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ABSTRACT
Systems and methods for quantifying combustion arrester

performance are disclosed . Methods include filling an

upstream volume and a combustion arrester with a flam

mable gas , igniting the flammable gas in the upstream
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volume (and upstream of the combustion arrester ), measur

ing a composition of gas discharged from the combustion

arrester due to ignition of the flammable gas, and quantify
ing the performance of the combustion arrester based on the
composition of gas measured . The measured gas composi
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tion may include types and /or amounts of combustion spe
cies within the gas discharged from the combustion arrester.
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COMBUSTION ARRESTER
QUANTIFICATION SYSTEMS AND
METHODS

FIELD

[0001] The present disclosure relates to combustion

arrester quantification systems and methods.

Oct. 4 , 2018
Such repetitive testing may require rebuilding the test sys
tem and /or replacing the combustion arrester for each test
run .

[0007] Flame speed and combustion front pressure

changes may be controlled to some extent by adjusting the
length and/ or complexity of piping between the combustion

arrester and ignition source . Generally , longer pipe lengths

lead to faster flame velocities. Additionally or alternatively ,

a combustion front may be accelerated by introducing

BACKGROUND

specific flame acceleration structures such as a Shchelkin
spiral or a series of annular disks. Elbows and tees in the

[ 0002] Combustion arresters are used to protect people
and equipment in many industries such as fuel production ,
mining, transportation , chemical processing, power genera

piping also may serve to accelerate a combustion front.
Generally, flame acceleration is achieved by increasing

tion , and wastewater treatment. For example , combustion

turbulence tends to increase combustion , leading to higher

arresters may be used to avoid undesired combustion during

fuelhandling such as in conjunction with storage , transport,
consumption , and production of fuel (e. g., natural gas,
gasoline , diesel fuel, jet fuel, etc.).
[0003 ] Combustion arresters are installed in systems that
interact with gases that may be flammable . Combustion
arresters are designed to prevent combustion in one part of

the system from igniting nearby flammable gases. Combus

tion arresters generally include a permeable quenching ele

ment enclosed in a housing. The permeable element permits

gas to flow but has small passages that are arranged to cool
the burning gas of a combustion front to below the autoi

gnition temperature of the gas . Some combustion arresters

also may significantly attenuate the pressure wave or shock

wave associated with the combustion front.
[ 0004 ] Design and performance of combustion arresters
are dependent on operating conditions , including the type of
flammable gas and the temperature, pressure, volume, and
flow rate of the flammable gas. Because of the myriad of
conditions that may affect performance and the generally

unpredictable nature of combustion fronts , a combustion

arrester suitable for one situation may not be suitable for

another.

[0005 ] Testing of combustion arresters typically involves
testing the combustion arrester in the particular circum
stances of the expected use . That is , combustion arrester
testing generally is a system test (involving actual system
components ) rather than merely a component test of the

combustion arrester . For example , the location of the com

bustion arrester relative to potential ignition sources and/or
flammable gas sources, the size ofpiping to and /or from the

combustion arrester, the type of flammable gas, the tem
perature and /or pressure of system operation , and the type of
ignition sources all may affect the performance of a com

bustion arrester in a system . To produce reliable results ,
combustion arrester testing commonly incorporates much , if

not all , of the final system components . Especially for large
and/ or complex installations, reproducing the final design
while testing a component of the final design (the combus
tion arrester ) may be a slow and expensive process .

[0006 ] In conventional combustion arrester testing , com
are produced (often with as much of the final installation

bustion fronts with different flame propagation conditions
components as possible ) to determine if the combustion

arrester stops ( or does not stop the particular combustion
front. A typical test regime may involve repeating a test

several times to verify that the combustion arrester may

repeatably stop a combustion front in the given scenario .

turbulence in the gas at the combustion front. Increased

pressures ( e. g ., due to more heating of the burnt gas ) and
higher combustion front speeds. A combustion front may
travel as a deflagration wave ( the flame speed is less than the

speed of sound in the unburnt gas downstream of the front)
or a detonation wave (the flame speed is greater than or
equal to the speed of sound in the unburnt gas downstream

of the front ). In some conditions , a combustion front may
transition from a deflagration wave to a detonation wave in
what is referred to as a deflagration to detonation transition .

During the deflagration to detonation transition , the pressure

and flame speed may be much greater than in a detonation

wave . The type of combustion front and the flame speed are

intimately affected by the particulars of the system design .
Additionally, a combustion arrester thatmay stop an intense
detonation wave may not adequately stop a less intense
deflagration wave (or vice versa ).
[0008 ] As an example of a complicated system , large

aircraft typically use combustion arresters in the vent tubes
of fuel tanks. To certify and test such configurations, all or

most of the aircraft 's fuel system may be reproduced (testing
in situ ). During the design of new systems, the test of the

combustion arrester may require finalized components
before the design itself is finalized . Further , even successful

tests (where the combustion arrester stopped the combustion
front ) may need to be reproduced (or reproduced under

similar conditions ) to verify that the performance of the
combustion arrester will be reliably successful.
SUMMARY

[0009 ] Systems and methods for quantifying combustion

arrester performance are disclosed . Methods include filling
an upstream volume and a combustion arrester with a

flammable gas, igniting the flammable gas in the upstream

volume (and upstream of the combustion arrester), measur
ing a composition of gas discharged from the combustion

arrester due to ignition of the flammable gas , and quantify
ing the performance of the combustion arrester based on the

composition of gas measured . The measured gas composi
tion may include types and /or amounts of combustion spe
cies within the gas discharged from the combustion arrester .
100101 Systems include a combustion arrester, an ignition
source ( upstream from the combustion arrester ), and a

sensor system with a sensed volume downstream from the

combustion arrester . The sensor system is configured to
measure the composition of gas discharged from the down
stream end of the combustion arrester. The sensor system

may include apparatuses that use optical techniques and/ or

gas sampling techniques to measure the gas composition .
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BRIEF DESCRIPTION OF THE DRAWINGS
[0011] FIG . 1 is a schematic representation of a test system

for combustion arresters according to the present disclosure .
[ 0012 ] FIG . 2 is a schematic representation of an example
of a test system for combustion arresters according to the

present disclosure .

dardized testing components . The standardized components
may be arranged to produce conditions equivalent to those

of the final installed configuration (in analog to using an

equivalent circuit for electrical testing and analysis). The
standardized components may reduce the size and/ or com

plexity of test systems relative to convention test systems.

By using standardized components, the desired test condi

[0013] FIG . 3 is a cross sectional view of an example of

tions may be reliably reproduced between test runs (of the

present disclosure.
[ 0014 ] FIG . 4 is a perspective view of an example of a

bustion arresters .

turbulence structure according to the present disclosure .

tems and methods, and components thereof. In general, in

a chamber for combustion arrester testing according to the

[0015] FIG . 5 is a schematic representation of examples of

optical sensor system configurations according to the present
disclosure .

[0016 ] FIG . 6 is a schematic representation of another
example of an optical sensor system configuration according

to the present disclosure .
[0017 ] FIG . 7 is a schematic representation of an example

of a test kit for combustion arrester testing according to the

present disclosure .

same or different test regiments ) and /or for different com
10021] FIGS. 1 - 8 illustrate combustion arrester test sys

the drawings , elements that are likely to be included in a
given embodiment are illustrated in solid lines, while ele
ments that are optional or alternatives are illustrated in
dashed lines. However, elements that are illustrated in solid
lines are not essential to all embodiments of the present
disclosure , and an element shown in solid lines may be

omitted from a particular embodiment without departing
from the scope of the present disclosure. Elements that serve

a similar, or at least substantially similar, purpose are

[ 0018] FIG . 8 is a schematic representation ofmethods of

labelled with numbers consistent among the figures. Like

sure .

elements , may not be discussed in detail herein with refer

combustion arrester testing according to the present disclo

DESCRIPTION
[ 0019 ] Combustion arrester quantification systems and
methods of the present disclosure may be used to determine

numbers in each of the figures, and the corresponding

ence to each of the figures. Similarly, all elements may not
be labelled or shown in each of the figures , but reference
numerals associated therewith may be used for consistency.

Elements, components, and / or features that are discussed

fronts. The disclosed systems and methodsmay be used to

with reference to one or more of the figures may be included
in and/ or used with any of the figures without departing from
the scope of the present disclosure .

failed to stop the combustion front). Quantitative measures

system 10 for a combustion arrester 20 . The test system 10
includes an upstream volume 12 and a downstream volume

the effectiveness of combustion arresters to stop combustion

quantify the effectiveness of the combustion arrester under
test, yielding more than a binary outcome (i.e ., not just
whether the combustion arrester under test succeeded or

[0022 ] FIG . 1 is a schematic representation of a test

may be obtained by analyzing the chemical composition of
the gas that passes through the combustion arrester. Quan
titation may be enhanced by measuring gas temperature
and/ or gas velocity . Additionally or alternatively , quantita

with the upstream volume 12 and a downstream end 24 in

tion of the effectiveness of the combustion arrester may be
measured by analyzing the spatially - resolved gas tempera
ture, velocity and /or chemical composition of gas that passes

upstream chamber 14 . The upstream chamber 14 may be

through the combustion arrester. Spatially - resolved mea
surements may include cross sectional profiles of the gas
flow downstream of the combustion arrester and/ or two

tion arrester 20 . The downstream volume 42 may be

42 with the combustion arrester 20 between . The combus

tion arrester 20 has an upstream end 22 in fluidic contact
fluidic contact with the downstream volume 42 . The

upstream volume 12 may be enclosed and /or defined by an
directly connected to the combustion arrester 20 or may
otherwise terminate at the upstream end 22 of the combus
enclosed and/ or defined by a downstream chamber 44 . The

dimensional projections of the gas flow downstream of the

downstream chamber 44 may be directly connected to the

combustion arrester. Quantitation of combustion arrester
efficacy permits different combustion arresters to be com

downstream end 24 of the combustion arrester 20 .

pared directly in a given design and permits more stream
lined and /or directed testing of combustion arresters. For

example , replication of successful combustion arrester tests

(in which the combustion arrester successfully stopped the

combustion front) may not be necessary for tests in which

the quantitative efficacy indicates sufficient operating mar
gin . As another example , fewer testing conditions may be

needed because quantitative efficacy may better predict
effectiveness in alternate conditions.

[0020] Moreover, the disclosed systems and methods may
define reproducible conditions to test combustion arresters
that may be tuned to replicate normal and /or worse case
combustion fronts that may be experienced in installed
configurations. For example, systems and methods may
configure upstream and /or downstream volumes , ignition

source location , combustion front flame speed , and /or gas
flow conditions ( e. g ., turbulent or laminar flow ) with stan

combustion arrester 20 or may otherwise terminate at the

[0023 ] In use, the test system 10 may contain and/or be
filled with flammable gas 28 ( the flammable gas 28 may flow

through the test system 10 ). The flammable gas 28 is a gas

that is flammable and configured to be ignited in the
upstream volume 12 ( e . g ., by an ignition source 16 ). Ignition

of the flammable gas 28 causes a combustion front 30 in the

upstream volume 12 that propagates to the upstream end 22

of the combustion arrester 20 . The combustion front 30 ( also
referred to as a flame front and /or a combustion wave )
includes combusting gas of the flammable gas 28 . Generally ,

in front of the combustion front 30 ( toward the downstream

side) are uncombusted reactants in the flammable gas 28 .

Behind the combustion front 30 (toward the upstream side )
are combustion products . The combustion front 30 may

leave behind partial combustion products and/or combustion

reactants, depending on the dynamics of the combustion , the

geometry of the upstream volume 12 , the concentration of

US 2018 /0280746 A1
the combustion reactants , the type of combustion reactants ,

the temperature of the flammable gas 28 , the temperature of
the walls enclosing the upstream volume 12 ( e .g ., the
temperature of the upstream chamber 14 ), the pressure of the

flammable gas 28 , etc .
[0024 ] The flammable gas 28 includes a combustion fuel
and a combustion oxidant in a mixture that is flammable in
the conditions of the upstream volume 12 before ignition .
Combustion is a reaction between the combustion fuel and
combustion oxidant accompanied by the release of heat.

Examples of combustion fuels include hydrocarbon fuels ,

hydrogen , methane , propane, ethylene, gasoline , diesel fuel,
and jet fuel. A common gaseous combustion oxidant is
molecular oxygen . The flammable gas 28 may include other
chemical constituents such as inert components and /or com

ponents of air generally called diluents ). For example , the
flammable gas 28 may be a mixture of ethylene in air .

Oct. 4 , 2018
fluid path , the combustion arrester 20 includes a permeable

quenching element ( such as mesh , ribbons, wires, and /or
particulate ) that define small passages for gas flow and that

are configured to quench the combustion front 30 traversing
the combustion arrester 20 from the upstream end 22 to the

downstream end 24 . Generally , thepermeable element of the

combustion arrester 20 is configured to cool the combustion

front 30 , to impede diffusion of reactive species of the

combustion front 30 , and /or to slow the combustion front 30

so that the gas of the combustion front 30 ceases to have
enough energy to produce self-propagating combustion
(e.g., the gas of the combustion front 30 is cooled below the
autoignition temperature ). The effectiveness of a combus
tion arrester 20 may be dependent on the temperature ,
pressure, velocity, and chemical composition of the com
bustion front 30 , the chemical composition of the flammable
gas 28 upstream and downstream of the combustion arrester

Products of combustion depend on the reactants (i.e ., the

20 , the pressure , temperature , and volume of the gas in the

carbon dioxide and water. Carbon dioxide and water are

combustion arrester 20 .

oxygen . Incomplete combustion and/or reaction with vari

tive to the propagating combustion front 30 that may be
impeded by the combustion arrester 20 . The upstream vol

combustion fuel and combustion oxidant) and may include

complete combustion products of hydrocarbon fuels with

ous gas components may produce species (partial combus

tion products ) such as carbon monoxide , formaldehyde ,

downstream volume 42, and the internal design of the
[0027 ] Upstream and downstream as used herein are rela

hydroxyl radicals , hydrogen , and/or methanol. Products of

ume 12 and the upstream end 22 may be referred to
respectively as the unprotected volume and the unprotected

than the combustion fuel- combustion oxidant reaction (e .g .,

may be referred to respectively as the protected volume and

combustion also may include products of reactions other

combustion in air may produce nitrogen oxides , i.e., nitric
oxide and/or nitrous oxide).
[ 0025 ] The combustion arrester 20 generally affects the
combustion front 30 as the gas of the combustion front 30
passes through the combustion arrester 20 . The combustion

arrester 20 may or may not quench the combustion front 30 .

