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Porous structures can be used to avoid flame transmissions as it is done in flame
arresters or breathing devices of explosion protected equipment. A detailed examina-
tion of the different flame transmission behaviours of different porous structures is
performed using several methods of laser diagnostics. The flow behaviour is analysed
using a Schlieren technique and the flame transmission itself is examined using laser
induced fluorescence of OH radicals.
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INTRODUCTION The two main fields of application of flame arrester
elements are breathing devices and flame arresters.
In chemical facilities and other industrial areas Breathing devices are for example an important part
explosive atmospheres can occur. In these locationsf gas sensors for use in explosive atmospheres. These
numerous tasks to either avoid explosions or at least tgas sensors are often designed in type of protection
reduce the consequences to a non-hazardous meastif@meproof enclosure” which allows the electronic
are done. An important technical component used formeasuring equipment of the gas sensor to generate
this protection method is the mechanical flame arrestehigh temperatures for instance. These temperatures
element. Flame arrester elements allow mass transpo@re needed for the function of some measuring prin-
by gas flow on the one hand and on the other hand thegiples. The aim of the flameproof enclosure is to
avoid flame transmission. That is to say they are ablevoid an explosion that may occur inside the enclosure
to uncouple volumes concerning explosions and flame§om igniting the surroundings. It is necessary for the
but still enabling gas exchange between them. functioning of the gas sensor to ensure a gas exchange
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between the electronic measuring equipment of the serfor flame arresters to prevent a flame transmission in all
sor and the surroundings via a breathing device. Theituations they are certified for but also to be optimized
main requirements for this breathing device are on theconcerning flow resistance. The task of a pipeline
one hand to enable transportation by diffusion of gafor example is the transportation of gas whereas the
or vapour as fast as possible and on the other hanflame arrester has to ensure the safety of the indus-
to avoid flame transmission from the inner side of thetrial area without disturbing the transportation more
sensor to the surroundings. Another field of applicationthan absolutely necessary. Therefore, a comparison of
for flame arrester elements is the use in flame arrestethe flow resistance properties of flame arrester ele-
which are used to uncouple different parts of chem-ments is done in addition to the flame transmission
ical facilities concerning explosions and flames. Theexaminations.
requirements with respect to the function of this flame
arrester elements are similar to those used as breathing
devices, namely to avoid flame transmissions and tdf HEORY
commit a pressure loss as low as possible while being
passed through by a fluid. With the difference that the The transmission of a gas explosion through porous
transport mechanism in the case of flame arresters istructures is an instationary and spatially inhomoge-
not diffusion but a forced flow. neous process strongly influenced by turbulence and
In this paper a new porous material is examinedChemica| reactions. The technique of laser induced
concerning its properties for the use as a flame arrestdfuorescence (LIF) gives spatially and temporally
element and it is compared with traditional flame resolved information and has been successfully used
arrester elements made of crimped ribbon. The comin highly turbulent environments due to its high sensi-
parison of the different flame arrester elements is basetivity and species specificity with high spatial and tem-
onthe flame transmission behaviour measured by a safeoral resolution (Eckbreth [1996]). One intermediate
gap as well as the examination of the hot gas flow leavspecies that is produced in the reaction zone during
ing the flame arrester element by Schlieren techniquégnition process is OH. Therefore OH radicals can be
and laser induced fluorescence of OH radicals. used as an indicator for the reaction zone. The radicals
The safe gap can be determined by a testing appak@n be detected by measuring the fluorescence that fol-
ratus similar to the MESG testing apparatus (IEC!OWs their excitation by a laser. This paper presents
60079-1-1 [2002]) which was developed to charac-the results obtained using simultaneously OH-LIF and
terise porous materials for the use as flame arresté@Ser Schiieren imaging of the transmission of gas
elements (Mecket al. [in press]). This apparatus uses €xplosions through porous structures. The OH-LIF
Ho/air mixtures characterised with the MESG test-Images were used to examine the ignition processes
ing apparatus concerning the dependency of the saf@side the hot gas flow and the laser Schlieren images
gap from initial pressure for the analysis of porousWere used in studying the temporal development of
structures. With the help of the determination of a safefne flow.
initial pressure at which a flame propagation through ~ The transportation of fluids through porous media
the porous structure just fails to occur, a safe gap ca®Y forced flow, like occurring in flame arresters during
be attached to every porous structure. Using this saf@0rmal operation (withoutany explosions) caninvolve
gap value as a measure for the property of a porou§€veral simultaneously occurring mechanisms. If the
structure to avoid flame transmission, it is possible toPOre size of the porous structure is big compared to the

put the structures in an order concerning their flameMean free path ofthe gas molecules the following equa-
guenching qualities. tion can be used. It includes only the mechanisms of

