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1 Introduction

Detonation is the supersonic mode of propagation of combustion waves in premixed reactive mixtures.
It is associated with high energy release, pressure, and temperature for short characteristic time and
length scales. Thus, detonations are attractive for applications such as propulsion or power generation.
Near Chapman-Jouguet velocity, detonations are characterized by a three-dimensional (3D) structure
and are intrinsically unstable. The interactions of the transversal waves with the propagating front lead
to an uneven release of energy producing the cell structure. It is an universal characteristic of gaseous
detonations identified by Denisov and Troshin [1] and is a reliable indication of their properties. In
particular, the mean cell width, corresponding to the mean width of the cells projected in a plan, is
associated with the induction zone length of the exothermic reaction in the detonation front. The cell
regularity, corresponding to the general regularity of the cell structure, is associated with the reactivity
of the mixture and can be correlated with numerical parameters, such as the activation energy (θ) and
the stability parameter (χ). Far from the limits of propagation these properties only depend on the
thermodynamic conditions and the composition of the fresh gas and are essential to the understanding
of the detonation phenomenon.

The most accessible technique to characterize the cell structure is the soot-foil, first developed by
Shchelkin and Troshin [2], which provides information on the mean cell width and cell regularity from
the interaction of the waves with the surface of the foil. The drawback of this technique is that it is time-
integrated. Schlieren imaging was performed by Takai et al. [3] to obtain instantaneous information
on a propagating front such as the temporal evolution of the shock within one cell cycle but the tech-
nique and results are sights integrated. To overcome this issue, more studies in narrow channels were
performed by several groups [4–7] but the properties of such detonations are no longer independent of
the confinement conditions. Recent works of Pintgen et al. [8], Mével et al. [9], and Rojas Chavez
et al. [10] focused on the planar laser-induced fluorescence of hydroxyl radical (OH-PLIF) technique
to obtain two dimensional (2D) time-resolved information on the reaction zone of the detonation front.
To characterize the induction zone length Chatelain et al. [11] and Rojas Chavez et al. [12] performed
one-dimensional (1D) laser induced-fluorescence of nitric oxide (NO-LIF). Recently, the 1D results
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were confirmed in 2D by Rojas Chavez et al. [13] by conducting planar laser-induced fluorescence of
nitric oxide (NO-PLIF) in two different hydrogen detonations. Their results showed a large range of
measured induction zone lengths that could not be precisely correlated with the time of the cellular cy-
cle. The present work is dedicated to the study of the evolution of the induction zone length within the
cellular cycle by a combination of the soot-foil measurements and NO-PLIF for a stable H2 detonation
mixture.

2 Experimental Setup and Methods

The same experimental setup as in [14] was employed in this work, which is an updated version of the
previous experimental setup employed in [11, 12]. The total length of the rig was increased to 3.5 m
to allow Chapman-Jouguet (CJ) detonation for a wider variety of initial conditions. The visualization
section was modified to keep a quartz window on one side and a soot foil holder on the facing wall. The
side-wall soot foils were made of 350 mm-long, 120 mm-wide, and 1 mm-thick stainless steel plates and
smoked with a thin carbon deposit. The dimensions of the plates were selected to obtain a large number
of cells, between 6-20 cells in width and 50-80 cells in length, for the investigated initial conditions.
The mixtures for this study were 2H2:O2:3.76Ar and 2H2:O2:3.76Ar seeded with 2000 ppm of NO at
20 kPa and 294 K.

The mean cell width and length were determined by a single observer measuring cells on at least three
plates per condition to ensure reproducible and consistent results. Noises were avoided by eliminating
all the dark spots, scratches, and random sub-structures from the selection, resulting in a total of 1890
cell width measurements for the two mixtures. It is important to note that, for the 2H2:O2:3.76Ar
mixture at 20 kPa and 294 K presented in this work, the main source of noise was associated with poor
quality of smoking of the plates. The argon dilution allows for excellent cell regularity according to
the classification presented in [15] and the small addition of NO (2000 ppm), required for the NO-
PLIF measurements, did not modify it [14]. The observed standard deviations (1σ) of the cell width
distribution for the mixture was small, around 0.7 mm, and the cell size was, therefore, considered
regular. The experimental cell widths were measured with digital tools allowing for an uncertainty
below the standard deviation.

