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ABSTRACT
In the current work the combustion behavior of legdm-carbon monoxide-air mixtures in semi-
confined geometries is investigated in a largezomtal channel facility (dimensions 9 mx 3 m x h6
(L x W x H)) as a part of a joint German nucledesaproject. In the channel with evenly distribdite
obstacles (blockage ratio 50%) and an open torairmgl face, homogeneous H2-CO-air mixtures are
ignited at one end. The combustion behavior ofrtindure is analyzed using the signals of pressure
sensors, modified thermocouples and ionization gsdir flame front detection that are distributed
along the channel ceiling. In the experiments warifuel concentrations (cH2 + cCO = 14 to 22 Vol%)
with different H2:CO ratios (75:25, 50:50 and 25:@Ee used and the transition regions for a sicguift
flame acceleration to sonic speed (FA) as welbasdetonation (DDT) are investigated. The condgio
for the onset of these transitions are comparel @atlier experiments performed in the same fgcilit
with H2-air mixtures. The results of this work wilklp to allow a more realistic estimation of the
pressure loads generated by the combustion of HZ&E€nixtures in obstructed semi-confined
geometries.

1.0INTRODUCTION

The phenomena of effective flame acceleration (RBAY subsequent deflagration-to-detonation
transition (DDT) are very important for hydrogerfetq considerations, in particular for large semi-
confined spaces, such as rooms or tunnels. Sunhrsag are also very delicate in nuclear reactetya
where, e.g. in case of a LOCA MCCI accident, acdatrans of released hydrogen at the top of the
reactor building might lead to partially confinddagified layers of flammable hydrogen-air mixt(ité

If in a severe nuclear reactor accident also cakdown occurs, large amounts of hydrogen and carbo
monoxide can be formed due to the reaction of mattere and water or concrete. When these gases
manage to escape from the safety containment thrimegl leakages that might be caused by the high
pressure and temperature loads, flammable H2-C@ikitures are generated in adjacent air-filled
compartments [2]. The scenario described is ndticesd to severe reactor accidents, since similar
hazardous situations are also conceivable e.gnimel accidents, where a glowing fire might produce
large amounts of CO and large quantities of H2raleased from the damaged tank of a fuel-cell
powered vehicle. When ignited, both, H2-air mixtuaad H2-CO-air mixtures can lead to high pressure
loads during the combustion and might cause fursfreng structural damage to a facility. For the
evaluation of the damage potential that is assediatith such scenarios and as a basis for the
development of mitigation measures the combusteratior of such stratified layers in semi-confined
geometries has to be investigated. But in contoatsdmogeneous H2-air mixtures in closed geometries
rather few experimental data on the combustion\iebaof stratified H2-air-mixtures in semi-confithe
geometries is currently available, whereas almodfata is available for the combustion behaviour of
H2-CO-air mixtures under these conditions.

Fast flames, with velocities in the order of theegp of sound, are identified as a pre-requisité¢Her
transition into a detonation [3], which is the &stcombustion regime of H2-air and H2-CO-air flame
and causes the strongest damages to surroundiretusés due to the high pressure loads. So, taavoi
the onset of a detonation, it is sufficient to mnetva flame from accelerating to sonic speed. The
expansion ratio (ratio of specific volume of comiiars products over reactants) was identified as a
potential for effective flame acceleration (FA)sanic speed [4]. In earlier experimental investayat

on unconfined combustions or combustions with &teenting a large influence of vents on the flame
dynamics was shown [1, 5-7]. The critical conditidar a significant flame acceleration to soundespe
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in tubes with lateral venting were expressed usirggitical expansion ratie*. A linear dependency
between this critical expansion ratio and the vatib was formulated:

o* = oo* (1+2-0), 1)

whereog* - critical expansion ratio for FA in closed tubes vent ratio (vent area/total side walls area).
The critical conditions for detonation onset iube with lateral venting were found to remain thme
as for a closed tube, since the flame velocitylreasonic speed [8].

