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DDT limits of ethanol–air in an obstacles-filled tube
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bDepartment of Mechanical and Materials Engineering, Queen’s University, Kingston, ON, Canada

ABSTRACT
Experiments were performed to study flame acceleration and defla-
gration-to-detonation transition (DDT) in ethanol–air mixtures in a
tube filled with orifice plates with a blockage ratio of 0.44. Tests were
conducted at initial temperatures of 100 and 200°C, and initial pres-
sures of 60 and 101 kPa. Experiments carried out at 60 kPa did not
result in DDT, whereas tests performed at 101 kPa, at both 100 and
200°C, resulted in DDT for mixtures in the equivalence ratio range of
1.1–1.3. In a previous study, cell size data of a “double cell structure”
have been obtained for mixtures of ethanol–air. Using the d/λ = 1
criterion (that has been confirmed in the tube and orifice plate
geometry used in this study with gaseous fuels at room temperature),
it was determined that the DDT limit correlates with the ethanol
large-cell size reported in the previous study. As a result, for explo-
sion safety purposes, the large-cell size data should be used for
assessing the DDT potential of an ethanol–air mixture.
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Introduction

Ethanol is a grain alcohol that is an important fuel additive used in the operation of internal
combustion engines for transportation. In North America, ethanol is added to gasoline up to
10% by volume to increase the octane number. In Brazil, most of the automobiles use fuel
consisting of either a large fraction of ethanol, or pure ethanol for large transport trucks.
Ethanol is also used in the chemical industry as a base chemical for producing organic
compounds. Unlike gaseous fuels, the detonability of ethanol has not been studied extensively.

A detonation wave is a multidimensional front consisting of shock waves moving in the
forward direction, as well as in the transverse direction (Ciccarelli and Dorofeev, 2008).
Chemical reaction is initiated by the adiabatic compression of the mixture processed by
the strongest parts of the corrugated lead shock wave. The points where the weaker
transverse shocks intersect the lead shock front are commonly referred to as triple-points.
There are two “families” of triple-points, where alternating triple-points travel in opposite
directions, transversely along the detonation front. When a detonation wave propagates in
a tube, the triple-points trace out a cellular pattern on the inner-wall of the tube. This so-
called “fish-scale” pattern is captured on a foil that is pre-coated with carbon soot. The
average dimension of the cells formed on the foil, λ, is known as the detonation cell size.
Note, the cell size is equivalent to the average spacing between triple-points of the same
family. The detonation cell size is an important parameter used to characterize the
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detonability of a fuel. Specifically, the smaller the detonation cell size, the more easily the
fuel–oxygen mixture is detonated, e.g., less energy is required for direct initiation
(Ciccarelli and Dorofeev, 2008).

In accident scenarios, detonation initiation normally occurs following flame acceleration,
whereby a strong shock is produced ahead of the flame. This phenomenon is studied in long
ducts equipped with obstacles to promote flame acceleration. Commonly, these types of tests
are performed in round tubes filled with orifice plates (Lee et al., 1985). Deflagration-to-
detonation transition (DDT) requires that the flame accelerates to a velocity on the order of
the speed of sound of the combustion products, and that the orifice plate diameter, d, must be
larger than the mixture’s detonation cell size, i.e., d/λ > 1 (Peraldi et al., 1988). Detonation
initiation typically occurs as the result of the interaction of the lead shock wave with the
obstacle face, or the tube wall (Rainsford and Ciccarelli, 2017).

Ciccarelli and Cross (2016) studied the influence of the orifice blockage ratio (BR) on
the DDT limit (i.e., minimum mixture composition resulting in DDT). The BR is defined
as the ratio between the cross-sectional area of the tube blocked by the obstacle and the
cross-sectional area of the tube; for a tube with diameter D, the BR is BR ¼ 1� d=Dð Þ2.
The experiments were carried out inside a stainless-steel tube of 10 cm diameter and 6.1 m
long with different types of fuels. It was shown that for a BR of 0.44, the DDT limit
correlated with the criterion d/λ > 1, corroborating the experimental findings of Peraldi
et al. (1988). Other studies, such as by Kuznetsov et al. (1999), performed with similar BR
orifice plates have also confirmed the applicability of the DDT criterion.

