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Abstract This study aims to investigate the effect of
laser sheet orientation on the OH-PLIF imaging of a
detonation wave and to identify the potential benefit
of using a transverse laser orientation, compared to the
conventional frontal orientation. In this study, we developed a new LIF model, based on a pre-existing one, to
include a more fundamental calculation of the absorption lineshape and the effects of the laser orientation
on the fluorescence signal. One- and two-dimensional
simulations are used to validate this new LIF model
for both laser orientations using OH-PLIF images from
the literature. The effect of the two laser orientations
on detonation imaging is investigated numerically on a
K.P. Chatelain · D.A. Lacoste
King Abdullah University of Science and Technology
(KAUST), Clean Combustion Research Center (CCRC),
Thuwal, Saudi Arabia,
Tel.: +966128084783
E-mail:
karl.chatelain@kaust.edu.sa,
deanna.lacoste@kaust.edu.sa
ORCID id: 0000-0003-4902-3337, 0000-0002-4160-4762
R. Mével
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2D OH field. Based on these results, the frontal orientation seems more suitable to collect information near
the detonation front, while the transverse laser orientation can give more quantitative information far from the
front and only for short optical paths. With the present
laser configuration and experimental conditions, both
laser orientations present the same limitation with a
strong laser energy absorption for long optical paths.
While these first results show a qualitative agreement
with experimental data, new experimental data are required to quantitatively validate this promising transverse laser orientation and confirm its relevance for OHPLIF imaging of detonations.
Keywords detonation front visualization · OH-planar
laser induced fluorescence (OH-PLIF) · spectroscopic
modeling · LIF model

1 Introduction
Planar Laser-Induced Fluorescence of OH radical (OHPLIF) is a powerful technique used to characterize the
structure of the reaction zone during the propagation of
weakly [1, 2] and highly unstable detonations [3, 4]. This
technique has also been employed to characterize the reinitiation mechanism of a highly unstable detonation in
a bifurcation channel [5, 6]. In weakly unstable detonations, the regular and smooth shock front and the related gas dynamics result in a well defined and regular
keystone-like structure of the reaction zone. The combustion is essentially driven by the shock-induced autoignition mechanism. In highly unstable detonations, the
keystone shape of the reaction zone, although still visible, appears much less sharp. The reaction front is
wrinkled and demonstrates small-scale variations in intensity. Pockets of low fluorescence intensity are visible
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behind the detonation front. The combustion is then
driven by both shock-induced ignition and diffusioncontrolled burning [7].
To enable direct comparison between the experimental PLIF images and 2D numerical simulations, Mével
et al. [8, 9] developed a LIF model to obtain numerical PLIF images. They showed that the PLIF images
become increasingly less representative of the OH field
further behind the shock front. Under most detonation
conditions, the LIF process is within the optically-thick
regime due to the high OH concentrations. In other
words, this optically-thick regime corresponds to the
strong absorption of the incident laser light by the high
OH concentration at the beginning of the reaction zone,
which makes the zones of high OH concentration (away
from the front) less visible due to the attenuation of
the laser light as it travels through the medium. Such
an effect was also highlighted by Mével under shock
tube/pulsed laser-induced fluorescence conditions [10].
In [10], three regimes were identified depending on the
characteristics of the optical path: (i) optically thin;
(ii) optically thick; and (iii) non-physical. Although the
study of Mével et al. [8] examined in detail the effect of
various parameters on the PLIF intensity, they have focused on a single laser orientation, the frontal, for which
the laser sheet propagation is opposed to the detonation
wave propagation. However, other studies [11–13] employed a different experimental configuration, the transverse, for which the laser sheet propagation is perpendicular to the detonation wave propagation. This orientation might enable observation of regions of high OHconcentration far downstream of the detonation front.
The goal of the present study is to investigate the effect of the incident laser light sheet orientation on the
OH-PLIF imaging of a detonation wave reaction zone.
For the purpose of this contribution, we limited our
investigation to a weakly unstable detonation wave in
hydrogen-oxygen mixtures highly diluted with argon to
enable direct comparison with the experimental OHPLIF images available in the literature. An updated
LIF model was developed and validated using steady
one-dimensional (1D) and unsteady two-dimensional (2D)
numerical simulations. A comparison of two numerical OH-PLIF images obtained with the aforementioned
laser orientations is performed to highlight the benefits
and drawbacks of the two laser orientations.
2 Numerical simulation methods
2.1 Laser induced fluorescence model
Similar to Mével et al. [8], we employed the 3-level LIF
model of Bessler et al. [14]. In the linear regime and at
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steady-state, the fluorescence intensity for one pumped
electronic transition is given by Eq. 1,
1 X
F ∝ fB Γ Iν0 Ib NOH B
Ai ,
(1)
Q
where fB is the Boltzmann fraction, Γ is the dimensionless overlap integral, Iν0 is the normalized spectral
laser irradiance, Ib is a dimensionless factor accounting
for the light sheet absorption, NOH is the OH radical
number density, B is the Einstein B coefficient, Q is the
quenching rate, and Ai are the Einstein A coefficients.
The parameters in Eq. 1 are calculated as described
in Mével et al. [8] with five main changes: (i) different
laser sheet orientations with respect to the detonation
front can now be considered; (ii) the collisional broadening (∆νc ) is calculated (more accurately) using Eq. 2,