Every flame arrester leads to a pressure loss thafiScous and inertia flow following Schatt al. [2007]

requires pump capacity and therefore higher power V.s (n 0- V)

« T A (1)

consumption. So in most cases it is not only essential Ap A



EXAMINATION OF THE FLAME TRANSMISSION 247

, ignition
i source

first vessel
transducer 2

second vessel

i

transducer 1

laser |
sheet ;- e~ e T TUUU

\7 Schlie/ren

i Image

porous
"""""" structure

quartz LIF

windows

hot gas
flow

FIGURE 1
Schematic of combustion vessel.

In this equatiomp is the pressure loss over the porous a combustion vessel as shown in Figure 1 (Sadanandan
structure induced by a constant volume flow The et al. [2007]). The test porous structure which has to
dynamic viscosityy and the density are describing be analysed is fixed between two vessels. Vessel 1 is
the fluid. The porous structure has got the thickness 80 mm in length and 60 mm in diameter leading to a
and the surface areperpendicular to the direction of volume of 0.226 litres. This vessel is flanged to ves-
the flow. The symbola andg are the viscous and iner- sel 2, which has a volume of 12litres. It is provided
tia permeability coefficients, respectively. In the casewith three quartz windows for optical access. Both the
of the laminar flow there is loss resulting from friction vessels are filled with 27.5% hydrogen/air mixtures at
between fluid and walls. The loss of energy in the iner-the beginning of each experiment. The fuel/air mixture
tia flow consists of the change of flow direction and in vessel 1 is ignited by means of electrical discharges
the resulting turbulences during the flow through theon the symmetrical axis of the vessel at a distance of
wounding pores. In this paper Eqg. (1) shall be used td56 mm from the outer face of the porous structure. The
clarify the interrelationship between kind and geome-pressure rise in both the vessels is recorded by means
try of a flame arrester element and its flow behaviour.of Kistler (Model 6031) transducers. The hot burned
Therefore it is reasonable to convert Eq. (1) to thegases expand into vessel 2 through the porous struc-
following form: ture. The development of the hot gas flow using the
SN . s5-p Schlieren technique is captured perpendicular to the
Ao v+ A2. 8 flow by means of an ICCD camera. The laser sheet used

The factorsB andC in Eq. (2) shall be deemed to be to excite OH radicals inside the hot gas flow crosses
constant for a specific porous structure to simplify theVESSel 2 parallel to the porous structure. The subse-
consideration of the flow behaviour. In Eq. (2) the com-duent fluorescence is collected perpendicular to the
position of viscous and inertia flow is easily visible. [aser sheet through awindow in the bottom of vessel 2
The permeability coefficients and 8 can be experi- USing & second ICCD camera.

menta”y determined Concerning 1ISO 4022 [2006] The EXCiting laser pulses for OH-LIF were obtained
using the frequency doubled output from a dye laser

(Rhodamine 6G) pumped by a frequency doubled
EXPERIMENTAL SETUP (532nm) Nd:YAG laser (Figure 2). The dye laser
was tuned to thed1(5) transition at 283nm in the
An experimental set-up, well defined and optically v” = 0, v’ = 1 band of theA?Z* — X211 system. The
accessible, is used for the current studies consisting daser beam was formed into a sheet of approximately

Ap VZ=B.V+4+C-V? (2
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FIGURE 2
Schematic of optical setup used for simultaneous Schlieren and OH-LIF (M: mirror, I: lens).

