 to 
seek the best combination of online and offline wavelengths

3 � Experimental method

The experimental arrangement is shown in Fig.  4. The 
radiation source is an external cavity quantum-cascade 
laser (ECQCL) system (Daylight Solutions 11100-UT). 
The ECQCL was selected due to its wide tunability across 
target propene transitions over the spectral region of inter-
est (850–1000  cm−1), thus allowing for the best spectral 
locations (online and offline) to be used. The desired wave-
length was achieved by regulating the injection current, 
laser head temperature, and diffraction grating orientation; 
such settings were governed via the ECQCL controller. The 

ECQCL used here was restricted to pulsed operation and 
was set with a 10-μs period (corresponding to the laser’s 
maximum pulse repetition rate of 100  kHz) and a 0.6  % 
duty cycle. The pulsed laser beam emerging from the head 
was split using a ZnSe plate, with the secondary reflected 
beam directed towards a calibrated wavemeter (Bristol 721) 
used to monitor the absolute wavelength during the course 
of an experiment. The tertiary beam emerging from a sec-
ond ZnSe plate was directed to a thermoelectrically cooled 
photovoltaic detector (Vigo PVM 2TE-10.6/MPDC-F-10), 
in order to monitor laser intensity pulse-to-pulse fluctuation 
for the purpose of common-mode rejection.

The primary beam from the first ZnSe plate was directed 
through a shock tube via two ZnSe windows towards 
another similar photodetector. The path traversed through 
the shock tube corresponds to an inner diameter of 14.2 cm. 
These experiments were performed in the stainless steel, 
low-pressure shock tube facility at King Abdullah Uni-
versity of Science and Technology (KAUST). The shock 
tube is made of a 9-m driver section and a 9-m modular 
driven section. The incident shock speed is measured using 
a series of five piezoelectric PCB pressure transducers over 
the final 1.3 m of the shock tube. Reflected shock tempera-
tures (T5) and pressures (P5) are determined from the meas-
ured incident shock speed and the standard 1D shock–jump 
relations. Further details of this shock tube can be found 
elsewhere [4, 13].

The procedure for determining the propene concentra-
tion, Xpropene, inside the shock tube is as follows. Firstly, the 
shock tube was evacuated using a turbomolecular vacuum 
pump. The ECQCL is switched on with the appropriate 
wavelength selected near 10.9 μm (close to the transitions 

Fig. 4   Schematic of laser absorption measurements for in situ detec-
tion of propene. ECQCL external cavity quantum-cascade laser, PC 
personal computer, PD photo-detector
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used in our experiment). The driven section of the shock 
tube is then filled with a gaseous mixture of n-butane/argon 
up to a low pressure of ~50 Torr, depending on the desired 
post-reflected shock conditions. Finally, the driver section 
of the shock tube is pressurized with helium gas until the 
polycarbonate diaphragm, separating the driver and driven 
sections, ruptures. A shock wave consequently propagates 
through the driven section containing the low-pressure 
n-butane/argon mixture. This incident shock is reflected 
back from the end wall of the driven section. Absorp-
tion measurements are performed in the gases, behind the 
reflected shock wave, at a location 2 cm offset from the end 
wall. The transmitted irradiance through the shock tube 
is recorded on an oscilloscope (Tektronix DPO4104B, 5 
GS∕s, 1  GHz), and this is used as the signal, I, as per the 
Beer–Lambert relation α = ln(Io/I), where Io corresponds to 
absorption-free transmission and α is the absorbance arising 
from propene and interferents. The signal Io is taken from 
the secondary photodetector used for common-mode rejec-
tion, and hence, both I and Io can be recorded synchronously 
during a single shock. Absorbance, α, is measured twice for 
both online and offline spectral wavelengths of 912.18 and 
918.3 cm−1, respectively. This required two separate shocks 
to be repeated for the online and offline spectral measure-
ments, which require the two repeated experiments to be 
at similar post-shock conditions of T5 and P5. The absorb-
ances, αonline and αoffline, can then be used to infer the dif-
ferential absorbance, Δα, from Eq.  3. Having knowledge 
of absorption cross sections, σ and Δσ, and thermodynamic 
conditions of the experiments (i.e. T5 and P5), the propene 
concentration, Xpropene, can then be inferred from Eq. 4.

