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Direct initiation experiments were carried out in a 105 cm diameter tube to study detonation properties
and evaluate the detonability limits for mixtures of natural gas (NG) with air. The natural gas was primar-
ily methane with 1.5–1.7% of ethane. A stoichiometric methane–oxygen mixture contained in a large
plastic bag was used as a detonation initiator. Self-supporting detonations with velocities and pressures
close to theoretical CJ values were observed in NG–air mixtures containing from 5.3% to 15.6% of NG at
atmospheric pressure. These detonability limits are wider than previously measured in smaller channels,
and close to the flammability limits. Detonation cell patterns recorded near the limits vary from large
cells of the size of the tube to spiral traces of spin detonations. Away from the limits, detonation cell sizes
decrease to about 20 cm for 10% NG, and are consistent with existing data for methane–air mixtures
obtained in smaller channels. Observed cell patterns are very irregular, and contain secondary cell struc-
tures inside primary cells and fine structures inside spin traces.

Published by Elsevier Inc. on behalf of The Combustion Institute.
1. Introduction

This work was initiated to address safety concerns related to
explosive gas mixtures that form in coal mines. These mixtures
are composed of air and natural gas (NG) released from coal beds.
Similar explosive mixtures may form during production, transpor-
tation, or utilization of NG. Most accidental NG explosions are
deflagrations, although the worst-case scenarios involve detona-
tions that can be extremely destructive and generate peak pres-
sures of 10 MPa on reflections. It is, therefore, very important to
know under what conditions NG–air mixtures can or cannot
detonate.

1.1. Effect of natural gas composition on detonability

The composition of NG is not strictly defined and varies with
source. Typically it includes 82–99% of CH4 by volume depending
on the gas origin [1,2], as well as ethane, propane, and small
amounts of higher hydrocarbons. A few percent of nitrogen and
CO2 can also be present. A typical coalbed gas (often called coalbed
methane) is usually mostly CH4 with less than 2% of ethane and hea-
vier hydrocarbons, but sometimes it may contain up to 15% of CO2

[3,4].
The variability of NG composition results in large uncertainties

in explosive properties of NG–air mixtures. It has been shown, for
Inc. on behalf of The Combustion
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example, that small additives of ethane, propane, and higher
alkanes significantly decrease ignition delays in CH4–O2 and
CH4–air mixtures [5,1,2]. The induction length d of a ZND detona-
tion in stoichiometric methane–ethane–air mixtures computed in
Ref. [5] can be approximated as

d=d0 ¼ 1� 13:52xþ 167:5x2 � 1370x3 þ 5846x4 � 9625x5 ð1Þ

where d0 = 2.41 cm is the induction length for CH4–air, and x 6 0.2
is the volume fraction of ethane in the methane–ethane mixture.
According to this equation, 8% ethane in NG decreases the induction
length by a factor of 2.

Ignition delays usually correlate with both the energy required
for detonation initiation and the detonation cell size, both of which
characterize the detonability of the mixture. Thus, the detonability
of NG–air varies with NG composition and can differ significantly
from that of CH4–air. For example, ethane has a strong effect on
the initiation energy of stoichiometric methane–ethane–air mix-
tures [6]. When the ethane concentration in the methane–ethane
mixture is decreased from 30% to 10% by volume, the minimum en-
ergy required for detonation initiation in cylindrical geometry in-
creased exponentially from 12.5 kJ/cm to 25 kJ/cm. A rough
extrapolation to lower ethane concentrations shows that the initi-
ation energy may increase by two orders of magnitude for pure
CH4–air. A similar extrapolation of experimental results [7] ob-
tained for CH4–O2–N2 mixtures using the same experimental setup
gives the initiation energy for CH4–air around 7.5 MJ/cm. Both of
these extrapolations are far-fetched and could be easily wrong by
Institute.
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an order of magnitude, but they do show that the NG composition
can drastically change the detonability of NG–air mixtures.

In this paper, we use the word ‘‘methane’’ or the chemical for-
mula CH4 when we discuss pure methane. In some cases, the word
‘‘methane’’ is also used to describe gas mixtures composed mostly
of CH4. For example, we sometimes refer to NG–air mixtures used
in our experiments as methane–air mixtures, because the NG we
used was primarily CH4 with only 1.5–1.7% of ethane and trace
amounts of higher hydrocarbons. We should note, however, that
according to Eq. (1), 1.5–1.7% of ethane in NG decreases the induc-
tion delay by a factor of 0.8 compared to that in CH4–air.

1.2. Prior studies of detonability of methane–air and NG–air mixtures

Because of the stability of the methane molecule, CH4–air is the
most insensitive hydrocarbon–air mixture with respect to the det-
onation initiation. There are still no confirmed reports of successful
initiation of self-supported detonations in unconfined NG–air or
methane–air mixtures.

An early report [8] claimed a detonation initiation using 1 kg of
TNT inside a 3 m rubber sphere filled with a stoichiometric
methane–air mixture. The observed detonation velocity was
1540 m/s, which is well below the calculated Chapman–Jouguet
velocity DCJ = 1815 m/s. These results were analyzed in Ref. [9]
with a conclusion that the observed detonation was most likely
decaying. There is also some uncertainty in the exact mixture
composition, since the purity of methane used in the experiments
[8] is not specified.