The most comprehensive study of detonation waves in ethanol–air mixtures was per-
formed by Diakow et al. (2015) and Diakow (2012). They measured the detonation cell size of
ethanol–air mixtures at 101 kPa and temperatures of 30°C and 100°C. Diakow et al. (2015)
reported two cell sizes for ethanol–air mixtures. The large cell size λLð Þ and small cell size λSð Þ
were obtained from soot foils (30.48 by 50.88 cm)which were inserted into the end of the tube,

Figure 1. Soot foil showing two-scale cellular structure obtained by Diakow (2012) for an ethanol–air
mixture with 9.48% ethanol concentration at an initial temperature of 373 K and 100 kPa pressure.
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an example is provided in Figure 1. The dominant mode method, described in Moen et al.
(1982), was applied to measure the cell width. The method measures the average lateral
spacing between triple-point tracks of the same family, instead of measuring individual cells.
The soot foils showed stronger and weaker triple-point tracks (the stronger lines are high-
lighted by the dotted lines in Figure 1) that were used to come up with two sets of cell size data
for a given foil. The size of the small detonation cells varied very little with equivalence ratio
(ER), whereas the size of the large cells increased significantly away from the stoichiometric
composition of 6.54% ethanol. At 30°C, the small cells ranged in size from 27 to 44 mm for
concentrations between 6% and 10.7% ethanol. The large cells ranged in size from 86 to 130
mm for concentrations between 6% and 8.5% ethanol. At 100°C, the small cell sizes raged
from 30 to 40 mm for ethanol concentration between 6.5% and 12.5%. The large cells ranged
in size from 70 to 138 mm for ethanol concentrations between 6.5% and 11%. Qualitatively
similar foils were obtained by Eaton et al. (2012) for detonations propagating in subatmo-
spheric methanol–oxygen mixtures.

Both sets of triple-point tracks (for the large and small cells) were parallel to each other,
so the small cells were not considered to be substructure, as is found in highly irregular
structure detonation waves in mixtures with large activation energy (Vasil’ev, 2012). Dual-
cell structure detonation waves were first identified by Presles et al. (1996) in nitro-
methane–oxygen mixtures, and later for common fuels mixed with a nitrogen oxide.
Vasil’ev (2014) proposed that the addition of a monofuel that releases energy upon
decomposition to a fuel oxygen mixture can produce a dual-cell structure detonation
wave. Ethanol and methanol were classified as such a monofuel in the paper but this
classification was not confirmed with testing. However, in such dual-cell structure detona-
tion waves, the smaller cells are typically an order of magnitude smaller than the large cells
and the smaller cells grow in size within the large cell, which is not consistent with the
observed cell structure in the Diakow et al. (2015) study.

The short coming of the Diakow et al. (2015) study was that it did not address which
measured cell size represents the mixture reactivity governing detonation initiation. From
a more practical sense, the study did not determine which set of cell size data should be
used for explosion safety. One of the objectives of this study was to determine which set of
cell size data should be used for predicting DDT for ethanol–air mixtures. In this study,
experiments were performed in a tube filled with orifice plates to obtain the DDT
composition limit of ethanol–air mixtures. The tests were carried out in the same 10-cm
diameter tube and 0.44 BR orifice plates used in the Ciccarelli and Cross (2016) experi-
ment that confirmed the applicability of the DDT criterion d/λ = 1 for gaseous fuels. Using
the DDT composition limits measured in this study for ethanol–air, and the DDT
criterion of d/λ = 1, it is possible to determine which cell size data reported by Diakow
et al. (2015), i.e., small or large, should be used to predict DDT for ethanol–air mixtures.

Experimental setup

The experimental setup consisted of a detonation tube and mixing chamber, both of which
were heated. The stainless-steel detonation tube had an inner-diameter of 10 cm, a total
length of 6.1 m, and a wall thickness of 1.91 cm. It consists of two 3.05-m sections that
were fastened together by bolted flanges. The mixing chamber was a cylindrical vessel of
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50 cm length and 25 cm diameter. The mixing chamber is equipped with an impeller
powered by a pneumatic motor to mix the constituent gases that are added one at a time.
Orifice plates obstacles with 10 cm outer-diameter and 7.55 cm inner-diameter
(BR = 0.44) were placed inside the detonation tube with a spacing of 10 cm between
plates. Ignition of the mixture was via a 500-mJ capacitive discharge system across two
electrodes.