1/2
X
8
2
∆νc = P
XA σAB
(2)
πµAB kT
A

where P is the pressure, T is the temperature, k is the
Boltzmann’s constant, XA is the mole fraction of species
A, and σAB and µAB correspond, respectively, to the
optical collision diameter and the reduced mass between
species A with the fluorescent species (B = OH); (iii)
the absorption lineshape function is calculated using a
Voigt profile as described in [15]; (iv) when the shifts apply (see section 3.2), the linecenter shift of the absorption lines is calculated considering both the pressure
(δP ) and the Doppler shift (δD ), as described in [15,
16]. For any absorption line i, the pressure shifted absorption line is calculated using Eq. 3 and the pressure
shift is obtained δPi = νi,shifted − νi,0 ,

νi,shifted = νi,0 + P

X
A


XA δA,Tref

Tref
T

M
(3)

where νi,0 and νi,shifted correspond to the initial and the
shifted absorption linecenter, respectively, for a specific
mixture in given temperature and pressure conditions;
δA,Tref and M are the pressure shift parameters associated to a given species A (at a given mole fraction XA )
at a reference temperature (Tref ). The Doppler shift δD
is calculated using Eq. 4,
u
δD
=
ν0
c

(4)

where δD and ν0 are respectively the shift value and the
initial absorption linecenter, u and c are respectively the
gas mean velocity in the laser direction and the speed
of light. The updated LIF model also (v) dynamically
considers the contribution of the absorption lines spectrally close to the laser linecenter (± 0.25 nm). The

2.2 Reaction Model
The reaction model employed for all the simulations is
the reaction model of Mével et al. [18]. It is composed
of 9 chemical species (including Ar) and 29 reversible
reactions. It has been extensively validated for different hydrogen-oxidizer mixtures and has demonstrated
good predictive capabilities for a wide range of experimental conditions including detonation relevant conditions [19–21].

2.3 Detonation models
The steady 1D detonation simulations are performed
using a ZND code implemented in CHEMKIN-II. It is
based on the work of Shepherd [22] and is equivalent to
the ZND code available within the Shock and Detonation Toolbox implemented with Cantera [23]. Examples

1
0.8

3

X=20 m
T=1971 K
P=1.2 MPa

5 lines
2 lines
Norm. laser profile

0.6
0.4
0.2
0
283.98

284

284.02

284.04

[nm]
a) von Neumann state
Normalized lineshapes (Voigt) [-]