Another report [10] describes ‘‘erratic, uneven detonations’’ ini-
tiated in a 1.2 � 1.2 � 6 m plastic bags filled with NG–air mixtures
by 1 kg of high explosive. The NG used in these experiments
contained 2.5% of ethane. Plastic bags were supported by a
steel pipe frame. Unsteady detonation regimes with velocities
1195–1325 m/s were observed only for NG concentrations 8.6–
8.8%. Tested mixture concentrations ranged from 5.2% to 12.5%,
including the stoichiometric 9.5% mixture, which did not detonate.
The authors suggest that observed ‘‘poorly defined’’ detonation
fronts were partially supported by reflections from the steel frame
structure.

Extrapolation of experimental results [9] obtained for various
methane–O2–N2 mixtures suggests that detonation initiation in
unconfined methane–air would require about 22 kg of tetryl.
Large-scale experiments [11] have shown that 37 kg of Composi-
tion B did not initiate a detonation in a stoichiometric (9.5%) meth-
ane–air in a hemispherical geometry.

There are only three published works in which high explosives
were used to initiate methane–air detonations in tubes. Early
experiments [12] carried out at the Bureau of Mines Experiment
Station in Pittsburgh have shown that 50 g of a high explosive
(65% ammonium nitrate/14.6% TNT/20.3% sodium chloride) initiate
a detonation-like wave inside a 30.5 cm diameter tube filled with a
9.1% methane–air mixture. The wave velocity measured in the
3.65 m long tube varied between 1820 and 1950 m/s, which is
slightly higher than the calculated DCJ = 1801 m/s. The authors con-
clude that the observed regime is not a ‘‘true’’ detonation, but a
transitional regime partially supported by the energy of the
initiator.

A longer, 11.2 m tube with the same 30.5 cm diameter was used
in experiments [13] in which detonations were initiated using 50 g
and 70 g of a slightly more powerful high explosive (50% ammo-
nium nitrate/50% TNT). The detonation propagation was observed
using multiple optical windows, from which the author concluded
that steady-state detonations are possible for mixtures containing
from 6.3% to 13.5% of methane. The methane used in these exper-
iments was, in fact, a natural gas that contained �2% of higher
hydrocarbons.
A larger, 13.1 m long and 43 cm diameter tube was used in Ref.
[14] to measure detonation cells in hydrocarbon–air mixtures
including methane (99.99% pure). Detonations in various mixtures
were initiated with a planar charge of Detasheet high explosive.
Authors say that typically 40 g of the explosive were used, but they
do not indicate if this was enough for the stoichiometric methane–
air mixture.

The difficulties encountered in initiating self-supporting deto-
nations in methane–air using high explosives may create the per-
ception that methane–air mixtures can only detonate under
extraordinary circumstances not seen in the practical world. A
number of experiments with different ways of detonation initia-
tion have shown that this perception is wrong. Detonations in
methane–air have been ignited in confined conditions using boos-
ter detonations in more sensitive gas mixtures [15,16] or deflagra-
tion-to-detonation transition (DDT) in smooth [17,18] or
obstructed [19–22] channels. Still, the available experimental data
on detonations in methane–air mixtures are very limited because
detonation experiments using these mixtures usually require large
facilities. Ideally, a detonation tube should be wide enough to fit
several detonation cells, and the tube length should be sufficient
to observe a self-supporting quasi-steady-state detonation.

Detonation cell sizes measured in a 183 cm diameter tube [16]
for 9.6% methane–air mixture are about 28 cm. Cell sizes reported
in Ref. [14] for a 43 cm diameter tube and 9.5% methane–air mix-
ture are 30.5 ± 15.3 cm. Cell sizes measured in a 52 cm diameter
tube [20] are 21 ± 8 cm for the stoichiometric mixture, and these
can increase to the tube width for lean (8.5%) and rich (12%) mix-
tures. The wide range of measured cell sizes reflects the fact that
cellular structures in methane–air are very irregular.

In smaller tubes, methane–air detonations can only propagate
in the spinning mode. This mode was initiated in a 6.35 cm wide
square tube by a hydrogen–oxygen booster to determine initiation
energies for methane–air mixtures of different concentrations [15].
A minimum initiation energy of 9 MJ/m2 has been obtained for 11%
methane. Lower and upper detonability limits determined for
methane–air in the same experiments are 8% and 14.5% methane.
The smallest tube diameter in which a methane–air detonation
was ever observed is 3.6 cm [21]. Detonability limits reported in
Ref. [21] for a 5 cm diameter tube are 7.5% and 11.5%.

