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Abstract

An experimental evaluation of the transmission of shock waves from a detonating gas mixture in a 0.5-in-inner-diameter open-
ended tube into an inert atmosphere is described in this paper. Stoichiometric H»/O; at 1 atm was used as the reactive gas
medium. Results from in-tube diagnostics indicated successful deflagration-to-detonation transition (DDT), which leads to an
overdriven detonation before exiting the tube at near Chapman—Jouguet (CJ) conditions. Out-of-tube diagnostics characterized
the transmission of the shock wave into the surrounding environment, where the shock wave decays into an acoustic wave
as it travels away from the tube exit. A mathematical treatment of overpressure and time-of-arrival data allowed for a direct
analytical description of the transmitted shock wave’s transient velocity. This description is combined with a first-principles
gas-dynamics treatment of the moving normal shock wave to describe the conditions behind the attenuating shock wave.
This work furthers the understanding of shock transmission from an open-ended detonation tube and provides a theoretical

framework to estimate the resulting conditions.
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1 Introduction

Transmission of a shock wave from a detonation propagating
inside of a tube into an open atmosphere is an engineering
problem relevant to many applications, such as process safety
analysis and pulse detonation engines (PDEs). Experiments
were performed in this study to gain a better fundamental
understanding of the conditions outside of the open end of a
tube when detonation waves propagate from it and into the
surrounding atmosphere. There are several components to
this problem. Ignition of a reactive gas mixture in a confined
tube yields flame acceleration that leads to a deflagration-
to-detonation transition (DDT) and an overdriven detonation
that decays to a Chapman—Jouguet (CJ) detonation. The det-
onation wave transmits a shock wave into the surrounding
atmosphere at its open end, and the shock wave velocity is
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dependent on the acoustic properties of the combustible mix-
ture and the inert mixture in the surrounding atmosphere. The
transmitted shock wave decreases in strength as it moves
away from the tube opening and eventually decays to an
acoustic wave traveling at the local speed of sound.

There is considerable documentation of detonations and
DDT in the literature. We know that DDT is due to the
complex interaction of flames, shocks, boundary layers,
and turbulence which include both gas-dynamic and chem-
ical processes [1]. Transmission of a shock wave from a
detonating medium into a separate medium has also been
studied in the literature. Several researchers have consid-
ered a detonation-driven shock tube as an experimental tool
[2-12]. In this case, the driven section contains a deton-
able mixture and is separated from the driver section by a
thin diaphragm. The detonation yields a significant pres-
sure increase which ruptures the diaphragm and transmits
a shock wave through the driver section. However, most
of these facilities operate in the “upstream-propagation”
mode in which detonation is directly initiated near the
diaphragm, rather than allowing a detonation to reach the
diaphragm (e.g., “downstream-propagation” mode) [6,7].
Morrison [2] derived a first-principles treatment of the
downstream-propagation mode but did not provide experi-
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mental validation of the model. Armstrong [10] described
a numerical CFD model of this phenomenon which is an
approach that shows potential for predictive capability.

Several researchers have also considered the transmission
of a shock wave from the surface of a condensed-phase explo-
sive [13,14], a phenomenon with considerable similarities to
the current problem. Thomas et al. [15] studied the trans-
mission of shock waves from detonating gases through inert
mediums (He, Ar, air, and CO) and concentration gradi-
ents, and their data were compared to theory presented by
Paterson [14]. Sochet et al. [16] studied shock wave transmis-
sion into atmospheric air from detonating gaseous mixtures
(propane or hydrogen with oxygen) constrained to hemi-
spherical and half-tube geometries. These studies included
near- and far-field overpressure measurements and provided
a scaling analysis based on piston or bulk energy models.
Kato et al. [17] performed similar experiments with ethylene
and oxygen constrained to a tubular geometry. In addition,
Kato et al. [17] provided scaling analysis comparisons to
the data of Sochet et al. [16] and similar shock-tube exper-
iments [18,19]. Several other research groups [20-26] have
also considered this problem due to its applicability in PDEs.

Pack [27] was among the first to recognize that trans-
mission of the shock wave from the detonating medium
depends on the relative acoustic impedances of each medium.
Recently, Peace and Lu [28] studied shock wave transmission
in a downward-propagating detonation-driven shock tube
over a range of impedance ratios, where the reactive and
inert mediums consisted of hydrogen/oxygen and air/helium.
Peace and Lu [28] also developed a theoretical shock trans-
mission model which included the effects of the leading
shock, induction zone, and reaction zone.