The heating system consisted of two parts: a system to heat the detonation tube and another
to heat the mixing chamber. The mixing chamber was heated by three high temperature
heating tapes, wrapped around the chamber’s body and end-flange. The detonation tube was
heated by a custom five-zone heating system. The heaters were constructed of ceramic beads
with a weave of nichrome wire. Two of these zones heated the pipe sections, while the other
three heated the two end-plates and themiddle flange pair. The temperature for each zone was
maintained via a controller and K-type thermocouples placed between the heating element
and the surface of the chamber or tube. Themixture was transferred from themixing chamber
to the tube via a heated 1.27 cm diameter stainless-steel tube.

The temperature controllers of the mixing chamber were set up to the desired temperature,
the maximum temperature attainable by this system was 150°C because of the temperature
limitations of the magnetic drive for the impeller. The desired temperature on the detonation
tube was maintained by setting up five temperature controllers installed into a master
controller system. This heating system was able to reach temperatures higher than 300°C.

The detonation tube was heated overnight to attain a temperature distribution with a
uniformity of 25°C in the five zones described earlier. On the other hand, the mixing
chamber was heated for at least 1.5 hour before the first test could be performed. For the
tests at 100°C, both the mixing chamber and detonation tube were to that temperature.
However, for the tests at 200°C, the mixing chamber was set to 150°C and the detonation
tube at 200°C. For the tests at 200°C, the mixture was allowed to rest for 45 s after transfer
from the mixing chamber in order to heat up to the tube temperature.

Six ionization probes were located along the tube to obtain the flame time-of-arrival,
which was subsequently used to calculate the flame velocity between consecutive probes.
The distances to the ignition source of the first through the sixth ionization probes were
2.11, 2.74, 3.66, 4.57, 5.18, and 5.79 m (7, 9, 12, 15, 17, and 19 feet), respectively. Because
the ionization probes are not sensitive to deflagrations with velocities lower than (approxi-
mately) 100 m/s, a photodiode was placed at 4.88 m from the ignition source to determine
whether the flame reached that point or not. A PCB model 113A22 pressure transducer
was placed at 5.49 m from the ignition source to measure pressure time-history and
maximum pressure. Finally, strain gauge type pressure transducers (0.25% accurate) were
used to monitor the mixture preparation in the mixing chamber and the mixture filling in
the tube. These pressure transducers measured pressure to a maximum of 4 and 1 bar
absolute in the case of the mixing chamber and of the detonation tube, respectively. A
schematic representation of the experimental apparatus is provided in Figure 2.

Several ethanol–air mixtures were considered in the experimental work. The ERs ϕð Þ
tested ranged from 0.6 to 1.5. The initial mixture test conditions inside the tube were 100°
C and 101 kPa, 200°C and 101 kPa, and 100°C and 60 kPa. These initial conditions
allowed for the assessment of the effect of initial temperature and pressure on the DDT
limits of ethanol-air.
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The experimental procedure started with the evacuation of the mixing chamber down
to a pressure of 0.5 kPa, or lower. Then, the mixture constituents were added by the
method of partial pressures, the ethanol was admitted first into the chamber up to the
desired partial pressure, then the air was admitted until the final pressure was reached.
The final pressure inside the mixing chamber was 200 and 280 kPa for the tests run at 60
and 101 kPa, respectively. The gas constituents were mixed for 25 min. During this time,
the detonation tube was evacuated down to a pressure of 0.5 kPa, or lower. After the
mixing process was completed, the ethanol–air mixture was admitted into the detonation
tube up to the desired pressure of 60 or 101 kPa and the ignition system and data
acquisition system were triggered.

The uncertainty of the mixture composition with respect to the ER ranges from 0.005
to 0.010 for mixtures prepared at 280 kPa and from 0.009 to 0.017 for mixtures at 200 kPa.
The uncertainty takes the higher values for the lower ERs tested. In the “Results and
discussions” section, the uncertainties are not always shown in the graphs because they are
too small for the scales used to present the results.

