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Concentration time-histories of H,O were measured behind reflected shock waves during hydrogen combustion. Ex-
periments were conducted at temperatures of 1117-1282 K, the equivalence ratios of 0.5 and 0.25, and a pressure at 2 atm
using a mixture of Hy/O, highly diluted with argon. H,O was monitored using tunable mid-infrared diode laser absorption
at 2.55 um (3920.09 cm™!). These time-histories provide kinetic targets to test and refine reaction mechanisms for hy-
drogen. Comparisons were made with the predictions of four detailed kinetic mechanisms published in the last four years.
Such comparisons of H,O concentration profiles indicate that the AramcoMech 2.0 mechanism yields the best agreement
with the experimental data, while CRECK, San Diego, and HP-Mech mechanisms show significantly poor predictions.
Reaction pathway analysis for hydrogen oxidation indicates that the reaction H+ OH+ M = H,O + M is the key reaction
for controlling the H,O formation by hydrogen oxidation. It is inferred that the discrepancy of the conversion percentage
from H to HyO among these four mechanisms induces the difference of performance on H,O time-history predictions. This
work demonstrates the potential of time-history measurement for validation of large reaction mechanisms.

Keywords: tunable diode laser absorption spectroscopy, HoO time-history profile, combustion process, reac-

tion mechanism
PACS: 42.62.Fi, 42.55.Px, 82.33.Vx

1. Introduction

Growing concerns about the environmental problems and
the shortage of energy resources have led to seeking clean-
alternative fuels to deal with environmental pollution and en-
ergy security. Hydrogen is a promising alternative due to its
advantageous combustion characteristics, such as high flame
speed and broad burn limit, which are crucial for the engine
compatibility. In addition, hydrogen is a carbon-free clean fuel
which is capable of relieving the environmental pollution.!-]
Fundamental experiments of hydrogen combustion and accu-
rate kinetic mechanisms that can represent the combustion
characteristics of hydrogen are important to its application.
Moreover, hydrogen combustion plays a prominent role in the
combustion of hydrocarbon fuel as it contains many critical el-
ementary reactions involving H, O, OH, H,0, and HO;, which
serve as significant parts in all stages of the hydrocarbon com-
bustion process.

Numerous Hj kinetic mechanisms have been proposed
in the literature.[>~131 For example, Hong et al.!®! proposed
a H,/O, mechanism based on reaction rate measurements. A
hydrogen combustion mechanism was presented by Konnov
et al.,” who paid particular attention to reaction HO,+H,
OH +HO», and to the pressure dependence of the recombi-
nation reaction of HO,. Burke et al.'! have developed an up-
dated H,/O, kinetic mechanism by incorporating recent im-
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provements in rate constant and resolving discrepancies be-
tween experimental data and predictions based on Li et al.[%!
A detailed kinetic mechanism has been built by O Conaire et
al.,'"" which is applied to simulate the combustion of H,/O,
mixtures over a wide range of experimental conditions. This
mechanism has been updated by Kéromnes et al.®! for hy-
drogen and syngas mixtures with reaction rate constant ex-
pressions from both measurements and calculations. Recently,
the updated mechanism has been optimized by Varga et al.l”!
according to the sensitivity analysis carried out at each ex-
perimental data point. In the last four years, four hydrogen
mechanisms have been proposed independently. The Cur-
ran group!!'” built an AramcoMech 2.0 mechanism starting
with a H»/O, sub-mechanism that has been validated against
a large array of experimental measurements, including data
from shock tubes, rapid compression machines, flames, jet-
stirred, and plug-flow reactors. The AramcoMech 2.0 mech-
The Ranzi

group!!'! at Politecnico di Milano proposed a detailed mech-

anism has been widely used in the literature.

anism (CRECK) of hydrogen oxidation. The Ju group!!?)
from Princeton University built a comprehensive Hy/O; ki-
netic mechanism (HP-Mech) based on the combustion mech-
anism of Burke et al.! Another detailed combustion mecha-
nism (San Diego) developed by Boivin ef al.!'3! was designed
to focus on conditions relevant to flames, high temperatures
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ignition, and detonations.

