








3.2 Catalytic Microtube Experiment

3.21 0.8 mm Platinum Tube

The tubular configuration provides an experimeathtantage over the stagnation-point
flow by virtue of being able to provide very lovofl velocities over the platinum surface,
allowing test conditions that would otherwise badcessible. In order to better compare
these results to those obtained from the stagnabant flow configuration, the quantity
of “equivalent stretch rate” is quoted for eachecallere, equivalent stretch rate is
defined as the inverse of the residence time thrdhg heated length of the tube. As a
result, temperature response can be investigateda afunction of both flow
velocity/residence time and equivalence ratio.

Shown in Fig. 20 is a typical temperature respdose non-reactive flow with a
mixture equivalent ta@d = 0.8, with an inlet velocity of 4.5 m/s or an eglent stretch
rate of k = 32.12°5 As would be the case in the stagnation-point ftmmfiguration, a
non-reactive flow is created by replacing the oxyge the air fraction of the mixture
with additional nitrogen. When reactions do natuwrowithin the tube, it is observed that
TC1, the location nearest the inlet of the tubéijlaiis the lowest temperature, while TC2
and TC3 are nearly identical at a slightly highemperature. Additionally, the
temperature settles at essentially steady-statanaéipproximately one minute. Finally,
when the external heat input is removed the tentper®f all three thermocouples drops
immediately to room temperature within approximat@0 seconds. This behavior serves

as a baseline so that ignition can be readily deffin
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Figure 20: Characteristic response fof/Hy at H flow equivalent to® = 0.8. N
replaces @ at a rate commensurate with an inlet velocity & #h/s or equivalent
stretch rate k = 32.14's
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Figure 21 exhibits behavior characteristic of gdtalignition within the 0.8 mm
diameter platinum tube, for conditions & = 0.2, and an inlet velocity of 4 m/s,
corresponding to k = 28.57*sFrom room temperature and with no power applizdss
the tube, the tube temperature at TC 2 rises t® ¥48while TC3 experiences a much
lower rise, and TCL1 is essentially unaffected. Habavior suggests that a reaction zone
in the tube is located nearest TC2. The fact thasd reactions proceed directly from
room temperature is interesting in the contexthef $stagnation-point flow experiments,
as it was observed that as global stretch rate redisced towards zero, the catalytic
ignition temperature seemed to proceed towards rtemperature. In contrast to this
behavior, Fig. 22 shows the characteristic respforsé = 0.2 at a lower inlet velocity of
2 m/s (k = 14.28°Y. While room temperature ignition is still obsetly@C 2 exhibits a
sawtooth-type temperature response, suggestive aytlec process balancing reaction
rate and a reactant deficit in the reaction zores TS further supported by a case with
further reduced flow rate, shown in Fig. 23, whposver must be applied to the tube in
order to observe a limited temperature response T€a, which does not self-sustain
following power shutoff. Similar results are obtadhfor equivalence ratios up 4= 0.8,
with the exception ob = 0.4. Taken together, these observations sugjggisa minimum
flow rate of reactants to the catalytic surfaceésessary to observe room temperature
ignition, as the ignition event cannot self-sustaithout sufficient energy input from
additional reactants. In addition, the deviatioonirtypical behavior a® = 0.4 further
suggests — when considered in conjunction withbifeavior observed in the stagnation-
point flow experiment at the same conditions — that mixture represents a special case,

though why this might be true is currently unclear.
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Additional materials not discussed here are cordpiging this experiment, and are
further discussed in the master’s thesis entitféghition Propensity of Hydrogen/Air
Mixtures in the Presence of Heated Platinum SusfAc€his work is available upon

request, or is publicly available eitl.ohiolink.edu.

3.2.2 0.4 mm Platinum Tube

As previously mentioned, the intent behind the ofévo varying tube diameters is to
determine how geometrical conditions may impactigmtion properties of the ¥hir
system on a platinum surface. However, despiteithédarity between the configurations,
the results observed in this configuration depnicantly from those observed in the
larger diameter case. Whereas at many equivaleticeand flow velocity combinations
the 0.8 mm diameter tube exhibited catalytic igmtat room temperature, for no case
was room temperature ignition observed for therim™ diameter tube. In fact, all cases
observed exhibit catalytic ignition at surface temgtures greater than 100 K above room
temperature. However, primarily as a result of ltve mass of the experimental section
in combination with the relatively high heat loggedo high surface area-to-volume ratio,
significant variability is present in the data, gmévents a meaningful comparison with

previous experiments.