Typical signals obtained from the ion probes are presented in Figure 3. The signals
on that figure were obtained for an ethanol–air mixture with ER = 1.2 at 100°C and
100 kPa. The time-of-arrival of the flame is determined by inspection of the sudden
drop in voltage associated with short circuiting of the ion probe electrodes by the
flame. TecPlot Software allowed to zoom-in to the drop in the signal as much as was
necessary. In order to ensure consistency, the time-of-arrival was always measured as
the interception of a vertical line superimposed to the initiation of the voltage drop and
which intersects the x-axis. This procedure of determining the time-of-arrival is
exemplified in Figure 3.

Reaction zone length calculations

The Zeldovich–von Newman–Döring (ZND) detonation model was used to calculate the
one-dimensional reaction zone length (Lee, 2008). The open-source software Cantera
(Cantera, 2017a) and the Cantera Detonation Tool Box (Cantera, 2017b) were used to
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Figure 2. Schematic representation of the experimental apparatus.
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calculate the ZND detonation wave structure. The kinetic reaction mechanism used was
from the work by Zhao et al. (2008).

The ZND model solves a system of differential equations for the conservation of mass,
momentum, energy, and species. These equations are presented by Kao and Shepherd
(2008) as shown in Eqs. (1)–(4).

dρ
dx

¼ � ρ

w

_σ

1�M2
(1)

dw
dx

¼ _σ

1�M2
(2)

dp
dx

¼ �ρw
_σ

1�M2
(3)

w
dYi

dx
¼ _Ωi (4)

where ρ is the bulk density, w is the velocity of the unburned gases approaching the wave, p is
the pressure, _σ is the thermicity, M is the Mach number, Yi is the ith species mass fraction,

and _Ωi is the rate of production/destruction of the ith species by chemical reactions.
The thermicity _σð Þ is defined by Eq. (5) and for a perfect gas, the dimensionless

coefficients σi are determined by Eq. (6).

Figure 3. Signals obtained from the ion probes for an ethanol–air mixture with ER = 1.2
(7.75 ± 0.035%) ethanol concentration at 373 K and 100 kPa.
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_σ ¼
XN

i¼1

σi
DYi

Dt
(5)

σi ¼
�W
Wi

� hi
cpT

(6)

The ZND reaction zone induction length Δið Þ (Kao and Shepherd, 2008), is defined as the
distance from the shock wave to the point in the reaction zone where the heat release rate
(represented by thermicity) is maximum, which corresponds to the point of maximum
temperature gradient.

The ZND calculations performed provide the values of the Δi and also of the reaction zone
energy pulse width Δeð Þ, which is defined as the half-height width of the thermicity pulse.

The ZND reaction zone induction length can be correlated with the detonation cell size.
The simplest approach is to assume that there is a linear relationship between the two, as
shown in Eq. (7)

λ ¼ AΔi (7)

where A is the proportionality constant (Shepherd et al., 1988). The proportionality
constant is obtained by anchoring the value of Δi at an ER where cell size data are
available. The value of A is generally determined at the stoichiometric composition
when this approach is applied. However, this is not mandatory, and another composition
can be used to obtain the value of A.

The calculated reaction zone induction lengths of ethanol–air mixtures over the ER and
initial condition range relevant to the experiments are presented in Figure 4. The reaction
zone induction length graphs show the minimum Δi corresponds to mixtures slightly rich
of stoichiometric, around Ø = 1.2. The U-shape of this curve is typical of all detonation
wave parameters when plotted versus ER (Lee, 2008), including detonation cell size. The
curve indicates that detonation sensitivity is relatively constant around the minimum and
decreases for leaner and rich mixtures. Since the DDT limit is correlated with the cell size,
one would expect that the DDT limits would correspond to the sudden increase in the
reaction zone length with Ø, which is not observed in Figure 4.

The ZND simulations show that decreasing the pressure or temperature results in a
decrease of the reaction rate, which is manifested as an increase in the reaction zone
induction length. This increase means that the maximum thermicity is attained over
longer distances in the reaction zone of the ZND model. The effect of the initial
temperature on Δi is small, over the temperature range of interest to the experiments,
but the effect of pressure is more pronounced, as shown in Figures 5 and 6. From an
explosion safety perspective, this would indicate that the initial temperature over this
temperature should not have a strong effect on the DDT limits.

From an experimental point of view, a reduction in the sensitivity to detonation is
manifested as an increase in the cell size, which results from lower temperatures and
pressures. This can be seen in the Caltech cell size database (Kaneshige and Shepherd,
2005), that shows that the cell size is greater for lower temperatures and pressures.