If the combustion arrester 20 performs adequately for the
given conditions, the combustion arrester 20 completely
quenches the combustion front 30. The combustion front 30 ,
as modified by the effects of the combustion arrester 20 is

end . The downstream volume 42 and the downstream end 24

the protected end .
[0028] The upstream chamber 14 defines the upstream

volume 12 and generally is configured to direct the com

bustion front 30 to the upstream end 22 of the combustion
arrester 20 . The upstream chamber 14 may include , and /or
may be formed of, components of the actual production

system that is upstream of the combustion arrester 20 when
the combustion arrester 20 is deployed . Additionally or
alternatively , the upstream chamber 14 may include , and /or

emitted from the downstream end 24 of the combustion

may be formed of, standardized components to facilitate

downstream volume 42 ( in which case, the combustion

as discussed further herein ). The upstream chamber 14
generally is axisymmetric and /or formed of axisymmetric
components , in particular when standardized components
are used.

arrester 20 was not sufficiently effective ), or may be in a
state lacking sufficient energy to ignite the flammable gas 28

volume (which the flammable gas 28 is contained in ) or an

arrester 20 as discharged gas 32 . The discharged gas 32 may
be combusting (in which case , the combustion arrester 20
was not sufficiently effective ), may be in a state with
sufficient energy to ignite the flammable gas 28 in the

in the downstream volume 42 ( in which case, the combus
tion arrester 20 was sufficiently effective ). Sufficient energy
to ignite the flammable gas 28 in the downstream volume 42
may be from a combination of one or more of temperature
of the discharged gas 32 , reactive chemical species in the
discharged gas 32, and a pressure impulse (e.g ., a shock
wave ) associated with the discharged gas 32 . If the dis
charged gas 32 is sufficiently cool, sufficiently devoid of
reactive chemical species , and /or has sufficiently low pres
sure , the discharged gas 32 may not ignite the flammable gas

28 in the downstream volume 42 .

testing ( e . g ., one or more modular upstream shell sections 60

0029 ] The upstream chamber 14 may define a closed
open volume (which the flammable gas 28 may flow into or
out of ) . In some embodiments , the upstream chamber 14

may include a pressure relief device 68 such as a pressure

relief valve or a burst diaphragm that is configured to release

excess pressure ( e. g ., by opening or rupturing ) in the
upstream chamber 14 . A burst diaphragm is a diaphragm or
membrane that is thin enough to rupture at a designed

pressure differential across the diaphragm ormembrane. The

pressure relief device 68 may be configured to contain the
flammable gas 28 at nominal pressure ( e . g ., before the

[0026 ] The combustion arrester 20 is the component to be

flammable gas 28 is ignited and begins combusting ) and to
breach the containment of the flammable gas 28 upon

tested in the test system 10 and may be referred to as the
component under test and /or the combustion arrester under
test. The combustion arrester 20 may be a flame arrester, a

14 may provide a closed volume before ignition and may

flame trap , a deflagration arrester, and /or a detonation

provide an open volume after ignition . Providing a closed

arrester. Generally , the combustion arrester 20 has an inter

volumebefore ignition may be useful to avoid leakage of the

combustion , deflagration , and/ or detonation in the upstream
chamber 14 . In such an embodiment, the upstream chamber

nal fluid path to permit gas to flow from the upstream end 22

flammable gas 28 from the test system 10 . Providing an open

to the downstream end 24 (and generally vice versa ). In the

volume after ignition may be useful to simulate combustion
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conditions that may occur in the expected use of the com
bustion arrester 20 (e .g., a large upstream volume in use ).
[0030 ] An open or closed upstream volume 12, the volume
of the upstream chamber 14 , the pressure of the flammable
gas 28 , the temperature of the flammable gas 28 and/ or the
upstream chamber 14 , and the internal geometry of the

upstream chamber 14 may affect the combustion front 30
formed by igniting the flammable gas 28 and the perfor
mance of the combustion arrester 20 .
[0031] The upstream chamber 14 may be configured to
withstand activation of the ignition source 16 and /or com

bustion (e .g ., deflagration and /or detonation ) of the flam

mable gas 28 within the upstream chamber 14 . The upstream

chamber 14 may be undamaged by such events or may be

configured to breach in a controlled manner (e.g ., by opera

tion of the pressure relief device 68 ). For example , the
pressure relief device 68 may be configured to protect the

upstream chamber 14 from damaging combustion and /or

Oct. 4 , 2018
located in the downstream chamber 44 , in addition or

alternate to gas ports 34 located in the upstream chamber 14 .
[0035 ]. The gas port (s ) 34 may be configured to convey gas
from at least one gas source 36 . The gas source 36 may be

a source of flammable gas 28 . Additionally or alternatively,
each gas source 36 may be a source of one or more

components of the flammable gas 28 . For example , one gas
source 36 may include a combustion fuel ( e . g ., ethylene ) and
another source may include a combustion oxidant ( e .g ., air ).

The gas components may be mixed (to form the flammable
20 , and /or the downstream chamber 44. Additionally or

gas 28 ) in the upstream chamber 14 , the combustion arrester

alternatively , the gas components may be mixed (to form the

flammable gas 28 ) prior to introduction into the upstream

chamber 14 , the combustion arrester 20 , and /or the down

stream chamber 44 . The gas source 36 may be a vessel or

cylinder of compressed gas, may include gas generation

devices ( e . g ., chemical production of gaseous components ),

detonation by relieving pressure within the upstream cham

and /or may include a pump, a compressor, and/ or a blower .

ber 14 before the upstream chamber 14 would otherwise be
damaged .

stream volume 42 and generally is configured to receive the

[ 0032] The upstream chamber 14 includes at least one
ignition port 18 to accept the ignition source 16 . When the
ignition source 16 is installed in the ignition port 18 , the
ignition source 16 ( at least the active portion of the ignition

source 16 ) is in the upstream volume 12 and the upstream
chamber 14 . The upstream chamber 14 may include a series

of ignition ports 18 such that the ignition source 16 may be
installed in any one of the ignition ports 18 . The upstream
chamber 14 may have more than one ignition source 16
installed (e .g., in different ignition ports 18 ). However, for
initiating a single test, typically a single ignition source 16
is activated ( even if more than one ignition source 16 is
installed in the upstream chamber 14 ). Unused ignition ports

18 may be sealed ( e . g ., with a cover or an unused ignition

source ).

[0033 ] The ignition source 16 is a device that is configured
to ignite the flammable gas 28 when the ignition source 16
is activated . The ignition source 16 is selectively activated to
cause the flammable gas 28 in the upstream volume 12 to
ignite and form the combustion front 30 . Examples of

ignition sources 16 include an electrical arc device (e.g., a
spark plug ) and /or an explosive (e.g ., a blasting cap , a high
yield explosive ). The location of the ignition source 16

(within the upstream chamber 14 and /or with respect to the
combustion arrester 20 ), the type of ignition source 16 ,

and/ or the energy released by the ignition source 16 may

affect the combustion front 30 and /or the performance of the
combustion arrester 20 .

[ 0034 ] The upstream chamber 14 may include at least one
gas port 34 . The gas port 34 may be configured to fill the
upstream chamber 14 , the combustion arrester 20 , and/or the
downstream chamber 44 with the flammable gas 28 . The gas
port 34 may be configured to flow flammable gas 28 through
the upstream chamber 14 , the combustion arrester 20 , and/ or
the downstream chamber 44 . The gas port 34 may be

configured to evacuate and / or purge the upstream chamber

14 , the combustion arrester 20 , and / or the downstream

[0036 ] The downstream chamber 44 defines the down

discharged gas 32 from the downstream end 24 of the
combustion arrester 20 . The downstream chamber 44 may

include , and /or may be formed of, components of the actual

production system that is downstream of the combustion

arrester 20 when the combustion arrester 20 is deployed .
Additionally or alternatively , the downstream chamber 44

may include, and /or may be formed of, standardized com

ponents to facilitate testing ( e . g ., one or more modular
downstream shell sections 70 as discussed further herein ).

[0037] The downstream chamber 44 may define a closed
volume (which the flammable gas 28 is contained in ) or an
open volume (which the flammable gas 28 may flow into or
out of) . In some embodiments , the downstream chamber 44
may include a pressure relieve device 78 such as described

with respect to the pressure relief device 68 (e.g ., a pressure
relief valve or a burst diaphragm ). The pressure relief device
78 is configured to release excess pressure in the down
stream chamber 44 . The pressure relief device 78 may be

configured to contain the flammable gas 28 at nominal

pressure (e. g., before the discharged gas 32 enters the
downstream chamber 44 ) and to breach the containment of

the flammable gas 28 upon combustion , deflagration , deto
nation , and /or sufficient pressure rise in the downstream
chamber 44 . In such an embodiment, the downstream cham

ber 44 may provide a closed volume before ignition in the

upstream volume 12 ( e .g ., to contain the flammable gas 28 )
and may provide an open volume after ignition in the

downstream volume 42 (e. g ., to simulate a large downstream

volume in use ).

[0038 ] An open or closed downstream volume 42 , the

volume of the downstream chamber 44, the temperature of

the downstream chamber 44 , and the internal geometry of
the downstream chamber 44 may affect the combustion front

30, the discharged gas 32 , and the performance of the

combustion arrester 20 .

[0039 ] The downstream chamber 44 may be configured to

withstand combustion (e. g., deflagration and/or detonation )

chamber 44 of flammable gas 28 . Each gas port 34 may be

of the flammable gas 28 within the downstream chamber 44 .

purging , and/ or evacuating and may include and/ or be

events or may be configured to breach in a controlled

associated with a valve to control gas flow through the gas

manner (e . g ., by operation of the pressure relief device 78 ).
For example , the pressure relief device 78 may be config

dedicated to one or more functions such as filling, flowing,

port 34 ( e . g ., a one-way valve , a shut-off valve , or a

proportional valve ). One or more gas ports 34 may be

The downstream chamber 44 may be undamaged by such

ured to protect the downstream chamber 44 from damaging
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combustion and /or detonation by relieving pressure within

the downstream chamber 44 before the downstream cham
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[0044

As the combustion front 30 traverses the conver

gent duct 62 toward the combustion arrester 20 , the cross
sectional area decreases and contributes to increasing the

ber 44 would otherwise be damaged .
[0040 ] As shown in FIG . 2 , the upstream chamber 14

pressure associated with the combustion front 30 . The

and /or the downstream chamber 44 may include features to

facilitate testing of the combustion arrester 20 in a standard

contribute to accelerating the combustion front 30 and /or

ized , reconfigurable , and / or compact manner. For example ,

the convergent duct 62 may facilitate a more compact test
system 10 (without the need for a long upstream pipe to

the upstream chamber 14 may include a convergent duct 62

and /or the downstream chamber 44 may include a divergent

decreasing cross sectional area and increasing pressure may

producing a detonation in the combustion front 30 . Use of

duct 72. Additionally or alternatively , the upstream chamber
14 may include at least one modular upstream shell section

produce the same combustion front speed ) and / or a more

60 and /or the downstream chamber 44 may include at least

the convergent duct 62 rather than viscous interactions with

[0041] The interior shape of the upstream chamber 14 may

the interior of the upstream chamber 14 ).
[0045 ] As indicated in the cross sectional view of FIG . 3 ,

one modular downstream shell section 70 .

affect the propagation of the combustion front 30 . Generally ,

as the combustion front 30 propagates toward the upstream
end 22 of the combustion arrester 20, the combustion front
30 increases the heat and pressure of the gas in the upstream
chamber 14 ( in particular at the location of the combustion
front 30 ). The temperature increase contributes to pressure

reliable combustion front propagation speed (with the burn

ing velocity predominately influenced by the convergence of

modular upstream shell sections 60 are shells that, together
(with or without other components ), may form the hollow
body of the upstream chamber 14 . The interior profiles 110

of the upstream chamber 14 and /or the individual modular
upstream shell sections 60 (if present) may be configured to

increase behind (upstream of) the combustion front 30 . The
pressure increase due to combustion in the upstream cham

reduce turbulence and / or to encourage laminar flow ( e . g .,

the combustion front 30 with respect to the surrounding gas

duct 62). In laminar flow , streamlines of flow generally do
not cross and mixing in the flow is generally diffusion
dominated . In top -hat flow (also referred to as plug flow ), the
velocity profile (perpendicular to the net flow direction ) is

ber 14 may be referred to as overpressure . The velocity of

(i.e ., the flammable gas 28 that is downstream and unaf

fected by the combustion front 30 ) is called the burning

velocity (or burning speed ) of the combustion front 30 . The
velocity of the combustion front 30 relative to external
coordinates (e. g., the test system 10 or the upstream chamber
14 ) is called the flame velocity (or flame speed ). If the
flammable gas 28 has a net flow , the flame velocity is

different than the burning velocity .