3.23 0.4 mm Nickel Tube
As mentioned in Section 3.1.2.4, nickel is consadea prime candidate for potential
catalytic activity as a result of its usage asfarming catalyst. To further investigate this

possibility, a 0.4 mm diameter tube is used to hd#permine what if any activity is
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observed. Figure 24 shows a typical temperatungorese for this configuration. Shown
in blue, the non-reactive 4N, temperature and voltage histories illustrate tmatthe
power is increased to the tube, temperature ineseas a step-wise fashion. Only the
results of a single thermocouple are shown forstile of clarity. However, for a reactive
Ho/air case under the same conditions a deviatiam ffus behavior can be observed as
the surface temperature passes 1000 K. Whereaslightly higher power input the non-
reactive case remains at ~1100 K, the reactive eslsibits exothermic behavior which
elevated the surface temperature near TC2 to hmteal200 K. However, considering
the surface temperature at which this behavior gc¢uis unclear whether it is the result
of surface activity or simply a gas-phase reacsapported by external heat input. In
addition, given the extremely high temperatures re/texothermicity is observed, it is

unlikely that these conditions would be applicabla fire safety scenario.

1400 5
H,/Air —e—TC2 —*—TC3
1200 - N e 1.
1000 - ™
<
N—r — 3
o S
=} =
& 800 - &
S °
<
g 127
600
-1
400 - —+&— Voltage (V) H,/Air
—o— —a— Voltage (V) Hy/N,
200 ‘ ‘ = 0
0 200 400 600 800
Time (sec)

Figure 24: Typical temperature history for a 0.4 miameter nickel tube, showing both
reactive and non-reactive temperature/voltage tiestdor ® = 0.8 and inlet velocity of
18 m/s.
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3.3 Scaled Garage Experiment

As described in Section 2.3, the scaled garageriexget represents a 1/i&cale two-
car garage. Of particular interest are the typiesponse of a catalyst at various positions,
the hydrogen concentrations that evolve, and thEaanof various venting scenarios. As
such, two sets of data are collected for each tionditested, including surface
temperature data from the catalyst and hydrogemerdration data at four elevations
within the garage. For all cases described heestdpmost sensor is labeled as Sensor 1,
while the bottommost is labeled as Sensor 4. Inti@ex 3.3.1 and 3.3.2, the venting
condition used for all testing is two 0.25 inchrd&ter holes in the garage wall. The top
hole is located 1 inch from the roof and 0.75 ifrcdm the corner, while the bottom hole
is located 0.75 inch from the floor and the corAelditional configurations are discussed

in Section 3.3.3.

3.3.1 Characteristic Temperature and Hydrogen Measurements

In order to better facilitate comparison of thereant experiment to the results of the
stagnation-point flow experiment, experiments asaducted within the scaled garage
using a premixed inlet condition in the equivalerato range ofd = 0.2-0.8. Figure 25
shows a characteristic response for an inlet cmddf @ = 0.6 at a flow rate of 0.1 g/s.
For this test, the catalyst is located 11.5 cm abitne garage floor, 9 cm horizontally
offset from the inlet and facing downwards. Shofthlowing the introduction of the
mixture to the system (seen as a rise in hydrogecentration) the surface temperature
begins to rise from its initial value near 300 Kaching a steady-state temperature of

~675 K and a steady hydrogen concentration sligiglpw® = 0.6. This slight deviation
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from the inlet mixture is expected as a result eftg allowing outside air to enter the
chamber, as well as hydrogen consumption by thalysat surface. Although it is
generally anticipated that even for a premixed d¢@mmthe hydrogen within the garage

will stratify to a certain extent, no appreciabli@sfication is indicated by the sensors.
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Figure 25: Characteristic temperature and hydragecentration response for= 0.6 at
a flow rate of 0.1 g/s. Catalyst is located 11Inb @bove the garage floor, 9 cm offset
from the inlet.