The experimental procedure remains unchanged from [11, 12]. The experimental procedure enables
to achieve repeatable detonation conditions D/DCJ = 1.00 ± 3% and ϕ = 1.00 ± 1% for H2-O2-Ar
mixtures, at T0 = 294 K and P0 = 20 kPa initial conditions.

3 Results and Discussion

The distributions of cell widths and soot foil samples are presented in Fig. 1 for the case of 2H2:O2:3.76Ar
mixture at 20 kPa and 294 K with and without NO (2000 ppm) seeding. The distribution is expressed
as the ratio of the number of cells within a width interval (N) over the total number of cells (NT ). The
results were obtained for a large number of cells, over multiple soot foils, and can be considered statis-
tically representative of the cell width distribution. For both cases, the cell width is varying from 5 mm
to 8.5 mm and the distribution is centered. The weighted mean width is also the most probable width at
around 18% of representation, the variation of the cell width can be approached by a normal distribution
around this maximum. It can also be concluded that the associated width corresponds to the mean cell
width λ. For the two mixtures, with and without NO, the cell structures shown in the soot-foil samples
are similar with a regularity that can be qualified as excellent. The images are in agreement with the
statistical results as the mean cell width obtained is the same for the two mixtures, λ = 6.7mm, and
the cell regularity, expressed by the standard deviation of the distribution is also the same, σ = 0.7mm.

29th ICDERS – July 23–28, 2023 – SNU Siheung, Korea 2



Alicherif, M. Induction Zone Length Measurements by NO-PLIF

From this figure, it can be concluded that a small addition of NO to the mixture does not, quantitatively,
affect the cell structure (i.e., mean cell width and cell regularity). Thus, the NO seeded mixture can be
used to characterize H2-O2-Ar mixtures with the NO-PLIF diagnostic, at T0 = 294 K and P0 = 20 kPa
initial conditions. For the rest of the study, only the NO seeded results will be presented and discussed,
assuming they correspond to the detonation properties of the unseeded mixture.

Figure 1: Soot foil samples and cell size distributions for 2H2:O2:3.76Ar with (top) and without (bottom)
NO seeding at 20 kPa and 294 K initial conditions. NT= total number of cells; N= number of cells
associated with one width.

Figure 2 shows three single-shot NO-PLIF images obtained for three different shots. The detonation
is propagating from left to right and we observe three characteristic zones in the pictures, namely the
fresh gas, the induction zone and the burnt gases. The Fresh gas, on the right, at 20 kPa and 294 K
initial conditions and small NO number density is emitting no/low LIF signal. The induction zone [12],
that is intermediate, corresponds to conditions with elevated pressure and NO density and is emitting
the highest LIF signal intensity with well-defined limits. The burnt gases, on the left, corresponds to
conditions with elevated temperature from exothermic reactions and the resulting relatively low signal
is a complex combination of NO LIF and OH⋆ chemiluminescence.

From these single-shot images, the instantaneous 2D structure of the propagating detonation front can be
determined. In the shots 20-04 and 20-07, it is possible to identify the structure of 3 neighboring cells.
For the two pictures, B represents one cell in the first half of its cycle where the front and the reaction
zone are coupled inducing a thin induction zone. It is surrounded by two larger cells, A and C, in the
second half of their cycles with a thicker local induction zone. In shot 21-05, it is possible to identify
three characteristic steps of the cellular cycle. At the top, A’ represents the smallest local induction zone
associated with the shortest distance between triple points. This corresponds to the beginning of the
cycle, right after the collision of two transversal waves. In the middle, B’ is one of the greatest distances
between triple points, which can be associated with a cell at the middle of its cycle and with a width
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close or equal to λ. Finally, at the bottom, the front is slightly delayed compared to the top of the picture
and we can observe the cell C’ at the end of the cycle before the collision of the two transversal waves.
The local induction zone length associated is one of the thickest that we recorded.

