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ABSTRACT

The interplay of humidity and non-equilibrium, transient plasma was studied via ignition experiments in
a CyHy-air mixture, concentration measurements in humid air, and detailed simulations. Hydroxyl (OH)
and ozone (03) produced via non-equilibrium plasma were characterized in a flowing H,O-air mixture at
atmospheric pressure with varying the levels of humidity using planar laser-induced fluorescence (PLIF)
and UV absorption, respectively. The OH, which was created in the discharge streamers, peaked at a con-
centration of ~5 x 10™/cm? and then decayed below 1 x 10/cm? after ~100 s. O3, which is long lived,
peaked at a concentration of 1.4 x 10'>/cm?. An increase in humidity from Xy, ~ 0.2% to 1% resulted in a
monotonic increase in the concentration of OH and a 67% decrease in that of Os. Zero-dimensional Boltz-
mann modeling of non-equilibrium plasma discharges in humid air showed qualitative agreement with
these results and points to the decrease in O concentration (with increasing humidity) as the reason for
the decreased O3 concentration. In spite the dramatic decline in Xo, with increased humidity, there was
no strong commensurate effect on ignition and flame propagation in C;Hs-air mixtures: Peak pressure

rise rate was at its maximum value at Xy,o=1% but was only 25% less at Xy,o = 5%.
© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Transient plasma ignition (TPI) has several advantages over tra-
ditional spark ignition used in most combustion applications. TPI
has consistently demonstrated reductions in ignition delay, espe-
cially under fuel-lean conditions, resulting in improved efficiency
and reduced emissions from a variety of combustion engines
[1-6]. TPI is different from traditional approaches to ignition in
that the high-voltage pulse used to initiate ignition is less than
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100 ns in duration, whereas in traditional approaches the high-
voltage pulse may last from many s to several ms. The short, fast-
rise-time pulses prevent an arc from occurring and produce a non-
equilibrium plasma, characterized by a high electron temperature,
Te, and a low gas temperature, Ty (Te > Tg). In a non-equilibrium
plasma, the ionization process is dominated by field-driven, en-
ergetic electrons colliding with non-excited atoms and molecules.
Furthermore, the energy efficiency is high and significant energy
goes into creating highly energetic electrons instead of heating the
gas, and the geometry of the electrodes can be designed in such
a way that (a) reactive species are produced throughout a volume
and (b) multi-point ignition can occur [7]. The result is a more ef-
ficient and faster combustion process than with initiation by the
traditional thermal spark [8].

Humidity is a variable in combustion environments that can
arise from ambient conditions (where it is generally limited to con-
centrations of ~1% by volume) but also due to mixing of combus-
tion products with fresh reactants (e.g. in an internal combustion
engine with exhaust gas recirculation, in swirl combustors, and in
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Fig. 1. Setup for ignition experiments using high-pressure heated chamber.

afterburners). Its effect coupled with non-equilibrium plasma for
ignition or flame propagation is unclear; therefore, the goal of this
study was to determine the effect upon combustion. For this pur-
pose, we employed a static chamber with mixtures of C;H4 and
humid air and transient plasma for ignition (along with a compari-
son of ignition with a standard spark igniter). These measurements
were complimented with diagnostic measurements—to character-
ize both OH and O3 concentrations—of humid air activated with
transient plasma and with simplified numerical simulation of the
transient plasma in humid air.

2. Experiments
2.1. Combustion measurements

A static combustion chamber (ID of 10.2cm and a length of
20.3 cm) was used with varying levels of humidity. The ignition ex-
periment was performed at 2 atm and 473 K with pre-mixed, lean
(¢ =0.8) ethylene-air (C;Hg-air). A diagram of the experimental
setup is shown in Fig. 1. Pressure measurements were used to
characterize the ignition process. Water was added to the air by
bubbling it through a water bath. The concentration was measured
using tunable diode laser absorption spectroscopy (TDLAS, see be-
low for more details); here, the diode-laser beams were directed
through the sapphire windows, as shown in Fig. 1. The electrode
used for this experiment was an NGK R0045]J-11 spark plug that
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Fig. 3. Setup for OH-PLIF experiment.

had a non-resistive core and uniform gap; the electrode was lo-
cated in the center of one flange of the cylindrical chamber. A 12-
ns, 40-kV, 50-m] pulse [6] was used to produce transient plasma
and initiate combustion in the quiescent mixture. Each condition
was repeated a minimum of 5 times, and the results are shown
in Fig. 2. Both the time to peak pressure (tpey) and the peak pres-
sure rise rate, (dP[dt)pe,y, improved as the humidity was increased
to Xp,0=1%; thereafter, the combustion performance decreased
(ie. longer t,eq and lower (dP/dt),eq values were observed): at
Xn,0 = 5%, (dP[dt)pe,x Was about 25% below the value found at
Xn,0 = 1%, but this value of (dP/dt),e, Was only slightly less than
that at Xy,0 = 0.5%. For comparison, the same conditions were ex-
amined using traditional spark ignition with a 15-pus, 15-kV, 100-
m] pulse, where a change in Xy,o in the same range resulted in
negligible differences in tpe and (dP/dt),eax, as shown in Fig. 2a;
interestingly, the curve for TPI at Xy,o =3%, is nearly coincident
with the two curves for spark ignition.

2.2. Diagnostic measurements

To characterize the humid air activated with the plasma, the
same chamber was used (Fig. 3). However, for this part of the
study the chamber was mounted vertically, the end wall (normally
occupied by the windows) was removed, and a constant flow of
humid air (made uniform with glass beads placed in the bottom of
the chamber) was directed through the chamber (see Fig. 4). The
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Fig. 2. Results from the ignition and combustion of C;Hy-air (¢ =0.8) after a 12-ns, 40-kV, 50-mJ discharge. (a) Comparison of combustion pressure rise between ignition
for Xu,0=3% and 1%. (b) Comparison of combustion pressure rise rate with Xy, varying from 0.5% to 5%. Error bars represent the standard deviation of the measurement

set.
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