Despite some initial separation amongst the measenmts — initial observation of
hydrogen proceeds progressively from the topmobbttommost sensor — at steady state
all measurements converge to the same value. Twenpa causes may explain this
behavior. The relatively higher flow rate assodatéth a premixed flow (0.1 g/s) may

cause a small degree of convective mixing to oddokvever, given the low velocity of

the flow exiting the diffusing inlet, this type afixing should be minimal. More likely,
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the incoming hydrogen/air mixture is provided te tarage at a rate that is greatly in
excess of the rate at which reactants naturallfypsif through vents in the garage walls,
which results in the mixture in the garage largelaining the properties of the premixed
flow.

In comparison, Fig. 26 shows a typical responsefbydrogen-only inlet flow rate
of 0.0015 g/s Kl Whereas for a premixed inlet condition hydrog@maentration is
essentially independent of height within the gardgethe hydrogen-only inlet condition
the mixture within the garage is highly stratifiédy this case exhibiting a difference of
~7% between the highest and lowest measuremertitieigth concentration increasing
monotonically as height increases. In addition, iehe for the premixed case the mixture
ratio within the garage is determined by the imtexture, for the hydrogen-only inlet
condition the mixture becomes highly fuel-rich &®e progresses, with the ultimate
steady-state value determined by the inlet flowe (discussed further in Section 3.3.3).
In addition to the differences in measured hydrogagmcentration, the surface
temperature response observed as a result of ahgydregen flow varies significantly
from the premixed results. While in the case ohpred inlet condition the temperature
rises to a steady-state and remains at that ledglthe garage is vented, a pure hydrogen
flow results in a peak in temperature after igmifidollowed by a slow decline as the
experiment continues and hydrogen concentratiortimaogs to build throughout the
garage. The major difference between these casdés@irse the hydrogen concentration,
which remains below® = 1 for all premixed cases, but which readily eds

stoichiometric when the inlet flow is hydrogen-anfrom a fire-safety perspective, this
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suggests that for a catalytic ignition source,deal hydrogen flow rate should exist that

maintains a “preferred” equivalence ratio that maxes the surface temperature.
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Figure 26: Characteristic temperature and hydrogencentration response for a
hydrogen flow rate of 0.0015 g/s. Catalyst is ledal1.5 cm above the garage floor, 9
cm offset from the inlet.

To this point, the surface temperature at the oofseatalytic ignition (observed as a
dramatic increase in surface temperature) has een kliscussed. In Figs. 25 and 26, it
can be seen that at time t = 0, when hydrogentisdaced into the chamber, that the
surface temperature is slightly in excess of 30BHBwever, in all cases tested with both
inlet conditions, surface reactions are initiat@@atly from room temperature or slightly
above (i.e. near 300 K). This behavior is in stahtrast to the results observed using the
stagnation-point flow experiment to determine odial ignition temperatures, where

room-temperature ignition was only observeddox 0.2. The reason for this differing of

behavior may be explained by reference to Fig. While at higher stretch rates the
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ignition temperature does not seem to vary sigaiily with variation in flow conditions,
as the stretch rate decreases towards zero, aficagini drop in catalytic ignition
temperature is observed. Extrapolating this tranét £ 0 8" would suggest that room
temperature ignition could be observed for equivederatios normally requiring elevated
surface temperature. In fact, this sort of behaigoobserved in the simulated garage,
where flow past the catalyst surface is minimahegligible depending on its position
relative to the inlet.

Despite this behavior, catalytic ignition in thermnt configuration is highly
sensitive to initial conditions, specifically tharface condition of the catalyst and the
surface temperature. As mentioned in Section &l.horphological changes in the
platinum foil were observed over time in that expent which resulted in a noticeable
decrease in catalytic ignition temperatures. Siryilaon a day-to-day basis the surface
condition may change slightly via processes sucboasamination by trace gases in air
or changes in surface oxidation. The result casigp@ficant and unpredictable variations
in observed ignition temperatures. In addition, retieough surface reactivity may be
observed, a specific case may “fizzle”, and thdaser will return to room temperature
instead of proceeding to an elevated steady sthtelld an increase in surface
temperature proceed too slowly relative to an iaseein ambient hydrogen concentration.
As a result, the only observation regarding catalygnition temperatures in the
simulated garage is that ignition can occur at @srrmroom temperature for a platinum

surface across all equivalence ratios and puredgglr flow rates tested.