4 � Results and discussion

4.1 � Cross‑sectional measurements and interference 
characterization

Precise knowledge of absorption cross sections is a nec-
essary step to determining propene composition, as per 
Eq.  (4). Experimentally, determined cross section, σ(T), 
is required because detailed theoretical spectroscopic data 
from HITRAN are unavailable for relatively large mol-
ecules, such as propene (C3H6). Figure 5a shows measured 
absorption cross sections for online and offline spectral 
locations as a function of temperature and pressure.

For both online and offline, the profile of σ(T) decreases 
monotonically in the temperature range 800–2000 K. This 
trend is reproduced at different pressures in the range 
0.8–7.2 bar, thus rendering σ(T) to be pressure independ-
ent in this range of interest. This is to be expected due to 
the large number of overlapping absorption lines within 
the spectrum, which renders the spectrum more immune to 

changes in pressure, unlike isolated spectral lines. The dif-
ferential cross section, Δσ(T), shown in Fig.  5a is calcu-
lated from the difference of the online and offline cross sec-
tions. Figure 5b shows an example time trace of differential 
absorbance corresponding to the case with initial condi-
tions of T5 = 1710 K, P5 = 3.4 bar, 5 % propene in argon. 
It is illustrated in Fig.  5b that the cross section Δσ(T) is 
based on initial conditions as indicated at time zero, since 
the propene concentration is known at this moment before 
pyrolysis progresses. It should be noted that at elevated 
temperatures, the online cross section, which was chosen 
based on one of the peak values at room temperature shown 
in Fig. 3b, becomes smaller and thus results in modest val-
ues of the differential cross section. The clearly identifi-
able trends of the cross sections were fitted for both wave-
lengths; this enabled an empirical relationship to be derived 
for the differential cross section:

Fig. 5   a Measured absorption cross sections of propene at online 
(912.18  cm−1) and offline (918.3  cm−1) wavelengths for pressures 
ranging 0.8–7.2 bar and temperatures ranging 900–1900 K. The red 
trace is the inferred differential (online–offline) cross section, Δσ. 
Measurements are taken using a 5 % propene/argon mixture behind 
reflected shock waves. b Example time trace of propene pyrolysis, 
showing how Δσ relates to the initial value of differential absorbance
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For the technique to work properly, it is important to 
verify that the differential cross sections of the likely inter-
ferents encountered in the pyrolysis of a fuel (e.g. n-butane 
in this study) are negligible. Figure  6 shows measured 
absorption cross sections of species typically present dur-
ing pyrolysis of n-butane. The presence of such potential 
interfering molecules was postulated using chemical kinetic 
simulations invoking the JetSurF 1.0 mechanism [27].

These large molecules indeed exhibit zero differential 
absorption cross section, as manifested in Fig. 6 by the over-
lapping traces for online and offline cases. This is expected 
owing to larger molecules possessing spectra with a greater 
density of absorption lines, hence, promoting relatively 
broad and featureless aggregate spectra at pressures exceed-
ing a few hundred Torrs. Such aggregate spectra are exem-
plified in Fig. 3b for 1-butene and 2-butene. However, more 
importantly, the differential cross section for the smaller 
interfering molecule of ethylene (C2H4) can also be set to 
zero through judicious choice of online and offline spectral 
locations. The case of ethylene requires care due to the more 
uneven spectral structure, and thus, it is important to deliber-
ately select the right combination of locations that will result 
in equal online and offline absorption cross sections. This 
was achieved in our study and manifested by the purple trace 
in Fig. 6. It is also observed that ethylene cross sections are 
weakly dependent on temperature at these two wavelengths.