No fully descriptive model has been presented to date that
accurately captures the overpressure decay behind a shock
wave transmitted into an open volume from a detonation
inside of a tube. Allgood [20] and Glaser et al. [21] sug-
gested that the pressure in the near and far fields due to the
shock wave exiting a PDE could be represented by standard
scaling correlations for strong and weak shocks, respectively,
but only approximate agreement with their data is noted.
Anand et al. [25] later applied an empirical correlation devel-
oped by Dorofeev et al. [29] for hemispherical detonations
to their PDE overpressure decay data and noted good agree-
ment if the correlation was scaled by an empirical factor of
3.43. The observed level of disagreement between data pre-
sented from the two studies without this scaling factor is
not surprising, considering the differences in their explosion
geometry and how each group defined their explosion energy.
The limited available data and the lack of a comprehensive
model highlight the need for an additional investigation of
this phenomena.

In summary, shock wave transmission from a detonating
medium into an open volume has been documented in the
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literature, but the intricacies of the complex interacting
phenomena involved and how they affect the resultant atten-
uating shock wave require further investigation. The current
work provides experimental data and corresponding analysis
and therefore a better understanding of these phenomena. The
following section provides an overview of the experimen-
tal configuration, including detonation tubes, gas handling
systems, and instrumentation used for data acquisition. Rep-
resentative data and data reduction methods are subsequently
provided. A detailed analysis of the shock wave decay data is
presented alongside the development of an analytical model.
Finally, key findings and areas of future work are discussed
in Conclusions section.

2 Experimental methods
2.1 Experiment overview

The open-ended detonation-tube facility is shown in
Figs. 1 and 2. These figures provide a detailed schematic
of the gas handling system and an image of the assembled
experiment, respectively. The experiment consists of three
open-ended detonation tubes connected to a gas delivery
system, instrumentation, and a DAQ/control box. Only exper-
iments from the smallest detonation tube are presented and
discussed here. This tube has an inner diameter of 0.5 in
(1.27 cm) and a maximum length of 5ft (1.52m). The deto-
nation tube is constructed from flanged sections, such that its
total length can be adjusted within 1-ft (0.3-m) increments.
The end of the tube is terminated with a blind flange that
includes a pressure-sealed insert housing a Nichrome igni-
tion wire, which is connected to a circuit containing a relay
and a variable power supply (VoITEQ #HY3020EX). The
tube is secured on top of leveled cinderblocks during experi-
ments, and its outer diameter rests approximately 1 ft (0.3 m)
above the ground.

The gas delivery system (Fig. 1) controls the flow of fuel,
oxidizer, and reactive gas mixtures in the manifold and to
the detonation tube. Four tanks are connected to the man-
ifold for oxidizer (O), fuel (Hz), purge gas (N>), and air
for pneumatic valve control. High-pressure dual-stage reg-
ulators (Matheson SEQ3128AXXX) are connected to the
oxidizer, fuel, and purge gas tanks. Two programmable mass
flow controllers (Alicat #MCP-100SLPM-D) are installed
in-line downstream of the oxidizer and fuel tanks for pre-
cise control of their flows. Fuel and oxidizer mixing takes
place in-line prior to entry into the detonation tube. A single
detonation arrestor (Protego DAL-1/4-1IC-P1.5) is installed
just upstream of the detonation tube. Three high-pressure
pneumatic valves (HiP 10-11NFB-MH-NC) are used to
remotely control the flow of the reactive gas mixture into
the detonation tube and gas analyzer (CAI GPA2000) and to
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Fig.1 Detailed schematic of the gas handling system including gas tanks, mass flow controllers, pneumatic valves, static pressure transducers and
gauges, detonation arrestor, and vacuum pumps. The air tank and corresponding lines for pneumatic control are not depicted
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Fig.2 Image of all three fully assembled detonation tubes, gas handling system, and deployable DAQ/control cart. Inset images show end views

of the 5.08-cm (2-in) tube

control flow of the purge gas. Three high-pressure solenoids
(Peter Paul Electronics #H22M9DCV) remotely control flow
to the atmosphere vent line and the vacuum pumps. Addi-
tional valving allows for manual venting. Two separate rotary
vane pumps (Agilent DS102) are used to remove gas in the
gas delivery manifold and detonation tube. The gas mani-
fold contains a pressure gauge (AshCroft #355-10) and two
pressure transducers (Omega #PX309-300A5V and Omega
#PX309-050A5V) to actively monitor the gas manifold and
detonation-tube conditions.