45



3.3.2 Catalyst Surface Temperature Variations

Before detailing the variations in surface tempemtobserved with varying flow
conditions, it is important to discuss the dispmrsdf hydrogen within the garage for the
varying flow conditions, as well as any impact ttheg catalyst may have on the hydrogen
concentration. Figure 27 shows a series of hydrogercentration measurements for
equivalence ratios betwedn = 0.2 and 0.8, with and without a catalyst locatedhe
garage. Since all hydrogen concentration measurisnoemverge to essentially a single
value for the premixed inlet condition, only a $angensor history is used. At time t = 0,
the premixed flow at the given equivalence ratid Aril g/s mass flow rate is introduced
into the garage. As is evident, the initial rise hgdrogen concentration increases
significantly as equivalence ratio is increasedwieer, all equivalence ratios appear to
approach steady-state concentration at approxign#itel same time. That the time to
achieve steady-state is largely independent ofvatgnce ratio suggests that inlet mass
flow rate and venting play a more significant rthlan inlet composition. With regards to
steady-state composition within the garage, alesasithout a catalyst approach the
value at the inlet, with small downward deviatidhat can most likely be associated with
preferential venting of hydrogen due to its higffusiion velocities. More importantly,
very little deviation in steady-state hydrogen mivketion, and negligible differences in
form are observed between cases with and withaaitayst. In fact, at steady-state the
deviation in mole fraction between the two situasiois less than ~0.01 for all
equivalence ratios tested. Importantly, this fadkoves for surface temperature

measurements to be discussed in light of genedolggn concentration measurements
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instead of the measurements associated with thatydar test run. As a result, general

trends can be discussed in later sections.
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Figure 27: Comparison of hydrogen concentration smesments for cases with and
without a catalyst for a premixed inlet flow conalit at 0.1 g/s. Equivalence ratios
between 0.2 and 0.8 are shown.

Similarly, Fig. 28 compares hydrogen concentratr@asurements with and without
the presence of a catalyst for flow rates of 0.0806 0.002 g/s. As can be observed, the
situation for a hydrogen-only inlet condition ieteame as for the premixed condition.
No discernable differences exist in the form of domcentration history, nor does the
separation between sensor measurements appeaaftetied. As before however, tests
including a catalyst do result in minor reductionshydrogen concentration throughout

the garage.
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Figure 28: Comparison of hydrogen concentration smesments for cases with and
without a catalyst for a hydrogen-only inlet flowralition. Flow rates of 0.002 and
0.0005 g/s are shown.

Figure 29 shows a series of temperature histooea premixed inlet condition with
an equivalence ratio betweén= 0.2 and 1.0. As with the premixed inlet conditia the
previous section, the inlet total flow rate is @/%, while the catalyst for these cases is
located 6 cm above the garage floor and 9 cm offeeh the inlet. For the lowest
equivalence rati@ = 0.2, after the mixture begins to flow into ther@ge at time t = 0
the surface temperature does not rise substantiaityy 300 seconds, where the
temperature begins to quickly rise to a plateaur 9 K. In comparison, as the
equivalence ratio is increased, this time delayregses monotonically, reaching its
lowest value ford = 1.0. As will be shown in detail in the next seet as the

equivalence ratio of the inlet flow increases, loggm concentration rises significantly
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faster during the first few minutes following t = This may help to explain the decrease
in time delay with increasing equivalence ratiotlasfast rise in hydrogen concentration
quickly removes any fuel-lean limitations on théatgtic surface reactions. The result is
that the time delay is primarily a function of insic thermal properties of the catalyst
assembly rather than a combination of intrinsic amdbient conditions. It is also
interesting to note the large gap in time delayuodcg betweend = 0.3 and 0.4,
separating two groups consistingd®f= 0.2 and 0.3, and = 0.4 to 1.0. This time delay
gap occurs at a quite similar equivalence ratighi transition behavior discussed in