In this paper, we study the detonability of NG–air mixtures in a
105 cm diameter tube using a CH4–oxygen mixture in a bag as an
initiator. We determine detonability limits, record detonation cell
patterns for the full range of NG concentrations, and measure det-
onation velocities and pressures.
2. Test facility

Experiments were carried out at the Gas Explosion Test Facility
(GETF) at NIOSH Lake Lynn Laboratory (LLL). The facility consists of
the detonation tube, supporting systems for gas injection, mixing,
sampling and analysis, the ignition system, the diagnostic equip-
ment, and a remote control system. Pictures of the facility are
shown in Fig. 1, and schematic diagrams are shown in Fig. 2.
2.1. Detonation tube

The tube is located in the upper quarry of LLL. It is fabricated
from sections of hot-rolled steel pipe that have been welded to-
gether. The total length of the tube is 73 m, and the internal diam-
eter is 105 cm. The straight tube rests in a plane on 18 equally
spaced concrete blocks weighing about 1.8 t each, and is attached
to these blocks with 9.5 mm galvanized steel cable. The tube has an
inclination of about 2�, with the open end about 2.5 m higher than
the closed end.



Fig. 1. Gas Explosion Test Facility (GETF) at NIOSH Lake Lynn Laboratory. Views from the open (a) and closed (b) ends.

Fig. 2. GETF schematics.
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The closed end is permanently sealed with a 12.7 mm welded
steel plate. It rests against a 14 t concrete block poured between
the tube and a 5-m high earthen berm, as shown in Fig. 1a. The to-
tal weight of the pipe, concrete supports, and the earthen berm
that resists the tube recoil is at least 175 t. The open end of the
tube is located about 15 m from the 20-m high quarry wall. A
15 t concave ramp deflector fabricated from curved steel H-beams
is installed at about 2 m from the open end, leaning against an-
other berm. The deflector is designed to direct shock waves exiting
the tube upward into the atmosphere in order to prevent damage
to nearby structures due to reflections of strong shocks from the
quarry walls.

The steel pipe has a wall thickness of 9.5 mm, minimum yield
strength of 248 MPa, and an ultimate tensile strength of 414
MPa. For stoichiometric CH4–air mixtures, the quasi-static CJ deto-
nation wave pressure is 1.66 MPa, and that pressure could persist
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for time periods longer than 0.1 s. Based on hoop stress calcula-
tions with this quasi-static pressure, the safety factor against
deformation is about 2.70, and the safety factor against rupture
is 4.50. Higher pressure pulses with shorter durations affect the
tube walls in the vicinity of the detonation front, during shock
reflections, and during the detonation initiation. The highest peak
pressure recorded so far at GETF is about 7 MPa, and the tube
shows no evidence of deformation or damage.
2.2. Gas mixing and analysis

A very important part of GETF is the gas mixing system that en-
ables creation of homogeneous NG–air test mixtures inside the
tube with predefined equivalence ratios. The mixing system con-
sists of an enclosed blower fan, an intake manifold, and an exhaust
manifold. The 2.25 kW blower fan delivers 26.5 m3/min operating
at 27.2 cm of water static pressure. Manifolds are made with
10 cm diameter pipe, and are connected to the detonation tube
through 7.5 cm inlet and outlet riser pipes. The riser pipes are
equipped with manual ball valves that can be used to balance
the flow from each inlet and outlet; in these experiments, however,
all the valves were open. There are also two remotely operated ball
valves between the blower fan and manifolds. These are open dur-
ing the mixing process, and closed before ignition to protect the
fan.

Prior to filling the explosion tube with the amount of NG that
produces the desired test mixture composition, a 20 cm diameter
access port near the closed end of the tube is opened, and the tube
is ventilated for at least 30 min using a portable fan. The blower fan
is also operating at this time. This ensures that the tube and the
mixing system are filled with fresh ambient air. Then the portable
fan is removed, the access port is closed, and a 0.15-mm thick plas-
tic diaphragm is placed over the open end of the tube. Natural gas
is introduced into the intake manifold at the beginning of the mix-
ing process.

As shown in the schematic in Fig. 2, the intake manifold has six
evenly spaced inlets: three are on each side of the blower fan. The
exhaust manifold has seven outlets: three are on one side of the
blower fan and four on the other. The first riser pipe, located about
1 m from the closed end of the tube, is an outlet. That is gas flows
out of the manifold into the tube. The second riser is an inlet in
which gas flows into the manifold from the tube. The third riser
is an outlet, the fourth riser is an inlet, and so on. The last riser, lo-
cated 82 cm from the open end, is an outlet.

When the blower fan operates, the gas mixture in the tube is
drawn into the inlet risers, through the intake manifold, through
the blower, through the exhaust manifold, and then re-injected
trough the outlet risers. Since both inlets and outlets are distrib-
uted along the length of the detonation tube, the system has multi-
ple recirculation circuits that merge in the intake manifold and
split in the exhaust manifold, thus providing efficient gas mixing.
The volume of the detonation tube is 63.4 m3. The 2.25 kW blower
fan moves 26.5 m3/min, and thus the air exchange time is less than
3 min. To achieve a homogeneous test mixture, typical mixing
times range from 30 to 45 min.