The length of the detonation tube contains ports along
its centerline for instrumentation. The inter-port spacing is
approximately 3in (7.6cm). A 30-in (76-cm) long pressure

transducer rake (Fig. 3) is mounted at the tube exit, flush with
the exit’s outer diameter, and can house up to 19 sensors.
High-frequency, high-resolution, ground-isolated, ablative-
coated piezoelectric pressure sensors (PCB #CA102B) were
used to measure pressure-histories behind the detonation
wave inside of the tube and behind the shock wave propagat-
ing into the atmosphere. A total of 16 pressure transducers
including (6) 0-500psia, (3) 0-200psia, (3) 0—-100psia, and
(4) 0-50psia models were utilized during each experiment.
Additionally, four free-field, pre-polarized, pre-amplified
microphones (PCB #377C01) were set up in the field away
from the detonation tube to measure acoustic wave strength
behind the wave propagating into the atmosphere. Standard
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Fig. 3 (Left) CAD representation and (right) image of the pressure transducer rake utilized to secure piezoelectric pressure transducers near the

exit of the detonation tube

coaxial data cables with FEP jackets (PCB #002AC) connect
all sensors to the DAQ (HBM 1-Gen3i, 3 18-bit GN815 data
cards, 200MS/s, 480 GB SSD). The typical instrumentation
configuration in the current study consisted of 4—6 dynamic
pressure transducers mounted along the length of the deto-
nation tube, 10—12 dynamic pressure transducers mounted in
the rake, and four free-field microphones set up in the field
at various distances (2.5-25 m) from the detonation tube. In
addition, a standard video camera and a high-speed camera
(Photron FASTCAM SA3 120K) captured shock wave and
jet flame transmission in select experiments.

2.2 Testing protocol

All experiments took place outdoors at TAMU’s UXO Range
at the RELLIS campus, where operators were located a safe
distance (~ 250 m) away from the experiment during reactive
gas mixing, filling, and firing operations. Prior to testing, the
open end of the detonation tube was plugged with a tapered
rubber stopper that minimally (< 1 cm) penetrated the inside
of the tube. A pneumatic linear actuator was secured to the
stopper to hold itin place (Fig. 3). This method was developed
to minimize the impact of the seal on shock wave trans-
mission and was superior to other methods explored here
(e.g., plastic diaphragms, thin films, unremoved stoppers).
The gas manifold, detonation tube, and associated piping
were vacuumed down to a value of O psia (pressure readout
resolution is 0.1 psia), and a vacuum was continually pulled
for an additional 10 min. The detonation tube was filled with
reactive gas up to atmospheric pressure and then sealed off
from the rest of the system. The gas manifold and connecting
piping were vented, purged with nitrogen gas, and vacuumed
down to isolate the reactive gas mixture in the detonation
tube. The experiment was initiated by removing the rubber
stopper by triggering the pneumatic linear actuator and sub-
sequent application of an electrical current to the Nichrome
wire igniter. The DAQ system was automatically triggered
by arrival of the detonation wave at the exit of the detonation
tube.
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3 Results and discussion
3.1 Data reduction (in-tube diagnostics)

In a smooth tube, a flame acceleration phase followed by the
onset of detonation and subsequent decay of an overdriven
detonation to a CJ detonation has been well described in
the literature [30]. To verify the presence of a CJ detonation
wave at the tube exit, the tube length was varied among three
values of 0.6, 0.9, and 1.5m (2, 3, and 5ft.), and the six
highest-range dynamic pressure transducers (0-3.45MPa,
0-500 psi) were moved along the length of the tube between
experiments. The maximum raw overpressure data collected
during these experiments are shown in Fig. 4a as a function
of distance from the ignition location (i.e., the closed end
of the tube). Similarly, the average wave velocity measured
between sensors is shown in Fig. 4b. The average wave veloc-
ity between two sensors is defined as the distance between
the sensors divided by the difference in wave arrival time.
Each of the nine sets of symbols correspond to a separate
experiment. The different symbol shapes represent duplicate
experiments, while different filling patterns represent differ-
ent tube lengths. The dashed lines in Fig. 4 correspond to
the CJ detonation values for stoichiometric Ho/O5. For the
maximum overpressure values reported for sensors near the
ignition source (e.g., the first two sensors), care was taken
to report the pressure associated with the pre-DDT deflagra-
tion and not the retonation wave. The measurement errors for
maximum pressure (£ 50 kPa) and wave velocity (&= 50 m/s)
are both on the order of the symbol size shown in Fig. 4. The
anticipated trend is observed, with DDT occurring near the
closed end of the tube after an acceleration phase, yielding
an overdriven detonation that decays to near-CJ conditions.
Stable conditions, with pressures and wave velocities near
the expected CJ conditions, are observed at the open end of
the detonation tube.