(5)

�σ(T) = �σo

(

To

T

)2.02

�σo = 1.35 m
2
mol

−1
; T0 = 1000 K

4.2 � Diagnostic demonstration

After the characterization of differential cross sections, 
experiments of n-butane pyrolysis were performed behind 
reflected shock waves. Figure  7a shows traces of absorb-
ance (αonline, αoffline and Δα), for example pyrolysis case 
of 5 % n-butane/argon mixture at post-shock conditions of 
T5 = 1339 K and P5 = 3.8 bar. The black trace corresponds 
to experimental data, shown alongside a corresponding 
exponential curve fit (red trace). Only one experimental 
noisy data trace is shown in Fig. 7a for the purpose of main-
taining graphical clarity. From the red traces, one observes 
a general increasing trend of absorbance with time. It 
should be noted that this absorbance is the composite of 
the propene and underlying contributions from all inter-
fering molecules. The small detectable difference between 
the online and offline traces equates to the differential 
absorbance, Δα, depicted as the green trace in Fig. 7a. The 
green trace essentially represents interference-free propene 

Fig. 6   Measured absorption cross sections of potential interfer-
ing species: C2H4 (ethene), 1-C4H8 (1-butene), i-C4H8 (iso-butene), 
a-C3H4 (allene) for online (912.18  cm−1) and offline (918.3  cm−1) 
wavelengths, showing almost identical values across a range of tem-
peratures. These measurements are taken using 5  %/argon mixtures 
behind reflected shock waves

Fig. 7   a Measured online and offline propene absorbances for pyrol-
ysis of 5 % n-butane in argon at T5 = 1339 K, P5 = 3.8 bar. The dif-
ferential absorbance (green) is portrayed by the difference between 
the two lines of best fit (red). The dashed grey line represents the 
offline absorbance based on calculations using the JetSurF 1.0 mech-
anism [27]. b Another example of a differential absorbance trace at 
similar conditions (T5 = 1352 K, P5 = 3.86 bar), where non-mono-
tonic behaviour is exhibited in the first 500 μs
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absorbance varying with time over a 2-ms interval, rising 
up to Δα ≈ 4 %.

The low magnitude of the differential absorbance, Δα, 
shown in Fig. 7a is due to the small difference between the 
measured offline and online traces. This small difference 
arises due to the relatively large offline absorption contri-
bution. A qualitative calculation of the offline absorbance, 
based on modelled species mole fractions, can shed light 
on the nature of the offline profile. Such a calculation uses 
indicative values of cross sections for the interferents from 
Fig. 6 and for offline propene from Fig. 5a; modelled mole 
fractions of the species were taken from the JetSurF 1.0 
mechanism [27]. The dashed grey trace in Fig. 7 (a) depicts 
the calculated offline profile, whereby there is an evident 
departure from the measured offline profile (red trace) of 
~33 % at t = 2 ms. The difference is attributable to either 
(1) the omission of some interferents in the calculation, 
or (2) the overall under-prediction of mole fractions from 
the model. Such a disparity between measured and mod-
elled results demonstrates the continued need for quantita-
tive experimental data to improve the fidelity of reaction 
mechanisms.

4.2.1 � Early time behaviour

Figure  7b shows the evolution of Δα over the same time 
interval of 2 ms, with the black and purple traces represent-
ing the experimental trace and curve fit, respectively. This 
plot of differential absorbance corresponds to conditions 
(i.e. T5 =  1352 K, P5 =  3.86 bar) very similar to that of 
Fig. 7a. Evidently, the overall trend of the two traces of Δα 
in Fig. 7a and b is very similar, except for the first 500 μs. 
It is expected that the two traces would be identical quali-
tatively, yet, in the region t < 500 μs, there is a clear devia-
tion from monotonic behaviour with an initial rise then a 
dip before the overall trend of increasing Δα is recovered. 
This discrepancy between traces of Δα for similar post-
shock conditions suggests that the initial non-monotonic 
trend is likely to be an artefact, corroborated by monotonic 
trends seen in time histories of propene derived from the 
JetSurF 1.0 mechanism [27] at similar conditions. Because 
of such a disturbance in the profile at early times, it could 
be entertained that the effect is attributable to vibrational 
non-equilibrium arising from the passing shock wave. 
However, for large molecules such as propene, equilibra-
tion times are 10–50  ns, which are typical for hydrocar-
bons [30, 31]. Such timescales are four orders of magnitude 
shorter than the initial 500 μs period, and therefore render 
vibrational non-equilibrium to not be a problem.