Though numerous hydrogen combustion kinetic mecha-
nisms have been reported, few studies were involved in the
comparison of various mechanisms. Comparisons among
different experimental targets and mechanisms are often fo-
cusing on distinguishing the best performance mechanism.
As reported in the literature,!'*] the hydrogen mechanism of
Keromnes et al.!®¥! yields the best agreement with data from
ignition delay time at various pressures up to 16 atm, while
the mechanisms of Davis ef al.,['>) GRI 3.0,/ San Diego-
2011,1'" and Li et al.'®! present significantly poor predictions
at higher pressures. Zamashchikov et al.!'8 have investigated
the laminar burning velocities of near-limit hydrogen flames
and compared with three mechanisms®>=! of hydrogen com-
bustion. The discrepancy was found between experiments and
mechanisms, indicating the need for further mechanism devel-
opment.

Till now, various experimental measurements have been
adopted to validate the kinetic mechanism for hydrogen com-
bustion, including concentration time-profiles in a flow reac-
tor and jet-stirred reactor, ignition delay time in a rapid com-
pression machine and shock tube, and laminar flame veloc-
ity in a spherical bomb. Among these targets, species time-
profiles can provide detailed verification on the reaction path-
ways and rate constants of reaction mechanisms used to sim-
ulate the chemistry of combustion processes. Thus, species
concentration time-profiles are generally considered to be the

(191 The laser absorption spectroscopy technique, due

favorite.
to its non-intrusive and fast time response, is suitable to mon-
itor species time-histories accurately and directly.

In this paper, time-history data of H,O during high-
temperature oxidation of hydrogen were provided by laser ab-
sorption spectroscopy measurement in shock tube. A compar-
ison between experimental results of H,O time-histories and
simulation results of hydrogen kinetic mechanisms was per-

formed to validate the reliability of the mechanism.

2. Methodology
2.1. Shock tube setup

H,O time-history experiments were carried out in a stain-
less steel shock tube with a 10 cm inner diameter. A double
diaphragm section was used to separate the shock tube into
a 2.0 m driver and a 5.0 m driven section. The experimental
apparatus has been described in detail in the literature.!?%->!]
Polycarbonate diaphragms with a thickness of 0.05 mm were
used to provide desired nominal reflected shock pressures. To
eliminate the influence of the H-residual impurities and ex-
haust gas in the shock tube,??! the whole driven section was
flushed by high-purity argon, and the shock tube was evac-
uated to the pressure below 1072 Torr by a vacuum pump

system prior to each experiment, ensuring the accuracy of the
measured data. Pure helium was used as the driven gas.

The incident shock velocity was obtained using four fast-
response piezoelectric pressure transducers (PCB 113B, with
rising time of less than 1.0 ps) mounted on the driven section
of shock tube with the same length interval of 18.9 cm. The
pressure time-histories were monitored using the last pressure
transducer located at 15 mm from the end wall. The time in-
tervals of shock passage were determined by the four pressure
signals recorded by a digital phosphor oscilloscope (Tektronix
TDS5054B). Three measured incident shock velocities were
determined by linear extrapolation to obtain the shock velocity
at the end wall. By using the one-dimensional normal shock
relations, the reflected shock wave temperature (7") and pres-
sure (P) behind the reflected shock wave can be obtained by
the initial pressure and temperature measured in a driven sec-
tion of the shock tube, the measured incident shock wave ve-
locity at the endwall, and the composition and the thermody-
namic properties of the Hy/O,/Ar mixtures. The 1.0 ps uncer-
tainty in the velocity measurement will lead to 1.2% and 0.7%
uncertainty in reaction pressure and temperature, respectively.