A sample draw system enables remote collection and analysis of
samples of the test mixture. During gas mixing, samples are drawn
continuously from the closed end, middle, and open end of the
tube to an infrared gas analyzer (Siemens Ultramat 23) located
about 300 m away from the detonation tube in the control build-
ing. Collected samples are then returned to the detonation tube
through a re-injection line, except for a small portion passing
through the gas analyzer. The sample draw system provides real-
time gas concentrations at three different locations along the tube
and assures homogeneity of the test mixture.
The mixture composition in the tube is controlled in three dif-
ferent ways. First, a pre-calculated amount of natural gas is in-
jected into the tube using a conventional natural gas meter
(Sensus 135 S-275). Second, gas samples are analyzed with the re-
mote infrared gas analyzer during mixing. Finally, two samples of
the gas mixture are drawn after the mixing is completed and ana-
lyzed later, off-site, using gas chromatography. In most experi-
ments with this detonation tube, the desired concentration of
natural gas in the test mixture was created with the accuracy
±0.2% by volume.

2.3. Ignition

To ignite a detonation in the NG–air test mixture, a large plastic
bag filled with a stoichiometric methane–oxygen mixture is placed
at the closed end of the tube. The cylindrical bag has a diameter of
about 1 m, and is made of 0.15 mm plastic film. The bag volume
typically varies between 2.9 m3 and 5.8 m3 from one series of
experiments to another. Smaller bags, 1.44 and 0.72 m3, were also
used in a few experiments to test the effect of the ignition energy.

To inflate the bag, separate methane and oxygen tanks are used
to meter pre-calculated amounts of each gas, which flows through
orifices into the bag. Gas was administered through separate lines
with check valves and flash back arrestors in each line. The bag is
inflated remotely after NG–air mixing in the tube is complete. The
excess mixture in the tube displaced by the inflating bag is released
into atmosphere though one of the gas sampling ports.

Detonation in the stoichiometric methane–oxygen mixture is
initiated with a non-electric #8 blasting cap containing about
0.45 g pentaerythritol tetranitrate (PETN) placed at about 0.5 m
from the closed end of the tube. The methane–oxygen mixture
has a detonation cell size of 2–3 mm, propagates with a velocity
close to DCJ = 2490 m/s, burns all the mixture in the bag, and gen-
erates a strong shock in the tube. This shock may or may not ignite
a detonation in the NG–air test mixture, depending on the mixture
composition and the size of the igniter bag.

2.4. Diagnostics

The tube is equipped with 23 quartz-piezoelectric-type pres-
sure transducers and 23 light sensors placed in pairs (pressure +
light) approximately every 3 m on the tube wall, as shown in
Fig. 2. The sensors are connected to two separate 24-channel data
acquisition units, one of which records all pressure signals, another
records all light signals, and both units also record a synchroniza-
tion signal from a signal generator.

The light sensors are silicon phototransistors (Optek NPN
OP800WSL) with a rise time of about 2 ls and a spectral response
from 600 to 1100 nm. Sensors are mounted at the end of a small
tube that is 15 cm long with an inside diameter of 0.32 cm. The
field of view for the light sensor is about 5 cm on the opposite side
of the 105-cm diameter detonation tube.

The piezoelectric pressure sensors (PCB Piezotronics CA102B04)
have a range of 0–6900 kPa and 1 ls rise time. For most of the
experiments reported here, the pressure sensors were threaded di-
rectly into side wall of the detonation tube, and recorded wall
vibrations prior to the arrival of the detonation wave. These re-
cords show that the vibrations propagate along the tube at about
5200 m/s, which is close to the estimate for the longitudinal wave
velocity

ffiffiffiffiffiffiffiffiffi
E=q

p
¼ 5044 m=s in a mild steel based on the Young’s

modulus E = 200 GPa and the density q = 7860 kg/m3.
The tube wall vibrations cause pressure signal oscillations with

the amplitude up to 0.4 MPa, as shown in Fig. 3, line a. These oscil-
lations do not prevent detection of strong detonation shocks rele-
vant for this work. Nevertheless, some efforts were made to reduce
precursor oscillations that could impede analysis of other GETF
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Fig. 3. Typical signals produced by pressure sensors without (a) and with (b) anti-
vibration support. Test #41, 5.9% NG.
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experiments involving weaker shocks. These oscillations practi-
cally disappeared (Fig. 3, line b) when pressure sensors were
decoupled from the tube using double-studded silicone gel anti-
vibration mounts, as shown in Fig. 4.

The data acquisition system consists of two separate 24-
channel units (National Instruments CompactRIO) with a sampling
frequency 50 kHz. This frequency limits the time resolution for all
recorded signals to 20 ls. The time error between two signals gen-
erated by a wave propagating between two sensors located 3 m
apart can reach 40 ls. For the detonation velocity 1800 m/s, the
uncertainty in position of the detonation wave is 0.072 m in 3 m
or 2.4%. Therefore, the uncertainty in the measured detonation
velocity is also 2.4% or ±43 m/s. If the velocity is constant, the
uncertainty is significantly reduced using multiple sensors at
greater distances apart.