importance of these adjacent lines is strongly dependent on the experimental conditions and the position
of the laser linecenter. Here, five transitions are considered P1 (5), Q21 (9), Q2 (8), Q1 (9), Q12 (8) (shown in
dashed lines in Fig. 1) whereas Mével et al. [8] used
only Q2 (8), Q1 (9). This more complex approach is justified by the higher initial pressure used by Wang et
al. [13] than that of Austin et al. [4]. The contribution
of the adjacent absorption lines is illustrated in Fig. 1
for conditions corresponding to the von Neumann (vN)
and the Chapman-Jouguet (CJ) states. At the von Neumann state, the calculated absorption lineshape is 16%
higher, at the laser linecenter, when five lines are considered instead of two. This difference reduces to 4%
at the CJ state. A more detailed evolution of the Voigt
profile along the detonation front is presented in Appendix 1.
The dimensions of the laser sheet and the Gaussian
spatial distribution of the laser energy [17] are taken
into account to accurately compare the experimental
and simulated LIF signals for each validation case. Additionally, the curvature of the detonation front is corrected to consider the non-homogeneous optical path
in the 1D simulations (ZND). This correction reconstructs the (vertical) optical path, considering a pile of
ZND calculations that have the same (vertical) thickness as observed experimentally, to obtain the correct
laser absorption. For each ZND calculation, the detonation front is shifted from each other by the offset observed in the experimental image. This correction cannot be applied on the 2D validation, as the curvature
is determined by the simulation.

Normalized lineshapes (Voigt) [-]
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Fig. 1 Effect of the number of absorption lines considered
to calculate the absorption lineshapes at two positions (X)
behind the detonation leading shock. The normalization is
performed considering the maximum of the two Voigt profiles
(i.e. the 2-line and the 5-line profiles) over the entire ZND
profile. The five absorption lines, represented by black-dashed
lines, use the same normalization value. Conditions: 2H2 -O2 10Ar at P1 = 45.3 kPa and T1 = 295 K

of application of this ZND code can be found in [20, 24,
25].
The unsteady 2D simulations are performed using
an inviscid formulation with detailed chemistry with an
in-house code RESIDENT (REcycling mesh Simulation
of DEtonations). Particulars about the numerical methods used, spatial and temporal discretizations as well as
the parallelization methodology can be found in [26, 27].
Briefly, we use operator splitting to couple the hydrodynamics to the chemistry together with directional splitting, along with a ninth-order monotonicity preserving
interpolation in space, and a third order explicit RungeKutta in time. The integration of the chemical source
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terms follows the methodology described in [28] to avoid
being limited by the smallest time scales dictated by
the chemistry. Although this method was proposed in
the context of turbulent simulations, it seems to perform efficiently for detonations as well. Simulations are
conducted in the laboratory frame using 400 processors
and a fixed squared domain of 40 mm. A sliding window
technique [29] is used to keep the propagating detonation within the computational domain at all times. A
uniform mesh resolution of ∆x = ∆y = 10 µm is used
in the 2D simulations, which corresponds to a ratio of
∆i /∆x ∼ 20 [30], where ∆i is the induction zone length,
defined as the distance from the leading shock to maximum thermicity. Increasing the resolution did not result
in changes in the numerically predicted cell size.

To compare the experimental results with the steady
1D simulations, 1D LIF intensity profiles are extracted
from the experimental PLIF images. The post-processing
sequence is illustrated in Fig. 2 and comprises: (i) defining subdomains of interest based on the detonation
front structure; (ii) normalizing the profile in this subdomain; (iii) performing a vertical averaging of the signal to get the 1D profile. These experimental 1D fluorescence profiles are compared with the ZND OH profile
and the simulated fluorescence intensity profile.
The 2D validation of the model relies on a comparison of the experimental images and a 2D synthetic PLIF
image following the methodology described in Mével et
al. [8]. As performed with the 1D validation, this synthetic PLIF image is calculated from the 2D field of OH
using the LIF model.

3 Results and discussion
3.1 Validation using steady 1D simulation
Frontal laser orientation
Figure 3 presents two validation cases of the present
LIF model with the experimental results from Austin [1]
that uses a frontal laser orientation. The present LIF
model reproduces the experimental 1D profiles for all
the areas investigated. From this comparison and the
results obtained with other areas not presented here, it
can be concluded that the modifications made to the
LIF model does not degrade the overall agreement between the experimental and calculated profiles for the
frontal orientation, obtained previously [8].
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Fig. 2 Post-processing methodology: extraction of 1D LIF
intensity profiles from the experimental PLIF images. Conditions: 2H2 -O2 -10Ar at P1 = 45.3 kPa and T1 = 295 K

