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Introduction

Liquid-fuel detonations or spray detonations are always of
interest due to their important roles in several practical
applications, such as explosion prevention in the presence
of leakages occurring in liquid-fuel storage tanks and
pipelines or the onset of two-phase detonations in develop-
ing detonation engines such as PDE or RDE. A PDE is a
combustion system which relies on repetitive detonations
that are cyclically initiated in a tube. Within one combustion
cycle, the processes of fuel/air filling, detonation initiation,
detonation propagation, and blowdown of burned products
proceed sequentially. When liquid fuels are employed in
PDEs, tremendous difficulties arise during the detonation
initiation process due to the inherent insensitivity of
droplet-air mixtures. To overcome this problem, high-
vapor-pressure fuels (such as n-hexane and n-heptane)
were adopted [1] owing to their rapid vaporization rates.
Another strategy is to operate the liquid-fuel PDE mimick-
ing a gaseous-fuel PDE by preheating the air and/or fuels
[2]. Tucker et al. demonstrated liquid-fuel PDE operation up
to 15 Hz with the inlet air heated to 123 °C or 149 °C,
wherein different liquid fuels with varying volatility levels
were preheated to 192/279 °C or even unheated. From a
practical point of view, the fuel may coexist in both the
liquid and vapor phases, especially at relatively low
temperatures. It is well known that the choice of an appro-
priate equivalence ratio plays a vital role in ensuring the
successful operation of a gaseous-fuel PDE. However, for
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the case of liquid-fuel PDE, the definition of the equivalence
ratio becomes more ambiguous. It is possible to adopt a
global (or overall) equivalence ratio based on the total
amount of fuel or a vapor-phase equivalence ratio based
only on the amount of fuel present in the vapor phase. It is
of interest to experimentally investigate which definition of
equivalence ratio is more relevant for the successful opera-
tion of liquid-fuel PDE.

In the 1980s, Lin et al. [3] used a predetonator to initiate
clouds of decane droplets and air at 50 °C. They found that
when the vapor-phase equivalence ratio to the global equiv-
alence ratio ¢,/¢ = 0.42, for which ¢ = 1.72 and
¢, = 0.72, spray detonation can be achieved, and it was an
essentially gaseous detonation based on the measured deto-
nation velocity. Note that ¢,/¢ is identical to the percentage
of vaporized fuel. In 2001, Brophy et al. [4] successfully
initiated spray detonations in JP-10/air in a PDE in which a
JP-10/oxygen predetonator was used. They obtained
detonations for conditions where the inlet air temperature
was higher than 102 °C, and more than 70 % of the fuel had
vaporized, corresponding to ¢,/¢p = 0.7. From these studies,
it is fairly acceptable that the amount of fuel present in the
vapor phase prior to detonation ignition has an important
effect on heterogeneous spray detonations. However, the
most pivotal factors for achieving successful spray
detonations, e.g., ¢, ¢y, or ¢/, still remain unresolved. In
this paper, a series of experiments performed on a Jet Al/air
PDE with varying air temperatures and global equivalence
ratios are conducted for this purpose.

Experiments and Results

First, experiments using a global equivalence ratio slightly
above unity were carried out at a high inlet air temperature.
This is to ensure the capability of the present experimental
rig in successfully achieving detonations when the liquid
fuels are fully vaporized. As shown in Fig. 1, when the
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Fig. 1 Wave speed run-up during the DDT process (CW filled circle
and PW open circle)
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global equivalence ratio ¢ = 1.17 — 1.21 and the air tem-
perature is 186 °C, detonation transitions are observed. The
PDE was fired in succession at a frequency of 2 Hz for nine
times. Detonation transitions were attained in the tube for all
nine firings, with 22.2, 33.3, and 44.4 % of the total
transitions occurring at three different locations, respec-
tively. The subsequent set of experiments was conducted at
arelatively lower air temperature to evaluate the dependence
of air temperature on the detonability.