Before each experiment, two smoke foils are placed between
0.15 and 2.8 m from the open end of the tube. The 1.2-m � 1.2-m
foils are made of 1.6-mm thick aluminum sheets rolled to a 0.5-
m radius of curvature. They are secured to the inside top of the
tube with bolts around the perimeter of the foils. The upstream
edge of each foil is inserted into a welded metal slot. Foils are cov-
ered with soot produced by acetone flames.
2.5. Remote control system

Starting from the injection of NG into the detonation tube, all
operations necessary for preparing and conducting experiments
are controlled remotely from the LLL control building located about
300 m away from the tube. Firing the primary ignition circuit trig-
4
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Fig. 4. Anti-vibration support for reducing precursor pressure oscillations. Schematics (a
mounts. 3 – Steel brackets. 4 – Tube wall. 5 – Rubber gasket (replaced after each test).
gers the data acquisition system. In case the primary circuit fails to
ignite the methane–oxygen bag and the test mixture, two addi-
tional independent ignition circuits are available to ignite the flam-
mable mixture using electric matches. It is also possible to vent the
test mixture to the atmosphere using the gas mixing system.

3. Experimental results

Experiments reported here were conducted at GETF to deter-
mine the detonation characteristics of various NG–air mixtures
containing from 4% to 19% of NG. Each experiment attempted di-
rect initiation of detonation in the test mixture using a methane–
oxygen mixture in a bag as an initiator. Detonations were observed
in mixtures containing from 5.3% to 15.6% of NG. Some of the
experiments produced deflagrations or shocks without combus-
tion. Deflagration-to-detonation transition in the middle of the
tube was detected in one test. Experimental conditions and results
for each test are listed in Table 1.

The diagnostic equipment used in these experiments consisted
of pressure and light sensors placed in pairs every 3 m on the tube
wall, and smoke foils placed near the open end of the tube. Deto-
nations were identified using four methods: (1) comparison of
measured flame and shock velocities to computed DCJ values; (2)
comparison of recorded pressures to computed pressure profiles
for ZND detonations; (3) measurement of the separation between
the shock and the flame using the time difference between pres-
sure and light signals recorded at the same location; and (4) anal-
ysis of patterns produced on smoke foils.

3.1. Pressure and light signals

Figure 5 shows typical signals produced by detonations in tests
with 7.3%, 10.2%, and 14.0% NG in air, corresponding to fuel-lean,
near-stoichiometric, and fuel-rich mixtures, respectively. As the
detonation front arrives, the pressure rises sharply, then drops to
about PCJ, and then decreases slowly. Some signals show two or
even three sharp peaks associated with transverse waves behind
the cellular detonation front. Subsequent signal oscillations are
mostly due to residual pressure waves reflecting from tube walls
far behind the leading shock.

For an idealized ZND detonation, the pressure peaks at
PZND � 2PCJ at the leading shock and drops to PCJ at the end of the
reaction zone. For the stoichiometric CH4–air mixture, the ideal-
ized reaction-zone length is close to the ZND induction length
2.76 cm computed in Ref. [14]. For the detonation velocity in this
mixture �1800 m/s, a stationary sensor would record a pressure
drop from PZND at the leading shock to PCJ at the end of the reaction
zone in about 15 ls.

Since the data acquisition system in GETF experiments limits
the time resolution for all signals to 20 ls, the ZND reaction zone
would not be resolved. For a real multidimensional unstable
) and photo (b). 1 – Pressure sensor. 2 – Double-studded silicone gel anti-vibration



Table 1
Experiments on direct initiation of detonations in NG–air mixtures conducted at GETF. Tube diameter 105 cm.

Test % NG VB (m3) DS (m/s) DF (m/s) P (MPa) Cell size (cm) Combustion mode

#61 12.42 2.89 1797 1799 1.6 64 Detonation
#59 15.67 2.89 779 - 0.2 - No combustion
#58 15.65 2.89 786 - 0.2 - No combustion
#57 5.31 2.89 1512 1518 1.2 Spin Detonation
#56 16.57 2.89 783 - 0.2 - No combustion
#55 5.37 2.89 1540 1533 1.2 Spin, max Detonation
#54 4.94 2.66 787 - 0.2 - No combustion
#51 5.46 2.89 1563 1558 1.2 Max Detonation
#50 5.66 2.89 1575 1592 1.2 Max Detonation
#49 15.53 2.89 1692 1699 1.5 Spin Detonation
#48 6.20 2.89 1589 1583 1.4 80, max Detonation
#47 10.39 0.722 1817 1812 – 21 Detonation
#46 10.21 1.44 1813 1826 1.6 28 Detonation
#45 10.29 2.89 1863 1860 1.6 25 Detonation
#43 17.09 5.78 832 - 0.6 — No combustion
#42 15.63 5.78 1705 1722 1.6 62, max Detonation
#41 5.98 5.78 1567 1570 1.4 Max Detonation
#40 15.55 5.78 1743 1740 1.5 Max Detonation
#39 9.97 2.89 1821 1823 1.6 21 Detonation
#38 8.52 2.89 1774 1777 1.7 39 Detonation
#37 15.32 2.89 695 – 0.3 - Deflagration
#36 13.95 2.89 1756 1760 1.55 61 Detonation
#35 13.41 2.89 1789 1794 1.6 52 Detonation
#34 12.19 2.89 1815 1816 1.65 47 Detonation
#33 11.21 2.89 1828 1822 1.7 26 Detonation
#32 16.40 2.89 703 - 0.3 - No combustion
#31 9.29 2.89 1799 1800 1.6 35 Detonation
#30 6.25 2.89 819 – 0.5 - Deflagration
#29 7.30 2.89 1689 1687 1.5 55 Detonation
#27 10.17 2.89 1831 1873 1.5 25 Detonation
#26 19.06 2.89 747 - 0.3 — No combustion
#24 4.26 3.26 512 - 0.1 — No combustion
#22 14.87 3.26 1810 1794 1.6 — Detonation
#21 13.89 3.26 1769 1717 1.6 — Detonation
#20 10.37 3.26 1804 – 1.5 — Detonation
#19 9.61 3.26 1805 1842 1.5 — Detonation
#18 7.16 3.26 1691 – 1.7 — DDT at 39 m
#17 6.25 3.26 1570 1584 1.4 — Detonation