[ 0042 ] Generally, the burning velocity of the combustion
front 30 increases as the combustion front 30 travels down
a smooth pipe . Factors that contribute to the acceleration
include the generated heat, the generated pressure , and

turbulence induced by viscous interactions within the gas

and between the gas and pipe wall. At high enough burning
velocity, the deflagration of a combustion front (i.e ., propa
gation of the combustion front by heat and supply of active
chemical species to the unburnt gas downstream of the
combustion front) may transition to a detonation (i.e., propa
gation of the combustion front by shock compression of the

unburnt gas). In conventional testing , a very long pipe ( e . g .,

greater than 5 meters ) may be used to achieve high burning

top - hat flow ) through the upstream chamber 14 to the
combustion arrester 20 (or at least through the convergent

substantially uniform , with boundary effects limited to gen
erally thin sections near the walls that confine the flow . In
turbulent flow , streamlines may fold and / or mix . In the

combustion front 30 , laminar flow may encourage slower
combustion and burning velocity while turbulent flow may
encourage faster mixing , combustion , and burning velocity.
[0046 ] Examples of interior profiles 110 that may reduce
turbulence and /or encourage laminar flow are shown the
cross sectional view of FIG . 3. An example of a profile for
an axisymmetric convergent duct may be defined by :
P (x ) =

o

Eq. 1

Di

(L - x )2 ,2111. + (L - x )2 , -371/2

21f-( - Di )?)(1- 4 - ) (1+ 3 ) 1
L2

312

!

where x is the axial coordinate , P (x ) is profile radius as a

velocities and / or detonation .

function of axial position , D , is the smallest diameter of the
profile ( e . g ., the smaller ( downstream ) end 102 of the

[ 0043] In the test system 10 , the interior of the upstream
chamber 14 may define the convergent duct 62 . The con

( e .g ., the larger ( upstream ) end 104 of the convergent duct

vergent duct 62 may direct and /or accelerate the combustion

front 30 as the combustion front 30 propagates down the
convergent duct 62 to the combustion arrester 20 . The

convergent duct 62 is a region of the upstream chamber 14

that has a decreasing cross sectional area as a function of

decreasing distance to the downstream end of the convergent

duct 62 . The downstream end of the convergent duct 62 has
a smaller cross sectional area than the upstream end of the
convergent duct 62 . The downstream end of the convergent

duct 62 is at or proximate to the upstream end 22 of the
combustion arrester 20 . For example, the convergent duct 62
may terminate at the upstream end 22 of the combustion

arrester 20 . In FIGS . 2 and 3 , the smaller end 102 of the
convergent duct 62 is the downstream end and the larger end

104 of the convergent duct 62 is the upstream end .

convergent duct 62), D2 is the largest diameter of the profile

62), and L is the axial length of the profile (e .g., the axial
distance between the smaller end 102 and the larger end
104 ). In the example of FIG . 3, each of the modular
upstream shell sections 60 has the same interior profile 110
as given by Eq. 1.
100471 The interior profiles 110 of the modular upstream
shell sections 60 generally are configured such that there is
little to no discontinuity at the interior joint formed between
modular upstream shell sections 60 .

10048 ] The modular upstream shell sections 60 may be

assembled to form at least a portion of the upstream chamber

14 . The modular upstream shell sections 60 may form all or

substantially all of the upstream chamber 14 . For example ,
the upstream chambers 14 in the example of FIG . 2 and in

the example of FIG . 3 are composed essentially of a series

US 2018 /0280746 A1
ofmodular upstream shell sections 60 and an upstream end

cap 66 . The upstream end cap 66 may form a closed end to
the upstream chamber 14 and / or may be used to terminate a
series of modular upstream shell sections 60.
[0049] The modular upstream shell sections 60 may form
a hierarchical series , with successive modular upstream shell
sections 60 being substantially scaled versions of predeces
sor modular upstream shell sections 60 (as shown in the
example of FIG . 3 ) . Hierarchical modular upstream shell

sections60 generally fit together in a predetermined arrange
ment with larger modular upstream shell sections 60 cou

pling to smaller modular upstream shell sections 60. Addi

tionally or alternatively, modular upstream shell sections 60

may by interchangeable and / or nesting . Interchangeable
modular upstream shell sections 60 may fit together such
that one of several modular upstream shell sections 60 may

be used in a location . Nesting modular upstream shell

sections 60 may stack compactly together when not
assembled in the upstream chamber 14 .

[0050 ] The modular upstream shell sections 60 may
ignition port 58 is one of the ignition ports 18 of the
include one or more section ignition ports 58 . Each section

upstream chamber 14 . Each modular upstream shell section
60 may include at least one section ignition port 58 . One or
more ignition ports 18 of the upstream chamber 14 may be
located in the optional upstream end cap 66 . The modular
upstream shell sections 60 and /or the upstream end cap 66
may include one or more gas ports 34 , one or more sensor
ports 74 ( as described further herein ), and / or one or more

pressure relieve devices 68 .
[0051] Modular upstream shell sections 60 may include
coupling structures 106 (such as flanges, shoulders , pins,
hooks, threads, etc . ) to facilitate mating , assembly , and /or

disassembly of modular upstream shell sections 60 . Cou
pling structures 106 and/ or modular upstream shell sections

60 may be bolted , snapped , bonded , fastened , or otherwise
securely connected together.
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is configured to withstand the conditions of the combustion

front 30 and may be formed of non - flammable materials
such as metal and/ or ceramic .

[0054 ] An example of a turbulence structure 64 is shown

in FIG . 4 . In FIG . 4 , the turbulence structure 64 is an

aperture plate 112 . The aperture plate 112 is a relatively thin

plate with an arrangement of apertures 114 . The aperture
plate 112 and the apertures 114 are shown as generally

circular but other shapes may be used for each or both . The
group of apertures 114 may include different shapes and /or

sizes . The open area of the aperture plate 112 is the sum of
the areas of the apertures 114 . The blockage ratio of the
aperture plate 112 is ratio of the area not open to the open

area of the interior of the corresponding section of the
upstream chamber 14 (e . g ., the area of the aperture plate 112
as a whole ). In the example of FIG . 4 and assuming the
turbulence structure 64 is configured to fit snuggly into the

upstream chamber 14 , the blockage ratio is given by :

B, =1 - ndio

Eq. 2

where B , is the blockage ratio of the aperture plate 112 , n is
number of the apertures 114 , d , is the aperture diameter 118 ,
and d , is the plate diameter 116 . Besides the blockage ratio ,

the number, size , arrangement, and /or shape of the apertures
114 may affect the induced turbulence . Additionally or
alternatively , the thickness of the aperture plate 112 and / or

the interior profiles of the apertures 114 may affect the
induced turbulence . Other examples of turbulence structures
64 include a Shchelkin spiral and a series of annular disks

(e.g ., a series of aperture plates 112 each with a single,
central aperture 114 ).
[0055 ] Returning to FIGS. 2 and 3 , the interior of the

[0052 ] As shown in FIGS. 1 and 2, the upstream chamber

downstream chamber 44 may define the divergent duct 72 .

lence structure 64 is configured to interfere with laminar

discharged gas 32 propagates through the downstream
chamber 44 . The divergent duct 72 is a region of the

14 and/ or the modular upstream shell sections 60 may
include one or more turbulence structures 64. Each turbu

flow through the structure such that turbulence in a flowing

gas is generally increased by flowing through the turbulence
structure 64 . The turbulence structure 64 is generally con
figured to fit within the interior profile 110 of the upstream

chamber 14 and may be configured to interfere with gas

flowing along the interior walls of the upstream chamber 14 .
The modular upstream shell sections 60 may be configured

to accept the turbulence structure 64 within the interior
profile 110 and /or between modular upstream shell sections

60 .

[0053] The turbulence structure 64 generally blocks a
portion of the open area of the interior of the upstream

chamber 14 . The blocked area tends to induce vortices and
turbulence as the flowing gas is redirected into the open
areas of the turbulence structure 64 and then expands to the

original open area of the upstream chamber 14 after tran

siting the turbulence structure 64 . The blocked portion of the
interior area of the upstream chamber 14 may be referred to

as the blockage ratio of the turbulence structure 64 . The

blockage ratio may be a substantial fraction such as at least

10 % , at least 20 % , at least 40 % , or at least 50 % . Generally,
the turbulence structure 64 has blockage ratio of at most

80 % or at most 50 % . The turbulence structure 64 typically

The divergent duct 72 may direct and / or diffuse the dis

charged gas 32 from the combustion arrester 20 as the

downstream chamber 44 that has an increasing cross sec

tional area as a function of increasing distance from the

upstream end of the divergent duct 72 . The upstream end of
the downstream end of the divergent duct 72 . The upstream
the divergent duct 72 has a smaller cross sectional area than

end of the divergent duct 72 is at or proximate to the

downstream end 24 of the combustion arrester 20 . For

example , the divergent duct 72 may terminate at the down

stream end 24 of the combustion arrester 20 . FIG . 3 illus
trates a convergentduct 62 or , in alternate (dotted lead lines ),
a divergent duct 72 of the same general design . In FIGS. 2

and 3 , the smaller end 102 of the divergent duct 72 is the

upstream end and the larger end 104 of the divergent duct 72

is the downstream end .
[0056 ] As the discharged gas 32 traverses the divergent
duct 72 from the combustion arrester 20 , the cross sectional
area increases and contributes to decreasing the pressure

associated with the discharged gas 32 . Use of the divergent
duct 72 may facilitate a more compact test system 10 and /or
may provide for more volume in the downstream chamber
44 for the equivalent length of uniform conduit ( not diver
gent or convergent).
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[0057 ] As indicated in the cross sectional view of FIG . 3 ,

the modular downstream shell sections 70 are shells that,

together (with or without other components ), may form the
hollow body of the downstream chamber 44 . The interior

profiles 110 of the downstream chamber 44 and/or the
individualmodular downstream shell sections 70 (if present)

may be configured as described with respect to the upstream
chamber 14 and the modular upstream shell sections 60 .

[ 0058 ] The modular downstream shell sections 70 may be
assembled to form at least a portion of the downstream
chamber 44 . The modular downstream shell sections 70 may

form all or substantially all of the downstream chamber 44.

For example, the downstream chambers 44 in the example
of FIG . 2 and in the example of FIG . 3 are composed

essentially of a series of modular downstream shell sections
70 and a downstream end cap 76 . The downstream end cap

76 may form a closed end of the downstream chamber 44
and/ or may be used to terminate a series of modular down

stream shell sections 70.

10059] The modular downstream shell sections 70 may be
a series of sections that are interchangeable, hierarchical,

and / or nesting . Modular downstream shell sections 70 may

include coupling structures 106 as described with respect to
modular upstream shell sections 60 . Though the modular
downstream shell sections 70 may be identical or of the
same design as modular upstream shell sections 60, the
modular downstream shell sections 70 may be different and
not interchangeable with the modular upstream shell sec
tions 60 .
10060 ] Returning to FIG . 1 , the test system 10 includes a

sensor system 50 with a sensed volume 52 at the down
stream end 24 of the combustion arrester 20 . The sensor

system 50 is configured to measure one or more of the gas
composition of the discharged gas 32 , the temperature of the

discharged gas 32 , the pressure in the downstream volume

42, and/ or velocity of the discharged gas 32 . The sensor
system 50 may include one or more sensors for different

modalities . Additionally or alternatively , the test system 10

may include one or more sensor systems 50 . Sensor systems
50 may be configured to measure the flammable gas 28

and/ or the combustion front 30 in the upstream volume 12

and /or to measure the flammable gas 28 in the downstream
volume 42 .
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window (or open aperture ) to permit light to be transmitted
into and/or out of the downstream chamber 44. The sensor
port 74 for a gas sampling sensor may be a gas conduit . The
sensor port 74 for a sensor may accommodate power and /or

control cabling . Some sensor types may not need a sensor
combustion arrester test and /ormay communicate wirelessly

port 74 and may communicate collected data after the
through the downstream chamber 44 .

[0063] The sensor system 50 may include , and / or may be,

optical sensor components such as an optical spectrometer
(that may measure absorbance, transmittance , reflectance ,

scattering , spectrum , luminescence , fluorescence , and / or
phosphorescence ), a laser-induced fluorescence (LIF ) appa
ratus, a planar laser - induced fluorescence (PLIF ) apparatus,

a laser - excited atomic fluorescence (LEAF ) apparatus , and a

Fourier transform infrared (FTIR ) spectrometer.

[0064 ] As shown in FIGS. 5 and 6, optical sensor com

ponents (e . g ., the optical spectrometer, the LIF apparatus ,

the PLIF apparatus, the LEAF apparatus , or the FTIR

spectrometer ) may be configured to sample and measure a

portion ( or the entirety ) of the discharged gas 32 in a sensed
volume 52 that is proximate to the downstream end 24 of the
combustion arrester 20 . The sensor system 50 may include

one or more optical components within the downstream

chamber 44 (as shown in FIG . 1 ) and may include one or

more components outside of the sensed volume 52 and /or
the downstream chamber 44 ( as shown in FIGS. 1, 5 , and 6 ).
Generally , the optical sensor components are configured to

be non - intrusive and non - disruptive of the discharged gas 32
that is discharged from the downstream end 24 of the
combustion arrester 20 . For optical components located
outside of the downstream chamber 44, those components

may be in optical communication with the discharged gas 32
and / or the flammable gas 28 in the downstream volume 42

via one or more sensor ports 74 .

[0065 ] The sensor system 50 may include a light source
120 and an optical detector 122 . The light source 120 is

configured to interrogate the discharged gas 32 and /or the
flammable gas 28 in the downstream chamber 44 with an
input light beam 126 . The light source 120 may include ,
and / or may be , a laser, a lamp, or an LED (light emitting

diode ). The light source 120 may generate and/ or the input
light beam 126 may include light with a wavelength in the

[0061] The sensor system 50 may include a gas compo

ultraviolet (UV ) , visible , infrared (IR ), and / or far infrared

pressure sensor 86 , and/ or a gas velocity detection system

than 100 nm ( nanometers ), 200 nm , greater than 400 nm ,

88 . Sensors of the sensor system 50 may be intrusive to the
discharged gas 32 , potentially affecting the flow of the
discharged gas 32 , or may be non - intrusive to the discharged
gas 32 , not disturbing the flow of the discharged gas 32 .
Intrusive sensors may be simple and reliable to implement
but may affect the performance of the combustion arrester
20 . Non -intrusive sensors may be more complex and/ or
indirectly measure flow conditions of the discharged gas 32
but will not affect the performance of the combustion

greater than 600 nm , greater than 800 nm , greater than 2 ,000
nm , greater than 10 , 000 nm , less than 20 ,000 nm , less than

sition detection system 82 , a temperature sensor 84 , a

arrester 20 . Types of non - intrusive sensors include optical

based sensors and gas sampling sensors (provided the gas

sample is sufficiently small).
10062 ] The downstream chamber 44 and/ or at least one of

the modular downstream shell sections 70 include at least
one sensor port 74 . The sensor port 74 is configured to

accept a sensor of the sensor system 50 and / or to permit

access to the discharged gas 32 by the sensor system 50. The
sensor port 74 for an optical sensor may be a transparent

(FIR ). For example, the lightmay have a wavelength greater
4 ,000 nm , less than 1,000 nm , less than 800 nm , less than

400 nm , and / or less than 300 nm .