In a previous experimental series in a large-s¢be 3 x 0.6 m3) horizontal combustion channel with
an open ground face an extended criterion for theebof FA in H2-air mixtures in semi-confined
geometries was formulated [1, 7-11]. This criteneas derived by analysing numerous experiments
with various layer thicknesses, obstacle configanstand mixture properties. In the resulting griqgh
expansion ratio of the mixture, representing itermiodynamic properties, is plotted over a
dimensionless distance, representing the main geignpeoperties of the combustion channel. In the
graph (left part of Figure 1) open symbols indicexperiments where FA was observed while solid
symbols stand for experiments without FA.
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Figure 1. Critical conditions for effective flamecaleration for H2-air mixtures in a semi-confined
horizontal channel as function of the expansioio & (left) and critical conditions for DDT-ons#at
the same facility as function of the detonation sizie [8] (right).

In the graph the dashed straight line represerdgsctitical expansion ratie*, which separates
experiments with significant flame acceleratiomfrthe experiments without FA. This straight line ca
be expressed by Equation (2):

o* = oo* (1 + K - s/h), )

whereaog* is the critical expansion ratio for FA in clostubes (for hydrogelo* = 3.75 [8]); K is a
channel-specific constant as a function of integcale and blockage ratio (for the current chaitnel
was found K = 0.175 [8]s is the obstacle spacing in m am the layer height in m. The ratith can
be considered as an effective vent ratio for arlggemetry similar ta in Equation (1).

In the same work a criterion for the onset of DIOT Hi2-air mixtures in semi-confined geometries was
proposed using the right graph of Figure 1. In tirigph a dimensionless distance is plotted over the
hydrogen content of the mixture. Again a dasheel iknused to separate experiments with DDT (open
symbols in right part of Figure 1) from experimemighout DDT (solid symbols in right part of
Figure 1). The equation for the horizontal daslwel tan be formulated as follows:

L~ 13.5), (3)

whereL is the characteristic length (layer thicknessthef geometry in m} is the detonation cell size
in m, as a measure of mixture detonability depegnain mixture reactivity and gas dynamics of the
system. Smaller detonation cell size means higaemability of the system. According to Equatioh (3
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a DDT event could occur in experiments where therdsdion cell size of the test mixture is at least
13.5 times smaller than the layer thickness oftése mixture. Additionally, also a criterion foreth
propagation of a detonation through an obstacleferazulated stating that the gap sizef an obstacle
has to have at least a height of 3 times the deétoneell sizel to allow a detonation to pass through.

d/r =3, 4)

The main objective of the current work is to evéduhe critical conditions for FA and DDT in a semi
confined obstructed horizontal layer of H2-CO-aixtures and to compare these conditions with result
of the previous campaign in the semi-confined toorial channel with H2-air mixtures.

2.0 EXPERIMENTAL DETAILS
2.1 Test Facility

In the current series of experiments homogeneou€@Bzair mixtures of various concentrations are
ignited in an obstructed horizontal combustion ctehmvith the dimensions 9 mx3 mx 0.6 m (L x W
X H, see Figure 2) in the hydrogen test centre HY&KAIT. The channel, which has an open ground
and rear side, is mounted into a cylindrical satetysel with a diameter of approx. 3.3 m, a lemgth
12 m and two hemispherical ends (total volume ap®8 m?3) that is designed for a static pressure of
100 bar. The channel is obstructed by 14 equidistiastacles (spacing 0.6 m) with a blockage ratio o
50% that are made from 5 horizontal bars with glitedf 6 cm and a thickness of 4 cm.
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Figure 2. Combustion channel in the safety ves4di0-at KIT-HYKA (left)
and sketch of the instrumentation (right).

2.2 Mixture Preparation and Test Procedure

The test mixtures are composed using separate lmassintrollers (Bronkhorst EL-flow series) for
the three components H2, CO and air, that weranthken gas bottles (H2 and CO) and the compressed
air grid available at KIT (see Figure 3).
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The three flows merge in a small mixing vessel (¥.2 dm3), from where they are either conducted
through a bypass to the ambience or into the testreel in the safety vessel. Shortly downstream the
mixing chamber a small portion of the gas flow idracted and analysed continuously on the
concentrations of the two fuel components in thetune. At the beginning of an experiment the flow
controllers are adjusted to the pre-calculatedesata generate the desired mixture compositionnur
the start-up phase the flow is directed throughbyass line to a chimney until the desired mixture
composition is validated by the gas analysis. /& floint in time, the flow is switched from the lags
line to the filling line that conducts the mixtureo the channel. For the filling procedure therofeces

of the combustion channel are closed by a thirtipléisn and its sealed volume is then purged tigtou
an inlet pipe with many holes at the top of thdatign wall and 4 outlets at the bottom of the read.
The exhaust atmosphere that contains high CO-ctratems, especially close to the end of the flin
procedure, is released to the ambience throughnanely with a height of 10 m above ground level.
During the filling procedure the H2-and CO-concatitms in the in- and outlet-flow are monitored
continuously, and when the concentrations of g @utlet are equal the filling procedure is comgdiet
The mixture flow is then conducted through the Isgpline again while the flow controllers for the
flammable gases are turned off and the pipe systéside the vessel is purged with air.