VB is volume of booster bag, DS is average shock velocity, DF is average flame speed, P is pressure measured behind the main peak. For Test #18, average shock velocity is
943 m/s before DDT and 1691 m/s after DDT.
‘‘Max’’ – one large cell of the size of the tube, ‘‘spin’’ – spiral trace of spin detonation, ‘‘—’’ smoke foil is not installed, ‘‘–’’ not measured, ‘‘-’’ not applicable.
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detonation wave, however, the leading shock contains weak and
strong parts that locally propagate with velocities below and above
DCJ. For strong parts, the reaction zone in GETF experiments is not
resolved. Recorded peak pressures are not necessarily the maxi-
mum pressures to which the sensor is exposed. For weak parts,
the reaction-zone length, determined from the post-shock temper-
ature and chemical kinetics, can be very large. In reality this means
that the reaction front decouples from weak parts of the leading
shock, and the distance between the shock and the flame depends
on the dynamics of transverse shock waves. This distance can be
resolved in GETF experiments using a combination of both pres-
sure and light sensors.

Pressure and light signals recorded at selected locations in a
Test #39 with 10.0% NG in air are shows in Fig. 6a. The sensitivity
of light sensors was tuned to show a strong rise of the signal when
hot combustion products cross the line of sight of the sensor. In
several tests, ion probes were installed on the tube wall next to se-
lected light sensors to check the sensor calibration. For example,
the ion probe signal and the light signal shown in Fig. 6a for
27.28 m rise practically the same time. The difference of 20–
30 ls is very close to the time resolution (20 ls) of the data acqui-
sition system.

The detonation in the near-stoichiometric mixture used in Test
#39 produces light signals that rise at the leading shock or slightly
behind with typical delays of 0–40 ls. For the detonation velocity
�1800 m/s, this corresponds to a distance of 0–7 cm between the
shock and the flame. This is consistent with the structure of a det-
onation front with the cell size 20–30 cm measured for 10% NG
(see below).

Far from stoichiometric conditions, detonation cells grow and
the maximum possible gap between the leading shock and the
flame increases. Figure 6b shows selected pressure and light sig-
nals recorded near the detonability limit (Test #57, 5.3% NG). In
this case, the shock and the flame are coupled in some locations,
and decoupled in others. Delays between the leading shock and
the flame arrival vary within the range 0–300 ls, which corre-
sponds to the distance 0–45 cm between the shock and the flame.
The maximum observed distance of 45 cm, almost a half of the
tube diameter, is too large even for the detonation cell size compa-
rable to the size of the tube. In this test, the detonation propagates
in a spinning mode, as discussed below.

All pressure and light signals for Tests #39 and #57 are sum-
marized in x–t diagrams in Fig. 7. These diagrams show that the
shock velocity remains practically constant from the beginning to
the end of the tube. For many other tests with a successful detona-
tion initiation, the shock velocity measured between the first two
sensors at 2.9 and 5.9 m is higher, above 2000 m/s. This is consis-
tent with an overdriven detonation resulting from the ignition by
the stoichiometric methane–oxygen mixture (DCJ = 2490 m/s) in a
bag, which is usually 3.3–6.7 m long.

The results of direct initiation experiments are summarized in
Fig. 8, which shows measured shock and flame velocities as func-
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tions of NG concentration. The theoretical CJ detonation velocity
[23] is also included in Fig. 8 as a solid line. Detonation in the test
mixture is sustainable for NG concentrations from �5.3% to �15.6%
by volume. The difference between the measured and theoretical
detonation velocities is less than 50 m/s or 3%. When the detona-
tion initiation was unsuccessful, the shock velocity decreased to
500–800 m/s for lean mixtures, and to 700–800 m/s for rich mix-
tures. Test mixtures with less than 4.9% or more than 16.0% of
NG did not sustain either a detonation or a deflagration in these
experiments.