[0066 ] The input light beam 126 may be a narrow , line
like beam or may be scanned and/ or projected as an
extended plane of light (i. e ., a light sheet ) or as an extended
volume of light in the downstream volume 42 . For example ,
the light source 120 may emit a light beam ( e . g ., a laser
beam ) that is swept through the downstream volume 42 in a
linear manner to illuminate a plane through the downstream

volume 42 . The plane may be transverse (i. e., transverse to

the upstream -downstream direction , as shown in the
arrangement of FIG . 5 ), longitudinal (i.e ., parallel to the

upstream -downstream direction , as shown in the arrange
ment of FIG . 6 ), or skew ( i. e ., at an angle other than parallel

or perpendicular to the upstream -downstream direction ). By

illuminating a sheet of light, the sensor system 50 may be
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configured to measure the optical properties of the discharged gas 32 over an extended region (within the sensed
volume 52 ). By measuring the optical properties over the
extended region , spatially -resolved properties may be deter

mined . For example , a light sheet illumination may be used
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such that the discharged gas 32 and/or the flammable gas 28

is optically between the light source 120 and the optical
detector 122. For example , the light source 120 and the

optical detector 122 may be on opposite sides of the down
stream chamber 44. In this arrangement, the optical detector

to determine a profile of an optical parameter in a cross

122 is configured to detect the input light beam 126 that is

section of the downstream chamber 44 (e .g ., a cross section
transverse to the flow of the discharged gas 32, as shown in
FIG . 5 , or a cross section parallel to the flow of the

transmitted through the discharged gas 32 and/ or the flam
mable gas 28 . The input light beam 126 is transformed by
interaction with the discharged gas 32 and/or the flammable

discharged gas 32 , as shown in FIG . 6 ).
[0067 ] The optical detector 122 is configured to detect
output light 128 from the discharged gas 32 due to interac
tion with the input light beam 126 . For example , the output
light 128 may be due to scattering ( e. g ., Rayleigh or Raman
scattering ) and/or optical emission (e . g ., luminescence , fluo
rescence , and / or phosphorescence emission ). The optical

detector 122 may include, and /or may be , a camera , a focal
plane array , a photodiode , a pyrometer, and /or a photomul
tiplier tube . The optical detector 122 may be sensitive to

light, and the output light 128 may have a wavelength in the
ultraviolet, visible, infrared , and/ or far infrared . For
example , the lightmay have a wavelength greater than 100

nm , greater than 200 nm , greater than 400 nm , greater than
600 nm , greater than 800 nm , greater than 2 ,000 nm , greater

than 10 ,000 nm , less than 20 ,000 nm , less than 4 , 000 nm ,

less than 1, 000 nm , less than 800 nm , less than 400 nm ,
and / or less than 300 nm . The optical detector 122 may be

configured to detect the light of the input light beam 126

gas 28 into the output light 128 in the form of a transmitted

beam and/ or an attenuated beam .

[0070 ] A LIF apparatus, a PLIF apparatus, and a LEAF
apparatus are analytical apparatuses configured to illuminate

a sample containing an indicator species (a molecule or

atom ) with laser light (the input light beam 126 ) tuned to

excite fluorescence in the indicator species. The fluores
cence emission ( the output light 128 ) is detected by the
optical detector 122 that is configured to detect light of the
fluorescence emission and reject light of the input light beam

126 . The spectra , intensity , and lifetime of the fluorescence
emission may provide sensitive discrimination of the indi

cator species over other background species and /or may
provide information about the state of the indicator species

and /or the local environment near the indicator species . In a
PLIF apparatus, the laser light is scanned and/or spread into
a light sheet and the fluorescence emission may be detected
by an imaging detector.
[0071 ] A FTIR spectrometer is an analytical instrument
thatmeasures the infrared absorption or emission spectrum

( e. g ., for transmission , absorbance , reflection , and scattering
(nephelometry ) measurements ) and/ or to reject the light of
the input light beam 126 (e . g ., for luminescence , fluores

high spectral resolution data over a wide spectral range . The

cence , phosphorescence , and Raman scattering measure
ments ) .

high spectral resolution and wide spectral range may provide
sensitive discrimination of different indicator species in the

[ 0068 ] The sensor system 50 may be configured to deter
mine transmission , reflection , absorption , scattering, lumi
nescence , fluorescence , and/ or phosphorescence of the dis

charged gas 32 and /or the flammable gas 28 . In scattering,
fluorescence , or phosphorescence mode, the sensor system
50 generally has the light source 120 and the optical detector
122 arranged to avoid direct reception of light from the light
source 120 by the optical detector 122 . For example , and as
seen in the examples of FIGS. 5 and 6 , the input light beam
126 travels in a different direction than the output light 128 .

of a sample . The FTIR spectrometer simultaneously collects

sample .
[0072] Returning generally to FIG . 1, the gas composition

detection system 82 of the sensor system 50 is configured to

measure the composition of gas in the sensed volume 52 .
The composition of gas may be the amount and / or presence
of one or more chemical components of the gas . The gas in

the sensed volume 52 may be the discharged gas 32, the

combustion front 30 , and/or the flammable gas 28 (e .g.,
before ignition in the upstream volume 12 , before displace
ment by the discharged gas 32 in the downstream volume 42 ,

In FIG . 5 , the optical detector 122a receives the output light
128 that travels a common path with the input light beam
126 within the sensed volume 52 and is separated by an

may be measured by the gas composition detection system

arrangement may be referred to as an epi- arrangement. In

partial pressure , a molar quantity ( e . g ., number of moles ), a

optical filter 130 (e .g ., a dichroic beamsplitter ). Such an

FIG . 5 , the optical detector 122b receives the output light
128 that travels substantially orthogonally with respect to
the input light beam 126 . In both instances shown in FIG . 5 ,

the input light beam 126 interrogates a sensed volume 52
that is substantially transverse to the average flow of the

discharged gas 32. In FIG . 6 , the optical detector 122
receives the output light 128 that travels substantially

orthogonally with respect to the input light beam 126 . The
light source 120 ( not shown in FIG . 6 ) may be at the

downstream end of the downstream chamber 44 or may be

in a plane above or below the plane of the drawing. In FIG .

6 , the input light beam 126 interrogates a sensed volume 52
that is substantially parallel to the average flow of the
discharged gas 32 .
10069 ] In transmission mode (e . g ., for transmission or
absorbance measurements ), the sensor system 50 is arranged

and /or after the discharged gas 32 interacts with the flam
mable gas 28 in the downstream volume 42 ). Quantities that

82 may be, and /or may be related to , a concentration , a
mass, and /or a relative amount.
[0073] The gas composition detection system 82 may be
configured to detect one or more specific chemical constitu
ents of the gas in the sensed volume 52 . For example, the gas
composition detection system 82 may be configured to
detect a constituent of the flammable gas 28 ( such as the
combustion fuel, the combustion oxidant, and/or diluents )
and /or a combustion product of the flammable gas 28 .

Detected chemical constituents may be transient or stable

combustion species. For example, during combustion reac
be generated . The ionic species typically are short lived ,
transient products of the combustion species as the ionic
species rapidly react to form other compounds. For example,
tion , hydroxyl radicals (OH ) and /or other ionic species may

hydroxyl radicals react to form water. Stable combustion

species may be reaction end products that do not generally
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undergo further reaction . Detected chemical constituents
(which may be transient or stable ) may be partial and /or

be associated with a sampling valve that is configured to
collect aliquots of the discharged gas 32 and /or the flam
mable gas 28 .

nitrogen oxides, hydrogen , and /or methanol. The sensing

10077] A mass spectrometer is an analytical instrument
that analyzes a sample by ionizing chemical species in the

systems 82 to detect different chemical constituents . For

magnetic fields to identify mass to charge ratios of the

complete combustion products such as a hydroxyl radical,
water, carbon dioxide , carbon monoxide , formaldehyde ,

system 50 may include different gas composition detection

example , the sensing system 50 may have a rapid detection

gas composition detection system 82 to detect one or more
transient combustion species and a sensitive gas composi

tion detection system 82 to detect one or more stable

combustion species.
[0074 ] The gas composition detection system 82 may be
configured to measure a time course of the composition of
gas in the sensed volume 52 . For example , the gas compo

sition detection system 82 may be configured to repeatedly
sample /sense the sensed volume 52 at different points in

time to detect the amount and /or presence of one or more
chemical components of the gas as a function of time. The

gas composition detection system 82 may be configured to

measure spatially -resolved compositions of gas in the sensed
volume 52 . For example , the gas composition detection

system 82 may be configured to sample/ sense the sensed
volume 52 at different spatial locations to detect the amount
and/ or presence of the one or more chemical components of
the gas as a function of position within the sensed volume
52 . The spatially -resolved measurements may be three

dimensionally resolved. The spatially -resolved measure
ments may be a cross sectional profile ( generally a two
dimensional profile ) of the downstream volume 42 as
discussed with respect to FIGS . 5 and 6 . The spatially
resolved measurements may be a two -dimensional projec

tion of three - dimensional data ( e. g ., an integration of values

along a line of the input light beam 126 ).
[ 0075 ] The gas composition detection system 82 may
include, and /or may be, optical sensor components such as

described with respect to the sensor system 50 as a whole .
For example , the gas composition detection system 82 may

include a PLIF apparatus that is configured to remotely

measure the concentration of one or more specific species

along a plane produced with the input light beam 126 .

Optical sensor components may be non -intrusive to the
discharged gas 32 and / or may be configured to sense with a

high time resolution and /or to sense transient combustion
species . For example , a PLIF apparatus may be configured
to measure hydroxyl radicals in the discharged gas 32
(which may indicate active combustion in the discharged gas
32 or near the downstream end 24 of the combustion arrester

20). Additionally or alternatively, a PLIF apparatus may be
configured to measure complete combustion products in the
discharged gas 32 .
[ 0076 ] The gas composition detection system 82 may
include, and /or may be , a gas analysis component such as a
mass spectrometer, a gas chromatograph , or a gas chroma
tography mass spectrometer . The gas analysis component is
a gas sampling device and may be configured to sample a

portion (or the entirety ) of the discharged gas 32 that is

discharged from the downstream end 24 of the combustion
arrester 20 . The gas analysis componentmay sample the gas
via the sensor port 74 , in which case the sensor port 74
includes an orifice or sampling tube to fluidically connect

the gas analysis component to the downstream volume 42 .

The gas analysis component and /or the sensor port 74 may

sample and subjecting the ionized species to electric and
ionized species. The ionized species typically are fragments
of the molecular species of the sample . The chemical species

may be identified by the mass to charge ratios and / or the

pattern of ionized fragments.

[0078 ] A gas chromatograph is an analytical instrument

that separates and /or analyzes gaseous and /or vaporous
chemical species in a sample and / or derived from

a

sample ). Gas chromatographs typically detect the retention
time of the chemical species travelling through a column.
[0079 ] A gas chromatography mass spectrometer includes
a gas chromatograph column input stage and a mass spec
trometer detection stage . The gas chromatograph input pro
vides separation of components of the sample prior to mass
spectrometry such that gas components may be more spe
cifically determined ( e. g ., by retention time and mass to
charge ratio ) than with an ordinary gas chromatograph ( e.g .,
by retention time) or an ordinary mass spectrometer ( e.g ., by

mass to charge ratio ).

[0080] The gas analysis component ( e .g ., a mass spec
trometer, a gas chromatograph , or a gas chromatography

mass spectrometer ) may be highly sensitive , detecting very

small fractions and/or fractional changes in gas composition .
For example , the gas analysis component may detect nano
moles (10 -9 moles ) of specific gas components . The gas
analysis component may be configured to measure stable
combustion species with high sensitivity. For example, nitric
oxide, hydrogen , and methanol in the discharged gas 32 may
indicate sufficient energy in the discharged gas 32 to cause

ignition of the flammable gas 28 in the downstream volume

42 .
[0081 ] The gas composition detection system 82 may

combine different types of detection components and these

detection components may be configured to measure the
same or complementary gas constituents . For example , the
gas composition detection system 82 may include an optical

sensor component and a gas analysis component. The optical
measure transient combustion species (e.g ., hydroxyl radi
sensor component may be a PLIF apparatus configured to

cals) and the gas analysis component may be a gas chro

matograph configured to measure stable combustion species

( e.g ., nitric oxide, hydrogen , and /or methanol).
[0082 ] The temperature sensor 84 of the sensor system 50
is configured to measure a temperature of the discharged gas
32 . The temperature sensor 84 may include, and / or may be ,
point measurement device such as a thermocouple or an

infrared thermometer. The temperature sensor 84 may be
configured to measure temperature across a surface , plane,
and/ or volume. For example , the temperature sensor 84 may
include , and / or may be, a coherent anti -Stokes Raman

spectroscopy (CARS) apparatus . CARS is an optical tech
location (optionally a spatially -resolved set of locations).
CARS uses a nonlinear optical process to determine the
vibrational state of a selected chemical species. The tem
perature of the discharged gas 32 as it exits from the
downstream end 24 of the combustion arrester 20 may be
nique to remotely measure gas temperature at a specific
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related to the quenching performed by the combustion
arrester 20 and /or the efficacy of the combustion arrester 20 .