Although precise instruments are used for the méxpweparation the generation of a ternary mixire
a huge volume of 16.2 m3 is a very delicate isswkdespite all care that was taken the concemisatio
reached at the end of the filling procedure onhglsamatched exactly with the desired composition.
Furthermore, the result of the settings used shuymanly at the end of the procedure, but then cisng
to the settings are impossible or require furtheurl of purging to gain the readjusted mixture
composition.

2.3 Ignition Procedure and I gnition Device

After the sealed channel is filled with the desitest mixture the experiment is started remotelhaiby
automated routine from a computer in the contrahdt When the routine is started the 4 sections of
thin plastic film that seal the bottom of the chalnsre opened simultaneously by x-shaped cuts4wvith
sets of 2 heating wires. After the cuts, while tiiiengular remains of the film are still floatinga(lier
than centre photo in Figure 4), the ignition soukgkich comprises of a heating wire in a perforated
tube, is turned on. The small flame generated &glbwing wire expands inside the tube but alsedea

it through the perforation to produce a broad fldroat that covers the complete channel width &dter
short distance to the ignition wall. Together wie activation of the ignition source a triggemsibis
sent to the data acquisition system which thensstarecord the signals of the channel instruntemta
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Figure 4. Sealed channel (left), late stage ofapsh cut of a film segment (center) and ignition
device (right).

2.4 Instrumentation

To monitor the combustion processes the chanreduspped with 53 sensors that are mounted in or
close to the channel ceiling. In the channel cgilid fast dynamic pressure sensors (PCB, Model
M113B23 or similar with ranges from 3.5 bar to 0P in sketch of Figure 2) are positioned with

adapters. At the lower rim of the uppermost obstdicr in-house fabricated ionization probes and
modified thermocouples (IP and T in sketch of FegR) for the detection of the flame front are meant

All sensor signals are recorded simultaneously séguency of 100 kHz by a fast data acquisition

system (TransCom-RackX by MF Instruments).

2.5 Test Matrix

In the work described it was aimed to provide adatsis on the combustion behaviour of homogeneous
H2-CO-air mixtures with different H2:CO-ratios insemi-confined geometry that can be compared
with the results of similar experiments with H2-aiixtures of previous projects in the same facility

8, 9]. Due to the limited resources of the promdly 15 experiments were possible, so great case wa
taken on the choice of the mixture compositionbdanvestigated. One extra experiment without CO
in the test mixture was performed at the beginmhthe series to proof the similarity of the cutren
facility with the facility used in the previous pects.

Table 1. Test Matrix of the experiments with homoggus H2-CO-air mixtures and main mixture
properties. Intended concentrations in bold foze) measured concentrations in brackets behind.

Exp. Fuel [vol%] cH2 [vol%] cCO [vol%] cH2:cCO [-]| o] A [mm]
300 14 (13.6) 14 (13.6) 0(0 100:0 4.420 | 530.5
301 14 (13.9) 10.5 (1C.5) 35(3.4) 75: 25 4.61¢ | 440
305 15 (14.9) 11.25 (11.2) 3.75(3.7) 75: 25 4.83¢ | 285.¢
302 16 (15.8) 12.0(11.9) 4.0(3.9) 75:2E 5.03: | 195.:
318 19 (18.9) 14.25 (14.2) 4.75 (4.7) 75:25 5.65¢ | 55.41
31z 20 (20.0) 15,0 (14.9) 5.0(5.1) 75:2E 5.88¢ | 3.59¢
30z 16 (15.9) 8.0(8.1) 8.0(7.8) 5C:5C 5.14C | 158.:
30¢€ 17 (17.0 8.5(8.5) 8.5(8.5) 5C:5C 5.38( | 97.3i
304 18(18.0) 9.0(9.0) 9.0 (9.0) 50:5C 5.597 | 63.9¢
31C 20 (20.2) 10.0(10.0) 10.0 (1C.0) 50:5C 5.99¢ | 33.4¢
314 21 (21.0 10.5(10.5 10.5 (10.5 5C:5C 6.16€ | 25.6¢
307 16 (16.0) 4.0 (4.1) 12.0 (11.9) 2575 5.26¢ | 151.]
30¢ 18(18.1) 45 (4.5) 135 (12.6) 2575 5.711 | 68.2(
311 19 (19.2) 475 (4.7) 14.25 (14.5) 25:75 5.927 | 49.7¢
30¢ 20 (18.8) 5.0 (5.0) 15.0 (14.8) 25:7E 6.04¢ | 41.8(
31E 22(22.1 55 (5.5 16.5 (16.6 2575 6.437 | 26.5¢