Figure 2: Examples of the detonation front visualizations obtained with the NO-PLIF technique for
2H2:O2:3.76Ar-NO(2000ppm) mixture at 20 kPa and 294 K initial conditions.

Figure 3 displays qualitative profiles of the signal for the shot 21-05. These profiles demonstrate the
thickening of the local induction zone throughout the cell cycle. It was assumed that, given the regularity
of the mixture and the repeatability of the experiments, we could associate the local induction zone
evolution with the distances between triple points. The NO-PLIF results were obtained simultaneously
with soot-foils to extract more information such as the corresponding length for a given local cell width.
An illustrative schematic of the different cell distances utilized for this work is presented in fig. 4-a.

Figure 3: Qualitative profile of the fluorescence signal at different stages of the cell cycle obtained from
shot 21-05. Each profile corresponds to a different cell.

Figures 4-b and -c present the reconstruction of the cell’s local induction zone within one cycle. Figure
4-b is the variation of the local induction length with the local width (w). It can be seen that the local
induction length is very slowly increasing with w until it reaches w=λ. For the second part of the cycle,
the local induction length thickens faster and with greater absolute variability. The same results can
be deduced from the evolution of the local induction length within one cell cycle displayed in fig. 4-c.
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For the first half of the cell, the front is propagating rapidly and the value of the local induction length
is rising very slowly. The slope of the curve changes around 1/2 of the cell when the speed is already
decaying, and the value of w=λ is reached around 2/3 of the cell cycle. From this value, we observe
different slopes for the evolution of local induction zone length and great variability of the value for the
same position. These results can be correlated with the fact that when the front starts to lose speed we
observe a decoupling of the front with the reaction zone leading to a thickening of the local induction
zone length. This decoupling seems to be associated with significant variability of the local induction
zone length for the second half of the cell cycle. The numerically defined CJ induction length seems to
agree with the local induction zone length recorded for the first half of the cell cycle.

Figure 4: a) Schematic of a cell, the length (L) and width (λ) are obtained with soot foil; b) variation
of the local induction length with the local width (w); c) reconstruction of the evolution of the local
induction length within one cell cycle.

4 Conclusion

This work aimed at measuring the local induction zone length for a propagating detonation in a regular
mixture using NO-PLIF and reconstructing its evolution by complementary soot foil measurements.
This work was performed for a stable mixture, 2H2:O2:3.76Ar with NO (2000 ppm) seeding at 20 kPa
and 294 K initial conditions, and the conclusions are:

- The cell regularity is excellent for the mixture with and without NO addition and the observed cell
width is the same. It was assumed that the NO seeding had no impact on the dynamic parameters of
the detonation and the NO-PLIF measurements are a reliable representation of the properties of the
2H2:O2:3.76Ar detonation at 20 kPa and 294 K initial conditions.

- The NO-PLIF images allow obtaining qualitative information about the 2D local induction zone that
can be easily separated from the fresh gas and the burnt gases. The results are single shot and time-
resolved. We observed a thickening of the induction zone length within the cellular cycle.

- With a combination of the soot foil experiment and the NO-PLIF measurements it is possible to re-
construct the evolution of the local induction zone length within one cell cycle. It was seen that the
induction zone length thickens slightly in the first half of the cell cycle and greatly in the second half of
the cell cycle. This change of slope is also associated with significant variability of the local induction
zone length for the second half of the cycle.

The results constitute a first step in the understanding of the evolution of the local induction zone length
by NO-PLIF and will be followed by more experiments in mixtures associated with fair and poor cellular
structure.
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