30 mm in width and 0.2 mm in thickness by means ofmaterial, in contrast to conventional sintered metals,
cylindrical lenses. Subsequent fluorescence from theonsists in short metallic fibres instead of metallic pow-
OH radical was observed using a UG11 filter in front der. Due to the stretched geometry of the fibres it is
of the camera lens which also eliminates nearly allpossible to create porous structures up to a porosity
reflections of laser light. For the LIF visualization a of 95%, which still have good mechanical stability
Flame Star high speed ICCD camera (La Vision, 12 bit,(Steigertet al. [2000]).
384 x 288 pixel array) coupled to an UV lens (Halle, In Table 1 the safe gap and some specifications of
100 mm, f/2) was used. a few test samples are shown. The Fibre structures
The laser Schlieren optical system consists of a He{called fibre in Table 1) are specified by their porosity
Ne laser (20mWp = 6328 nm) as a point source, a ¢, which is defined as
beam expander for collimating the beam and a sub-
sequent lens-knife edge combination to obtain the
Schlierenimage. Forthe laser Schlieren imaging a high
speed ICCD camera (La Vision Streak Star, 14 bit,and the thickness of the test samplas well as the
384 x 550 pixel array) coupled to a Sigma zoom average lengtth; and diametet/, of the fibres. The
lens (75-300, 4-5.6f) was used. Sequential Schliererimped ribbon structures (called ribbon in Table 1)
images were taken during each experiment with timeare specified by their width of gap, (that is the
steps between 50s up to 20Qus and Jus exposure height of the triangle formed by the ribbon), the thick-
time. The timing between ignition, laser pulse and theness of the ribbom. and the overall thickness of the
different camera gate openings were adjusted by meartest sampler,. With the help of the safe gap it is
of a delay generator circuit. possible to sort the samples according to their resis-
tance against flame transmission as done in Table 1.
The safe gap value is a measure for the property of
RESULTS porous structures to avoid flame transmission but it
gives no information concerning the flame transmis-
The safe gaps according to Mec#teal. [in press]  sion itself. Therefore the examination of the hot gas
were determined for several test samples. The test sanflow using Schlieren technique and laser induced flu-
ples consist of a new material called fibre structureorescence of OH radicals was done. Figure 3 shows
as well as of classical crimped ribbon flame arresterSchlieren series for two test samples (No. 2 and No. 5,
elements. The new material is a kind of powder met-Table 1). Each image shows the region from 5mm to
allurgically manufactured sintered metal. The basic33 mm beneath the test sample in vessel 2 (Figure 1)

e — Psolid — Pporous structure
Psolid
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TABLE 1

Specification of test samplelg; means length of fibrei s diameter 2 5
of fibre; wg width of gap,- thickness of ribbong porosity and; X s I d .
thickness of test sample; all (including safe gap) in mm. ‘ |
19
No. Kind Specification Safe gap mm
1 Fibre Iy =13;dy =0.07; <0.15 % At=0 100 200 300 400 500 600 ps 800
e=614=10 t
2 Ribbon w, =0.15;7, =0.15; <0.15
t;, = 10.0
3 Fibre [y =13;d;=01; 0.16
e=178;t, =3.0
4  Fibre Iy =13;d; =0.1; 0.29
e =285;1, =42
5 Ribbon w., = 03¢ = 0.15: 0.33 At=0 50 100 150 200 250 300 ps 400
¢ = 0.3/, =0.15; .
i = 100 '
6 Fibre 1y =20;df=0.2; 0.33 FIGURE 3
e=79;t, =50 Schlieren series a) without flame transmission (test sample No. 2,
; _ . _ . 2500us after ignition), b) with flame transmission (test sample No. 5,
7 Fibre ly= 20; df = 0.15] 0.34 1950ps after ignition) (27.5% Hin air, p = 1 bar).
e=282;t, =50
8 Fibre 1y =13;d; =01, 0.43 ;
& = 88,t[ = 28 bar -
9 Fibre Iy =20;dy = 0.25; 0.44 6 g,
e=178;t, =48
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in which the hot gas flows from top to bottom. The
experiments were performed using 27.5 vol.% H
in air at p = 1 bar. In Figure 3(a) the Schlieren
series starts 25Q0s after the ignition in vessel 1 with
At = 100us between each image. In this experiment
test sample No. 2 is used and no flame transmission
occurs.

Figure 3(b) shows a Schlieren series with =
50us between each image using the porous strucFIGURE4 . o o
ture No. 5 starting 1950s after the ignition. In this - ceoure isiories ofdirectflame ransmission and ignion atthe hot
experiment flame transmission can be observed. These
series show two main differences. First, the hot gas in
Figure 3(a) enters vessel 2 later than in Figure 3(b) due Figure 4 shows the pressure history of two different
to the higher flow resistance of the test sample No. 2experiments done with two samples of the same kind
compared to No. 5. Second the velocity of propaga{sample No. 9, Table 1). To get more meaningful results
tion of the boundary between hot and cold gas is muctthe experiments were done with several test samples
faster in the Schlieren images shown in Figure 3(b) duewith identical specifications. For each experiment there
to the acceleration caused by the initiated explosion irare two pressure curves, measured by the pressure sen-
vessel 2. sors in vessel 1 and in vessel 2, respectively. The

Overpressu re —=

. |Direct flame transmission
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—-—vessel 1
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pressure curves of the sensor located in vessel 1 shoignition on the hot surface of a porous structure is a phe-
two maxima. The signal of the second maximum is cutnomenon settled between direct flame transmission and
off at 5 bar to get a better resolution of the display- no ignition in vessel 2. It does not occur at every porous
ing device. The first pressure maximum displays thestructure with nearly the same specifications because
explosion in vessel 1 which is decompressed by theof very small differences in the maximum pore size for
porous structure. The second maximum results of aninstance can result in a changed behaviour.