Transverse laser orientation
Figure 4 presents two validation cases of the present LIF
model with the experimental results from Wang [13],
which used a transverse laser orientation. The two areas selected aim to represent conditions for short and
long optical path (vertically), respectively.
The experimental 1D LIF signal obtained with the
transverse laser orientation is not representative of the
XOH profile and the LIF signal decreases rapidly after
the detonation front, similar to the frontal orientation.
This decrease seems induced by the experimental setup,
that uses a relatively narrow laser sheet (24 mm) for
which only half of the sheet illuminates the reaction
front. The other half of the sheet travels through the
fresh gases located ahead of the detonation front.
The base numerical LIF signal (referred to as Model
with a solid red line in Figs. 4b and 4c) does not seem
to be able to reproduce the overall experimental shape.
Eventhough these results include the following effects:
(i) the non-homogeneous optical path, (ii) the spatial
distribution of the laser energy, and (iii) the curvature
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c) Validation on area 2
Fig. 3 1D validation of the frontal laser orientation (from
the right) using an OH-PLIF image from Austin [1] in a). 1D
experimental (black dots) and ZND (red lines) LIF profiles,
obtained for areas 1 and 2, are respectively presented in b)
and c). ZND OH mole fractions (blue lines) are represented
for comparison. Conditions: 2H2 -O2 -12Ar at P1 = 20 kPa
and T1 = 295 K
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c) Validation on area 2
Fig. 4 1D validation of the transverse laser orientation (from
the top) using an OH-PLIF image from Wang [13] in a). 1D
experimental (black dots) and ZND (red and green lines) LIF
profiles, obtained for areas 1 and 2, are respectively in b) and
c). ZND OH mole fractions (blue lines) are represented for
comparison. Conditions: 2H2 -O2 -10Ar at P1 = 45.3 kPa and
T1 = 295 K
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of the detonation front (by shifting the position of the
detonation front), the saturation of the experimental
images has been neglected. To mimic experimental observations, this saturation is simulated (referred to as
Model sat. with a green solid line) by amplifying the
LIF signal and clipping the maximum value to 1. The
agreement between the experimental and the modeled
LIF signals (Figs. 4b and 4c) is significantly improved
by accounting for the saturation, notably the double
peak is well reproduced in c). Additional validation
cases present similar features and are presented in Appendix 2.
Observed in most of the area with long (vertical) optical paths, the presence of this double peak is mainly
due to the curvature of the detonation and the vertical laser orientation, which produces a non-monotonic
energy profile distribution along the detonation front
axis (horizontal). The 1D fluorescence profile for area 2
in Fig. 4c can be characterized by three regions: (i) for
a short distance behind the leading shock (≤ 1 mm),
the fluorescence signal is at its maximum value, which
is due to the high laser intensity reaching this location, as the laser sheet travels through fresh gases only
(located vertically above area 2); (ii) the second fluorescence peak (near 5 mm) is smaller than the first one,
due to the attenuated laser energy received by the OH
molecules at this specific (horizontal) distance behind
the leading shock. The double peak shape seems more
pronounced in the present conditions due to the narrow
laser sheet, which induces a strong fluorescence decay
beyond 6 mm behind the leading shock. (iii) the local
fluorescence minimum (near 2 mm), located between
the two fluorescence peaks, is due to a lower laser energy at this specific location, compared to both (i) and
(ii). This lower laser energy is due to the high OH density pockets in the previous areas located above vertically (or for shorter optical paths).
It is noted that part of the difference of width between
the experimental and the simulated signals for area 1
is due to the edge of the optical windows (which is noticeable with the rounded shape at the top of Fig. 4a),
which obscures the experimental signal at this location.
Many aspects of the imaging system had to be included in the modeling to obtain qualitative agreement
with the experimental data. To the best of our knowledge, all the images currently available in the literature [11, 12] obtained with the transverse laser orientation show some degree of saturation, hence no further
validation can be performed. Since some of these aspects are difficult to quantify in the present validation
data, additional experimental data are required to better validate the model. New experimental data must be
obtained with OH-PLIF images free of saturation and
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with a known spatial distribution of the incident laser
energy.