COMBUSTION SCIENCE AND TECHNOLOGY 7



Figure 5. Reaction zone induction length determined by ZND model for ethanol–air mixtures as
function of the initial temperature.

Figure 4. Reaction zone induction length determined by ZND model for ethanol–air mixtures as
function of the equivalence ratio.
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The cell size dependence on the initial pressure can be observed in Figure 7(a), where
the experimental data plotted corresponds to hydrogen, methane, ethylene, and acetylene
(Anderson and Dabora, 1992; Bathel, 1974; Kumar, 1990; Strehlow et al., 1967; Strehlow
and Engel, 1969; Desbordes, 1988). Although not plotted in Figure 7(a), the data by Eaton
et al. (2012) and by Auffret et al. (2001) show the same behavior for methanol and
acetylene, respectively.

Figure 6. Reaction zone induction length determined by ZND model for ethanol–air mixtures as
function of the initial pressure.

(a) Pressure dependence (b) Temperature dependence

Figure 7. Experimental cell size dependence on the initial pressure and temperature for various fuels.
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Similarly, the cell size dependence on the initial temperature can be observed in
Figure 7(b) where the experimental data plotted correspond to hydrogen (Ciccarelli
et al., 1994, 1997a, 1997b).

Therefore, the experimental cell size data confirm the observations drawn from the
ZND simulations, i.e., the decrease of the initial temperature and pressure results in a
decrease of the reaction rate, or sensitivity to detonation.

Results and discussions

The flame and detonation velocities measured along the detonation tube are presented in
Figure 8. Since the main objective of the study is to obtain the DDT limit, which requires
the establishment of the propagation regimes, velocity measurements were only made in
the latter part of the channel starting at 200 cm from the ignition source. The location of
each velocity data point corresponds to the midspan between two consecutive ion probes.
Figure 8 consists of six different graphs corresponding to ERs between 0.9 and 1.4. For
each ER, the effects of initial temperature and pressure on the final combustion front
velocity are presented via data obtained for 101 and 60 kPa, as well as for 100°C and 200°
C. The data show that for all the tests performed, independent of the initial temperature or
pressure, the flame accelerates to roughly 1000 m/s in the first half of the tube. Following
this flame acceleration phase, the combustion front settles at a quasi-steady velocity at the
end of the second half of the tube. For mixtures with Ø = 0.9, 1.0, and 1.4, a maximum
velocity of 1000 m/s is achieved at 250 cm, followed by a slight drop in velocity
terminating at a final velocity in the range of 700–800 m/s. Combustion waves propagat-
ing at this velocity, just below the speed of sound of the products, are known as fast-
flames, and consist of a precursor shock wave followed by a turbulent flame. Although not
presented in Figure 8, tests performed at 60 and 100 kPa with Ø = 0.8 and 1.5 showed the
same behavior.

For more reactive mixtures, e.g., Ø = 1.1, 1.2, and 1.3, DDT occurred in the second half
of the tube for tests performed at 101 kPa. For the tests performed at 100°C, a peak
velocity of 1400 m/s was achieved at 250 cm. This velocity is well above the speed of sound
of the products (that represents a maximum velocity for a flame), and therefore DDT
occurred under these test conditions; however, the exact location of the DDT event is not
known due to the absence of ion probes in the first 200 cm of the tube. As has being
observed in many studies, following the DDT event the detonation velocity decays slightly
eventually achieving a quasi-steady velocity.

For tests performed at 100 kPa and 200°C, the flame acceleration phase is extended.
This lower rate of flame acceleration, associated with elevated initial mixture temperature,
was also observed in experiments performed with hydrogen–air (Ciccarelli et al., 1997).
They proposed that this effect was due to a decrease in the expansion ratio across the
flame associated with higher initial temperatures. For the tests at 200°C, the location of the
DDT event is well defined, and as in the tests at 100°C, this is followed by a drop in the
detonation velocity until reaching the end of the tube. DDT was not observed for tests
performed with these three mixture compositions at 60 kPa.