explosion in vessel 2 that is ignited by the flame prop-  \wjith the help of the Schlieren series (Figure 3) and
agation through the tested flame arrester element. Ag,o pressure history (Figure 4) it is possible to roughly
visible in Figure 4 there is a big discrepancy betweenpredict where and when the ignition in vessel 2 occurs.
the pressure histories of the two experiments. In thqp the case of a direct flame transmission the ignition
first experiment the pressure rise in vessel 2 starts gh yessel 2 occurs before the pressure rise in this vessel
the moment the pressure in vessel 1 reaches its maxjsets measurable (earlier than 4 ms after the ignition in
mum (about 4 ms after the ignition). That means thayesse| 1). The ignition is located just beneath the test
there is a direct flame transmission through the samplgamme which is visible from Figure 3(b) because of the
which occurs when the flame in the forced hot flow, constancy in the hot gas flow. According to this infor-
driven by the explosion pressure, is not quenched ination it is reasonable to place the laser sheet for the
the porous structure. The experiment with test sampleyy. |F images as close as possible to the porous struc-
No. 5 generates a very similar pressure history. ture to watch the ignition in vessel 2. Due to reflections

The second experiment shows a much greater spaof the laser light at the porous structure itself and its
of time between ignition in vessel 1 and in vessel 2.retaining ring, 13 mm between the test sample and the
The pressure rise in vessel 2 starts about 15 ms aftdaser sheetis the best distance. Figure 5 shows four OH-
the ignition in vessel 1. Therefore it is obvious that the LIF images with simultaneously taken Schlieren expo-
explosion in vessel 2 does not result of a direct flamesures. The left column of Figure 5 shows the time after
propagation. The igniting process can be described ingnition in vessel 1 when the images were taken. The
the following way: Due to the rising pressure after the column in the middle shows the OH-LIF imageg
ignition a forced flow through the sample is devel- is the intensity of excited OH radicals with an arbitrary
oping. In the first phase of this flow cold unburned unit (a.u.) with bright areas standing for more and dark
gas/air mixture passes the porous structure. When thareas for less OH radicals. The intensity of the image
flame front arrives at the inner face of the sample, thas depending on the used amplification. The white cir-
combustionis forced to take place into the porous strucele with the dot in its center, drawn at the OH-LIF
ture. So the combustion zone gets divided into manyimage, symbolizes the geometry of the crimped rib-
parts all surrounded by cold walls. Therefore a heatoon flame arrester element used in these experiments.
exchange between the chemical reaction and the wall$he bright shine on the middle axis of the picture just
occurs. In this experiment the combustion was stoppedautside the circle consists of reflection on the retaining
by the loss of heat, so that no direct flame transmis+ing. The right column shows Schlieren images taken
sion could occur. Until the pressure in both chambersat the same time as the OH-LIF images to illustrate
has equalised hot exhaust gas is flowing through the¢he dependency between hot gas flow and combustion
porous structure. This leads to a surface temperature gaction. The 13 mm line in the Schlieren image shows
the structure on the outer side which is high enoughwhere the laser sheet forthe OH-LIF analysisis located.
to ignite the gas/air mixture in vessel 2. The long Itis possible to startthe Schlieren image much closer to
time between the end of the forced flow (pressure hashe porous structure because there is no problem with
equalised) and the ignition on the hot surface results irreflection resulting from taking the picture parallel to
the fact that the “fresh” gas-air mixture was displacedthe porous structure (Figure 1). Adistance of 1.3 mm is
from the hot surface by the exhaust gas and thereforaecessary because the retaining mechanism of the test
has to get in contact with the ignition source first. This sample blocks this area for the laser sheet.
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Time I a) Time I e ! a.u. I Schlieren
2.25ms
210 ms
2.30 ms
2.15ms
2.35ms
2.20 ms
2.40 ms
2.25ms
b) Time I e / a.u.
FIGURE 5

Simultaneous OH-LIF (yz-plane) and laser Schlieren (xy-plane)
sequences using test sample No. 5. Direct flame transmission occurs.  14.0 ms

Figure 5 visualizes rotation-symmetrically arranged
OH radicals which are resulting from an evenly dis-
tributed direct flame transmission through the free
annulus area of the test sample.