3.2 Effect of the absorption line shift
Due to the high pressure and the high flow velocity involved in detonations, both the pressure and the Doppler
line shifts, denoted δP and δD , are expected to be nonnegligible. This section aims to quantify these values
along the detonation front and to identify their relevance to reproduce the LIF signals. Only Austin’s conditions can be used to investigate these effects, as δD =
0 for the transverse laser orientation.
Figure 5a presents the evolution of both shifts and
the total linecenter shift δTot. along the detonation for
a single absorption line (Q12 (8)). Similar trends are obtained with the other absorption lines. Although the
Doppler line shift δD is important in such high speed
flow, with a relative contribution from 80 to 85% along
the detonation, the δTot. remains low at this condition
(δTot. < 1.5 pm), as presented in Fig. 5a. In Fig. 5b,
the experimental 1D LIF profile is compared with three
different simulated LIF profiles. In the first one (Model
no shift) none of the absorption line shifts are considered; in the second one (Model + δP ), only the pressure
shift is included; while in the third one (Model + δP+D )
both (the Doppler and the pressure shifts) are included.
For this condition, the pressure and the Doppler shift
have a negligible and limited (a 3.5 % increase of the
fluorescence signal in average) effect on the overall fluorescence signal, respectively. As observed in Fig. 5a, the
low δTot. is mainly due to the low pressure conditions
used in the validation cases from Austin [1]. However,
similar conclusions (δTot. < 1 pm) can be drawn for the
conditions from Wang [13], obtained at higher initial
pressure (P1 = 45 kPa) but with a transverse laser orientation, for which δD = 0 and δP < 1 pm. Further discussions on the absorption line changes as a function of
the experimental conditions are presented in Appendix
3.
As presented in Eq. 4, the δD must be calculated
with care as it can be either zero (transverse laser orientation), have the same sign as the δP (frontal orientation, meaning laser light propagating opposite to the
flow), have the opposite sign as that of δP which can
induce a shift to the UV in specific conditions (dorsal
laser orientation, meaning laser light propagating in the
same direction as the flow).
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verse orientation, the shape of the front is different on
the top left of the images (short optical path). This
difference is due to the edge of the visualization window, which is displayed in dashed black lines in Fig. 6b
but not considered in the LIF intensity calculation. The
numerical OH-PLIF image, in Fig. 6b, qualitatively reproduces the experimental OH-PLIF image from Wang,
when both the saturation of the camera and the edge
of the visualisation window are accounted for.
Based on the different validation of the LIF model,
Fig. 6c aims to represent the hypothetical experimental OH-PLIF image without saturation of the camera.
This synthetic OH-PLIF image demonstrates a strong
absorption of the laser energy along the vertical axis,
which is barely noticeable in the experimental images
due to the saturation of the camera. The numerical LIF
signal rapidly drops close to 0 after only 20 mm (from
the top of the image). The double peaks observed experimentally, which were reproduced with the 1D simulations (Fig. 4, are also observed on the 2D numerical
PLIF (see line at 3.3 mm in Fig. 7. In addition, even
more complex profiles can be observed for different vertical positions (see line at 9.9 mm in Fig. 7. These more
complex profiles are due to the combination of the OH
concentration nonuniformity and the spatial distribution of the laser energy inside the reaction front. These
very complex LIF intensity profiles emphasize the need
for new experimental data with precise measurements
of the laser energy profile to fully validate the transverse orientation of the LIF model.

b) Effect of the absorption line shifts on fluorescence
Fig. 5 Quantification of the absorption line shift on a single transition (Q12 (8)), in a). Effect of the absorption line
shifts on the fluorescence signal, in b). The area 2 used previously in the 1D validation (Fig. 3c) is shown for comparison.
Conditions use a frontal laser orientation and a 2H2 -O2 -12Ar
mixture at P1 = 20 kPa and T1 = 295 K

3.3 Unsteady 2D simulation
Experimental-numerical comparison of the 2D PLIF signals
Figure 6 compares the curved and saturated experimental OH-PLIF field (in a)) with the ideal, essentially
flat numerical ones obtained with (in b)) and without
corrections (in c)) to consider saturation of the camera.
The level of saturation is the same as the one used in the
1D validation in Fig. 4. As seen in Fig. 6b, the corrected
fluorescence signal reproduces qualitatively the experimental OH-PLIF images, notably the width of the front
illuminated with the laser sheet and the relative fluorescence intensity between the top and the bottom of the
image. As observed in the 1D validation of the trans-

