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In 2014, Wu et al. discovered an unexpected result. Turbulence can facilitate ignition through differen-
tial diffusion when the effective Lewis number (Le) of mixtures is sufficiently larger than unity using
small electrode gaps (dgap <0.8 mm) in near-isotropic turbulence generated by a fan-stirred burner. This
suggested that the required minimum ignition energy (MIE) in intense turbulence can be smaller than
that in quiescence (Wu et al. did not measure MIE). This work explores whether the aforesaid turbu-
lent facilitated ignition (TFI) for Le > 1 is independent of dg,p. We apply the same hydrogen mixtures at
the equivalence ratio ¢ =5.1 (Le~2.3) and ¢ =0.18 (Le~0.3) as Wu et al. in our large fan-stirred cru-
ciform bomb capable of generating near-isotropic turbulence to measure values of MIE as a function
of dgp at both quiescence and intense turbulence (the rms turbulent fluctuating velocity u’=5.4m/s)
conditions. A drastic fall of values of laminar and turbulent MIE (MIE, and MIEy) with increasing dgap
is observed. TFI only occurs for Le>1 (¢=5.1) and it is restricted at smaller dg,, =0.58 mm, where
MIE, =61.5m] >> MIEr =26 mJ (0.25-mm tungsten electrodes) and MIE; =255.5 mJ >> MIEr =36.8 mJ (2-
mm tungsten electrodes) in support of Wu et al.’s finding. However, we discover that the MIE;, and MIEt
curves versus dga, can cross each other at larger dgap, at which no TFI for Le> 1 at dgp =2 mm where
MIE, =0.52 m] << MIEr =173 m]J (2-mm tungsten electrodes). This interesting result depending on dgap
should be disseminated in our combustion community for stimulating further research.

© 2017 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

Law and co-workers [1] discovered that turbulence can facili-
tate ignition through differential diffusion when the effective Lewis
number (Le) of mixtures is sufficiently greater than unity. They ap-
plied a pair of cantilever electrodes of 0.25-mm in diameter with
small electrode gaps (dgap <0.8mm) in near-isotropic turbulence
generated by a fan-stirred burner. They found that a fixed spark
discharge voltage at dgap =0.58 mm which is assured of being un-
able to ignite the hydrogen/air mixture at the equivalence ratio
¢ =51 (Le~2.3>1) in both quiescence and weak turbulence can
nevertheless ignite the same mixture in intense turbulence up to
the rms turbulent fluctuating velocity u’=5.4m/s. This suggested
that the ignition energy (Ejq) required for successful ignition in in-
tense turbulence can be smaller than that in quiescence, which dif-
fers with the classic conclusion of the turbulent effect on Ej, (e.g.,
[2-10]). For the hydrogen/air mixture at ¢ =0.18 with Le~0.3 <1,
no turbulent facilitated ignition (TFI) was found with dgap <0.8 mm
[1]. A question may then arise. Is the aforesaid TFI for Le>1 in-
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dependent of dgap? Larger dgap is expected to play a different
role in turbulent ignition. This is because Shy and co-workers [6-
8,10] reported that turbulence renders ignition more difficult and
thus leads to an ignition transition regardless of Le, by using 2-
mm electrodes with a larger dgap =2mm in near-isotropic turbu-
lence generated in a large fan-stirred cruciform bomb (see Fig. 1
of [11]). Across the transition, the increase of Ejgr with increasing
v’ varies from linearly to exponentially, where the subscript T rep-
resents the turbulent property. Using the same rich and lean Hj/air
mixtures and electrodes as in [1] in our cruciform bomb together
with the well-established ignition system [10] allows measuring Ejg
here of high accuracy and/or minimum ignition energy (MIE) as a
function of dgap at both quiescence (u’=0) and intense turbulence
(v’ =5.4m/s) conditions, which reveals the subtle detail of spark
ignition phenomena.

