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1 Introduction

Jet ignition, consisting in ignition during the early transient part of the relgascess of a high pressure
gaseous fuel such as hydrogen into the atmosphere, was first stydidaldnski & Wojcicki [1], although
there are earlier anecdotal reports [2]. The phenomenon has an aubigle in hydrogen safety, clearly
increasing risks in certain circumstances, but potentially lowering the ridktohation in other situations.
Experimental evidence mentioned for instance in a review by Astbury & Hdawkth [2] shows the size of
the release opening to be a crucial parameter, with ignition being more likelgrfger openings. While
there are a number of possible explanations for the observations, plyetm@émost likely is that the
combined effect of the heat and mass diffusion processes and cheatifitieyinitially sharp contact surface,
that separates expanded hence cooled hydrogen, and comptessszihot air, leads to ignition. Even for
an axissymmetric configuration, the shock structure is complex [3]. Realistielswwill require resolving
both the shock structure, and the diffusive phenomena; early numatieaipts have been performed [4]
however the problem remains at the limit of current computational capabiliguse of the range of scales
of interest. However, locally, the process approaches a planar geombkich will be meaningful as long
as the radius is large compared with the thickness. For constant prassipéanar geometry, this process
was analyzed by [fian & Crespo [5] for unity Lewis number, single step Arrhenius kinetics, énlithit of
high activation energy. The case of Lewis number less than one way wigthed in an appendix by iian
and Williams [6]. For constant pressure, ignition always occurs; thiegiid of the analysis identifies the
ignition time. Here, that analysis is extended to account for the expans@todiie evolution of the shock
structure, and Lewis numbers both smaller and greater than unity are e@widHowever, it has been
proposed [7] that expansion due to the multidimensional nature of the stiackure, which will lower
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temperature hence slowing down the chemistry, may play a role in defining alcré@gime. The analysis
shows that ignition can only take place for Lewis numbe€rs. It then determines the time scale on which
expansion must take place and the ignition time; a critical value of the expaasgas identified, separating
conditions in which ignition is inhibited and conditions in which ignition will take plaéer. Lewis numbers
greater than unity, an even significantly slower expansion will unconditjoimdibit ignition.

2 Formulation

The formulation follows closely from that of Ban & Crespo [5]. The physical model includes conservation
of mass, momentum and energy. The former leads to introducing a massedejgdtial coordinate, while
the second leads to pressure being spatially uniform, given that in a frhnefecence instantaneously
attached to the diffusion region, Mach numbers are small. As a result, tl@srp, absent in Ban &
Crespo’s model, is also spatially uniform expansion, given that the diflsngth is small compared with
the length scales associated with the shock structure. Initially, there is little dhethiss the solution is
reduced to the diffusion process: this is the (chemically) frozen solutibe.ignition time is defined as the
time required until a temperature perturbation of the order of the inversetati energy goes to infinity,
assuming it does; otherwise ignition is inhibited.

In the absence of expansion, the frozen flow solution is self-similar,*paresion, being time-dependent,
sets a time hence a length scale. Leaving these unspecified yet, the plarianpreduces to the energy
equation, and diffusion equations for fuel and oxidant.

Under the assumption that diffusivities are inversely proportional to tbarsgof density, using a density
weighed spatial coordinaterelated to the original coordinateby

IR
x_p\/&/o pdz D

in which « is the heat diffusivity, and denoting the Lewis numberd.ag andLer, respectively for oxidant
and for fuel, the problem is reduced to diffusion equations, for temperand mass fraction, with sources
due to chemistry and, in the energy equation, for the pressure fluctu@tien.using the similarity variable
n = x/2+/t of the homogeneous problem, the dimensionless frozen problem becomes
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in which yo is the oxidant mass fractionyr is the fuel mass fractiori]’ is temperaturele is the Lewis
number,p is a dimensionless pressure, agds the ratio of the time scale associated with expansion to the
yet arbitrary time scale otherwise used. At 0, p = 1. Boundary conditions fon — —oo areyp — 0,
yr — landT — Tr. Forn — —oo the boundary conditions aigy — 1, yr — 0 andT — Tp. Initial
conditions match the boundary conditions. In the absence of expans@ylttion is self-similar and only
depends upon time through However, accounting for the pressure term, one finds
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(5)
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3 Perturbation

