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2 Introduction

Liquid alcohols (e.g., methanol, ethanol) are low-carbon, highly volatile liquid fuels commonly used
in industry. Studying the conditions for igniting their detonation is important for preventing accidents
during transport or storage. Harnessing their detonation in air or oxygen is also of practical interest as a
combustion process in advanced propulsion systems designed to achieve pressure gain for more efficient
combustion, such as rotating detonation engines [1–3].

Few studies have been conducted on the detonability of alcohol-oxidizer gas mixtures. Eaton et al. [4] and
Diakow [5, 6] studied the width of detonation cells in vaporized methanol/ethanol-oxygen mixtures and
compared it to predictions from correlations with calculated lengths of the ZND reaction zone. Diakow
et al. [5] and Zevallos et al. [7] investigated the detonation propagation and the deflagration-to-detonation
transition (DDT) limits of vaporized ethanol–air mixtures. The propagation of detonation in gaseous mix-
tures obtained by vaporization of a liquid fuel layer into a gaseous oxidant was addressed by Hieronymus
et al. [8, 9] and Dengel et al. [10, 11]. They studied the propagation of detonations in methanol-oxygen
liquid-gas systems and showed that the detonation velocity decreases with decreasing pressure and be-
comes constant after a step corresponding to the pressure-flammability limit of the gas phase. These
studies mainly describe detonations occurring directly in the gas phase at the surface of the liquid above
the flammability limit. Detonation below this limit occurs throughout the gas phase where the liquid has
diffused. Hieronymus et al. [9] found no dependence of detonability on liquid layer thickness. Dengel et
al. [10, 11] did not observe any influence of the detonation on the liquid surface as it passes over.

In this work, we experimentally analyze the 3D cellular structure of detonation in gaseous ethanol-oxygen
mixtures using side-view and front-view recordings on soot foils. We then calculate the mean cell width
as a function of the equivalence ratio and initial pressure width using the predictive model based on graph
theory and geometric probabilities by Monnier et al. [12]. Section 2 describes the experimental setup and
methodology, Sect. 3 presents and analyzes the results, and Sect. 5 concludes the work.
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3 Experimental setup and methodology

Figure 1: Scheme of the experimental setup.

Figure 2: Calculated and measured equivalence ra-
tios (ER) of EtOH-oxygen mixtures relative to the
initial pressure p0 in the chamber.

The setup consisted of two sections, i.e., the
booster and the test chamber, with lengths of 4
m and 0.4 m, respectively, and the same square
cross-section of 50×50 mm2. They were sep-
arated by an 18 µm thick plastic film (Mylar).
The methodology involved initiating a detonation
in the booster section with an electric arc and
accelerating the transition to a steady detonation
with a Shchelkin spiral. Upon impact, the My-
lar foil acted as a piston, generating a shock that
may or may not initiate detonation in the gas of
the test chamber, depending on its initial charac-
teristics - namely, equivalence ratio, initial pres-
sure, and temperature. The advantage of the
shock-to-detonation process over the deflagration-
to-detonation transition is that it ensures detona-
tion initiation over shorter distances. The booster
gas was either a H2 + 1

2 O2 or C3H8 + 5 O2 mixture
at ambient temperature (299 K) and the same ini-
tial pressures as the test chamber. The mixtures in the chamber consisted of gaseous ethanol (C2H5OH)
and oxygen (O2) at varying initial pressures p0, equivalence ratios (ER), and ambient temperature. The
chamber was filled with gaseous O2 and a thin layer of liquid C2H5OH (1 mm). After a few minutes,
the liquid vaporized and diffused into the gaseous O2, forming a homogeneous mixture saturated with
ethanol. Under these conditions, the equivalence ratio decreased with increasing initial pressure p0. The
initial pressures p0 ranged from 15 to 100 kPa. The liquid layer of ethanol above the underside of the
chamber served only to generate the gas mixture. The liquid layer remaining after the desired composition
has been achieved has no effect on the propagation and structure of the detonation (Sect. 4).

Optical oxygen probes (Pyroscience PreSens Oxygen Dipping Probe PSt3) were used to measure the
oxygen concentration in the test mixture. The detonation velocities and pressures in the booster and
the test chamber were measured using four Kistler 603CAB pressure transducers (Fig. 1, S1-3, 1 µs
response time, 300 kHz natural frequency), each coupled to a Kistler 5018A charge amplifier (200 kHz
bandwidth). The cellular structure of the detonation was characterized using side-view and front-view
soot-coated foils. The side-view foils covered the entire length of the sidewall of the test chamber and,
together with the velocity measurements, provided a criterion for detonation stability based on nearly
constant cell geometric properties. The front-view foils were perpendicular to the direction of detonation
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propagation and covered the entire cross section of the chamber.