It is known that laminar MIE (MIE;) data increase drastically
when dgap <dq, where dq is a critical dgap called the quenching
distance that may be related to the critical radius of the devel-
oping flame kernel for successful flame initiation in the classic
thermal-diffusion theory [2,12]. When dgap > dq, MIE| is roughly
the same over a considerable range of dgp (Figs. 163,165 of [2]).

0010-2180/© 2017 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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Fig. 1. (a) MIE comparison between laminar and intense turbulence cases over a wide range of dg, for the H,/air mixture at ¢ =5.1 with Le~2.3 using the 0.25-mm
electrodes same as [1]. (b) Effect of ¢ and u’ on MIE at three selected dg,, for both lean and rich Hy/air mixtures at ¢ =0.18 and 5.1 with Le ~ 0.3« 1 and Le ~ 23> 1.

Note that for the Hy/air mixture used in [1] at ¢ =0.18 (Le~0.3)
and 51 (Lex~2.3), dq~2.8mm and 4mm, respectively (Table 9
in [2] and Fig. 12 in [13]). Since Wu et al. [1] applied a small
dgap =0.58 mm at Le~ 2.3, it may be reasonable to postulate that
MIE; could be possibly higher than turbulent MIE (MIE;) when
dgap << dq. However, the factor of dgyp << dq alone fails to explain
the Le dependence of TFI [1]. To account for the Le effect we fur-
ther consider the critical flame radius (R:), below which flame
propagation may not be possible [14,15]. As noted by Ju and co-
workers, R increases with Le [15]. For very rich and very lean
Hj/air mixtures, it appears that R.>dq when Le>>1 and con-
versely Rc<dq when Le<<1 [15]. As such, TFI could occur at
Le>>1 when dgap <<dg, but it is not likely to occur at Le<<1
even with dgap << dq. Here it is interesting to know if TFI remains
existent at Le~ 2.3 for larger dgap > 0.58 mm.

Before presenting Ej; and/or MIE versus dg,p results, two points
deserve to comment. First, there are many valuable data in liter-
ature not only for MIE itself but also for the effects of many pa-
rameters on MIE (e.g., [3-10,16,17] among others). These parame-
ters include: (i) electrical breakdown characteristics i.e. type of dis-
charge, discharged voltage/current, pulse duration time; (ii) elec-
trode characteristics i.e. material, geometry, size, gap; (iii) flow
characteristics i.e. type of flow, turbulent velocity/length scales,
pressure, temperature; (iv) mixture characteristics i.e. equivalence
ratio, phase of fuel. For accurate reproduction of a spark igni-
tion experiment, these aforesaid parameters as well as the dis-
charged Ej; are needed. Each value of the discharged Ej; should
be directly measured across the gap between electrodes by in-
tegrating the product of discharged current and voltage wave-
forms (best in square waveforms with little fluctuations) within
the pulse duration time (Atp) [6-8,10]. Second, MIE is a statistical
quantity in nature owing to inherent perturbations in the electri-
cal breakdown characteristics (e.g., [2,4,10,17]). These perturbations
can result in either ignition or non-ignition even at the “same dis-
charged E;;” for a given condition. Therefore, MIE measurements
should be approached as a statistical rather than a threshold phe-
nomenon (MIE is a probabilistic variable, not a threshold value).
Repeated ignition experiments for a given condition with a range
of Ej; are thus required to identify MIE at 50% ignitability (e.g.,
[7,16,17] among others). We present an example of spark ignition
probability versus different energy level at dgap=2mm in quies-
cence in the Supplemental Material [18], where both “Go” (igni-
tion) and “No Go” (non-ignition) coexist within an overlapping en-
ergy band. MIE=Ey50y) is determined by the logistic regression
method [19]. In this work we apply the same spark ignition circuit
with one-shot mode as in our previous studies [8,10], of which the

range of Ej, lies between the smallest Ej; =0.2 m] (breakdown volt-
age=15kV, Ro=2MQ, At,=10ps) and the largest Ej;=300m]
(15kV, Rg =5Kk€2, Atp =500us) where Rg, is the loading resistance.