To cover a broad range of mixture compositionsaswlecided by PS/KIT together with the project
partner TUM to concentrate on one layer height ofd® cm and two fuel ratios (H2:CO) of 75:25 and
50:50. At a later stage of the project it was agbat PS/KIT should also try to randomly test filnel
ratio of 25:75, whereas experiments with pure C@ &sel were ruled out since major difficulties to
ignite such mixtures already occurred in the eXplodomb experiments of the first part of the pcoje
[13]. Using the results of the previous experimavitsa H2-air mixtures and the results of the précgd
explosion bomb experiments with H2-CO-air mixtuesswell as the input from the project partner
TUM, where similar tests were made in a smalleilifacthe test matrix evolved as the experiments
progressed. The mixture compositions of the 15 ex@sts with three fuel ratios and the one extra-
experiment that have been performed in the curvesrk are listed in Table 1. In Table 1 the
experiments are not listed chronologically, butaadmg to increasing fuel concentration in groups o
increasing CO-fraction in the fuel. As mentionectivapter 2.2 the preparation of large volumes of a
ternary mixture is a delicate issue and thus timeeoatrations reached at the end of the filling pdace
differ slightly from the intended composition in st@ases. So the real values measured at the end of
the procedure are given in brackets after the dgdrones, which are written bold font. To facibtat
reading, in the following discussion only the balgmbers will be used when the mixture composition
is mentioned.

3.0RESULTSAND DISCUSSION
3.1 Reference experiment with a H2-air-mixture

The channel facility used in the current work wagioally constructed in 2008 for experiments on FA
and DDT of H2-air-mixtures in semi-confined georextrin 2013 it was partly disassembled and rebuilt
with a stronger supporting structure to withstdrmelbads of a second experimental series witlghtd/i
changed focal point. For the current project it \vagain overhauled and strengthened, and so it was
found necessary to perform a reference experiméhtarH2-air-mixture to proof that the facility Iti

has the same characteristics as after its firsingisgioning, after which most of the experimentshwit
H2-air-mixtures in the standard configuration (@lest configuration, instrumentation) were performed
which will be used for comparison with the currerperiments on homogeneous H2-CO-air mixtures.
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Figure 5. xt-diagrams of the ionization probe sigtiar the experiments GRS203 (performed in 2013)
and the current reference-experiment GRS300.

For the reference experiment a H2-concentratiobdofol% is chosen that has been the concentration
for which FA to sonic speed was just not reachedhm first experimental series in 2009. This
concentration has the advantage that it allowshezk the similarity of the results without takiriget
risk of strong loads due to a fast deflagratioeva@n detonation. Although a concentration of ordy61
vol% H2 could be reached in the channel duringfihés filling procedure with the revised facilithe
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mixture was ignited and the results are comparéutiwe corresponding experiment of the earlieleseri

In Figure 5 the signals of the ionization probestfe experiments GRS203 (performed in 2013) and
the current reference-experiment GRS300 are compatbe form of xt-diagrams, in which the signals
of ionization probes are plotted stacked above edodr according to their distance from the igmitio
source. The comparison of the results of the twaedments performed with similar initial conditions
and the same channel set-up shows good agreeméhe filame propagation through the channel. For
both experiments velocities from 110 m/s to 150 wetse determined for the last three meters of the
channel on the basis of the ionization probe rexdfdr the mean measured pressure in the sameregio
values from 1 bar to 2 bar were determined for leieriments. So with the reference experiment a
good similarity of the current facility with the emised in the previous projects was demonstratadhw
allows a comparison of the previous and currentltgs