Figure 9 shows the measured detonation pressure a function of
NG concentration. The theoretical CJ detonation pressure is also in-
cluded as a solid line. Again, there is good agreement between
measured and theoretical values, considering that the estimates
of the detonation pressure behind the main shock are ±0.3 MPa.
The maximum CJ pressure, 1.77 MPa, occurs for �10% NG, and de-
clines as the lower and upper limits are approached. Even at the
limits of 5.3% and 15.6%, CJ pressures are still high at about
1.2 MPa and 1.5 MPa, respectively. Thus, NG–air mixtures develop
substantial pressures over the entire detonable range.
3.2. Detonation cells

Figure 10 shows the measured detonation cell size as a function
of mixture composition. Tests for mixture compositions in the
range 5.3–15.6% NG produced cell patterns, and those outside the
range did not. The number of cells in a foil ranged from 1 to 8,
depending on the mixture. The minimum average cell size
20–30 cm was observed for slightly rich mixtures with 10–11%
NG. The maximum average cell size recorded for mixtures with
7–14% NG was 55–65 cm. The variability of the cell measurements
is on the order of 30% due to the irregularity of the cell patterns.
Several tests near the detonability limits produced large cells
comparable to the size of the tube. To our best knowledge, these
are the largest detonation cells ever recorded in experiments. For
example, Test #40 with a 15.6% mixture resulted in one large cell
that spread over two smoke foils to the total length of 170 cm. The
cell width in this case can be considered as the tube diameter
d = 105 cm, or the half-circumference 0.5pd = 165 cm. The latter
assumes a double-head spin detonation characterized by two triple
points that propagate along the wall in opposite circumferential
directions. All points shown in Fig. 10 at 165 cm correspond to
one large cell of the size of the tube. In some cases, smaller cells
were also observed, and this is shown by error bars extending
down from 165 cm.

Three tests near the limits (#49, 15.5%, #55, 5.3%, and #57,
5.3%), produced spiral traces of single-head spin detonations. These
points are shown in Fig. 10 for the equivalent cell size pd = 330 cm
[22]. One of these tests (#55) produced a spiral trace in one foil,
and a large cell in the other foil. This is shown by two points, at
330 and 165 cm connected by a vertical bar.

Figure 10 also includes experimental data [20,14,16] and the
computed curve based on a model [24]. There is reasonable agree-
ment between the measured and theoretical cell sizes, considering
the high variability of the cell sizes measured for each experiment.

Cell patterns left on smoke foils by developed detonations in
GETF experiments are very irregular. Examples of these patterns
are shown in Fig. 11. In addition to the large primary cells that vary
in size and shape, there are also secondary cell structures inside
primary cells. These secondary cells can be 1–3 orders of magni-
tude smaller than the primary cell. For example, Fig. 12a shows
small, relatively regular cells inside a large, 80 cm wide primary
cell. This kind of secondary cell structures is typical of systems
with high activation energies [25–27], though multi-level cell
structures can also form when the energy release in a detonation
wave occurs in multiple stages on different time scales [28–32].

Another example in Fig. 12b shows irregular secondary struc-
tures observed around the point of collision of two triple points
for 5.5% mixture. The primary cell in this case is about the size of
the tube and is probably produced by a double-head spin detona-
tion. Further decrease of NG concentration leads to a single-head
spin (or simply spin) detonations.

Spin detonations observed near the detonability limits produce
characteristic spiral traces as shown in Fig. 13. These traces can be
regular (a) or irregular (b). The spin detonation regime occurs
when the natural detonation cell size becomes larger than the tube
diameter, and the cellular front structure degenerates to one triple-
shock configuration that propagates along the tube wall [33]. The
transverse wave in this configuration is a detonation that can be
unstable and produce a fine cell structure inside the spiral trace,
as shown in Fig. 14.

These fine cell structures are most visible for spin regimes, but
sometimes we also see them inside wide boundaries of large pri-
mary cells. In both cases, fine structures are due to the instability
of transverse detonations in systems with high activation energies.
They were previously observed in experiments with spin detona-
tions [34–36] and in numerical simulations [27,37].

Since transverse detonations propagate in the gas, which is al-
ready compressed by the leading shock, they develop very high
pressures. This high pressure produced a deformation of the smoke
foil along the spin trace shown in Figs. 13b and 14b. The deforma-
tion cannot be seen in the photo, but a visual analysis of the actual
foil clearly shows �1 mm deep groove along the trace.

All pressure signals recorded in Test #57 starting from 12 m
(Fig. 7b) show multiple strong pressure oscillations with a period
2.1 ms, which is significantly longer than the dominant period of
0.6 ms observed in experiments for near-stoichiometric mixtures
(Fig. 7a). If we relate these oscillations to the rotation of the spin
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Fig. 6. Pressure (black) and light (red) signals recorded at selected locations for (a) Test #39, 10.0% NG and (b) Test #57, 5.3% NG. Green line shows ion probe signal. Sensor
locations are indicated in top right corner of each frame. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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head, the rotation period of 2.1 ms gives the transverse wave speed
1.05p/0.0021 = 1571 m/s. Since the leading shock velocity in this
experiment is 1512 m/s, the angle of the resulting spiral trajectory
of the transverse wave should be close to 45�, which is approxi-
mately the angle observed in Fig. 14. This confirms the spin deto-
nation regime in Test #57 and shows that detonation propagates
in this regime for the most part of the tube length.
4. Discussion and conclusions