Effects of the laser orientation the detonation front visualization
The effect of the two laser orientations is investigated
using the results from the unsteady 2D simulation, in
Fig. 8. These results consider an ideal laser sheet (without a Gaussian spatial energy distribution) to preclude
the effect of the laser energy profile. For a frontal orientation, the present results are similar to those obtained
by Mével et al. [8] with a high fluorescence intensity
confined to the detonation front. The use of a transverse laser orientation enables to visualize regions of
high LIF intensity (in Fig. 8c) far behind the detonation
front but limited to 1 cm vertically. In the case of the
transverse laser orientation, the LIF intensity (at least
for short optical paths) better represents the OH profile along the detonation front compared to the frontal
laser orientation. In addition, the LIF signal obtained
from the transverse laser orientation enables to observe,
to some extent, the complex patterns associated with
the OH concentration in Fig. 8a but with different intensities. These observations are not possible from the
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20 mm

a) Experimental OH-PLIF

b) Numerical OH-PLIF (corrected)

c) Numerical OH-PLIF (no corrections)

Fig. 6 Comparison between experimental and numerical OH-PLIF images. a) experimental OH-PLIF from Wang [13]; b)
numerical OH-PLIF including corrections for camera saturation; c) numerical OH-PLIF without corrections for camera saturation. Color scale is identical between b) and c). In b), the dashed line represents the edge of the observation window, based
on the experimental dimensions. In c), the blue and red dotted lines represent the location of the two profiles represented in
Fig. 7. Conditions: 2H2 -O2 -10Ar at P1 = 45.3 kPa and T1 = 295 K
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Numerical 1D OH-LIF signals
Fig. 7 Normalized 1D LIF profiles extracted at two different
heights from Fig. 6c, respectively at 3.3 mm and 9.9 mm from
the laser entrance (top of the image). Conditions: 2H2 -O2 10Ar at P1 = 45.3 kPa and T1 = 295 K

frontal laser orientation due to the optical thickness of
the detonation front.

4 Conclusions
An improved version of the LIF model presented in
Mével et al. [8] has been developed and validated against
1D and 2D simulations using OH-PLIF images from
the literature. Although detonation involves both high
speed flow and high pressure variations, the absorption

linecenter shifts have a negligible effect on the overall
fluorescence signal for the present experimental conditions. The effect of the laser sheet orientation on the
OH-PLIF imaging is investigated numerically by using
the validated LIF model on 2D OH concentration distributions obtained from numerical simulations. Based on
the present results, the transverse orientation of the incident laser sheet could enable to observe regions of high
OH-concentration behind the detonation front. While
the visualization of domains with relatively short optical paths enables such observation, domains far from it
are significantly affected by laser absorption because a
detonation is an optically-thick reactive flow, at least
in the experimental configuration we studied. In addition, the curvature of the detonation front can create
a non-homogeneous optical path which complicates the
interpretation of the PLIF images and LIF profiles extracted from them. Such an effect is not observed for
the PLIF imaging with the frontal laser light orientation.
This work demonstrates that the use of the transverse
laser orientation with a wide laser sheet and a known
and appropriate spatial distribution of the laser energy
allows to visualize reactive areas behind the detonation
front. While these results show a qualitative agreement
with experimental data, new experimental data are required to quantitatively validate this promising transverse laser orientation and to confirm whether this laser
orientation provides useful additional information during visualization of the detonation front.
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9. Mével, R., Davidenko, D., Lafosse, F., Chaumeix, N.,
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21. Gallier, S., Le Palud, F., Pintgen, F., Mével, R., Shepherd, J.E.: Detonation wave diffraction in H2 -O2 -Ar mixtures. Proceedings of the Combustion Institute 36(2),
2781–2789 (2017). https://doi.org/10.1016/j.proci.
2016.06.090.
22. Shepherd, J.E.: Chemical kinetics of hydrogen-air-diluent
detonations. Prog. Astronaut. Aeronaut. 106, 263–293
(1986).
23. Browne, S., Zeigler, J., Shepherd,J.E.: Numerical solution
methods for shock and detonation jump conditions. Tech-

K.P. Chatelain et al.

24.