3.2 Experimentswith H2-CO-air-mixtures

To preserve the channel structure it was decidadihthe first part of the investigations expenise

on the concentration ranges, where a significamd acceleration to sonic speed (FA) occurs should
be investigated, which coincide with the transiticom the combustion regime of a slow deflagration
to a fast turbulent deflagration. In the secondyestaxperiments on the deflagration-to-detonation
transition (DDT) are performed. The results ofélxperiments with homogeneous H2-CO-air-mixtures
in the semi-confined channel facility are summatizethe form of graphs showing the mean velocity
determined in the last 3 m of the channel as wetha mean maximum pressures measured by the 5
pressure sensors in the same channel region. tme=gythese results and the results of the referenc
experiment (open black dot) are compared with iesef experiments that were performed in previous
projects with H2-air-mixtures (blue diamonds andrdal blue line). In all experiments referred teeher
the layer height was h = 60 cm.
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Figure 6. Mean velocity (left, on the basis of #éards) and mean maximum pressures (right)
determined in the last 3 m of the channel in theeeirents with homogeneous
H2-CO-air-mixtures (magenta, red and orange) anaiktixtures (blue and black).

In Figure 6 also the courses of different mixtureperties are plotted in dependency of the fuel
concentration to facilitate tracking down the tigioa regions for FA and DDT. These properties are:
speed of sound in reactantg)(@nd products €, theoretical Chapman-Jouguet detonation velocity
(Dcy), as well as adiabatic isochoric combustion presgpcc) and theoretical Chapman-Jouguet
detonation pressuredp. The values for these additional curves wereutaled using CANTERA [14]
and SDToolbox [15] and are plotted for fuels withaio H2:CO of 50:50. The values for other ratios
H2:CO do not change more than +2.5% and do notgshdhe general characterization of flame
propagation regime. In the left graph the meancités determined for H2-air-mixtures (blue curve),
for example, reach the speed of sound in the netsc{e in Figure 6) at a hydrogen-concentration of
15 vol%, while the sound speed in the produgte(Eigure 6) is exceeded at a hydrogen-conceatrati
of 21 vol%. These two concentration values corredpo the concentration values for FA and DDT,
respectively, for H2-air-mixtures in semiconfinegbgnetries. The theoretical value for the propagatio
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speed of a detonation ¢Bin Figure 6) is not reached in the experiments;esthe gap in the obstacles
is too small to allow the detonation to pass thipuas the detonation propagation criterion desdribe
by Equation (4) demonstrates. According to Equafidna mixture with a detonation cell size of
A <2 cm is required to allow the detonation to pr@saghrough the obstacles. But the mixtures with
H2-concentations of 21 vol% and 22 vol% used inekgeriments have detonation cell sizes of 3.2 cm
and 2.5 cm, respectively, and thus the detonatimmches in the obstacle and has to be reinitiated
shortly behind it. Due to this quenching a velodigficit occurs in all experiments described hée.

the pressure values plotted in the right graphigdifé 6 pressure values in the range of the thieafet
Chapman-Jouguet detonation pressures velocitigsir(grigure 6) are measured, since all pressure
sensors are located in positions in between twdaoles, where the detonation can propagate
undisturbed. But in H2-CO-air-mixtures the adiab&bchoric combustion pressurec(an Figure 6)

is only approached but not exceeded when the ohs&t is detected in the velocity graphs.

The data point for the reference experiment ofcilmeent project with a H2-concentation of 14 vol%
(open black circle in Figure 6) fits quite well withe corresponding experiment of the earlier serie
with H2-air-mixtures (blue diamond in Figure 6)thalugh it lies slightly higher in both graphs.

The experiments with hydrogen rich H2-CO-air-mietsiwith a fuel ratio H2:CO of 75:25 (magenta-
line in Figure 6) also show quite good agreemerihilie course of the experiments with H2-air-
mixtures. Significant flame acceleration to sorpeed is firstly observed at a fuel-concentration of
approx. 15 vol% to 16 vol%, which is almost the saralue as for the test mixture without CO. For the
mixtures with this fuel ratio furthermore DDT iss#yved even at a slightly lower fuel-concentratbn
approx. 20 vol% compared to the mixtures without(@Dvol% H2). For the H2-CO-air-mixtures with

a fuel ratio H2:CO of 50:50 (red line in FiguretBe transition to a flame with sonic velocity was
observed for a fuel concentration of approx. 1PAtd 18 vol%, which is about 2 vol% higher than for
H2-air-mixtures, while DDT was observed for a mngwith a fuel-concentration of 21 vol%, which is
the same fuel-concentration as for pure H2-air-ameg. For the randomly tested carbon-monoxide rich
H2-CO-air-mixtures with a fuel ratio H2:CO of 25:{&ange line in Figure 6) only the transition to a
fast sonic flame could be determined, which wasnlesl for a fuel concentration of approx. 20 vol%,
which is about 5 vol% higher than for H2-air-mix¢ar Thus, the higher CO content in a fuel suppsesse
the flame acceleration and detonation transition.