Section 3.1.1.3, which may provide additional ewitk suggesting the existence of two

catalytic ignition regimes.
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Figure 29: Characteristic temperature historiesviamous pre-mixed inlet equivalence
ratios betwee = 0.2 and 1.0 at 0.1 g/s. The catalyst is locétedh above the garage
floor and 9 cm offset from the inlet for these sase
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In addition to differences in time delay, variedueglence ratio significantly
impacts the post-ignition surface temperature aeuie For ® = 0.2, the surface
temperature reaches to approximately 700 K (Fig. & increases to 800 K as
equivalence ratio increasesdo= 0.3 and 0.4. However, as equivalence ratio aszs
further to® = 0.5 and beyond, surface temperature initiallgksefollowing ignition and
reaches a steady value that steadily decreaseglasgln content of the flow increases.
This behavior suggests that within the fuel-leagime, an “ideal” equivalence ratio
exists neard = 0.3 to 0.4 that maximizes the surface tempegatichieved. Since for the
premixed inlet condition all elevations within tlgarage have essentially the same
hydrogen concentration, this result should be Igrgelependent of position within the
garage, with the exception of the area immediablye the inlet.

To help determine the nature of any positional afeon achieved surface
temperature, Fig. 30 shows the maximum achievedaseirtemperatures for four
different positions within the garage. A single itios is located 11.5 cm above the inlet,
while the remaining three positions are locatedrOhorizontally offset from the inlet at
heights of 11.5, 6, and 1 cm from the garage fléMhen centered above the inlet,
maximum surface temperatures increase from ~900 & a 0.2 to almost 1100 K as
equivalence ratio increases @ = 0.4 and beyond. In contrast, when the catalyst i
located in the offset position, regardless of hgiggmperature increases from ~700 K at
® = 0.2, increasing to a maximum near 800 K betw@en 0.3—-0.4 before falling as
equivalence ratio increases further. That thesadsreare preserved for all heights
provides further confirmation that only negligildéferences in hydrogen concentration

exist at varying heights within the garage for gnemixed inlet condition. Additionally,
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the variation in behavior between the offset andtered horizontal positions indicates
that some amount of flow is forced against thelgstaurface in the centered position,

which results in elevated surface temperaturesrebdeelative to the offset position.
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Figure 30: Maximum surface temperatures achievearfoinlet condition of 0.1 g/s and
equivalence ratios betwedn= 0.2 and 0.8. Centered refers to the catalysttént11.5
cm above the garage floor, directly above the intdtset refers to the catalyst being
located 9 cm horizontally offset from the inlettla¢ height listed in the figure.

A comparison similar to the previous discussioshiewn in Fig. 31 for a hydrogen-
only inlet condition at several mass flow ratesassn 0.0003 and 0.002 g/s. For 0.0003
g/s, the time required to observe thermal runawayhe catalyst surface is quite long
relative to all the other cases shown. At leagpart, this is likely due to the elongated
time to reach a given hydrogen mole fraction (siege ). Though ignition begins with
minimal surface reactions as soon as hydrogen esatte catalyst surface, a significant

amount of time is required for hydrogen to reacprapiable levels near the floor of the
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garage. Therefore, it would be expected that ashydeogen flow rate is increased, the
induction time observed would decrease monotoryicall practice, this is the trend that
is observed. An additional difference between tH@03 g/s case and all others tested
can be observed in the long-term temperature profihereas most flow rates result in a
temperature history exhibiting a peak after aniahithermal runaway followed by a
reduction in surface temperature, no peak is olesefor the 0.0003 g/s case. As flow
rate is increased, the peaking behavior becomesasimgly dramatic, with monotonic
reductions in peak temperature after 0.0005 g/simcr@asingly steep temperature fall-
off after the peak temperature is achieved. Siheesteady-state hydrogen concentration
as well as the initial rising rate increases witltreased inlet flow rate, it can be
concluded that an “ideal” concentration — much Mdeat has been observed previously