The experimental overpressure data near the DDT event
(Pmax ~3.38 MPa, 490 psi) are significantly higher than the
Clvalue (Pcy = 1.90 MPa, 276 psi), while the wave velocity
goes to the CJ value (Vy=2.84km/s) almost immediately.
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Fig.4 a Maximum overpressure data and b computed wave velocities
inside of the detonation tube (ID = 1.27cm, L = 0.6, 0.9, or 1.5m)
for a total of nine experiments conducted with stoichiometric H/O»
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Fig.5 Initial pressure-dependent CJ detonation properties (CJ detona-
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In contrast, previous investigations by Ciccarelli et al. [31]
showed that both the local overpressure and wave veloc-
ity exhibit similar behavior in Hy/air/steam mixtures, in that
they are significantly higher that the CJ value near the DDT
event and then trend to the CJ value. The authors attempt to
rectify this disparity by considering the theoretical CJ con-
ditions of stoichiometric H»/O; detonating at varying initial
pressures, as shown in Fig. 5. The stoichiometric H»/O, CJ
velocity does not significantly depend on the initial pres-
sure, while the CJ pressure does strongly depend on the
initial pressure. More explicitly, the pressure amplification
required to yield the observed maximum pressure near the
DDT eventis an initial reactive gas pressure of approximately
0.177 MPa, which is 74% greater than the standard pressure
(0.1 MPa). This overdriven condition yields an increase in
the CJ pressure of 77%, but the corresponding increase in the
ClJ velocity is only 1%. The sensor spacing used here does not
allow for high spatial resolution of the local post-detonation
conditions, so observation of an increased wave velocity is
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(P = 0.1 MPa). Symbol shapes represent replicate experiments, while
different filling patterns represent different tube lengths

difficult and is probably only realizable with other measure-
ment methods, such as direct high-speed video observations.
These observations should be considered in future exper-
iments when making measurements of DDT location and
run-up distances. Furthermore, it would be worthwhile to
perform similar calculations for other fuel/oxidizer mixtures
to see if these observations are universal or only applicable
to Hp/O, mixtures.

3.2 Data reduction (out-of-tube diagnostics)

Representative data for a stoichiometric H>/O; mixture
undergoing DDT and transmitting a shock wave into the open
atmosphere are shown in Fig. 6 for a detonation tube with
ID=1.27 cmand L = 1.52 m. Six pressure transducers were
located inside of the tube near its open exit, ten pressure trans-
ducers were located in the rake outside but near the tube exit,
and four free-field microphones were located away from and
in line with the tube exit. The left and right profiles in Fig. 6
correspond to data for the piezoelectric transducers (PZT)
and free-field microphones, respectively, and the dashed red
line in the left plot corresponds to the arrival of the detonation
wave or shock wave. The maximum raw overpressure mea-
sured inside of the detonation tube was 2.38 MPa (345 psi),
which is greater than the Chapman—Jouguet (CJ) pressure for
the mixture of 1.90 MPa (276 psi). However, the measured
overpressure decayed inside of the tube and was steady in the
region near the tube exit to a value within about 10% of the CJ
pressure (2.2 £ 0.18 MPa), indicating a CJ detonation wave
had developed. The overpressure signal just outside of the
tube exit (i.e., 1.27 cm away) registered a significantly lower
value of 1.09 MPa (157 psi), and the overpressure continued
to decrease as the shock wave moved away from the tube exit
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Fig.6 Representative data collected by the (left) PZT pressure and (right) free-field microphone sensors during a stoichiometric H»/O, detonation

tube ID=1.27 cm, L =1.52 m) firing

and into the surrounding atmosphere. The furthest pressure
transducers in the rake (D =15.0 cm) registered an overpres-
sure of 61 kPa (8.9 psi). The free-field microphones, which
are located significantly further from the tube exit at distances
ranging from 2.5-25 m, registered overpressures on the order
of 1.4-6.9 kPa (0.2-1 psi), and the furthest microphone
(D =17.4 m) did not register an overpressure signal greater
than the signal noise resolution (0.69 Pa or 0.0001 psi).