Figure 1(a) presents the effect of dg,p on both MIE; and MIE;
at u’=5.4m/s of the same hydrogen/air mixture at ¢ =>5.1 with
Le~2.3 using the same thin 0.25-mm tungsten electrodes as
in [1]. A drastic fall of MIE, with increasing dgap is observed
when dgzp <dq~4mm, where MIE; at dgap =0.58 mm (61.5m]J) is
77 folds larger than MIE; =0.8mJ at dgap =3 mm. Further, when
dgap=4mm, 5.2mm and 6.5mm, we find that such rich hydrogen
mixture is extremely easy to ignite having 100% ignitability to our
lowest Ej; =0.2m] (see the marked square symbols in Fig. 1a), sug-
gesting MIE is much less than 0.2 mJ within 4 mm < dgap < 6.5 mm.
The monotonic decrease in MIE; at Le~ 2.3 with increasing dgap in
Fig. 1(a) is consistent with the effect of Rc [14,15] or dq [2,12]. As
to the intense turbulence case (u'=5.4m/s), when dgap =0.58 mm,
MIEt = 26.0 m] << MIE; = 61.5 mJ. This quantitative MIE result sup-
ports the previous qualitative result of [1] that for Le>1 mix-
tures, turbulence can facilitate ignition. But we find that such
TFI phenomenon only occurs at small dgap. Interestingly, the MIE;
and MIEr curves in Fig. 1(a) cross each other when dgap >2 mm.
Specifically, at dgap =3 mm, MIEr=6.3mJ>> MIE; =0.8m]. Simi-
larly, when dgap =5.2mm, MIEr=3.05m]>> MIE; that is much
less than 0.2mJ. In brief summary, at Le~2.3, the effect of
dgap <<dq~R. (4-5mm estimated from Fig. 1(b) in [1]) severely
increases MIE;, owing possibly to the huge heat loss to spark elec-
trodes. It might then be easier to, as argued in [1], survive for a
flame kernel that moves with the turbulent wind away from the
spark gap, leading to TFI. However, TFI seems to weaken and then
to disappear with the continual enlargement of dgap, as shown in
Fig. 1(a).

To compare the former result (Le>1) with a very lean case
(Le<1) as well as to test the thickness effect of spark elec-
trodes, we briefly present the results with a pair of thick
tungsten electrodes (2-mm in diameter), which are shown in
Fig. 1(b). At ¢=0.18, when dgp=03mm, MIE =111m] at
W=0<<MIEr=14m] at u'=54m/s, while MIE, =1.06m] at
W=0<MIEr=142m] at v'=54m/s when dgp=0.58mm. Al-
though there is no TFI for Le <1 mixture, here, MIE; seems to ap-
proach MIE; toward larger dgip. Note that when Le <<1, due to
Re <<dq, MIE_ ~R:3 is less sensitive to the effect of dgap << dq [15].
Therefore, it is not surprising that at Le =0.3, TFI does not occur in
Fig. 1(b) even when dgap << dq, consistent with the finding in [1].
As shown in Fig. 1(b) for Le> 1 mixture, TFI is still restricted at
smaller dgap =0.58 mm, where MIE; =255.5m]>> MIEr=36.8 m]
at u’ =5.4m/s having the same trend as Fig. 1(a). We find no TFI at
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dgap =2 mm (Fig. 1b), because MIE; is only 0.52 m] which is much
less than MIEt =173 m] at ' =5.4m/s. The possible reason for ig-
nition facilitated in intense turbulence for Le > 1 flame may, as ar-
gued in [1], be that the flame segments intensified by the negative
stretch move away from incipient extinction and serve as local ig-
nition sources. Since the state of incipient extinction may be a di-
rect result of dgap <<Rc, the present finding that TFI may not hold
for arbitrary dgap thus confirms this point. In short, TFI depends on
dgap, which deserves to be disseminated in our combustion com-
munity.
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