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In this work, the effects of pre-ignition energy releases on H,-0O, mixtures were explored in a shock
tube with the aid of high-speed imaging and conventional pressure and emission diagnostics. Ignition
delay times and time-resolved camera image sequences were taken behind the reflected shockwaves for
two hydrogen mixtures. High concentration experiments spanned temperatures between 858 and 1035K
and pressures between 2.74 and 3.91 atm for a 15% H,\18% O,\Ar mixture. Low concentration data were
also taken at temperatures between 960 and 1131K and pressures between 3.09 and 5.44 atm for a 4%
H,\2% 0,\Ar mixture. These two model mixtures were chosen as they were the focus of recent shock
tube work conducted in the literature (Pang et al., 2009). Experiments were performed in both a clean
and dirty shock tube facility; however, no deviations in ignition delay times between the two types of
tests were apparent. The high-concentration mixture (15%H;\18%0,\Ar) experienced energy releases in
the form of deflagration flames followed by local detonations at temperatures < 1000 K. Measured ignition
delay times were compared to predictions by three chemical kinetic mechanisms: GRI-Mech 3.0 (Smith
et al.), AramcoMech 2.0 (Li et al., 2017), and Burke’s et al. (2012) mechanisms. It was found that when
proper thermodynamic assumptions are used, all mechanisms were able to accurately predict the experi-
ments with superior performance from the well-validated AramcoMech 2.0 and Burke et al. mechanisms.
Current work provides better guidance in using available literature hydrogen shock tube measurements,
which spanned more than 50 years but were conducted without the aid of high-speed visualization of
the ignition process, and their modeling using combustion kinetic mechanisms.

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

1. Introduction

reduced H, ignition delay times when compared to a clean tube
[27]. Surfaces can also promote chemical induction by catalytic en-

Hydrogen is used as a fuel in many combustion applications in-
cluding rockets, power generation gas turbines, and ground vehi-
cle transportation [5-9]. Hydrogen is also the simplest hydrocarbon
fuel in terms of its combustion chemistry which has been studied
for the last 60 years in various combustion experiments including
shock tubes, flames, rapid compression machines (RCM), flow re-
actors, etc. [4,10-26].

Many researchers have hypothesized that inhomogeneities—
impurities, particles and facility surfaces - can influence autoigni-
tion of hydrogen containing fuels at low temperatures (in the pre-
mixer, T ~600-1000K). Contamination on experimental surfaces
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hancements in H, systems [28]. However, there is little knowledge
on whether the effect of heterogeneous activity inhibits or pro-
motes homogeneous ignition [29-32]. Impurities in facilities can
come from many sources including the vacuum system, metal sur-
faces, etc. [33,34] and their levels are typically on the order of
a few ppms. Unfortunately, the autoignition in H, mixtures are
greatly sensitive to the presence of impurities, for example, with
the addition of just 10 ppm impurity (modeled as H atoms) the
ignition time scales are drastically reduced from 4ms to 1ms at
4bar and 1000K (simulation with CHEMKIN-PRO [35] and Aram-
coMech 2.0 [3]). Hence the validity of ignition delay time measure-
ments and their influence on facility cleanliness must be character-
ized. In this study, impurities in the form of diaphragm particles
are assessed for their influence on hydrogen ignition.

Shock tubes have been used to study combustion chemical
kinetics since the 1940-s [36-43] due to their advantages in

0010-2180/© 2017 The Combustion Institute. Published by Elsevier Inc. All rights reserved.


http://dx.doi.org/10.1016/j.combustflame.2017.08.021
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2017.08.021&domain=pdf
mailto:subith@ucf.edu
http://dx.doi.org/10.1016/j.combustflame.2017.08.021

12 E. Ninnemann et al./Combustion and Flame 187 (2018) 11-21

Housing
Ports Window |— End Cap
7Y -]
b
14.17cm 16.51cm 16.13cm
|:_|:\ -

P
Al
s
O
3

Fig. 1. Schematic of the shock tube and end-wall imaging setup.

providing experimental data that are de-coupled from the effects
of heat transfer (i.e. adiabatic wall) and fluid mechanics (i.e. mini-
mal boundary layer). It is important to use the correct thermody-
namic assumptions while modeling shock tube data [44-46]. Typ-
ical assumptions are that the shock heated gas mixtures contain a
homogenously distributed quiescent gas behind the reflected shock
wave and time scales for experiments are on the order of a few
milliseconds. Therefore, experimentally obtained shock tube data
are typically compared to kinetic model predictions determined
under the assumptions of constant internal energy and volume
(U, V). However, recent shock tube and rapid compression ma-
chine (RCM) studies suggest that some fuels may not exhibit uni-
form characteristics under certain conditions, and instead undergo
pre-ignition [1,47-50], thus complicating the interpretation of mea-
surements.

Energy releases that are present before homogeneous combus-
tion are extremely unfavorable, as they have been observed to in-
crease the pressure and temperature of the unburned portion of
the fuel mixture [50], which can lead to decreases in ignition de-
lay time. There has been a push in recent years to understand this
phenomenon through images that show the uniformity of com-
bustion. Walton et al. [50] studied iso-octane at temperatures be-
tween 903 and 1020K and pressures between 8.7 and 16.6 atm
in an RCM and captured high-speed images through a window
that allowed optical access to the test manifold. Herzler et al.
[51] captured a single ICCD image of n-heptane ignition through
an end-wall in a low-pressure shock tube. Wang et al. [49] exam-
ined the pre-ignition to super-knock transition for iso-octane mix-
tures in an RCM. Fieweger et al. [52] examined the self-ignition
of several spark-ignition engine fuels through shadowgraph im-
ages captured along the length of the test section in a square
shock tube. Vermeer et al. [53] also captured shadowgraph im-
ages of n-heptane and iso-octane combustion behind post-reflected
shockwaves through the length of the test section. Troutman et al.
[54] captured the combustion of n-heptane via high-speed, end-
wall OH* chemiluminescence images in a shock tube. Very re-
cently, Pryor et al. [38] examined methane ignition delay times in
shock tubes under heavy bifurcation in CO, diluted mixtures us-
ing multiple diagnostics. It was shown that for mixtures with large
amounts of CO, dilution the ignition was no longer homogeneous
and the bifurcation of the shock wave was extreme leading to in-
creased uncertainty in the measurement.

For hydrogen, one recent study by Pang et al. [1] observed se-
vere ramp-like increases in pressure prior to ignition, which is a
strong indicator of non-idealities in the post-reflected shock region.
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Fig. 2. Typical pressure, emission, and image sequences for 15%H,/18%0,/67%Ar in
the lower temperature regime (< 1000K). (a) Pressure trace showing mild ignition
in a dirty shock tube, (b) corresponding image sequence for dirty tube, (c) pressure
trace for run with clean shock tube and (d) corresponding image sequence for clean
tube.

The assumption of constant (U, V) is invalid under such conditions.
Of the two mixtures that were studied (high concentration - 15%
H,\18% O,\Ar; low concentration - 4% H,\2% 0O,\Ar) only signifi-
cant pressure ramps were observed in the high concentration mix-
ture. In the lower temperature regime (T < 1000K), ignition delay
times for this mixture differed substantially from current models
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