As shown in Fig. 2a, at a relatively lower temperature
where the global equivalence ratio was slightly above unity,
successful detonations were not achievable. At T,;, = 167 °C,
the maximum wave velocity at the last measurement location
was only 1500 m/s. However, when the global equivalence
ratio was subsequently increased to yield a more fuel-rich
mixture, corresponding to ¢ = 1.57-2.0, detonations were
obtained as long as T, > 152 °C. This implies that an
increase in the global equivalence ratio has enabled the
onset of detonation to occur at a relatively low temperature.

Finally, experiments were conducted at relatively low
temperatures with the global equivalence ratio increased to
extremely high values. As shown in Figs. 3 and 4, as the air
temperature was gradually reduced, the global equivalence
ratio was increased to extremely high values. To our sur-
prise, the Jet Al/air PDE was able to operate successfully for
the entire range of air temperatures, even though the air
temperature was only 70 °C. The measured wave velocities
for all shots were in the range of 1790-1967 m/s. These
results indicate that the use of extremely high global equiva-
lence ratios is favorable for attaining spray detonations at
relatively low temperatures. Using the NIST phase equilibria
code SUPERTRAPP, the vapor-phase equivalence ratio
corresponding to the global equivalence ratio at different
temperatures can be calculated. The question arises as to
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Fig. 2 Wave velocity at the last measurement location for different air temperatures
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whether phase equilibrium is established during the fuel
filling time. During the testing, the droplet diameter was
maintained at a SMD of 10 pm for a total of 22 shots.
Applying a simple D? law, the equilibration lifetime to
reach ¢, = 1.35 is estimated to be approximately
0.00122 s. This value of equilibration lifetime is much less
compared to the filling time for the present testing
conditions. Therefore, it is likely that phase equilibrium is
established during the testing. From Fig. 4, we can find that
the use of extremely high global equivalence ratios at rela-
tively low temperatures actually leads to a corresponding
vapor-phase equivalence ratio ¢, lying in the range of
slightly above unity (Fig. 5).

the "number"th shot

As the previous studies [3, 4] focused on the role of the
fraction of vaporized fuel on spray detonations, the fractions
of vaporized fuel (or ¢,/¢) in our final experiments are
estimated (see Fig. 6). Corresponding to shots 1-7 and
9, the fuel has fully vaporized and thus ¢,/¢ = 1. When a
relatively low air temperature is applied, a cool saturated
fuel in the vapor phase (/¢ < 1) is present. In this experi-
ment, even when the fraction of vaporized fuel is as low as
0.3, successful liquid-fuel PDE operation is still accom-
plished, which can be attributed to the vapor-phase equiva-
lence ratio attaining a composition that is easier to undergo
detonation. From Figs. 4 and 6, it is realized that the amount
of vaporized fuel sufficient for spray detonations depends
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not only on the mixture/air temperature but also on the
global equivalence ratio being applied. Comparing to the
existing data from the available literature [1, 3, 4] (see
Fig. 7), successful detonations were achieved when ¢, of
the liquid fuel was near stoichiometric or slightly fuel-rich.
This indicates that the vapor-phase equivalence ratio plays a
pivotal role in ensuring the successful operation of liquid-
fuel PDEs. One could thus elevate the air temperature,
increase the global equivalence ratio, or use a highly volatile
liquid fuel to attain a suitable vapor-phase equivalence ratio.
To quantitatively ascertain the amount of vaporized fuel
which is present in the mixture of reactants and thus to
obtain an appropriate vapor-phase equivalence ratio, an in

the "number"th shot

situ optical diagnostics technique for quantifying the con-
centration of vaporized liquid fuel is currently under
development.

Conclusions

Based on a series of experiments, it has been shown that the
vapor-phase equivalence ratio plays a pivotal role in ensur-
ing the successful operation of liquid-fuel PDEs. Based on
the existing data from the literature and the present study,
successful detonation experiments using liquid fuels are
generally achieved when the vapor-phase equivalence ratio
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is near stoichiometric or slightly fuel-rich. At a relatively
low temperature, an increased global equivalence ratio
would thus be favorable for achieving an appropriate
vapor-phase equivalence ratio.
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