For the measurement of propene absorption cross sec-
tions in Sect.  4.1, an accompanying example time profile 
of how propene pyrolysis typically progresses was shown 

in Fig.  5b. On comparison of Fig.  7b with Fig.  5b, it is 
apparent that pyrolysis of propene does not exhibit non-
monotonic time behaviour unlike pyrolysis of n-butane, 
when our differential absorption laser diagnostic is applied. 
To account for the difference, one may postulate that the 
early time behaviour seen during n-butane pyrolysis may 
be attributable to unaccounted spectral interference from 
an intermediate. However, upon more careful considera-
tion, this is unlikely given that we do not observe any obvi-
ous interference in the case of propene pyrolysis. When a 
hydrocarbon with an extra carbon atom, such as n-butane, 
undergoes pyrolysis, the next class of potential interferents 
is one containing four carbon atoms (e.g. i-C4H8, 1-C4H8, 
2-C4H8). Because this class of interferents is based on 
larger molecules, their spectral structure is quite broad, ren-
dering it easier to guarantee equivalent cross sections for 
both online and offline spectral locations that are reason-
ably close together, as exhibited in Fig.  6. Therefore, the 
likelihood of the undulation seen in Fig. 7b due to an unac-
counted intermediate is quite improbable.

We contemplate a more plausible reason as to why such 
undulation occurs in our profiles of differential absorbance 
at early times. Through inductive reasoning, we posit three 
necessary and sufficient conditions to be satisfied that leads 
to the early time behaviour to occur, namely (1) the exist-
ence of a narrowing gap between the online and offline 
absorbance profiles (αonline and αoffline) leading to a pinch 
point towards time zero (see red traces in Fig. 7a), (2) steep 
gradients of these curves in the vicinity of the pinch point, 
and (3) randomized undulations in the traces of αonline 
and αoffline caused by beam steering. In Fig.  7a, we can 
clearly see the gradients of the red curves are both steep 
and that they are in close proximity, and so, any undula-
tion is amplified in this region of early times when the two 
curves are subtracted from one another. Alternatively, for 
the case of propene pyrolysis shown in Fig. 5b, we do not 
readily observe amplified undulation at early times in the 
differential result. This is because at early times, all three 
criteria are not simultaneously satisfied in the case of pro-
pene pyrolysis. At early times, there are steeper gradients 
and undulations will exist. However, the pinch point now 
occurs as t → ∞, where the gradients diminish towards 
zero. Because a finite nonzero differential absorbance 
exists between the two constituent absorbance curves 
for early times, in spite of the presence of steep gradients 
in this region, there is less potential for undulation to be 
amplified in the case of propene pyrolysis.

Nevertheless, a possible method to mitigate the influence 
of beam steering-induced undulation is to measure online 
and offline absorbance profiles simultaneously during the 
passing of a single shock wave. This could be achieved by 
overlapping two laser beams, corresponding to the online 
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and offline wavelengths and directing the overlapping pair 
through the shock tube. This would result in both beams to 
experience the same degree of beam steering during one 
experiment and would therefore result in the cancellation 
of the effect of beam steering-induced undulation in the 
differential absorbance profiles. This strategy could not be 
achieved in the current work owing to the availability of 
only a single laser.