In order to determine if ignition will occur, perturbations of the order of thelige activation energy are
considered, using the notatiay,, ¥ and7’. The similarity variable is rescaled Hy — erf(n)]/2 =
e€/(1-Tr/To), inwhiche = Tp /T, << 1, with T, being the activation temperature. This places the focus
close to the hot end of the diffusion region, where temperature only tejpam the hot side temperature
by a perturbation of the order of the inverse activation energy; this istfierr in the flow where chemistry

is fastest and where oxidant concentration is largest. However réydliitie fuel is present, which slows
down chemistry although not enough to balance the effect of temperaisieg the rescaled coordinate,
one finds that fog of order unity, the frozen flow solution becomes

=1- (ny/m)teo™ ( 2Toe€ >L€O Vo — (ny/m)Fer ! ( 2Toeg >L6F ®)
o 2vLeo  \To —Tr ’ o0v/Ler \To—Tr
T =To(1 — e&)p=H/7 Ko

Thus if Lep = 1, the contribution to the fuel and temperature perturbations due to advelfiosion are
both at ordek so that Liian’s formulation is recovered. However/liér < 1, the fuel concentration due to
diffusion in the region where temperature has only dropped from thaedwteamperature by orderis then

of ordere’7; this is larger than consumption by chemistry, which becomes negligibleL&er> 1, the
opposite occurs; the fuel that diffusion brings in is still at orefer, but this is now of magnitude smaller
thane, i.e. what chemistry at orderwould require; since it is impossible to burn fuel that is not present,
chemistry is limited to orde¢“¢7, although in the Arrhenius exponential, the temperature drop of erder
due to diffusion remains. Clearly, different formulations are requiredhfese three different cases.

In all three cases, when setting the time scale so as to balance chemistryfasidmlifthe transient term
becomes small compared with diffusion. As a result, the perturbation egsiatieneduced to a quasi-steady
formulation, in which time now only appears as a parameter. After eliminatiomeglidcting smaller order
terms, forLer — 1 = O(—1/log€), the perturbation of order, denoted a§” andy}., becomes [5]:

2d2 ! b

idg; S [5+l<1—§1§> y};} exp (T/—ozt—f) (8)
2d2/ b
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in which the temperature€b, and Ty refer to the respective initial valueg), is the heat releasé, is the
reaction order for fuel, and““*—1 = 1/1 with [ of order unity. Pressure has been assumed to drop slowly
with respect to time scaled by such that

—1d

=1—eat =
D eat, « T

so thato > 0 when pressure drops.

Adding Egs. [(8) and (9), one finds that + Qy} = 0. One define$ = c,(To — Tr)!/Q, i.e. the ratio
of the hot air temperature to the adiabatic flame temperature of the stoichiometricemnitially at the
cold fuel temperature, which in the current context shoul&be Finally, introducing the time parameter
A = texp —at, the problem becomes:

_52 dQT/

2 gz = €T exp (T' =€) (12)
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Figure 1: Left: Solutioril” for ¢ — oo to Eq. (11) fors from 0 to 0.6 at intervals 0.1, from left to right.
Critical values ofA correspond to the turning point, at the right end of each curve, whermsvthbranches
meet. Right;3 = 1.1, 1.2 and 1.4b = 1.

For Ler < 1 with Ler — 1 of order unity, a similar procedure yields the equation

_gQ—bLeF dQT/
A de2

= exp (T’ — E) (12)

Finally, for Ler > 1 and with a departure of order unity, the perturbation of ordér becomes

o 2d2 5
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In all cases, time has been scaled by

€ * —Le b 2 — e
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n* being defined as the solution to
2 *
2teym (15)
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In all three cases, boundary conditions @&f€0) = 0 for £ = 0, since far away no fuel is present thus no
chemistry occurs and from matching to the main diffusion zdfi&/d¢ — 0 for & — oo.