[ 0083] The temperature sensor 84 may be configured to
measure a time course of the temperature and/ or to measure

a spatially - resolved temperature in the sensed volume 52 .
to sense the sensed volume 52 at different spatial locations

For example, the temperature sensor 84 may be configured

to detect the temperature as a function of position within the
sensed volume 52. The spatially -resolved measurements

may be three -dimensionally resolved , a cross sectional pro
file ( e . g ., a two - dimensional profile ), and/ or a two -dimen

sional projection .

10084 ] The pressure sensor 86 of the sensor system 50 is
configured to measure a gas pressure in the downstream

volume 42 (i.e., within the downstream chamber 44 ). The

pressure sensor 86 may include , and / or may be, a pressure

transducer, a strain gauge , a switch , and / or an optical sensor

(e .g., a fiber Bragg grating sensor). The pressure of the
discharged gas 32 and /or the pressure differential caused by
the discharged gas 32 may be related to the quenching

performed by the combustion arrester 20 and / or the efficacy
of the combustion arrester 20 . The pressure sensor 86 may

be a dynamic pressure sensor that is configured to measure

a time course of pressure in the downstream chamber 44 .

[0085 ] The pressure sensor 86 may include , and /or may
diaphragm may be configured to rupture at a threshold

be, a threshold sensor and/ or indicator. For example , a burst

pressure which corresponds to the binary result of whether
combustion in the downstream chamber 44 occurred . The

burst diaphragm may be configured to withstand pressure

from a quenched combustion front 30 that passes through
the combustion arrester 20 (i. e ., the discharged gas 32 when
the combustion arrester 20 sufficiently quenches the com

bustion front 30 such that the flammable gas 28 in the

downstream volume 42 does not ignite ). The burst dia
phragm may be at the downstream end of the downstream

chamber 44 ( e . g ., in the downstream end cap 76 of the
downstream chamber 44 ) . The burst diaphragm may be
situated in the central gas flow of gas discharged from the
combustion arrester 20 within the downstream chamber 44

or at the downstream end of the downstream chamber 44 .
The pressure relief device 78 may serve as a pressure sensor

86 as well as relieving excess pressure in the downstream

chamber 44 .

[0086 ] The gas velocity detection system 88 of the sensor
the discharged gas 32. For example , the gas velocity detec
tion system 88 may include, and/or may be, an anemometer.
The gas velocity detection system 88 may be configured to
measure spatially -resolved gas velocity and /or a velocity
field ofthe discharged gas 32 . For example, the gas velocity
detection system 88 may include, and / or may be, a particle
image velocimetry (PIV ) apparatus. PIV is an optical tech
nique to remotely measure gas velocity along a defined
system 50 is configured to measure a velocity (or speed ) of

plane. In PIV , a plane or sheet of light (the input light beam
126 ) illuminates tracer particles seeded into the gas flow .
The observed motion of the tracer particles indicates the
spatially -resolved gas flow within the illuminated region .

The velocity of the discharged gas 32 may be related to the
quenching performed by the combustion arrester 20 and/or
the efficacy of the combustion arrester 20 .
[0087 ] The sensor system 50 may be configured to detect

the presence of ignition and/ or a flame in the upstream
volume 12 and/ or the downstream volume 42 . For example ,
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the sensor system 50 may include a flame sensor. Flame

sensors typically indicate the presence of a flame by mea
suring ionic conductivity within the sensed volume 50 .
Additionally or alternatively , the sensor system 50 may

detect the presence of ignition and/or a flame based on heat,

pressure and / or gas composition .

[0088 ] The test system 10 may include a controller 90

configured and/ or programmed to control the operation of
the test system 10 as a whole and /or individual components
of the test system 10 . The controller 90 may be configured
and /or programmed (a ) to activate the ignition source 16 to
ignite the flammable gas 28 in the upstream volume 12 , (b )

to measure the presence and /or amount of chemical con
stituents in the discharged gas 32 and/ or the flammable gas
28 with the sensor system 50 , (c ) to measure fluid and /or
physical parameters ( e . g ., velocity , temperature , and/ or pres

sure ) of the discharged gas 32 and/or the flammable gas 28

with the sensor system 50 , and /or ( d ) to quantify perfor

mance of the combustion arrester 20 based upon the mea

sured values (such as the presence and /or amount of the
chemical constituents in the discharged gas 32 and / or the
flammable gas 28 , the fluid parameters, and /or the physical
parameters ). The controller 90 may be configured and /or
programmed to operate the gas source 36 to fill the upstream
volume 12 , the combustion arrester 20 , and the downstream
volume42 with the flammable gas 28 . The controller 90 may

be configured and / or programmed to perform any of the

methods described herein . The controller 90 may include a

computer, an embedded controller, a programmable logic
device , and/or a field - programmable gate array . As used
herein , where the controller 90 is configured , adapted ,

and /or programmed to perform a function , the configuration ,
adaptation , and/ or programming may be in the form of
hardware (e.g., wiring , digital logic chips ), firmware ( e.g.,
field -programmable gate array, embedded code ), and /or
software .

[0089 ] As examples of specific controller 90 processes ,
determine a degree of quenching of the combustion front 30
the controller 90 may be configured and /or programmed to

by the combustion arrester 20 and/or an efficacy of the
combustion arrester 20 . The degree of quenching and /or

efficacy may be based on the composition of the discharged
32 (e .g ., the temperature, pressure, and / or velocity ). For

gas 32 and/ or the physical conditions of the discharged gas

example , the total amount of complete combustion products
in the discharged gas 32 may relate to the intensity of

combustion in the upstream volume 12 and /or the residence

time of combustion within the combustion arrester 20 . The

presence of transient species in the discharged gas 32 may

relate to combustion occurring near the downstream end 24
of the combustion arrester 20 . The presence of partial

combustion products in the discharged gas 32 may relate to
combustion being quickly quenched within the combustion
arrester 20 .
[0090 ] As further examples of specific controller 90 pro

cesses , the controller 90 may be configured and /or pro
grammed to determine a reaction rate within the discharged
gas 32 and/ or a reaction rate of combustion within the

combustion arrester 20 . The reaction rates may be based on
the composition of the discharged gas 32 and /or the physical
conditions of the discharged gas 32 (e .g., the temperature,
pressure , and/or velocity ). Moreover, the controller 90 may

be configured and/ or programmed to determine the presence
of a flame ( e .g ., at the downstream end 24 and /or at the
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upstream end 22 of the combustion arrester 20 ) based on the
composition of the discharged gas 32. The presence of a
flame may be determined by determining a prevalence of

combustion species (e .g ., a lack of combustion reactants
and/ or an abundance of combustion products ) and /or by
determining conditions indicative of or conducive to com

bustion (e. g., ionic species, temperature , pressure , and/or
velocity ) .

[0091 ] As schematically represented in FIG . 7, the test
system 10 may be assembled and/ or reconfigured from a kit
94 of the components . The kit 94 includes a hierarchical
series ofmodular upstream shell sections 60 and a series of

modular downstream shell sections 70 . The hierarchical
series of modular upstream shell sections 60 are configured

to produce the convergent duct 62 (e . g ., at least one of the
modular upstream shell sections 60 has the form of the
convergent duct 62 ). The series of modular downstream
shell sections 70 may be a hierarchical series of modular

downstream shell sections 70 and/or may be configured to
produce the divergent duct 72 (e . g ., at least one of the
modular downstream shell sections 70 has the form of the
divergent duct 72 ). The kit 94 may include the upstream end
cap 66 and/or the downstream end cap 76 . The modular
upstream shell sections 60 along with the optional upstream
end cap 66 may be coupled together in various arrangements
to produce the upstream chamber 14 . Different upstream
chamber 14 configurations may be achieved by using more

flammable gas, igniting 214 the flammable gas in the
upstream volume ( upstream of the combustion arrester),
measuring 216 the composition of gas discharged from the
combustion arrester (downstream of the combustion arrester
and due to igniting 214 ), and quantifying 220 the perfor
mance of the combustion arrester based on the composition
of gas measured . As another example , methods 200 , which
may be referred to as methods of testing combustion arrest
ers , may include building 202 upstream and downstream

chambers in a manner to define a convergent duct ( e . g .,
convergent duct 62 ) in the upstream chamber, connecting

208 the combustion arrester to the upstream and downstream

chambers , filling 210 the upstream chamber, the combustion

arrester, and the downstream chamber with the flammable
gas, igniting 214 the flammable gas in the upstream cham
ber , and measuring 216 whether the flammable gas in the

downstream chamber ignited in response to igniting 214 the
flammable gas in the upstream chamber .

[0095 ] Generally , methods 200 include simulating and /or
reproducing combustion conditions expected when the com
bustion arrester is deployed . Further, methods 200 may
include simulating and / or reproducing predefined combus
tion conditions, such as combustion conditions selected to

sample expected conditions during deployment (of the com

bustion arrester ) and /or worst- case conditions. Parameters
that affect combustion arrester performance and /or efficacy

orders . The modular downstream shell sections 70 along

include:
[0096 ] (a ) the flammable gas,
[0097 ] (b ) the temperature of the combustion arrester,
[0098 ] (c ) the pressure and temperature of the flammable

together in various arrangements to produce the downstream

enters the combustion arrester ,

or less modular upstream shell sections 60 and /or by arrang

ing the modular upstream shell sections 60 in different

with the optional downstream end cap 76 may be coupled
chamber 44 . Different downstream chamber 44 configura

tions may be achieved by using more or less modular

downstream shell sections 70 and /or by arranging themodu
lar downstream shell sections 70 in different orders .

[0092] The kit 94 may include the turbulence structure 64 ,
the ignition source 16 , the gas source 36 , the sensor system

50 , and /or the controller 90 . The turbulence structure 64 is

configured to fit within the upstream chamber 14 ( e . g .,

gas when the combustion front ( e. g ., combustion front 30 )

[0099 ] (d ) the gas flow across the combustion arrester

( e . g ., from the upstream end 22 to the downstream end 24 ),
10100 ] (e ) the propagation velocity of the combustion
front, and
10101] ( f) the volume of burned gases that will flow
through the combustion arrester.
In particular, the parameters (c ), (d ), (e ), and (f ) are strongly

and / or between modular upstream shell sections 60 . The

dependent on the geometry of the upstream chamber and the
downstream chamber. For example , the upstream volume,
the downstream volume, the character of the combustion

section ignition ports 58 . Typically , the ignition source 16

turbulent flow ), and the location of the ignition source (e.g .,

within the interior profile 110 of the upstream chamber 14

ignition source 16 is configured to fit into at least one of the
may fit in any of the section ignition ports 58 .
10093] FIG . 8 schematically represents methods 200 of
testing combustion arresters (such as combustion arresters
20 ). Methods 200 include filling 210 the test system ( e . g .,

front (e . g ., a deflagration or detonation ; laminar flow or
ignition source 16 ) within the upstream volume and with

respect to the combustion arrester each may affect the

test system 10 ) with flammable gas (e.g., flammable gas 28 ),

parameters (c ), (d ), (e ), and (f). The size and/ or internal
design of the combustion arrester also may strong affect the
parameters (c), ( d ), (e), and (f). Parameter (a ), the flammable

44 ) to fill with the flammable gas and / or may include

any ) and the relative abundances of the flammable gas
components (e .g., the equivalence ratio ). Different flam
mable gases may burn with different intensities, may pro
duce different combustion reaction products, may have

igniting 214 the flammable gas , and measuring 216 proper
ties of gas discharged due to the ignition (e . g ., discharged
gas 32 ) . Prior to filling 210 and/ or igniting 214 ,methods 200
may include building 202 upstream and downstream cham
bers ( e . g ., upstream chamber 14 and downstream chamber
connecting 208 the combustion arrester to the upstream and

gas , includes the types of flammable gas components ( e. g .,
the combustion fuel, combustion oxidant, and diluent, if

different heat capacities , and/ ormay have different viscosi

downstream chambers . After igniting 214 and /or measuring

ties . Parameter (b ), the temperature of the combustion

mance of the combustion arrester and/ or may include repeat

arrester, may affect the combustion arrester performance
because the quenching of the combustion front is typically
due to substantial cooling of the burning gases to a tem
perature below the autoignition temperature .

216 , methods 200 may include quantifying 220 the perfor
ing 224 the testing with a different configuration .
[0094 ] For example, methods 200 , which may be referred
to as methods of quantifying combustion arrester perfor

mance , may include filling 210 an upstream volume (e .g.,
upstream volume 12 ) and the combustion arrester with

[0102] Building 202 the upstream and downstream cham
bers generally includes assembling the upstream chamber
and assembling the downstream chamber. The upstream
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chamber and the downstream chamber may each be

assembled ofmodular shell sections and /or end caps such as
modular upstream shell sections 60 , upstream end cap 66 ,
modular downstream shell sections 70 , and /or downstream

end cap 76 . Assembling each of the chambers may include
to produce the desired volume for the respective chamber
( e. g ., the upstream volume 12 for the upstream chamber 14
and the downstream volume42 for the downstream chamber
selecting the number and /or type of modular shell sections

44 ). Further , assembling the upstream chamber and /or
assembling the downstream chamber may include defining a
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combustion conditions expected when the combustion

arrester is deployed . Additionally or alternatively, the type ,
energy , and / or location of the ignition source may be

selected to simulate and / or reproduce predefined combus
tion conditions , such as combustion conditions selected to

sample expected conditions during deployment and / or

worst- case conditions. Control of the type, energy , and /or
location of the ignition source may affect parameter ( f) and ,

in particular, parameters (c ), (d ), and ( e ). For example , the
flame speed of the combustion front impinging the combus
tion arrester may be controlled by the selected type , energy ,

corresponding closed volume that may facilitate filling 210

and /or location of the ignition source . The flame speed
affects the length of time the combustion arrester is exposed
to the hot, burning gas of the combustion front.

be configured to rupture or otherwise become open volumes

cally, may include installing a turbulence structure ( e. g .,
turbulence structure 64 ) in the upstream chamber. The
turbulence structure may be used to affect the flow condi

and /or containing the flammable gas before ignition . As
discussed with respect to the upstream chamber 14 and the
downstream chamber 44 , the respective closed volumes may

after ignition or after sufficiently intense ignition . Open
volumes (whether before or after ignition ) may simulate

f0106 ] Methods 200 generally, and building 202 specifi

very large upstream volumes or downstream volumes (po

tions of the combustion front ( e . g ., the flame velocity and the

the downstream chamber may include selecting a volume

parameters (c ), ( d ), ( e ), and ( f).
[0107 ] Connecting 208 the combustion arrester to the
upstream and downstream chambers may include fluidically

tentially such volumes may be treated as infinite ).
[ 0103] Assembling the upstream chamber and assembling
ratio of the upstream chamber to the downstream chamber.

amount of turbulence ). Control of the turbulencemay affect

The selected volumes and/or volume ratio may be selected

connecting the upstream chamber to the downstream cham

to simulate and /or reproduce combustion conditions

ber via the combustion arrester. The downstream end of the

expected when the combustion arrester is deployed . Addi
tionally or alternatively , the volumes and /or volume ratio

may be selected to simulate and/or reproduce predefined
combustion conditions, such as combustion conditions
selected to sample expected conditions during deployment

upstream chamber is connected to the upstream end of the
combustion arrester. The downstream end of the combustion
arrester is connected to the upstream end of the downstream

chamber.