We measured the composition of the ethanol-oxygen mixture in the chamber using oxygen probes at an
initial temperature of 299.15 ± 1 K. No significant variations in the mixture composition were observed
with respect to the longitudinal or transverse position of the measurements. Ethanol diffuses into the
oxygen as a function of temperature and pressure, and the composition stabilizes after 3-5 minutes under
our experimental conditions. This period represents the minimum delay required after injection to ignite
the detonation in the booster gas. Figure 2 shows the measured and theoretically estimated equivalence
ratios (ER), assuming the gas mixture is saturated with ethanol.

4 Results and analysis

Figure 3: Pressure signals with p0=50 kPa. Top:
shock in O2. Bottom: detonation in EtOH/O2 mix-
ture at ER=0.59.

The pressure signals were used to characterize det-
onation initiation and propagation. Pressure trans-
ducer S1 was located in the booster section, while
S2 and S3 were located in the test chamber. Figure
3 compares the pressure history records without
(top) and with (bottom) the EtOH liquid layer in
the chamber for a shock transmitted to the cham-
ber from a stoichiometric C3H8 / O2 detonation in
the booster.

Figures 4 and 5 show side-view and front-view
soot recordings for p0 = 20 kPa, with detonation
cells indicating detonation propagation. Detona-
tion initiation is observed in the lower left of the
recording in Figure 4 as an overdriven detonation
propagating transversely to the tube axis. This
is indicated by the transverse orientation of very
small detonation cells that progressively increase
in size. Steady propagation is then achieved, as

evidenced by larger cells of nearly uniform size and orientation relative to the tube axis. The front view
in Figure 5 shows the cell patterns during the steady propagation phase at the end of the test section. The
edges of these patterns correspond to the positions of the transverse waves that bound the cells at the
instant of the head-on impact with the soot-coated foil. These recordings show that the detonation prop-
agates steadily through the assumed uniform distribution of EtOH in oxygen. The liquid layer appears
to have no visible effect on the detonation cells, as they all have approximately the same characteristics
regardless of their vertical positioning.

Figure 6 shows the distributions of the measured detonation cell widths for initial pressures of 20 and 100
kPa. These distributions were obtained with O(100) cell width measurements. They have a sufficiently
sharp shape to make the most represented value a statistically significant mean. These are 4.1 mm and
10 mm for p0 = 20 and 100 kPa, respectively. We recall (Sect. 3) that vaporization leads to equivalence
ratios that decrease with increasing initial pressure, which accounts for the larger mean cell width at 100
kPa. The soot recordings, such as those in Figs. 4 and 5, show that the cell widths remain essentially
constant across the height of the chamber. They also show a large number of cells at the detonation front,
i.e., the cell widths are small relative to the transverse dimension of the chamber, regardless of the initial
pressure.

Non-excessive irregularity, steady propagation, and a sufficiently large number of cells suggest that the
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cell structure is independent of the channel geometry under our conditions. These cell widths are thus
suitable for prediction based on the model of Monnier et al. [12], which combines graph theory, geometric
probabilities, and ZND properties derived from detailed chemical kinetic mechanisms. Table 1 compares
the measured and calculated mean widths and shows excellent agreement with Konnov’s kinetic mecha-
nism [13].

Figure 4: Side-view soot recording of the detonation cellular structure in the EtOH-oxygen mixture at
ER=2.12 and p0=20 kPa. The detonation propagates from left to right, lower plates continuing upper
ones.

Figure 5: Front-view soot recording of the detonation cellular structure in the EtOH-oxygen mixture at
ER=2.12 and p0=20 kPa.

Table 1: Measured (λx) and calculated (λc) [12] cell mean widths for EtOH-oxygen mixtures.

p0 ER λx λc Chemical mechanism
(kPa) (mm) (mm)

20 2.13 4.1 ± 1.3
5.1 Konnov [13]
11.6 SanDiego [14]

100 0.27 10 ± 1.8
10.5 Konnov [13]
17.1 SanDiego [14]
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Figure 6: Cell width distributions for EtOH-O2 mixtures with (Left) ER = 2.13 and p0 = 20 kPa, and
(Right) ER = 0.27 and p0 = 100 kPa.

5 Conclusion

This study demonstrate the possibility of detonation in ethanol-oxygen mixtures from direct observation
of the cellular structure of the detonation reaction zone. Homogeneous ethanol-oxygen gas mixtures were
generated by diffusion from a layer of liquid ethanol initially placed under an atmosphere of gaseous
oxygen. The initiation, propagation, and cellular structure of the detonation were analyzed using pressure
transducers and side-view and front-view soot recordings. Steady detonation propagation in ethanol-
oxygen gas mixtures was achieved for several equivalence ratios ranging from 0.27 to 2.13. Calculated
mean detonation cell widths – based on graph theory, geometric probabilities, and ZND properties from
Konnov’s chemical mechanism – were found to be in good agreement with the measurements, further
confirming that detonation effectively propagated in the saturated ethanol-oxygen gas. Ongoing studies
address the effect of varying the equivalence ratio at fixed initial pressures.
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