To identify the detonation limits, the average flame velocity measured in the second
half of the tube is plotted in Figure 9. Also plotted is the calculated Chapman–Jouguet
(CJ) detonation velocity VCJð Þ and the speed of sound of the combustion products. As
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detailed by Peraldi et al. (1988), a combustion front terminal velocity between the speed
of sound of the products and the CJ detonation velocity is referred to as a “quasi-
detonation.” The severe detonation velocity deficit (relative to the CJ value) observed in
the data is due to the repeated detonation failure and reinitiation caused by the inter-
action of the detonation wave and the orifice plates (Rainsford and Ciccarelli, 2017).
Quasi-detonation propagation in the second half of the tube was observed for mixtures
with Ø = 1.1–1.3, at 101 kPa for both 100°C and 200°C. This insensitivity with initial
temperature is consistent with the ZND reaction zone length calculations. Therefore,
these two compositions define the lean and rich DDT limits, respectively. For all the
mixtures tested at 60 kPa, the velocity remained below the product speed of sound and
thus are classified as fast-flames.

Figure 8. Flame velocities along the detonation tube for ethanol–air mixtures at different initial
conditions and at different equivalence ratios.
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The detonation limits identified in the present study are compared to those obtained in
the work by Diakow et al. (2015) in Table 1. In the case of the lean detonation limit, in the
present study a value of 7.15% ethanol was obtained at 100 kPa for both 100°C and 200°C.
Diakow et al. (2015) obtained a value 6.5% of ethanol concentration for the lean detona-
tion limits at 101 kPa and an initial temperature of 100°C. In the case of the rich
detonation limit, the values obtained in the present work (8.34% ethanol) and that
obtained by Diakow et al. (2015) (8.5% ethanol) are very similar. It should be noted
that the main purpose of the experiments performed by Diakow et al. (2015) was to

Figure 9. Average flame velocities in the second half of the detonation tube for different initial
conditions and different equivalence ratios.

Table 1. Detonation limits of ethanol–air mixtures at different initial conditions.
Reference Mixture p (kPa) T (°C) Lower limit (%) Upper limit (%)

This work Ethanol–air 100 100 7.15 (±0,039)
ϕ ¼ 1:1� 0:006ð Þ

8.34 (±0.033)
ϕ ¼ 1:3� 0:005ð Þ

This work Ethanol–air 100 200 7.15 (±0,037)
ϕ ¼ 1:1� 0:006ð Þ

8.34 (±0.033)
ϕ ¼ 1:3� 0:006ð Þ

Diakow et al. (2015) Ethanol–air 100 30 6.00
ϕ ffi 0:91ð Þ

8.50
ϕ ffi 1:33ð Þ

Diakow et al. (2015) Ethanol–air 100 100 6.50
ϕ ffi 1:0ð Þ

8.50
ϕ ffi 1:33ð Þ

12 A. A. MENDIBURU ET AL.



measure detonation cell size, and not to investigate DDT. In their experiment, only the
first half of the tube contained orifice plates to promote flame acceleration and DDT.
Subsequently, the detonation stabilized at the CJ velocity in the obstacle-free second half
of the tube, where the soot foil was located. In the present study, DDT is studied, so the
entire tube was filled with orifice plates. The difference in the measured lean DDT limit
between the present study and the Diakow et al. study could be attributed to DDT
occurring in the obstacle-free second half of the tube in the Diakow et al. experiments.
Since the tube diameter is larger than the orifice diameter, a larger cell size can be
accommodated, and hence a lower lean limit can result. As proposed by Lee (2008),
several experimental studies have demonstrated that there is a “paradox” regarding wall-
roughness and obstacles effects on detonation waves. While on one hand, the DDT
distance can be shortened by the presence of obstacles; on the other hand, the detonation
velocity could present a deficit as high as 50% of the CJ velocity. Since the detonation
initiation mechanism in this study is the same as in Diakow et al. (2015), it is evident that
a detonation can propagate into a smooth-walled tube while it could fail if it propagates
into an obstacles-filled tube.

In the work by Knystautas et al. (1986), a flame was accelerated by using orifice plates as
obstacles and then this flame was allowed to propagate into a smooth-walled tube section,
and it was observed that for the transition to detonation to occur, the criterion λ/D ≥ 1 had
to be met. In the work by Peraldi et al. (1988), the tube was completely filled with obstacles
(orifice plates) and the criterion for the transition to detonation was that λ/d ≤ 1. Therefore,
in both studies, the values of λ/D and λ/d were close to unity, except for some mixtures of
ethylene with air and acetylene with air. Therefore, Lee (2008) stated that the criterion was
λ/D ≈ 1 or λ/d ≈ 1, and regarded the deviations observed with some of the ethylene–air and
acetylene–air data to be associated with cell size measurement uncertainty.