for premixed cases — exists, beyond which the peralerature decreases.
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Figure 31: Characteristic temperature histories arious hydrogen inlet flow rates
between 0.0003 and 0.002 g/s. The catalyst isédchtcm above the garage floor and 9
cm offset from the inlet for these cases.
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This behavior is confirmed by observing the peatalgat surface temperatures
reached for various flow rates at several locatiatithin the garage (Fig. 32). In the
centered position, as was seen for the premixesl tlas peak temperature is significantly
higher than is observed in the offset cases. Unthkepremixed inlet condition, however,
as hydrogen flow rate is increased (compared teeased equivalence ratio at the same
flow rate), the peak temperature is appreciablyuced, with the highest temperature
achieved for a flow rate of 0.001 g/s. Also bregkwith the premixed condition is the
behavior observed it in offset position. As heiffioim the garage floor is decreased, a

distinct monotonic increase in maximum temperatarebserved, resulting in a ~50 K

difference in peak surface temperature betweertdpeand bottom of the garage. This
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behavior demonstrates the surface temperaturedatjns of the level of stratification
within the garage for a hydrogen inlet conditiompbrtantly from a fire safety
perspective, it indicates that despite the conweatiwisdom that the hazard is located at
an elevated height due to the rising hydrogengastl for a catalytic ignition source a

greater potential hazard may exist closer to therfl

3.3.3 Effectsof Varied Venting Conditions
To this point, a single venting condition has besed to demonstrate how hydrogen
concentration interacts with a catalytic surfacée Thext important question for fire
safety purposes is how various venting conditionay mmpact the hydrogen
concentration within the garage. To this end, sEwsnting conditions have been tested
that aim to investigate the impact of venting lawatand total venting area. For all
previously-discussed results, the venting conditomsisted of two % inch diameter
holes located in the top and bottom of one corfiexr wall. Added to this condition are
the following venting scenarios. For the purposkdeascription, the terms “front” wall
and “back” wall will be used to indicate opposinglis.
1) Two %2 inch diameter holes — two holes located enttp and bottom of the front
wall.
2) Two Y in diameter holes — one located at the tofneffront wall, one located in
the bottom of the back wall in the diagonally opgposorner.
3) Four % in diameter holes — two holes located inttpeand bottom of the front
wall, two holes in the top and bottom of the bacdlwn the diagonally opposite

corner.
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4) Two ¥ in diameter holes — two holes located intthe and bottom of the back
wall.

5) Two % in diameter holes — one located at the tofh@foack wall, one located in
the bottom of the front wall in the diagonally ogfie corner.

6) Four % in diameter holes — two holes located inttpeand bottom of the front
wall, two holes in the top and bottom of the bacdlwn the diagonally opposite
corner.

7) One % in diameter hole — located at the top obtmek wall.

Two important trends should be investigated in tag; the effect of increased venting
area provided, and the effect of varied vent |lacetiutilizing the same area. For the
purposes of fire safety, both effects may be @itio the safe design of structures where
a realistic threat of a hydrogen leak exists.

The effect of increased area is somewhat intuitivereasing area should result in an
increased ability to vent hydrogen and thus a Idweirogen concentration. In Fig. 33(a),
results for flow rates of 0.002, 0.001, and 0.0905 are shown for the case 1 venting
condition, while Fig 33(b) shows results for a cd&seondition. As can be seen by
comparing two identical flow rates, 0.002 g/s fgample, increasing the venting area by
a factor of four resulted in an approximately faabtwo decrease in the hydrogen mole
fraction accumulated within the garage at all hegivhile not an exact rule, considering
this behavior is preserved for all cases testdd,rttay represent a reasonable “rule-of-
thumb”. However, also of interest is the steadyestalue of the hydrogen mole fraction
achieved for each hole size. Recalling the resofit§ig. 32, the maximum catalyst

surface temperature was achieved at all heighta fitww rate of 0.0005 g/s, indicating
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that the rate of reactant consumption was closestdal for those particular conditions.
If we then compare the ultimate value of hydrogencentration for the 0.0005 g/s case
in Fig 33(a) to the various flow rate results iig B3(b), we observe that the steady-state
values for the two higher flow rates are quite EmiThis indicates that while the total
amount of hydrogen in the garage is reduced fgelavent sizes, depending on the flow
rate expected from a hydrogen leak, this may nprave the overall safety with respect
to a catalytic ignition source. Also of interestist the level of stratification within the
garage does not appear to be highly dependent tigomole size, as the separation
between the sensor measurements remains effectilkelysame despite the fourfold

increase in venting area.
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Figure 33: Comparison of hydrogen mole fraction soeements for 0.25 and 0.5 inch
diameter holes arranged in the top and bottomsifgle wall (case 1). Flow rates shown
are 0.002, 0.001, and 0.0005 g/s. (a) 0.25 incmeliar holes. (b) 0.5 inch diameter holes.
The second trend of interest related to ventinglitmms is whether the arrangement
of venting opportunities can impact the steady bgdn concentration in the garage.