Figure 8 displays three time profiles, relating to differen-
tial absorbance, for n-butane pyrolysis at similar tempera-
tures and pressures. Such curves manifest the variability, 
and hence confirm the unreliability, of the sensitive region 
at early times (shaded in Fig. 8). Because Δα scales directly 
with pressure, the traces are normalized with respect to P5, 
to facilitate comparison of trends with temperature, T5. 
Clearly, there is a region within the first ~500 μs where 
there is a higher degree of variance in the monotonicity of 
the trends, as initially demonstrated in Fig.  7b. Figure  8 
exhibits traces of Δα/P derived from curves of best fit, 
instead of showing experimental data traces which would 
otherwise obscure the small differences between the traces 
at slightly different temperatures.

Looking at Fig.  8, one can postulate that the appear-
ance of the shoulder at early times is temperature depend-
ent and it is a genuine kinetic effect. However, we consider 
this to be implausible. Firstly, there is a ~100 % difference 
between the green and violet curves at t = 150 μs, which 
could not have been caused by a mere 13  K (or 0.97  %) 
change in temperature, from 1339 to 1352  K. Secondly, 
evidence from multiple sources [11, 23, 25, 32–34] describ-
ing the pyrolysis of various stable hydrocarbon molecules 
predisposes the existence of monotonic-only behaviour 
with time, in contrast to what is otherwise seen in the two 
traces of Fig. 8.

4.2.2 � Overall profile behaviour

Nevertheless, outside of the shaded region shown in 
Fig. 8, there appears to be an overall trend in which Δα/P 
increases with temperature, T5, as denoted by the arrow 
of increasing T. Because propene mole fraction, Xpropene,  
is proportional to Δα, and the temperature is essen-
tially constant in time [i.e. T(t) =  T5] for idealized con-
ditions and dilute gaseous mixtures in the shock tube, it 
is expected that there is a qualitative agreement between 
traces of Δα/P in Fig.  8 and that of Xpropene with time. 
The measured absorbance of propene is converted to mole 
fraction using Eq. (4) and compared with kinetic simula-
tions in Fig. 9.

The simulated evolution of propene mole fraction, 
employing the JetSurF 1.0 mechanism [27], for the three 
temperatures investigated in this study is shown by the 
dashed lines in Fig. 9. For a given point in time, the traces 
exhibit a clear increase in Xpropene with temperature over 
the interval 1339–1390  K. This is in qualitative agree-
ment with the trends of Δα/P in Fig.  8. Furthermore in 
Fig. 9, we show one of the traces of experimentally deter-
mined propene mole fraction corresponding to the case 
of T5  =  1339  K. The error bars superimposed onto the 
experimental trace show the range of values that the trace 
could adopt within one standard deviation of Xpropene. It is 
also noteworthy that the experimentally derived mole frac-
tion appears to be systematically lower than that simulated 
by the mechanism, exemplified by a 100  % deviation at 
t = 1 ms.

Further support for the credibility of the overall trend of 
the derived propene time trace, seen in Fig. 9, can be sought 
by examining the nature of the offline absorbance profile. 
Similar to Fig.  7a, Fig.  10 displays the measured offline 

Fig. 8   Lines of best fit for three measurements of pressure-normal-
ized differential absorbance at similar temperatures showing greatest 
variance, and hence uncertainty, near time zero. These measurements 
are taken using 5 % n-butane in argon behind reflected shock waves

Fig. 9   Comparison of our measured propene mole fraction as a func-
tion of time against that calculated from the JetSurF 1.0 mechanism 
for T5: 1339–1390 K around pressures of 3.5 bar
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profile (red trace), as well as the calculated offline profile 
(grey trace) based on data from the JetSurF 1.0 mecha-
nism [27], for 5 % n-butane pyrolysis at T5 = 1339 K and 
P5 = 3.8 bar. Our results exhibit self-consistency, as dem-
onstrated in the following argument.