The most important practical result of these experiments is the
new extended range of detonability for methane–air mixtures ob-
served for the first time in a large, 105 cm diameter tube. The new
range, 5.3–15.6%, almost encompasses the entire flammability lim-
its of 5–16% methane in air, as reported in Ref. [38].
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These new detonability limits were determined using booster
detonations in methane–oxygen mixture. In some experiments
near the limits, the volume of the booster mixture was increased
by a factor of two in order to avoid a possible detonation failure
due to an insufficient initiation energy. The results are summarized
in Fig. 15, where the initiation energy E (MJ/m2) for GETF experi-
ments was computed as E = EBVB/S, where EB (MJ/m3) is the energy
released by the explosion of the stoichiometric mixture CH4 + 2O2

in the booster bag, VB is the volume of the bag (see Table 1), and
S = 0.866 m2 is the tube cross-section. We assume EB = QCH4/3,
where QCH4 = 35.8 MJ/m3 is the heat of combustion of methane.
The value of E computed here is based on the total chemical energy
contained in the booster bag. We do not take into account the fact
that the amount of energy actually involved in the detonation



Fig. 11. Detonation cells on smoke foils: (a) Test #29, 7.2% NG. (b) Test #27, 10.2% NG. (c) Test #36, 13.7% NG. Full 1.2 m � 1.2 m foils are shown.

Fig. 12. Secondary detonation cells inside large main cell. (a) Test # 48, 6.2% NG. Scale is in inches (top) and centimeters (bottom). (b) Test #51, 5.5% NG. Foil height 1.2 m.
Distance between mounting holes �30 cm.

Fig. 13. Traces of spin detonations on smoke foils. (a) Test #57, 5.3% NG. (b) Test #49, 15.5% NG. Foil size 1.2 m � 1.2 m. Distance between mounting holes �30 cm.
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Fig. 14. Fine detonation cells inside spin detonation trace. (a) Test # 57, 5.3% NG. (b) Test #49, 15.5% NG.
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shows minimum energy required for detonation initiation measured in Ref. [15].
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initiation can be smaller than E and may not be proportional to VB,
since the detonation in the booster bag generates a shock with a
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Fig. 16. Detonability limits measured for methane–air mixtures by different research gr
et al. [15], 3 – Kogarko [13], 4 – GETF. Solid line is the best fit for most of the experiment
methane–air mixtures in obstructed channels at 1 atm and 293 K: 5 – Kuznetsov et al. [2
systems.
decreasing pressure profile of a limited duration. It has been
shown, for example, that the detonation initiation depends on
the ratio between the transmitted shock pressure and the detona-
tion pressure in the acceptor mixture [39]. The mechanism of ini-
tiation of a detonation in the acceptor mixture by a booster
detonation can be quite complex, and is beyond the scope of this
work.

Though systematic studies of the effect of ignition energy were
not completed, the results presented in Fig. 15 show some
influence of the initiation energy on the upper detonability limit.
Figure 15 also shows that initiation energies used in GETF experi-
ments are 4–8 times larger than minimum initiation energies mea-
sured in experiments [15] in a smaller tube. As the system
approaches the detonability limits, the minimum energy required
for the detonation initiation increases. For the wider limits ob-
served in GETF experiments, the minimum energy may exceed
the energy provided by the methane–oxygen booster. If this is
the case, then true detonability limits in a 105-cm diameter tube
can be slightly larger.

Figure 16 summarizes detonability limits measured for
methane–air mixtures by different research groups in tubes of
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2], 6 – Kuznetsov et al. [40]. Two plots show the same data in different coordinate
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different diameters d, and using different detonation initiation
methods. Matsui [21] used a Schelkin spiral to produce DDT,
Wolanski et al. [15] used hydrogen–oxygen booster, Kogarko [13]
used a high explosive, and we used a methane–oxygen booster in
GETF experiments.

The data are shown in Fig. 16 in two coordinate systems: d vs
concentration and 1/d vs concentration. Most of the data fit on
the U-shaped or bell-shaped curve depending on coordinates, that
shows the wider detonability limits for larger systems. The limits
defined in GETF experiments are the widest observed so far, but
they are not the widest possible and should continue to grow with
the system size.

Kuznetsov et al. [40,22] studied flame acceleration in ob-
structed channels filled with methane–air mixtures. Though deto-
nations were not observed in these experiments, the boundary
between subsonic and supersonic flames shown by open points
in Fig. 16 is very close to the curve that represents detonability lim-
its. This may imply that supersonic flames in obstructed channels
partially rely on shock compression for an accelerated energy re-
lease. For mixtures that cannot detonate, the energy release does
not accelerate enough in response to the shock compression, and
therefore supersonic flames do not develop.

The widening detonability limits for larger systems can also be
important for smaller systems at higher pressures. The effect of a
larger scale is similar to the effect of a higher pressure, as recently
shown in experiments [22] for concentration limits for flame accel-
eration and DDT. We therefore can expect wider detonability limits
for methane–air mixtures used in engines that operate at increased
pressures.
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