We do not expect the pressure rake to influence the peak
shock pressure or the decay of the shock wave. However,
the rake may have some influence on how fast local pressure
conditions return to pre-shock wave values and the corre-
sponding measured impulse.

3.3 Wave decay analysis

The CJ detonation transmits a shock wave at the tube exit
at an initial velocity (V¢), and this shock wave decays to an
acoustic wave traveling at the ambient speed of sound (c)
far from the tube exit. The transmitted shock wave’s time-of-
flight data (Fig. 7) can be mathematically represented by an
oblique asymptote:

D(t) = (a1t + a2) — {th} (1)

where D is the distance from the tube exit and ¢ is the
elapsed time since the detonation wave reached the tube exit.
Equation (1) can be differentiated with respect to time to
yield the velocity time-history of the shock wave:
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The relevant constants of the oblique asymptote equations
(i-e., a1 —ay) can be solved for by considering the problem’s
physical constraints at the boundaries. In particular, the tube
exit is defined as the shock wave origin: D (0) = 0, the initial
shock wave velocity at the tube exit is known: V (0) = V.,
and the shock wave velocity far away from the tube is equal
to the local speed of sound: lim;_, o, V = c. In addition, we
define an empirical decay coefficient, Dy, which describes
how rapidly the shock wave decays to the local speed of
sound. The asymptote of the shock wave time-of-flight data
is described by:

D (asymptote) = ct + Dy. 3)

Finally, the shock wave location and velocity can be recast:

D3/ (Ve —¢)

D (1) = (et + Do) = | b o 4)
2 _

v (t) _ a_D . DO (Ve C) (5)

=c
at [Do + (Ve — ) 1]

where there are three unknown parameters (¢, Do, and V¢)
that must be determined.

The ambient speed of sound can be determined prior to
experiments based on local conditions (pressure, tempera-
ture, and humidity), but is directly measured here by fitting
a line through the time-of-arrival data collected with the far-
field microphones. It is worth noting that the ambient speed
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of sound varied between testing days throughout the year,
and measured values generally agreed well with theoretical
values computed according to recorded ambient conditions.

The velocity of the shock wave at the tube exit is found
by considering the impedance ratio between the combustible
and ambient gases. Peace and Lu [28] investigated the trans-
mission of a shock wave produced by a CJ detonation (H,/O»,
¢ =0.5-1.5, P = 1 atm) into inert media (air and/or He) with
varying acoustic impedance characteristics. They found that
the transmitted shock can be amplified or attenuated based on
the ratio of acoustic impedances across the contact surface.
The nondimensional acoustic impedance ratio is the ratio of
the inert medium’s acoustic impedance to that of the com-
bustible medium: Z = z;j/z.. The acoustic impedance of a
medium is given by:

P P 1/2
z={%[(m+1>ﬁ+(m—1)“ ©6)

where p, P, and y are the local density, pressure, and spe-
cific heat ratio, respectively. The subscripts 1 and 2 denote
unburned and burned conditions, respectively, in the com-
bustible medium, and denote initial and post-transmitted
shock conditions, respectively, in the inert medium.
Peace and Lu [28] found that the transmission ratio, e.g., the
ratio of transmitted shock wave velocity to that the detona-
tion wave velocity (I' = V1 /V(y), was greater than unity for
low impedance ratios (z < 1, reflected rarefaction) and less
than unity for high impedance ratios (z > 1, reflected shock).
The data provided by Peace and Lu [28] indicate impedance
and transmission ratios of approximately 1.45+0.06 and
0.6010.04, respectively, for the conditions in the experi-
ments conducted here. Accordingly, the expected transmitted
shock wave velocity is approximately 1700 £ 115 m/s.
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to experimental measurements with piezoelectric pressure transducers,
and the black dash-dotted line corresponds to the decay model