3.3 Flame acceleration (FA) to sonic speed in H2-CO-air-mixtures

The transition from a slow to a fast turbulent dgfation can be identified by a strong pressunease

to loads in the region ofgz and flame velocities in the range @fin the experimental records. In the
previous work with the same facility a critical exsion ratias* for H2-air mixtures in semi-confined
geometries was introduced, which can be calculagedy Equation (2). In (2) the geometrical proerti

of the facility are summarized as ratio of obstagacing and layer height (s/h) and a channel-Bpeci
constant K. It was found that for H2-air mixtureghvan expansion ratio larger than the critical
expansion ratie* flame acceleration to sonic burning velocity beas possible. In the current work
with H2-CO-air mixtures a similar approach was @rmand so apart from the mixture composition also
the expansion ratie of every test mixture, calculated with CANTERA [lahd SDToolbox [15], is
given in Table 1.

In Figure 7 the expansion ratios of the H2-air mnigs and H2-CO-air mixtures in semi-confined

geometries already shown in Figure 6 are plottegl tive CO-fraction in the fuel. In the graph open

symbols correspond to experiments in which flameekszation to sonic speed was observed, while
closed symbols correspond to experiments without e dashed yellow line in Figure 7 represents
the o-criterion for FA in semi-confined geometries thas developed in the previous projects (Eq. 2)
[1, 7-12] in an extension for two fuel componethigttare weighted according to their molar fraction:

0" = [Hy] - 03(Hy) - (14 K3) +[C0] - 03(CO) - (1 + K73) (5)



The fuel composition is considered by the molactioms [H2] and [CO] of the fuel components in the
total fuel concentration, ansb*(H2) as well assg*(CO), which are the critical expansion ratios for
binary mixtures of the components H2 and CO irfaiclosed geometries.

To gain a value for the unknown critical expansratio for CO-air mixtures in closed geometries
00*(CO), earlier experiments with H2-CO-air-mixturiesa closed tube with rectangular cross-section
were used [16]. In the experiments the combustéraiiour of homogeneous H2-CO-air-mixtures with
H2:CO-ratios of 100:0, 75:25 and 50:50 was invedéd in a limited fuel-concentration range from
9 — 15 vol%. The critical expansion ratieg for these compositions were determined using Egna

(6),
Vma/Cp = 0.8 (6)

with vmax being the maximum flame speed ardapresenting the speed of sound in the burned gas.
Extrapolating these values to the H2:CO-ratio @D0:yields a value afo*(CO) = 4.65 for the critical
expansion ratio of CO-air-mixtures in closed geaiast
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Figure 7. Left: Expansion rati@sof the tested H2-air-mixtures and H2-CO-air-migipver fuel
composition and extended criteria for FA in thesetunes (dashed lines), Right: results of earlier
experiments with H2-CO-air-mixtures in a closedgwdth rectangular cross-section [16].

Similar to the left graph of Figure 1, the dashetlowv line in Figure 7, representing Equation (5),
separates regions in the graph where flame actelenaas observed (upper left part of the graph) or
not (lower right part). Figure 7 demonstrates, thatextended criterion of Equation (5) is stiltaate
for mixtures without CO, but it increasingly oveiggates the potential for flame acceleration toicon
speed with increasing CO-fraction in the fuel. Th&crepancy grows almost linearly with increasing
CO-fraction, so it seems that a pre-factgrcontaining fuel specific properties, is missitgjnce
Equation (5) is accurate for H2-air-mixtures, thie-factor for hydrogen can be seta@2) = 1. To
determine the pre-factor for CO a graphical sotuti® chosen, in which the value for the critical
expansion ratio of CO-air-mixtures in the semi-@oedl channel is set to b&(CO) = 6.45 in the graph
(grey triangle in Figure 7). With these settingpra-factor ofa(CO) = 1.18 is determined, which
generates values far* that correspond with the dashed grey line in Fegr, which now properly
separates experiments with FA from experimentsowitiiFA. The equation for the grey dashed line in
Figure 7, which corresponds to the modified FAesidan for H2-CO-air-mixtures in semi-confined
geometries can be written in the form of Equation (