By considering the two major species contributors (i.e. 
C3H6 and C2H4) to absorbance at the offline wavelength, the 
apparent discrepancy between the measured and calculated 
offline profiles in Fig. 10 can be resolved. Chemical kinetic 
mechanisms, such as JetSurF, do not always yield accurate 
predictions of species profiles. Given that the calculated 
offline profile is based on mole fraction data from JetSurF 
1.0 [27], it would be instructive to examine the effect of 
correcting the propene and ethylene mole fractions derived 
from the mechanism. Firstly, the predicted propene mole 
fraction is substituted with our measured result from Fig. 9; 
the result of the correction to the calculated offline profile 
is portrayed as the dotted orange trace in Fig. 10, with an 
accompanying 3 % drop in absorbance from the grey trace 
at t = 2 ms. Secondly, the predicted ethylene mole fraction 
is doubled; this is judged as a conservative upper estimate 
based on circumstantial evidence in the literature. The Jet-
SurF mechanism seemingly underestimates intermediates, 
including ethylene, by as much as 100 % for fuel pyrolysis 
[23, 25]. The end result is shown as the dotted blue trace in 
Fig. 10, where the curled arrow depicts the transition from 
the original calculated offline profile (grey trace) via the two 
corrections for propene and ethylene. After such an adjust-
ment for mole fractions, the departure of the calculated 
offline profile (dotted blue trace) from the measured profile 
(red trace) is significantly smaller. The largest contribution 

to (online and offline) absorbance is ethylene, and it sub-
sequently seems that the magnitude of the offline profile is 
plausible, lending credence to the relatively small differen-
tial absorbance values observed earlier in Figs. 7 and 8 and 
the associated propene time profile in Fig. 9.

Apart from the abovementioned argument of self-
consistency, Fig. 10 also draws attention to the relatively 
large contribution of ethylene to the absorbance profile. 
It transpires that if the adjustment for mole fraction in 
Fig. 10 reflects reality, the relative contribution of ethyl-
ene is ~75 % of the total offline absorbance. It is curious 
to note that if the background contribution from ethylene 
could hypothetically be suppressed during a measure-
ment, the total absorbance would be reduced by a factor 
of four. Considering the nonlinear nature of the Beer–
Lambert law, it can be argued that for the same degree 
of differential absorbance and lower total absorbance, 
the SNR of the resulting propene mole fraction trace 
would then be improved. This is particularly relevant to 
the case of larger hydrocarbon pyrolysis which would 
result in absorbance signals being swamped by contri-
butions from large amounts of ethylene, amongst other 
interferents.

5 � Summary and future work

A diagnostic strategy, based on differential absorption, was 
developed to quantify mole fraction of propene (C3H6) 
in combustion gases. It is an initial endeavour to employ 
a laser absorption diagnostic to measure the rapid evolu-
tion of such a hydrocarbon species within a shock tube 
environment. This was achieved through an initial meas-
urement of absorption cross sections at online and offline 
spectral positions. Through judicious choice of the spectral 
positions, interference-free measurements of the propene 
mole fraction can be achieved. Propene mole fraction time 
profiles were also compared to that simulated by a well-
studied chemical kinetic mechanism, and such an experi-
mental diagnostic is a first step in helping to further spur 
the development and refinement of such kinetic models. It 
is suggested that further work could entail optimizing the 
differential cross section used in the diagnostic by select-
ing alternative spectral line positions. In a similar vein to 
improve SNR, a method to suppress background absorb-
ance from interferents could be investigated. However, 
most importantly, our initial endeavour to employ the dif-
ferential absorption technique could be further developed 
to overcome the undesired early time behaviour observed in 
the propene measurements. It is, therefore, recommended 
that online and offline optical measurements be conducted 
synchronously during the passing of a reflected shock wave 
to evade the effects of beam steering.

Fig. 10   Measured offline absorbance (red trace) for pyrolysis of 5 % 
n-butane in argon at T5 = 1339 K, P5 = 3.8 bar. Dashed grey trace 
represents the calculated offline absorbance based on the JetSurF 1.0 
mechanism. Dotted orange and blue traces represent corrections to 
the grey calculated offline profile based on our measured propene 
trace in Fig. 9 and upper estimates of ethylene from the literature [23, 
25]
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