[0108 ] Filling 210 the test system with flammable gasmay

and /or worst- case conditions. Control of the volumes and/ or
volume ratio may affect parameters ( c ), ( d ), ( e ), and , in

include sealing the upstream chamber and /or the down
stream chamber. Additionally or alternatively, filling 210

particular, (f). For example, the length of time the combus
tion arrester is exposed to the hot, burning gas of the

with flammable gas may include flowing the flammable gas

combustion front may be affected by the selected volumes

and/or the downstream chamber. Filling 210 with flammable

and /or volume ratio .

[0104 ] Building 202 the upstream and downstream cham
bers may include forming the convergent duct in the
upstream chamber and/ or forming a divergent duct (e . g ., the

through the upstream chamber, the combustion arrester,

gas may include introducing the flammable gas into the
upstream chamber (and/or the downstream chamber) via a
gas port (e. g., gas port 34 ). The flammable gas may be filled
from a gas source (e. g., gas source 36 ). The flammable gas

divergent duct 72 ) in the downstream chamber. The conver

may be mixed from components ( e . g ., the combustion fuel,

shell sections. Generally , the convergent duct terminates at
the downstream end of the upstream chamber ( and where the

after introducing the components into the test system . Filling

upstream chamber is connected to the combustion arrester ).

the combustion oxidant, and /or the diluent) before and /or
210 may include equalizing pressure of the flammable gas
between the upstream chamber, the combustion arrester, and

downstream shell sections . Generally, the divergent duct

gas ). Filling 210 may include equalizing temperature of the

terminates at the upstream end of the downstream chamber
(and where the downstream chamber is connected to the
combustion arrester ). Control of the convergent duct in
terms of placement, taper, length , and/or interior profile
( e. g., the interior profile 110 ) may affect parameters (c ), ( d ),
(e ), and (f).

flammable gas, the upstream chamber, the combustion
arrester , and the downstream chamber before igniting 214

cally ,may include installing the ignition source at a location

section ignition port 58 ). If the upstream chamber includes

the upstream chamber to the downstream chamber ).
[0109 ] Igniting 214 the flammable gas is performed in the
upstream chamber ( or the upstream volume ). Ignition may
be initiated by activating the ignition source . The ignition

more than one ignition port, unused ignition ports may be
sealed and / or may have alternate ignition sources installed .

bustion arrester. As discussed , the location of ignition , the

gent ductmay be defined by one or more modular upstream

The divergent duct may be defined by one or more modular

[ 0105 ] Methods 200 generally , and building 202 specifi

along the upstream chamber. The ignition source may be

installed in an ignition port (e.g ., the ignition port 18 , the
The ignition source ( or one of the ignition sources ) may be

the downstream chamber (before igniting 214 the flammable

the flammable gas ). Equalizing the pressure and/or the
temperature may produce more consistent results than if
ignition occurs before equalizing . Alternatively , the pressure
and / or temperature of one or more components may be

controlled independently (e . g ., a temperature gradient from

causes the combustion front to propagate toward the com

character (e. g ., spark , heat, or explosion ), and the energy

used to ignited the flammable gas, i.e., by igniting 214 ). The

released by the ignition source may affect the propagation of

released by the ignition source , and /or location of the
ignition source may be selected to simulate and /or reproduce

[0110 ] Measuring 216 the discharged gas properties may
include measuring chemical properties ( e.g., the composi

type of ignition source ( e. g ., electrical or explosive ), energy

the combustion front.
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tion of the discharged gas) and /or physical properties (e .g.,
temperature , pressure, and /or velocity of the discharged
gas). Measuring 216 may include measuring quantitative
and/ or qualitative parameters relating to the discharged gas

pressure of the discharged gas (and /or the flammable gas) in
the downstream chamber, e. g., with a pressure transducer, a
strain gauge , a switch , and / or an optical sensor.
[0116 ] Quantifying 220 the performance of the combus

and /or the effectiveness of the combustion arrester (such as
ignited in response to igniting 214 the flammable gas in the
upstream chamber ). Generally , measuring 216 includes
measuring the discharged gas properties in a sensed volume
(e .g ., the sensed volume 52 ) that is proximate and/or adja
cent to the downstream end of the combustion arrester .
Measuring 216 may include using a sensor system such as
sensor system 50 .
[0111 ] Measuring 216 may include measuring a property

tion arrester may include quantifying the properties mea

property for a period of time, measuring the property as a

relative to the autoignition temperature of the flammable
gas , the peak pressure due to the discharged gas , and /or the

whether the flammable gas in the downstream chamber

at defined moment in time, averaging or integrating the

function of time (a time course ), and / or performing spatially
resolved measurements of the property . Spatially resolved
properties may be three -dimensionally resolved , a cross
sectional profile of the downstream volume (or upstream
volume), and /or a two - dimensional projection .
[0112 ] Measuring 216 may includemeasuring by disturb

sured by measuring 216 and / or generating one or more

derivative measures based on the properties measured . For
example , the efficacy of the combustion arrester may be

related to the composition of the discharged gas ( e .g ., types
and amounts of components ), the temperature of the dis
charged gas, the pressure in the downstream chamber , and / or

the velocity of the discharged gas. Derivative measures may
include the rate of combustion in the combustion arrester (as
indicated by the discharged gas components and the time
course of components ), the discharged gas temperature

velocity of the discharged gas relative to the velocity of the
combustion front and /or the velocity of sound in the flam

mable gas .

[0117 ] Repeating 224 the testing with a different configu
ration may include performing one or more steps of the

ing the discharged gas flow (intrusive measurement ) or

method 200 ( except for repeating 224 ) with a different
configuration . The different configuration may include a

sive measurements include optical detection ( e . g ., measur

ume, the volume ratio of the upstream volume to the

sensed volume. Gas sampling and small sensor probes may

shape of the downstream chamber, the presence and / or type

cause little disturbance of the discharged gas flow . Non

of turbulence structure , the ignition source location , the
ignition source energy , the ignition source type , the flam

without significantly interfering with the discharged gas
flow ( non -intrusive measurement). Examples of non - intru
ing 216 by optically interrogating the discharged gas.in the

intrusive measurements facilitate observation of the dynam

ics of the discharged gas (and the performance of the

differences in the upstream volume, the downstream vol

downstream volume, the shape of the upstream chamber,the

mable gas, the test system temperature, the flammable gas

[ 0113 ] Measuring the composition of the discharged gas

temperature , and / or the test system pressure . Repeating 224
may be used to sample a set of parameters so that the

combustion species in the discharged gas. More than one

where the combustion arrester is deployed and /or under

combustion arrester ) without affecting the measurement .

may include measuring a quantity related to an amount of a

combustion species may be measured . Combustion species
include components of the flammable gas ( combustion reac

tants and diluents ) and combustion products of the flam
tial pressure , molar quantities (e. g., number ofmoles), mass ,
and / or relative amounts. Measuring 216 may include mea

mable gas . Quantities measured may be concentration , par

suring one or more transient combustion species and /or one

or more stable combustion species . Measuring 216 may

include measuring one or more partial combustion products
and / or one or more complete combustion products . Com

combustion arrester is tested across the expected conditions

worst - case conditions.
0118 ] Examples of inventive subject matter according to

the present disclosure are described in the following enu

merated paragraphs.

[0119 ] A1. A system for quantifying combustion arrester
[0120 ] a combustion arrester having an upstream end and
a downstream end ;
[0121 ] an ignition source upstream from the combustion

performance , the system comprising :
arrester;

bustion species for measurement may be selected from

10122 ] a sensor system with a sensed volume at the

hydroxyl radical, water, carbon dioxide, carbon monoxide,
formaldehyde , nitric oxide, nitrous oxide , hydrogen , metha

downstream end of the combustion arrester, the sensor

nol, a hydrocarbon fuel, and other specific combustion

system configured to measure a composition of gas dis

charged from the downstream end of the combustion

species according to the composition of the flammable gas .

arrester ; and

measuring by planar laser -induced fluorescence , laser -in
duced fluorescence, laser -excited atomic fluorescence , and/

formance of the combustion arrester based on the compo
sition of gas measured by the sensor system .

[0114 ] Measuring the composition of gas may include

or Fourier transform infrared spectroscopy. Measuring the

composition of gas may include measuring by mass spec
trometry , gas chromatography , and/ or a gas chromatography
mass spectrometry .

[ 0115 ] Measuring physical properties may include mea
suring the temperature of the discharged gas, e.g ., with a
thermocouple , an infrared thermometer, or by coherent
anti -Stokes Raman spectroscopy. Measuring physical prop
erties may include measuring the velocity of the discharged
gas, e . g ., with an anemometer or particle image velocimetry.
Measuring physical properties may include measuring the

[0123] an optional controller configured to quantify per
[0124] A2. The system of paragraph Al, wherein the
sensor system is configured to measure a quantity related to

an amount of a combustion species in the gas discharged

from the downstream end of the combustion arrester.
[0125 ] A2.1. The system of paragraph A2, wherein the
quantity related to an amount is a concentration , a partial
pressure , a molar quantity , a mass , or a relative amount.

[0126 ] A2.2. The system of any of paragraphs A2 -A2.1,
wherein the combustion species is a chemical constituent of
a flammable gas in contact with the ignition source or a
combustion product of the flammable gas .
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(0127 ] A2. 3 . The system of any of paragraphs A2 - A2 .2 ,

wherein the combustion species is a transient combustion

species or a stable combustion species .
[0128 ] A2. 4 . The system of any of paragraphs A2-A2 .3 ,

wherein the combustion species is a partial combustion

product and/or a complete combustion product.
[ 0129 ] A2 .5 . The system of any of paragraphs A2-A2.4 ,

wherein the combustion species is one of a hydroxyl radical,
water, carbon dioxide , carbon monoxide , formaldehyde ,
nitric oxide, nitrous oxide,hydrogen ,methanol, and a hydro
carbon fuel.

[0130 ] A2.6 . The system of any of paragraphs A2 -A2.5 ,

wherein the combustion species is a combustion reactant of

a flammable gas that is in contact with the ignition source .

[0131 ] A2.7 . The system of any of paragraphs A2- A2 .6 ,

wherein the sensor system is configured to measure a first
quantity related to a first amount of a first combustion
species in the gas discharged from the downstream end of

the combustion arrester and is configured to measure a

second quantity related to a second amount of a second
combustion species in the gas discharged from the down

stream end of the combustion arrester.
[ 0132] A3. The system of any of paragraphs A1- A2 .7 ,
wherein the sensor system is configured to measure a time
course of the composition of the gas discharged from the
downstream end of the combustion arrester.
[ 0133] A4 . The system of any of paragraphs A1-A3,

configured to receive the gas discharged from the down
stream end of the combustion arrester .
[0142 ] A8. The system of any of paragraphs A1-A7,
wherein the sensor system includes an optical sensor com

ponent.
[0143] A8. 1 . The system of paragraph A8, wherein the

optical sensor component includes at least one of a planar
laser - induced fluorescence apparatus, a laser- induced fluo

rescence apparatus, a laser-excited atomic fluorescence
infrared spectrometer.
[0144 ] A8 .2 . The system of any of paragraphs A8- A8 .1 ,
wherein the optical sensor component includes a coherent
anti- Stokes Raman spectroscopy apparatus that is optionally
configured to measure a temperature profile of the gas
discharged from the downstream end of the combustion
arrester.
[0145] A8 . 3 . The system of any of paragraphs A8 -A8 .2 ,
wherein the optical sensor component includes a particle
image velocimetry apparatus that is optionally configured to
measure a velocity profile of the gas discharged from the
downstream end of the combustion arrester.
[0146 ] A9. The system of any of paragraphs A1-A8 . 3,
wherein the sensor system includes at least one of a mass
apparatus, an optical spectrometer, and a Fourier transform

spectrometer, a gas chromatograph , and a gas chromatog

raphy mass spectrometer.

[0147 ] A10 . The system of any of paragraphs A1- A9 ,

wherein the sensor system is configured to measure a

wherein the sensor system is configured to be non -disruptive

cross -sectional composition profile of the gas discharged

to gas flow from the combustion arrester from the down

from the downstream end of the combustion arrester.

stream end of the combustion arrester .

wherein the sensor system includes a temperature sensor

wherein the sensor system is configured to detect the pres

[ 0134 ] A5 . The system of any of paragraphs Al- A4 ,

configured to measure a temperature of the gas discharged

from the downstream end of the combustion arrester.
[0135 ] A5 .1 . The system of paragraph A5 , wherein the
temperature sensor includes a coherent anti-Stokes Raman
spectroscopy apparatus configured to measure the tempera

ture of the gas discharged from the downstream end of the
combustion arrester.

[0136 ] A5 .2 . The system of any of paragraphs A5 -A5 .1 ,
wherein the temperature sensor is configured to measure a
cross - sectional temperature profile of the gas discharged

[0148 ] A11 . The system of any of paragraphs A1-A10 ,

ence of ignition and / or a flame in the upstream volume

and/or the downstream volume.