Perhaps more so than the venting area, variatiasedoupon the location of venting

opportunities would be important in order to maxeiitheir impact. Figure 34
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demonstrates that differences in steady-state otrat®n can be affected by variations
in the arrangement of venting opportunities. Réfigrto Fig. 34(a), where both 0.25 inch
holes are located in the same wall, for a flow @t8.002 g/s the steady-state hydrogen
mole fraction is just above 0.5, resulting in amigglence ratio ofdb = 2.4. However if
the bottom hole is moved to the opposing cornéhesame height, the result is shown in
Fig. 34(b). Here the maximum mole fraction obserfggca flow rate of 0.002 g/s reaches
just above 0.55, an increase corresponding to erease in equivalence ratio froln~
2.5 to ~ 3.2. This result is significant in thatsiiggests that if the primary goal of
providing venting is to reduce the overall amouhthgdrogen contained within the
garage, careful consideration needs to be giveronigtto the size of vents, but where
they are placed.

Considering a catalytic ignition source, it is atethy that in the preceding results,
the surface temperature of the catalyst was marunfar a flow rate towards the low
end of the range tested. Considering the resulthisfsection, this dataset suggests that
the fire safety hazard from a catalytic ignitioruse may be maximized for conditions
where the hydrogen concentration remains withinléa® regime for a long period of
time. With regards to non-catalytic ignition sowgcé is also interesting to note that
many of the flow rate/venting combinations testeduited in equivalence ratios that
remained nea® = 1. This is significant in that these conditiomore readily lend
themselves to an explosion, a situation that wowddult in a significantly more
destructive event. As a result, it may be importantonsider the impact of hydrogen

venting techniques in a specific application, agsitconceivable that some venting
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conditions could actually contribute to a more dangs situation than would otherwise

be the case.
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Figure 34: Comparison of hydrogen mole fraction soe@ments for two varying vent
locations a) 0.25 inch diameter holes located atdip and bottom of a single wall (case
1). b) 0.25 inch diameter holes, one located inttipeleft corner of the front wall, one
located in the diagonally opposed bottom corneswHiates shown are 0.002, 0.001, and
0.0005 g/s.

3.3.4 Additional Comments

In the preceding sections, all reactivity obserbad been restricted to the surface, and
for no situation within this dataset was a trapsitto gas-phase reactions observed.
However, a transition to gas-phase reactions has bbserved sporadically for some
situations centered over the inlet. It is most phdb that this behavior was not observed
in the current dataset as a result of heat transéesiderations. For the purposes
attaching the catalyst surface to a polycarbonate protruding into the garage, an
attachment bracket made of ceramic parts had tmddaded on the back side of the
catalyst. This bracket added additional mass tosyts¢em, which would have impacted
the heat transfer characteristics of the catalyshé form of increased “thermal inertia”

relative to some initial tests when a lightweightinsinum bracket was used. This
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behavior illustrates the important point that writhe temperature trends are expected to
persist regardless of apparatus, the specific teatyre values obtained will be sensitive

to the mass and materials used as a result ofraeafer considerations.

4. Concluding Remarks
The experimental results presented in this repaggsst several trends regarding
hydrogen safety, both as it relates to a poterm#hlytic ignition source as well as
ignition sources as a whole. From the stagnatiantglow and microtube experiments,
datasets have been developed that may be applicabitiations where a flow is forced
against a catalytic surface, while the scaled gaegeriment provides significant data
regarding situations where convective transport tmayminimal. In addition, hydrogen
dispersion data is presented which suggests setrerads that may impact hydrogen
safety regardless of the ignition source considered