In all cases, a second order ordinary differential equatigmieeds being solved, in which time only appears
as a parameter. If the rate of pressure change is order unity, then tiyebeisomes exponentially small
and ignition will not occur. If it is smaller thanthen its effect is negligible, the problem is reduced to either
the problem of Liian & Crespo [5] forLe = 1, or similar problems. The critical regime is identified when
taking the rate of pressure decay to be of okder

Equation/(11) is precisely the same equation obtained B&ri& Crespo [5], but for a somewhat broader
definition of A which is no longer simply equal to time but equatsp —at.

In all three cases, a two point boundary value problem in which time apsaa parameter needs being
solved numerically; a shooting method is used. Because of the singulefity af the equivalent system of
first order ordinary differential equations does not satisfy a Lipsduitwlition. A local linearization allows
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Figure 2: Solutiong” for ¢ — oo to Egs. [(12) and (13), left, foker from 0.3 to 0.9 at intervals 0.1, from
left to right. Right,Ler = 1.1, 1.2, 1.4 and 1.6 from bottom to tdp= 1.

eliminating one integration constant, that multiplies a mode that grows large-fof. A shooting method
or an iterative technigue adjusts the second integration constant in thédetegrmulation.

As shown in [5] and in Fig. 1, fof < 1, the problem of Eq. (11) admits two solutions far< A* and no
solution for larger values. The upper branch has no physical measiingdr A — A*, the scaling leading

to Eq. (11) breaks down and chemistry becomes very fast, indicating ignitidhe absence of expansion,
it follows that ignition occurs at = A*. As similar situation occurs with respect to the fuel Lewis number,
as Fig 2 shows. Fofer < 1, Eq. (12) admits two solutions fak below the turning point, at a critical
value A*, behind which no solution exists. In contrast, fatr > 1, single solutions exist for all values of
A, no matter how large.

In contrast with cases in which pressure stays constant,/R@ne= ¢ exp(—at) experiences a maximum
value Amax(a) = 1/ae, fort = 1/a. For higher values ofA there is no time satisfyindh = texp —at.
Thus, forLer < 1 orforg < 1if Ler = 1, ignition will occur if A*(Ler) or A*(5) < 1/ae, the critical
valuea™ of the expansion rate being then given by

1

af = (16)

the dimensional value of which being then readily calculated by reintrodubmgme scale- from Eq.
(14).

For an expansion faster than this critical value, ignition does not occikewise, for Ler > 1 or for

8 > 1if Lep = 1, expansion will always eventually lead to a distributed drop of temperattgerlghan
the inverse activation energy before the ignition process is complete pfdhess is described in detail by
Lifan and Crespo [5] for the latter case, but similarfeg > 1.)

The analysis shows that the reaction rate peaks close to the hot air sigeddfukion layer. For fuel Lewis

number close to unity, the rate at which fuel is consumed is of the same @dke aate at which it is

supplied by diffusion. For smaller Lewis numbers, consumption is negligiblegplg by diffusion so that

temperature becomes limiting. however, for larger Lewis numbers, chemistiy consume more fuel than
diffusion provides, resulting in much slower chemistry, leading to a negligibipéeature increase.

In the context of jet ignition, there is a clear relationship between the size ¢dak and the expansion rate,
with a larger hole leading to a slower expansion. Thus the current reswidps an explanation for the
experimental observation whereby larger hydrogen leaks are moretikigjgite [1, 2, 8].
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Moire importantly, however, the analysis results in a very different bieh&or small and large fuel Lewis
number, with a critical value

log[cp(To — Tr)/ Q)
log e

Leg critical = 1 — (17)

such that for smalleLer, a well-defined ignition behaving as a thermal explosion will take place in finite
time, the value of which is determined by the analysis, as long as the rate ofséxpatays below a critical
value. For largel.er, however, a slower and more progressive process takes places évantually and
unconditionally quenched by expansion. This provides a fundamergkretion as to why jet ignition has
only been observed for hydrogen.
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