0" = a(H2) - [Hy] - 0§ (Hy) - (1+ K3) + a(C0) - [€0] - 7€) - (1+ K3) v



In this equation the pre-factoagH2) anda(CO) can be interpreted as a measure for the “exatality”,

or tendency of a flame to accelerate in a binamgtuné of the respective fuel component in air with
respect to the behaviour of H2-air mixtures. lt@mceivable thaa incorporates all properties of the
compound that may influence the tendency for FA,ape not covered by the expansion rati@s for
example kinetics, inhibitions or influences of réac pathways. Pre-factos > 1 indicate that the
tendency to accelerate is weaker than for H2, sincé values lead to higher critical expansiorosati
o* for FA, while valuesa < 1 indicate that the tendency to accelerate ierpoonounced than for H2.

3.4 Deflagr ation-to-Detonation Transition (DDT) in H2-CO-air-mixtures

The second step in the experimental velocity aressure courses of Figure 6 correspond to the
transition from a fast turbulent deflagration tdedonation, but this transition region was onlyniifeed

for the H2:CO fuel compositions of 75:25 and 50:B0e to time pressure, the limited budget of the
project, the vulnerability of the channel in thealetion experiments and the out-of-scope position
the H2:CO fuel composition of 25:75 for nuclearesgit was decided to stop the investigations @ th
fuel composition after no detonation was obsenadaf fuel content of 22 vol% in air, since this
experiment had proven that DDT is shifted to higb@ncentrations compared to the other mixture
compositions. As shown in Figure 1 and EquationdBo a criterion for the onset of DDT for H2-air-
mixtures in semi-confined geometries was formulatethe previous projects that takes into account
the layer geometry (layer height h) and the re#gtf the mixture (detonation-cell-si28. To check
the applicability of this criterion on the H2-CQO-aiixtures investigated in the current project apgr
similar to the left graph of Figure 7 is shown igute 8.

DDT H,-CO-air semi-confined channel

® ¢ 100:0
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° ®75:25
@ 50:50

o
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Figure 8. Dimensionless layer thicknesses for Hzvaxtures of pervious projects (blue) and
current H2-CO-air-mixtures (magenta, red and oraoger fuel composition and extended criteria
for DDT in these mixtures (dashed yellow and giegd).

In this graph the DDT-criterion for H2-air-mixtur@s semi-confined geometries of Equation (3) is
plotted as dashed yellow line. Similarly to Figirehe criterion works quite well for H2-air-mixes
without CO, but for H2-CO-air mixtures the posstilfor DDT is increasingly overestimated with
increasing CO-fraction in the fuel. Unfortunatetyp, data on detonation-cell-sizes for CO-rich H2-CO-
air mixtures is available, so an empirical approaas chosen to fit at least the data availabldHer
fuel compositions of 100:0, 75:25 and 50:50 anditlgcations from the experiments with a H2:CO
fuel composition of 25:75 (no DDT observed for mpes with up to 22 Vol% of fuel). So in Equation
(8) a separation due to the different fuels ancemlating with respect to the molar fractions [H2pa
[CO] of the combustible components in the fuelrigposed.

h h h
1= [H;] STOA) + [CO] 7o) (8)

The value of (H2) = 13.5 for a mixture without CO is given byethriterion of Equation (3), so the
slope of the dashed grey line that should sepaegfions with DDT from regions without DDT in
Figure 8 can be adjusted by the value fa{@0D). When a value of W{CO) = 26 is applied the line
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separates all data points of the current serigectly, but, of course, further data points, esgécfor
CO-rich mixtures, are needed to proof the religbiif Equation (8) over the complete mixing range.
This is the reason why the dashed grey line is drdeited for CO-molar fractions above 0.5, and is
even omitted for mixtures with more than 75% of i@G@he fuel.