From the stagnation-point flow experiments, it éarhed that for flows forced
against a platinum surface, low equivalence raffbs< 0.2) exhibit ignition at room
temperature, whereas at higher equivalence ralios till fuel-lean), elevated surface
temperature ignition is observed approximately DK above room temperature. The
separation between these two regimes appears to octhe range ofb = 0.3 to 0.4,
which is interesting considering that these coondgialso appear to maximize the catalyst
surface temperature achieved in the premixed scghlrdge experiments. Overall,
experiments seem to suggest that this equivaleatte range separate two distinct

regimes, considering both ignition and steady-stetivity. However, it is unclear what
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physical processes might underpin this observedibeh Finally, it is observed that
while the transition from surface to gas-phasetieas occurs somewhat unpredictably,
the transition occurs near the top of reportedgasse ignition temperature (900

K), suggesting that the catalyst may not in any s&ye to promote gas-phase reactions.
In fact, considering computational work in thergture, it is possible that the presence of
a catalyst may partially inhibit propagation intasgphase by serving as a sink for
radicals. While no evidence is presented here fip@u this hypothesis, it seems to
reasonably explain the transition behavior observed

Experiments using the microtube apparatus, whilegneatly contributing to the
understanding of ignition in this study, do help glucidate the interaction between
combustion behavior and heat transfer in the sdlilile conditions in this experiment
may have reasonably been expected to observe vagomnbustion, in cases of low flow
rates or small tube diameter they did not. Mostllikhis is a result of the heat release
rate from combustion being insufficient to overcotine heat loss through the solid. The
important lesson for fire safety is that for a tgta ignition source, the geometry and
properties of the catalyst play as important a esleambient conditions in any reactions
that evolve.

Furthermore, the scaled garage system is used attempt to apply the knowledge
gained in the previous experiments to a less wellacterized but more realistic scenario
of hydrogen leaked into an enclosure containingtalgtic material. Most importantly, it
is discovered that for all inlet conditions testeatalytic reactions could proceed directly
from room temperature or slightly above, suggestirag any platinum surface (or similar

high-activity catalyst) has the potential to suppsurface reactions without the aid of
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external heating. However, in most cases the @aton the catalyst surface did not
reach temperatures high enough to cause propadetiorsurface to gas-phase reactions.
Once again, this appears to be related to thepiateiof heat transfer and reaction rate.
Similarly to the microtube experiments, heat transdiway from the catalyst surface
appears to be sufficient in most situations to enéva transition. However, some
transitions to gas-phase are observed during ¢egimg varied mounting methods. As a
result, the possibility that a catalytic surfaceynsarve as an ignition source for a gas-
phase flame cannot be ruled out.

Finally, hydrogen dispersion experiments are cdrri@it within the garage to
observe how varied venting conditions might altgdriogen concentrations. Based upon
the results, it appears that for a catalytic igmtisource, despite the commonly-held
belief that due to hydrogen’s tendency to risetitaeard zone it would be located at an
elevated position, the opposite may be true. Thalyst appears to respond more
strongly to fuel-lean conditions; conditions thit; a hydrogen-only leakage scenario,
are replicated near the floor. In addition, hydmegaly inlet conditions could easily
result in equivalence ratios exceedibg= 1. While common wisdom would dictate that
reducing the total amount of hydrogen within anleswre is preferable, some venting
arrangements combined with flow rates result iadyestate hydrogen concentrations in
the vicinity of® = 1, a situation that maximizes the possibilityaofexplosion event. As
a result, this experiment suggests that ventindnaut for an enclosure need to be paired
with an estimated “most-likely” flow rate range arder to prevent the venting from

contributing to, rather than detracting from, tlaader posed by a hydrogen leak.
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Appendix A

AR TR

Nozzle EXxit

A A

—Congergi

Figure Al: Photograph of the laminar flow burneseaably, with the location of major
components shown. The stagnation assembly is kbcktectly above the exit nozzle.
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Figure A2: Photograph of stagnation assembly.
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Appendix B

Figure B1: Photograph of 0.4 mm diameter platinubetwith thermocouples attached at
20%, 50%, and 80% of the 140 mm heated length.

Figure B2: Mounting method for instrumented micti#uThe nickel tabs are attached to
the ceramic mounting posts, the second of whicplaged on a translation stage to
facilitate different size microtubes. The 0.4 mntratube is shown.
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