On the studies by Cross and Ciccarelli (2015) and by Ciccarelli et al. (2017), the
detonation propagation limits were determined by initiating a detonation using an
acetylene–oxygen driver in an obstacles-free tube section and letting the detonation
wave propagate into an obstacles-filled tube section. The criterion that λ/d ≈ 1 was further
established in these two studies. Therefore, this criterion will be applied in the present
study.

Cell size data for the detonation limit mixtures obtained in this study, i.e., Ø = 1.1 and 1.3
were not reported in Diakow et al. (2015). The cell size at these compositions were obtained
by interpolation of the reported data using the ZND reaction zone induction length Δið Þ.
The value of scaling factor A was obtained based on the cell size measurements at Ø = 1.15.
The two scaling factors were found to be AL = 67.5 and As = 24.2, for the large and small
cells, respectively. The Diakow et al. (2015) 100°C cell size data, along with the predicted
detonation cell sizes based on these scaling values are plotted in Figure 10. The experimen-
tally measured cell size data is well correlated with the ZND reaction zone length. The only
exception is the large cell size data point for Ø = 1 that appears to be an outlier.

The values of d/λ for all the ethanol–air mixtures tested at 101 kPa and 100°C are
provided in Table 2. For the DDT limits measured in the present study, i.e., 1.1 < Ø < 1.3,
the d/λ values for the large and small cell sizes are 0.88 ≤ d/λL≤0.92 and 2.46 ≤ d/λL ≤2.56,
respectively. Recall, based on the study of Cross and Ciccarelli (2015), performed in the
same setup with different gaseous fuels, it was established that the DDT limit corresponds to
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the condition d/λ ≈ 1. Considering the typical ±50% uncertainty on cell size data, the d/λ
value corresponding to the large cells is consistent with the d/λ ≈ 1 DDT correlation, but not
the small cell size data. As a result, one can conclude that in the present study the cellular
structure corresponding to the large cells should be used to predict the DDT limit. From an
explosion safety perspective, this yields narrower DDT composition limits.

Conclusions

DDT experiments were performed in ethanol–air at 100°C and 200°C in a tube filled with
0.44 BR orifice plates. Tests performed at 60 kPa and 100°C resulted in fast-flames,

Figure 10. Detonation cell size measured by Diakow (2012) and predicted using the ZND model for
mixtures at 100 kPa and 100°C.

Table 2. Cell size as function of equivalence ratio for ethanol–air mixtures at 100 kPa and 100°C.
Experimental results (Diakow, 2012) Calculated results (this work)

ER Fuel (%) λL(mm) λS(mm) d=λL d=λS ER
Fuel
(%)

λL
a

(mm)
λS

b

(mm) d=λL d=λS
1.00 6.54 70.40 36.64 1.07 2.06 1.00 6.54 97.21 34.85 0.78 2.17
1.07 6.99 83.33 30.17 0.91 2.50 1.10 7.15 85.74 30.73 0.88 2.46
1.08 7.03 94.11 39.51 0.80 1.91 1.20 7.75 82.36 29.52 0.92 2.56
1.15 7.47 84.05 30.17 0.90 2.50 1.30 8.34 85.74 30.73 0.88 2.46
1.24 7.99 87.64 31.61 0.86 2.39 1.40 8.93 95.19 34.12 0.79 2.21
1.50 9.48 107.76 35.20 0.70 2.14 1.50 9.51 108.69 38.96 0.69 1.94

aScaling factor AL ¼ 67:5; bscaling factor As = 24.2.
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characterized by velocities below the speed of sound of the products. However, tests
performed at 100 kPa, at both 100°C and 200°C, resulted in DDT for mixtures in the
range of 1.1 < Ø < 1.3. These results are in line with the strong effect of initial pressure and
the weak effect of the temperature on the ZND reaction zone induction length over the
range of experimental test conditions. Using the d/λ ≈ 1 criterion it was shown that the
large cell size data reported by Diakow et al. (2015) should be used in the future to predict
DDT for explosion safety applications.
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