3.5 Evaluation of theresults

In Figure 6 the results of the current experimevits H2-CO-air-mixtures are plotted against thekot
fuel concentration, which corresponds to a scenaniere H2 is replaced by CO in the mixture. In this
representation the measurement points for the nagtwith only 25% CO in the fuel (magenta
symbols), agree very well with the correspondintpea for H2-air-mixtures (blue symbols) of the
earlier series. Only in the test with 20% fuel e tmixture (H2:CO = 75:25) significantly higher
velocities are determined. In contrast, the tedtts igher CO fractions of 50% and 75% CO in thel fu
gas (red and orange symbols, respectively) shomifisignt deviations mainly for the transitions from
slow to fast deflagration (approx. 15 vol% for HOG 75:25, approx. 17 vol% for 50:50 and approx.
20 vol% for 25:75), but also, albeit to a much éessxtent, the transitions to a detonation. DDT for
mixtures with 75% H2 in the fuel gas was determiatdpprox. 20 vol% fuel, which is in line with the
value found in the past for H2-air-mixtures (appr2% vol%). For mixtures with 50% CO in the fuel
gas fraction, DDT has been determined at 21 voléh fuhich also agrees well with the value for H2-
air-mixtures. For the mixture ignited in the lagperiment in this series with a fuel content ofva®6
with a fraction of 75% CO in the fuel gas, on thieep hand, no detonation could be observed. However
in view of the great damage this and the previoperements had caused to the channel, it was decide
to perform no further experiments with even higtued contents with this fuel gas composition, as th
result obtained already confirmed the observeditren

When the same velocities and pressures are plaifedhst the H2 content in the mixture, the
representation corresponds to scenarios, wheres@@died to an existing H2-air-mixture, see Figure 9
Due to the addition of CO to the mixture, fast tldmt deflagrations are already possible at H2
concentrations of about 5 vol%, 9 vol% and 12 velfen certain amounts of CO (here: 3xcH2, 1xcH2
and 0.33xcH2, respectively) are added. Howeverlinftigence of the CO addition is even more obvious
with regard to the onset of a detonation. Whil®acentration of 21 vol% H2 in the mixture is reguair
for detonation in H2-air-mixtures, detonations edready be observed in H2-CO-air-mixtures at H2
concentrations of 15 vol% and 11 vol%, respectiviélthe fuel content of the mixture is increased t
approx. 21 vol% by the addition of CO.
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Figure 9. Mean velocity (left, on the basis of #éards) and mean maximum pressures (right)
determined in the last 3 m of the channel in theeerments with homogeneous H2-CO-air-mixtures
(magenta, red and orange) and H2-air-mixtures (@hekblack) versus H2-concentration.

4.0 SUMMARY AND CONCLUSION

To evaluate the influence of CO on the critical dibons for an effective flame acceleration (FA) to
speed of sound and the deflagration-to-detonatiansition (DDT) in semi-confined obstructed
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horizontal layers of H2-air mixtures numerous costlmn experiments have been performed in a
horizontal channel (9 x 3 x 0.6 m3) at KIT. In tests, slow subsonic and fast sonic deflagratiens a
well as detonations were observed and the condifianFA and DDT were determined and compared
with the results of previous campaigns with H2raixture layers in the same facility.

Based on experiments with H2-air mixtures in searifmed horizontal layers Equation (2) had been
formulated as a criterion for the onset of FA. Histequation the expansion ratids used as measure
for the mixture reactivity. In the current work tbaterion was extended to H2-CO-air mixtures, by
taking the different combustion properties of H2l @0 into account by weighing their influence on
the critical expansion ratio for semiconfined getiesc* according to their molar fraction in the fuel.
Furthermore, a pre-fact@a was introduced for every fuel component that ipooaites all properties
relevant for FA that are not covered by the expamgatio (e.g. kinetics, inhibitions, reaction pa#ys)
with respect to the FA behaviour of H&(12) = 1). In its modified form and with a pre-factof
a(CO = 1.18) the criterion could be successfullyli@gipto all experiments of the current series.

The criterion for DDT in semi-confined horizonta2Hir layers formulated previously in Equation (3),
in which the detonation cell siZerepresents the mixture reactivity, can also betdhato H2-CO-air
mixtures. In this case the unchanged criteriondgiel very conservative evaluation of CO-containing
mixtures, since the possibility for DDT is more andre overestimated with increasing CO-fraction in
the fuel. An approach for a more accurate evaloationcerning DDT in semi-confined H2-CO-air
mixtures was proposed, but this approach still adkta on the detonation behaviour of CO-rich
mixtures with more than 50% of CO in the fuel fastjfication over the complete mixing range.
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