[0149 ] A12 . The system of any of paragraphs Al-A11,
further comprising an upstream chamber that defines an

upstream volume and encloses the ignition source , the
upstream volume being in fluidic contact with the upstream
end of the combustion arrester.

[0150 ] A12 .1 . The system of paragraph A12 , wherein the

upstream chamber terminates at the upstream end of the

combustion arrester.

from the downstream end of the combustion arrester.
[0137 ] A6 . The system of any of paragraphs A1-A5.2 ,
wherein the sensor system is configured to measure a
velocity of the gas discharged from the downstream end of

[0151 ] A12 .2. The system of any of paragraphs A12 -A12 .
1 , wherein the upstream chamber and the combustion
arrester are filled with a flammable gas.

the combustion arrester.

further comprising a downstream chamber that defines a

[ 0138 ] A6 . 1. The system of paragraph A6 , wherein the
sensor system includes an anemometer configured to mea
sure the velocity of the gas discharged from the downstream
end of the combustion arrester.
[0139 ] A6 .2 . The system of any of paragraphs A6 -A6 .1 ,
wherein the sensor system includes a particle image veloci
metry apparatus configured to measure the velocity of the
gas discharged from the downstream end of the combustion
arrester.
[0140 ] A6 .2 .1. The system of paragraph A6 .2 , wherein the
particle image velocimetry apparatus is configured to mea
sure cross -sectional velocity profile of the gas discharged
from the downstream end of the combustion arrester.

[0141] A7. The system of any of paragraphs A1- A6 .2 . 1,

wherein the sensor system includes a pressure sensor con
figured to measure a pressure of gas in a downstream volume

[0152] A13 . The system of any of paragraphs A1- A12.2 ,

downstream volume that is in fluidic contact with the

downstream end of the combustion arrester.

[0153 ] A13 .1. The system of paragraph A13 , wherein the
the combustion arrester.

downstream chamber terminates at the downstream end of

[0154 A13 .2 . The system of any of paragraphs A13 -A13 .

1 , wherein the downstream volume and the combustion

arrester are filled with a flammable gas .

[0155 ] A13.3 . The system of any of paragraphs A13 - A13 .
2 , wherein the downstream chamber is configured to receive

the gas discharged from the downstream end of the com
bustion arrester .
[0156 ] A14 . The system of any of paragraphs A1-A13 .3 ,
wherein the controller is configured to operate the sensing
system to measure the gas discharged from the combustion

arrester at the downstream end .
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[0157 ] A15 . The system of any of paragraphs Al-A14 ,

wherein the controller is configured to operate the ignition

source to ignite a /the flammable gas upstream of the com

bustion arrester.

[0158 ] A16 . The system of any of paragraphs Al-A15 ,
wherein the controller is configured to determine a degree of
quenching by the combustion arrester of a combustion front
generated upstream of the combustion arrester by the igni
tion source based upon the composition of the gas dis

charged from the downstream end of the combustion
[ 0159 ] A17 . The system of any of paragraphs Al-A16 ,

arrester.

wherein the controller is configured to determine an efficacy
of the combustion arrester based upon the composition of

the gas discharged from the downstream end of the com
[0160 ] A18 . The system of any of paragraphs Al-A17 ,

bustion arrester.

wherein the controller is configured to determine a reaction

rate of the gas discharged from the downstream end of the
combustion arrester and / or to determine a reaction rate of

gas in the combustion arrester based on a time course of the

composition of the gas discharged from the downstream end
of the combustion arrester.

[0161] A19 . The system of any of paragraphs Al-A18 ,
wherein the controller is configured to determine a presence
of a flame at the downstream end of the combustion arrester

based on the composition of the gas discharged from the
downstream end of the combustion arrester, optionally by

determining a prevalence of a /the combustion species in the
gas discharged from the downstream end of the combustion
arrester.
[0162] A20. The system of any of paragraphs A1-A19 ,

wherein the controller is configured to determine a presence
of a flame at the upstream end of the combustion arrester
based on the composition of the gas discharged from the
downstream end of the combustion arrester, optionally by
determining a prevalence of a / the combustion in the gas
discharged from the downstream end of the combustion
arrester .

[0163] A21 . The system of any of paragraphs A1-A20 ,

wherein the combustion arrester is at least one of a flame
arrester , a flame trap , a deflagration arrester, and a detona

to an amount of a combustion species in the gas discharged
from the combustion arrester.
[0172 ] B2.1. The method of paragraph B2, wherein the

quantity related to an amount is a concentration , a partial
pressure , a molar quantity , a mass, or a relative amount.

[0173 ] B2.2 . The method of any of paragraphs B2-B2. 1,

wherein the combustion species is a chemical constituent of
the flammable gas and /or a combustion reaction product of
the flammable gas.

[0174 ] B2.3 . The method of any of paragraphs B2-B2.2 ,
wherein the combustion species is a transient combustion
species or a stable combustion species.

[0175 ] B2.4 . The method of any of paragraphs B2-B2. 3 ,
wherein the combustion species is a partial combustion
product and / or a complete combustion product .

[0176 ] B2 .5. The method of any of paragraphs B2 - B2 .4 ,
wherein the combustion species is one of a hydroxyl radical,
water , carbon dioxide, carbon monoxide, formaldehyde ,

nitric oxide , nitrous oxide, hydrogen , methanol, and a hydro

carbon fuel.

[0177 ] B2.6 . The method of any of paragraphs B2-B2.5 ,

wherein the combustion species is a combustion reactant of
the flammable gas .

[0178 ] B2.7 . The method of any of paragraphs B2-B2.6 ,
ing a first quantity related to a first amount of a first
combustion species in the gas discharged from the combus
tion arrester and measuring the composition of gas includes
measuring a second quantity related to a second amount of
a second combustion species in the gas discharged from the
combustion arrester.
[0179 ] B3. The method of any of paragraphs B1-B2.7 ,
wherein measuring the composition includes measuring a
time course of the composition of the gas discharged from
the combustion arrester.
[0180 ] B4. The method of any of paragraphs B1- B3 ,
wherein measuring the composition of gas includes measur

wherein measuring the composition includes measuring a

cross -sectional composition profile of the gas discharged
from the combustion arrester.

[0181] B5 . The method of any of paragraphs B1-B4,

wherein measuring the composition includes measuring the

tion arrester.

composition of the gas without interfering with gas flow
from the combustion arrester.

wherein the upstream volume and/ or the downstream vol

wherein measuring the composition includes optically inter

[0164 ] A22. The system of any of paragraphs A1-A21,
ume, where used , are the respective upstream volume and /or
the downstream volume of any of paragraphs C1 -C12 . 2 .
[0165 ] A23 . The use of any of the systems of paragraphs

[0182 ] B6 . The method of any of paragraphs B1- B5 ,

rogating the gas discharged from the combustion arrester.

[0183 ] B7. The method of any of paragraphs B1- B6 ,

A1 -A22 to determine an effectiveness of the combustion
arrester.
10166 ) B1. A method of quantifying combustion arrester
performance , the method comprising:
[0167 ] filling an upstream volume and a combustion

wherein measuring the composition includes measuring the

arrester with a flammable gas;

wherein measuring the composition includes measuring the
composition of the gas by one or more of mass spectrometry ,

[0168 ] igniting the flammable gas in the upstream volume,

upstream of the combustion arrester ;
[0169 ] measuring a composition of gas discharged from
the combustion arrester, downstream of the combustion
arrester , after igniting the flammable gas ; and

[0170 ] quantifying a performance of the combustion
arrester based on the composition of gas measured .
[0171 ] B2 . The method of paragraph B1, wherein mea

suring the composition includes measuring a quantity related

composition of the gas by one or more of planar laser

induced fluorescence , laser-induced fluorescence , laser- ex
cited atomic fluorescence, and Fourier transform infrared

spectroscopy .

[0184 ] B8. The method of any of paragraphs B1 -B7 ,

gas chromatography, and gas chromatography mass spec
[0185 ] B9 . The method of any of paragraphs B1-B8,

trometry .

further comprising measuring a temperature of the gas

discharged from the combustion arrester and wherein quan
tifying includes quantifying the performance based on the
temperature of the gas discharged from the combustion
arrester.
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[0186 ] B9. 1. The method of paragraph B9, wherein mea

suring the temperature includes measuring a time course of

the temperature of the gas discharged from the combustion
arrester .

[0187] B9 .2 . The method of any of paragraphs B9 -B9.1 ,
cross - sectional temperature profile of the gas discharged
from the combustion arrester .
[ 0188 ] B9.3 . The method of any of paragraphs B9-B9.2 ,

wherein measuring the temperature includes measuring a

wherein measuring the temperature includes measuring the

temperature without interfering with gas flow from the
combustion arrester.

[ 0189 ] B9.4 . The method of any of paragraphs B9-B9.3 ,

the flammable gas between the upstream chamber, the
combustion arrester, and the downstream chamber, before

igniting the flammable gas .
[0203 ] B12 .2 . The method of any of paragraphs B12 -B12 .
1 , wherein filling the upstream volume includes equalizing
temperature of the flammable gas, the upstream chamber, the
combustion arrester, and the downstream chamber, before
igniting the flammable gas.
[0204 ] B12.3 . The method of any of paragraphs B12 -B12 .
2 , wherein the upstream volume is a closed volume of the

upstream chamber before igniting the flammable gas .
02051 B12. 4 . The method of any of paragraphs B12 -B12 .
3 , wherein the downstream chamber defines a closed down

wherein measuring the temperature includes optically inter

stream volume before igniting the flammable gas .

[0190 ] B9.5 . The method of any of paragraphs B9-B9.4 ,
wherein measuring the temperature includes measuring the
temperature by coherent anti- Stokes Raman spectroscopy .
[ 0191] B10 . The method of any of paragraphs B1-B9.5 ,
further comprising measuring a velocity of the gas dis
charged from the combustion arrester and wherein quanti
fying includes quantifying the performance based on the
velocity of the gas discharged from the combustion arrester .
[ 0192] B10 .1. The method of paragraph B10 , wherein

system comprising:
[0207 ] an upstream chamber that defines an upstream
volume and includes an ignition port configured to receive

rogating the gas discharged from the combustion arrester.

measuring the velocity includes measuring a time course of
the velocity of the gas discharged from the combustion
arrester.

[0193] B10 .2 . The method of any of paragraphs B10 -B10 .
1 , wherein measuring the velocity includes measuring a
cross-sectional velocity profile of the gas discharged from

the combustion arrester.
[0194] B10 .3 . The method of any of paragraphsB10 -B10 .
2 , wherein measuring the velocity includes measuring the

velocity without interfering with gas flow from the combus
tion arrester.

[0195 ] B10 .4 . The method of any of paragraphs B10 -B10 .
3 , wherein measuring the velocity includes optically inter

rogating the gas discharged from the combustion arrester.
[0196 ] B10 .5 . The method of any ofparagraphs B10 -B10 .
4 , wherein measuring the velocity includes measuring the
velocity with an anemometer.

[0197 ] B10 .6 . The method of any of paragraphs B10 -B10 .
velocity by particle image velocimetry .
[0198 ] B11. The method of any of paragraphs B1-B10 .6 ,
5 , wherein measuring the velocity includes measuring the

further comprising discharging the gas discharged from the

combustion arrester into a downstream chamber and mea

suring a pressure in the downstream chamber due to the gas
discharged from the combustion arrester.

[0199] B11.1. The method of paragraph B11 , wherein

measuring the pressure includes measuring a time course of
the pressure in the downstream chamber.

10200 ) B11 . 2 . The method of any of paragraphs B11 -B11 .
1 , wherein measuring the pressure includes measuring the
pressure without interfering with gas flow from the com

bustion arrester.

[ 0201] B12. The method of any of paragraphs B1-B11.2 ,

wherein filling the upstream volume includes filling an
upstream chamber that defines the upstream volume, the
combustion arrester, and a downstream chamber with the
flammable gas.

[0202] B12 . 1. The method of paragraph B12 , wherein

filling the upstream volume includes equalizing pressure of

[0206 ] C1 . A system for testing a combustion arrester, the

an ignition source ;

[0208 ] a downstream chamber that defines a downstream

volume; and
10209 ] a combustion arrester between the upstream cham
ber and the downstream chamber;
10210 ] wherein the upstream chamber defines a conver
gent duct that converges toward the combustion arrester and

terminates at the combustion arrester .

[0211 ] C2. The system of paragraph C1, further compris

ing a flammable gas that fills the upstream volume, the
downstream volume, and the combustion arrester.
(0212 ] C3 . The system of any of paragraphs C1 -C2 ,

wherein the upstream chamber includes a hierarchical series
define the upstream volume and the convergent duct.
[0213] C3. 1. The system of paragraph C3, wherein each of

of modular upstream shell sections that at least partially
the modular upstream shell sections includes a section

ignition port configured to receive an ignition source and
and optionally wherein all of the ignition ports of the

wherein the ignition port is one of the section ignition ports ,
hierarchical series of modular shell sections are sealed .

[02141 C3.2 . The system of any of paragraphs C3 -C3 . 1 ,
wherein at least one of the modular upstream shell sections

has a gas port configured to transfer gas into the upstream
chamber, and optionally wherein each of the modular

upstream shell sections has a gas port.

[0215 ] C3. 3. The system of any of paragraphs C3-C3.2 ,

wherein the modular upstream shell sections each have an

interior profile configured to produce laminar flow and / or

top - hat flow of the flammable gas through the convergent

duct toward the combustion arrester.
[0216 ] C4 . The system of any of paragraphs C1-C3 .3 ,
further comprising an ignition source installed in the ignition
port.
[0217 ] C4. 1. The system of paragraph C4 , wherein the

ignition source includes , optionally is, an electrical arc

source .