The final parameter (i.e., the decay coefficient) is empir-
ically determined by fitting (1) to the near-field time-of-
arrival data. The near- and far-field pressure data for all
experiments are shown in the left and right graphs in
Fig. 7, respectively. Similarly, the measured shock wave
velocity data, taken between pressure transducers, are shown
in Fig. 8. The black dash-dotted line in these figures cor-
responds to the model with an ambient speed of sound of
340.7 m/s, a shock wave transmission velocity of 1700 m/s,
and a decay coefficient of 0.065. In general, the decay model
matches the x— and v—x data well with good coefficients
of determination (R>=0.988 and 0.882, respectively). Most
of the error in the model appears to be derived from an
inaccurate representation of the shock wave velocity at the
tube exit. The shock wave velocity could be influenced by:
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(1) fuel-gas mixture being pushed out of the open end of
the tube by the propagating flame front, or (2) local mix-
ing when the plug is removed from the open end of the
tube; however, we believe that both these effects are neg-
ligible in the current study because the tube length (5 ft) is
much longer than the corresponding DDT run-up distance
(~1 ft) and the entire experiment takes place in less than
one second from when the plug is removed from the tube.
Alternatively, a more complicated mathematical representa-
tion may be required to better capture the 3D effects near the
tube exit. The lack of relevant data, except for those of P
eace and Lu [28], indicates that further work is required
in evaluating impedance matching for relevant ranges of
impedance ratios and transition geometries.

Equations (4), (5) combined with the measured ambient
speed of sound, estimated shock wave exit velocity, and
empirical decay coefficient provide a complete analytical
representation of the shock wave’s history. These relations
can be combined with the one-dimensional moving normal
shock equations (summarized in the Appendix) [32] to esti-
mate the conditions created by shock wave arrival at any
location away from the tube exit, as shown in Fig. 9. The
lines correspond to computations completed as described,
and solid symbols correspond to static pressure measure-
ments taken by the pressure transducers during experiments.
In addition, computations were completed using time-of-
flight measurements as a direct input (e.g., instead of (4), (5))
which are shown as open symbols. The good agreement
between static pressures predicted with the average shock
wave velocity (open symbols) and direct static pressure mea-
surements (solid symbols) indicates the theoretical modeling
framework adapted here is technically sound. There is, how-
ever, some disagreement between the fully analytical model
(red dashed lines) and the direct pressure measurements
(solid symbols), so that the static pressure is over- and under-
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Fig.9 Pressure conditions behind a shock wave transmitted from a sto-

ichiometric H»/O; detonation tube (ID =1.27 cm) propagating into an
open atmosphere in the (left) near and (right) far fields. Lines correspond
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predicted near and far from the tube exit, respectively. These
discrepancies are derived from the imperfect fit of (4), (5) to
the time-of-arrival data and, more likely, an inaccurate rep-
resentation of the shock wave velocity at the tube exit. More
explicitly, an inaccurate representation of the shock wave
velocity affects the 1D gas-dynamic analysis. In compari-
son with previous modeling efforts in the literature based on
weak/strong shock correlations [20,21] and empirical corre-
lations from data [25], the current modeling efforts include
gas-dynamic analyses and should be more accurate.

4 Conclusion

The decay of shock waves transmitted into an open atmo-
sphere from a detonation tube (H,/O,, ¢ =1, P =0.1 MPa)
was measured with a new experimental facility. The exper-
iment began with ignition of a reactive gas mixture in a
confined tube, DDT occurring in the tube, development
of a CJ detonation, transmission of a shock wave into
the surrounding atmosphere at the open end of the tube,
and the eventual decay of the shock wave to an acoustic
wave. The time-of-arrival data in the near and far fields are
well described by an oblique asymptote equation with three
parameters: the local speed of sound, the velocity of the shock
wave exiting the tube, and an empirical decay coefficient. The
gas-dynamic equations for amoving normal shock wave were
combined with this analytical treatment of the shock wave
decay to yield a full description of the conditions immedi-
ately behind the shock wave at any distance in front of the
detonation tube. Generally, good agreement was observed
between the model and the experimental data. Further work
isrequired to establish accurate a priori estimation of the both
the shock wave velocity at the tube exit and the decay coef-
ficient for a range of applicable conditions. Additional work
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to gas-dynamics model; solid symbols correspond to measurements
made with pressure transducers; and open symbols correspond to model
computations completed with time-of-flight measurements
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is currently being completed to establish similar datasets for
larger detonation tubes (ID =2.54 and 5.08 cm), which will
allow for additional more complete analyses.

Appendix

The model developed here combines (4), (5) with the one-
dimensional moving normal shock equations [32], which are
summarized in Fig. 10.
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