Additionally to the crimped ribbon flame arrester
element Figure 6 shows the same kind of examination
displayed in Figure 5 for a fiber structure with the spec-
ifications of test sample No. 9 that leads to an ignition
on the hot surface (cp. Figure 4). According to Figure 4
the ignition in vessel 2 has to occur before the pressure
in this vessel is rising. Therefore the ignition in ves-
sel 2 occurs sometime between 10 ms and 15ms after 144 ms
the ignition in vessel 1.

The examinations with the help of Schlieren tech-
nigue and laser induced fluorescence of OH radicals

are showing a hot gas flow including some OH radicalstIGURE 6 ,
Simultaneous OH-LIF (yz-plane) and laser Schlieren (xy-plane)

which result from the ignition in vessel 1 (Figure 6(a). sequences using test sample No. 9. Ignition starts at the hot surface.

14.2 ms

14.3 ms
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FIGURE 7
Dependency between pressure loss and flow rate at 293 K and 1 bar for two different kinds of flame arrester elements.

No ignition in vessel 2 is visible in these sequencespermeability coefficientt and the inertia permeabil-
The amplification used in Figure 6(a) is greater thanity coefficient 8 have been determined concerning
in Figure 5. This is obvious because of the brighterlISO 4022 [2006]. The different developing of the
looking reflections from the retaining ring although the pressure losses in Figure 7 are based on the differ-
reflections have the same intensity in every experimentent characteristics of the two flame arrester elements.

14.0 ms after the ignition in vessel 1 Figure 6(b) The crimped ribbon geometry No. 5 consists of straight
shows the igniting process at the hot surface (the exadubes (triangle-shaped) with smooth walls. That leads
time of the ignition is not measurable, due to the localto a mostly laminar flow, consisting of a great inertia
difference between the OH-LIF laser sheet and the hopermeability coefficieng (Figure 7) (and therefore a
surface, but this is not the point of interest though).small factorC in Eq. (2)), which induces a small pres-
The first Schlieren image in Figure 6(b) shows greatsure loss concerning toturbulences. Sothe linear part of
differences in density resulting from the heating of Eq. (2) is dominant. In contrast the fibre structure No. 9
the combustion. The OH-LIF picture shows no OH has only half the thickness of the crimped ribbon ele-
radicals because the flame front has not yet arrivednent and a greater porosity (cp. Table 1). Therefore the
at the laser sheet. In the following pictures combus-energy loss concerning to wall friction is much smaller
tion, visible through the great intensity of excited than the one of the crimped ribbon with its narrow and
OH radicals, can be located. Figure 6(b) supports theelatively long tubes (great value cp. Figure 7 leads
theory of ignition on the hot surface because of theto a small factomB in Eqg. (2)). Due to the tortuosity of
direction of the Schlieren propagation and its begin-the fibre structure the flow gets much more turbulent
ning directly beneath the test sample. It is importantresulting in a smalB value which makes the quadratic
to be aware of the much lower amplification in Fig- part of Eq. (2) getting dominant. This typical behaviour
ure 6(b) than in Figure 5 and in Figure 6(a) noticeablequalifies both types of flame arrester elements for dif-
in the invisibility of the reflections from the retaining ferenttasks. If the expected volume flows are relatively
ring. small, a flame arrester element with a high porosity is

Figure 7 shows the pressure losses calculated usinigading to a small pressure loss. But if the respected
Eq. (2) of two examined test samples (No. 5 and No. 9yvolume flows are greater a small tortuosity may be the
Table 1) in dependency of the flow rate. The viscousbetter choice.
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CONCLUSIONS L intensity of OH-LIF, a.u. (arbitrary
unit)
With the determination of a safe gap value for porous! f length of fibre, mm
structures used as flame arrester elements, we have thickness, m
introduced an easy to handle technical characteristié- thickness of ribbon, mm
to quantify the property of such an element to avoid thickness of test sample, mm
flame transmission (also cp. Meckeal. [in press] V volume flow, n¥/s
and Meckeet al. [2007]). Additionally to the question  Wg width of gap, mm
of when a flame transmission occurs (in dependency of viscous permeability coefficient,m
the initial pressure) we answered the question of how it3 inertia permeability coefficient, m
is occurring. With the help of a Schlieren technique andé porosity, -
laser induced fluorescence of OH radicals two different? dynamic viscosity, kg/(rs)
kinds of flame transmissions through flame arrester ele? wavelength, nm
ments were observed. These are namely a direct flamg pressure, kg/(rs®)
transmission and an ignition at the hot surface of thedsolid density of solid material, kg/f

porous structure, quite along time after the explosion indporous structure density of porous structure, kgfn
vessel 1. In order to complete this work the flow resis-

tances of fibre structure- and crimped ribbon elements
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