[0218 ] C5. The system of any of paragraphs C1-C4. 1,

wherein the upstream chamber has an interior profile con

figured to produce laminar flow and/or top - hat flow of the

flammable gas through the convergent duct toward the

combustion arrester.
[0219] 06 . The system of any of paragraphs C1 - C5 , fur
ther comprising a turbulence structure in the convergent
duct.
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[0220 ] 06 .1. The system of paragraph C6 , wherein the
turbulence structure is an aperture plate .
[0221 ] C6 .2 . The system of any of paragraphs C6 -C6 .1,
wherein the turbulence structure has a blockage ratio of at
least 10 % , at least 20 % , at least 40 % , at least 50 % , at most
80 % , and / or at most 50 % .
[0222 ] C7 . The system of any of paragraphs C1-C6.2 ,
wherein the downstream chamber includes a series ofmodu

lar downstream shell sections that at least partially define the
downstream volume.

[ 0223] C7.1 . The system of paragraph C7, wherein the
series of modular downstream shell sections is a hierarchical

series of modular downstream shell sections .

[ 0224 ] C7 .2 . The system of any of paragraphs C7 -C7. 1 ,

wherein the modular downstream shell sections each have

an interior profile configured to produce laminar flow and/ or
top -hat flow of the flammable through the downstream
chamber and directed away from the combustion arrester .

(0225 ) C8 . The system of any of paragraphs C1-C7 .2 ,
wherein the downstream chamber defines a divergent duct

that diverges away from the combustion arrester and termi

nates at the combustion arrester.

[ 0226 ] C9 . The system of any of paragraphs C1- C8 ,
wherein the downstream chamber has an interior profile
configured to produce laminar flow and/or top -hat flow of
the flammable gas through the downstream chamber and

directed away from the combustion arrester.

[0227 ] C10 . The system of any of paragraphs C1-C9,

further comprising a pressure sensor configured to measure
a pressure of gas in the downstream chamber.
10228 ) C10 . 1 . The system of paragraph C10 , wherein the

pressure sensor is a dynamic pressure sensor configured to
measure a time course of pressure in the downstream
chamber.

[0229 ] C10 .2 . The system of any of paragraphs C10 -C10 .
1 , wherein the pressure sensor is a threshold pressure sensor

configured to indicate whether a pressure in the downstream

exceeded a predefined threshold pressure .
[ 0230 ] C11. The system of any of paragraphs C1-C10 .2 ,
further comprising a temperature sensor, optionally a ther

mocouple or infrared thermometer, configured to measure a

temperature of gas in the downstream chamber.

[ 0231] C12. The system of any of paragraphs C1-C11 ,
further comprising the sensor system of any of paragraphs
A1- A21.
[0232 ] C12 .1. The system of paragraph C12 , wherein the

sensor system is configured to measure a composition of gas
discharged from the combustion arrester into the down

stream chamber.
[0233] C12 .2 . The system of any of paragraphs C12 -C12 .
1 , wherein the sensor system is configured to measure a
composition of gas in the downstream chamber.
[0234 ] C13 . The use of any of the systems of paragraphs
C1-C12 . 2 to determine an effectiveness of the combustion
arrester.
[ 0235 ) D1. A method of testing a combustion arrester, the

method comprising :
[0236 ] assembling an upstream chamber to define a con
vergent duct;
[ 0237 ] assembling a downstream chamber;
[0238 ] fluidically connecting the upstream chamber to the
downstream chamber via a combustion arrester, wherein the
convergent duct converges towards the combustion arrester
and terminates at the combustion arrester ;

[0239 ] filling the upstream chamber, the combustion
arrester, and the downstream chamber with a flammable gas;
[0240] igniting the flammable gas in the upstream cham
ber;
[0241 ] determining whether the flammable gas in the
downstream chamber ignited in response to igniting the
flammable gas in the upstream chamber.

[0242 ] D2. The method of paragraph Di, wherein the

assembling the upstream chamber includes selecting a num

ber of modular upstream shell sections to define a desired

upstream volume within the upstream chamber.

[0243 ] D3. The method of any of paragraphs D1-D2,

wherein assembling the downstream chamber includes
selecting a number of modular downstream shell sections to
define a desired downstream volume within the downstream

chamber.

[0244 ] D4. The method of any of paragraphs D1-D3,

wherein assembling the upstream chamber and assembling

the downstream chamber together include selecting a vol

ume ratio of the upstream chamber to the downstream

chamber to simulate predefined combustion conditions .
[0245 ] D5. The method of any of paragraphs D1-D4,
further comprising installing an ignition source at a location

along the upstream chamber to simulate predefined com

bustion conditions and wherein igniting the flammable gas

includes igniting the flammable gas with the ignition source .
[0246 ] D6 . The method of any of paragraphs D1-D5,
wherein assembling the upstream chamber includes defining
a closed upstream volumewith the upstream chamber before
igniting the flammable gas.
[0247 ] D7. The method of any of paragraphs D1-D6 ,
wherein assembling the downstream chamber includes
defining a closed downstream volume with the downstream

chamber before igniting the flammable gas.
[0248 ] D8. The method of any of paragraphs D1-D7,

wherein filling the upstream chamber, the combustion
arrester, and the downstream chamber includes filling as

described in any of paragraphs B1-B12 .4 .
[0249 ] D9. The method of any of paragraphs D1-D8,
wherein determining whether the flammable gas in the
downstream chamber ignited includes measuring and /or
quantifying the composition of gas , the temperature , the
velocity, and /or the pressure ) as described in any of para
graphs B1-B12.4 .

[0250 ] D10 . The method of any of paragraphs D1-D9,
further comprising repeating the method of any of para
graphs D1-D9 with a different upstream volume, a different
downstream volume, a different flammable gas , a different
ignition source , a different ignition source location , a dif
ferent pressure , and /or a different temperature .
0251 ) E1. A kit for assembling a combustion arrester test

system , the kit comprising :
10252] a hierarchical series of modular upstream shell
sections, wherein each of the modular upstream shell sec
tions includes a section ignition port and wherein at least one

of the modular upstream shell sections is configured to
define a convergent duct;
(0253] a series ofmodular downstream shell sections ;
[0254 ] a turbulence structure ;

[0255 ] an ignition source configured to fit into the section
ignition ports ; and
[0256 ] a combustion arrester.
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[ 0257] E2 . The kit of paragraph El, wherein at least one ,
optionally each , of the modular upstream shell sections
includes a gas port .
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elements and steps disclosed herein . Moreover, any of the
various elements and steps, or any combination of the

various elements and/ or steps , disclosed herein may define

independent inventive subject matter that is separate and

[0258 ] E3 . The kit of any of paragraphs E1-E2, further
comprising a flammable gas source .
[ 0259 ] E4 . The kit of any of paragraphs E1- E3, wherein
the modular upstream shell sections, the modular down

be associated with the specific systems and methods that are

source , the flammable gas source , and / or the combustion

ter may find utility in systems and/ or methods that are not

[0260 ] As used herein , the terms " adapted” and “ config

mance , the method comprising:
filling an upstream volume and a combustion arrester with

stream shell sections, the turbulence structure , the ignition

arrester is /are as described in any of paragraphs A1-A21 or
any of paragraphs C1-C12 .2 .
ured ” mean that the element, component, or other subject
matter is designed and /or intended to perform a given

function . Thus, the use of the terms " adapted ” and “ config

ured ” should not be construed to mean that a given element,

component, or other subject matter is simply “ capable of

performing a given function but that the element, compo

nent, and /or other subject matter is specifically selected ,
created , implemented , utilized , programmed , and /or

designed for the purpose of performing the function . It is

also within the scope of the present disclosure that elements ,
components , and/ or other recited subject matter that is
recited as being adapted to perform a particular function

may additionally or alternatively be described as being
configured to perform that function , and vice versa . Simi
larly , subject matter that is recited as being configured to

perform a particular function may additionally or alterna

tively be described as being operative to perform that

apart from the whole of a disclosed system or method .
Accordingly , such inventive subjectmatter is not required to
expressly disclosed herein , and such inventive subject mat

expressly disclosed herein .
1 . A method of quantifying combustion arrester perfor
a flammable gas;
upstream of the combustion arrester ;
measuring a composition of gas discharged from the

igniting the flammable gas in the upstream volume,
combustion arrester, downstream of the combustion

arrester, after igniting the flammable gas; and
quantifying a performance of the combustion arrester
based on the composition of gas measured .
2 . The method of claim 1 , wherein measuring the com
position includes measuring a quantity related to an amount

of a combustion species in the gas discharged from the
combustion arrester.
3 . The method ofclaim 2 ,wherein measuring the quantity
includesmeasuring the quantity related to the amount of the
combustion species that is one of a hydroxyl radical, water,
carbon dioxide , carbon monoxide, formaldehyde, nitric

function .

[0261] As used herein , the phrase , " for example,” the
phrase, “ as an example ,” and /or simply the term " example,”
when used with reference to one or more components,

oxide , nitrous oxide , hydrogen , methanol, and a hydrocar
bon fuel.

features , details, structures, embodiments , and /or methods

position includes measuring a cross - sectional composition

according to the present disclosure , are intended to convey
that the described component, feature, detail, structure ,

profile of the gas discharged from the combustion arrester.

embodiment, and / or method is an illustrative, non -exclusive

5 . The method of claim 1, wherein measuring the com
position includes measuring the composition of the gas

example of components, features , details, structures,

embodiments, and/or methods according to the present

disclosure . Thus, the described component, feature , detail,
structure , embodiment, and / or method is not intended to be

limiting , required , or exclusive /exhaustive ; and other com

ponents , features , details, structures , embodiments , and /or
methods , including structurally and /or functionally similar
and / or equivalent components , features, details , structures ,

embodiments, and/ or methods, are also within the scope of

the present disclosure .
[0262 ] As used herein , the phrases “ at least one of” and

" one or more of," in reference to a list of more than one

entity, means any one or more of the entities in the list of
entities , and is not limited to at least one of each and every

entity specifically listed within the list of entities . For

example , " at least one of A and B ” (or, equivalently , “ at least

one of A or B ," or, equivalently, at least one of A and/ or B ” )
may refer to A alone, B alone, or the combination of A and

[ 0263] As used herein , the singular forms “ a ” , “ an ” and

“ the ” may be intended to include the plural forms as well ,

unless the context clearly indicates otherwise .

[0264 ] The various disclosed elements of systems and
steps of methods disclosed herein are not required of all

4 . The method of claim 1, wherein measuring the com

without interfering with gas flow from the combustion
arrester.

6 . The method of claim 1, wherein measuring the com

position includes optically interrogating the gas discharged
from the combustion arrester.
7 . The method of claim 1, wherein measuring the com

position includes measuring the composition of the gas by

one or more of planar laser -induced fluorescence , laser
induced fluorescence, laser - excited atomic fluorescence, and
Fourier transform infrared spectroscopy.
8 . The method of claim 1 , wherein measuring the com
position includes measuring the composition of the gas by
one ormore ofmass spectrometry, gas chromatography, and
gas chromatography mass spectrometry .
9 . The method of claim 1 , further comprising measuring
a temperature of the gas discharged from the combustion
arrester and wherein quantifying includes quantifying the

performance based on the temperature of the gas discharged
from the combustion arrester.

10 . The method of claim 9 , wherein measuring the tem
anti-Stokes Raman spectroscopy .
11 . The method of claim 1, wherein filling the upstream

perature includes measuring the temperature by coherent

systems and methods according to the present disclosure ,

volume includes filling an upstream chamber that defines the
upstream volume, the combustion arrester, and a down

and the present disclosure includes all novel and non
obvious combinations and subcombinations of the various

stream chamber with the flammable gas, and includes equal

izing temperature of the flammable gas, the upstream cham
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ber, the combustion arrester, and the downstream chamber ,
before igniting the flammable gas.
12 . The method of claim 1 , wherein filling the upstream
volume includes filling an upstream chamber that defines the
upstream volume, the combustion arrester , and a down
stream chamber with the flammable gas, wherein the
upstream volume is a closed volume of the upstream cham
ber before igniting the flammable gas, and wherein the

downstream chamber defines a closed downstream volume
before igniting the flammable gas .
13 . A system for quantifying combustion arrester perfor

mance, the system comprising:
a combustion arrester having an upstream end and a
downstream end ;

an ignition source upstream from the combustion arrester ;
a sensor system with a sensed volume at the downstream
end of the combustion arrester, the sensor system
configured to measure a composition of gas discharged

from the downstream end of the combustion arrester;

apparatus, a laser- induced fluorescence apparatus, a laser
excited atomic fluorescence apparatus, an optical spectrom

eter, and a Fourier transform infrared spectrometer .

17 . The system of claim 13 , wherein the sensor system
includes at least one of a mass spectrometer, a gas chro

matograph , and a gas chromatography mass spectrometer.

18 . A system for quantifying combustion arrester perfor

mance, the system comprising :

a combustion arrester having an upstream end and a
downstream end ;
an ignition source upstream from the combustion arrester ;

and

a sensor system with a sensed volume at the downstream
end of the combustion arrester, the sensor system

configured to measure a composition of gas discharged

from the downstream end of the combustion arrester;

wherein the sensor system is configured to measure a first
quantity related to a first amount of a transient com
bustion species in the gas discharged from the down

and

stream end of the combustion arrester and is configured

combustion arrester based on the composition of gas

amount of a stable combustion species in the gas

a controller configured to quantify performance of the

measured by the sensor system .
configured to measure a quantity related to an amount of a

14 . The system of claim 13 , wherein the sensor system is

to measure a second quantity related to a second

discharged from the downstream end of the combustion
arrester.
19 . The system of claim 18 , wherein the sensor system

15 . The system of claim 13, wherein the sensor system is

includes a planar laser-induced fluorescence apparatus con
figured to measure the first quantity related to the first
amount of the transient combustion species .

of the gas discharged from the downstream end of the

includes a gas chromatograph configured to measure the

combustion species in the gas discharged from the down

stream end of the combustion arrester.

configured to measure a cross -sectional composition profile
combustion arrester.

16 . The system of claim 13, wherein the sensor system

includes at least one of a planar laser- induced fluorescence

20 . The system of claim 18 , wherein the sensor system

second quantity related to the second amount of the stable
combustion species .
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