25.

26.

27.

28.

29.

30.

nical report FM2006-006, Graduate Aeronautical Laboratories California Institute of Technology (2008).
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Appendix 1: Sequence of images of the Voigt
profile evolution along the detonation front
This appendix presents a more detailed evolution of the
Voigt profiles presented in Fig. 1, with a higher spatial
resolution to better illustrate the absorption lineshape
evolution along the distance behind the leading shock
(X). Similarly to the results presented in Fig. 1, the
absorption lines are simulated based on Wang’s experimental conditions with a transverse laser orientation
(δD = 0 and δTot. = δP ). A movie presenting this sequence of images with intermediate positions is available in the Supplementary material.

Appendix 2: Additional 1D validation cases with
the transverse laser orientation.
Figure 10 presents two additional 1D validation cases
extracted from Wang’s OH-PLIF image [13]. As presented for areas 1 and 2, the LIF model reproduces
qualitatively the overall intensity profile for both areas
3 and 4 when the correction accounting for the saturation of the camera is included. In area 3, the fluorescence decay has an overall offset of 2 mm, which is
relatively small considering the non-ideality in the experimental image (the tilted detonation front). In area
4, the double peak structure is reproduced in the simulation with a local fluorescence intensity minimum located near 2 mm as observed experimentally. The double peak intensity is underestimated by 25% in area
4, this might indicate that the fluorescence signal attenuation is overestimated in the current model or this
might be due to an overestimated laser intensity attenuation. As discussed in Sec.3.1 and emphasized in
the conclusions, new experimental data are required to
fully validate the LIF model for the transverse laser
orientation.

Appendix 3: Relevance of the new LIF model
This appendix demonstrates the need to develop the
new LIF model and to consider the improvements presented in this work, notably the absorption line shifts
and the Voigt profile calculation. As explained in Sec.3.2,
the two laser orientations (the transverse and the frontal)
must be considered independently as the Doppler shift
is significantly different for these two orientations. Only
three characteristic distances from the detonation front
are presented in Figs. 11 and 12: von Neumann state
(XvN ), induction length (∆i ), CJ state (XCJ ).
Figure 11 emphasizes the contribution of the Doppler
shift (δD ) for Wang’s conditions, for both the two and
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the five line calculations of the Voigt profile. As the laser
linecenter is constant, the δD contribution is observed
by comparing the shift of the Voigt profile maximum
with the laser linecenter between Figs. 11a and 11b for
the three positions. As the δD decreases with the distance behind the leading shock and is mainly contributing to the δTot. , it must be noted that the shift is the
strongest for XvN .
Figure 12 presents the evolution of both the two and
the five line calculation of the Voigt profile at two different pressure conditions using a frontal laser orientation
and for the three distances from the detonation front,
defined previously: XvN , ∆i , and XCJ .
These figures show the need to consider the contribution of additional absorption lines for higher initial
pressure in this specific spectral range.

12
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Fig. 9 High resolution spatial evolution of the transitions lineshape as a function of the distance relative to the detonation
front. For each sequence, the vertical red line on the left figure represents the actual distance relative to the detonation front
that is used to calculate the transitions lineshape on the right
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b) Validation on area 3
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c) Validation on area 4
Fig. 10 1D validation of the transverse laser orientation using an OH-PLIF image from Wang [13], in a). 1D experimental
(black symbols) and ZND (red and green lines) LIF profiles, obtained for area 3 and 4, are respectively in b) and c). ZND OH
mole fractions (blue lines) are represented for comparison. Conditions: 2H2 -O2 -10Ar at P1 = 45.3 kPa and T1 = 295 K
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Fig. 11 Effect of the laser sheet orientation on the absorption line shifts in Wang’s conditions [13]. Conditions: 2H2 -O2 -10Ar
at P1 = 45.3 kPa and T1 = 295 K
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a) Wang’s conditions

b) Wang’s mixture with P1 = 100 kPa

Fig. 12 Effect of the initial pressure on the absorption lineshapes in Wang’s experimental conditions [13] with a frontal laser
orientation. Conditions: 2H2 -O2 -10Ar at T1 = 295 K and both P1 = 45.3 kPa and P1 = 100 kPa, respectively in a) and b)