2.2. Laser absorption diagnostic technique

The schematic diagram of the tunable diode laser-
absorption spectroscopy (TDLAS) experimental setup is
shown in Fig. 1. A distributed feedback (DFB) mid-infrared
diode laser around 2.55 um from Nanoplus GmbH was used.
The laser wavelength can be well controlled by a combina-
tion of injection current and temperature using a commercial
controller (LCM 6000). The laser beam was collimated by a
plano-convex lens and transmitted through the shock tube. A
pair of flush mounted calcium fluoride windows providing op-
tical access were located at 1.5 cm from the shock tube end
wall, and the absorption path length is 10 cm. The trans-
mitted laser was shielded by a narrow band-pass filter (center
2585 nm, half width: 500 nm) to avoid the radiation from the
combustion process. Another plano-convex lens was used to
reduce beam steering effects and focus the laser beam into an
InGaAs detector (Thorlabs DET10D). The bandwidth of the
detector is 14 MHz, which is sufficient for microsecond scale
measurement. The signal was collected by a digital phosphor
oscilloscope (Tektronix DPO5054). The whole beam path out-
side the shock tube was purged with pure nitrogen to minimize
the laser attenuation due to ambient H,O.

In this work, a fixed-wavelength direct-absorption strat-
egy was employed in H,O concentration time-history mea-
surements. The DFB laser frequency was tuned to the peak
of the v3; fundamental vibrational band H,O transition at
3920.09 cm™!.
cause of its favorable line strength and sufficiently isolated

This wavelength was selected primarily be-

from adjacent lines.!?*! Shortly before taking the data, the laser
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was scanned over the water line to ensure that it was located at

line center. [>*23] Typical operating conditions for the laser are
39.8 C and 57.02 mA.
collimating collimating
lens lens

narrow
andpass filter

shock tube
laser laser .
current temperature oscilloscope
control control

Fig. 1. Schematic diagram of the experimental setup.

H,O time-history concentration was measured by tunable
diode laser absorption spectroscopy using the Beer—Lambert
law

1/1y = exp(—Xu,00PL), 6]

where Iy is the initial laser intensity, [ is the transmitted laser
intensity, Xy,0 is the H>O mole fraction, L (cm) is the absorp-
tion path length of the sample, & (m%-mol~!) is the absorption
cross section of HyO at the laser frequency, which is defined
as

o = S(T)(P(V)mam ()

where @(v) . is the maximum of the line-shape function and

max
S(T) (cm™2-atm ™) is the temperature-dependent line strength
of the transition at temperature T (K). The S(7') can be ex-
pressed in terms of the known line-strength at a reference tem-

perature 7p as
- o(Ty) heE! (1 1
str) = s gy [ (7 )|

{ 1 —exp(—hevo/kT) }
1 —exp(—hevy /kTh) |’

3)

where ¢ (cm-s~!) is the speed of light, vy (cm™!) is the line
center frequency, i (J-s) is Planck’s constant, k JKY is
Boltzmann constant, Q(T') is the partition function of the ab-
sorbing molecule, and E” (cm™!) is the lower state energy of
the transition.

The line-shape function ¢, is given by the Voigt profile

—o0

o(v) = ., ¢p (1) oc (v —u)du. )
The Voigt profile can be characterized by the o parameter de-
fined as
In2A
o V2 5
AVD

where Avc (cm™!) is the full width at half maximum (FWHM)
due to collisional broadening, Avc is the product of the sum
of the mole fractions of each species and the system pressure
at constant temperature. The total collision width in a multi-
component environment can be expressed as

Ave = PinZ}/i. (6)

The collisional broadening coefficient %; (cm~!-atm=") can be
calculated with the following scaling relation:

%W(T) = n(To)(To/T)", ©)

where n represents the temperature-dependent coefficient. The
Avp (cm™) is the Doppler width, which can be calculated us-
ing

8kTIn2
. ®)

AVD =V

mc

In this study, the parameters such as S(7p), E”, and n were

taken from the HITRAN database[?%! for the water feature at

3920.09 cm ™!, the collisional broadening coefficient for argon

Yar = 0.0277x (296/T)°° (cm~'-atm~') measured in shock
tube experiments can be found in the literature.!>!

The temperature dependence of the cross-section o at the
measurement frequency (3920.09 cm~!) for H,O in argon at
2 atm is calculated by Eq. (2) and the results are shown in
Fig. 2. The temperature dependence around 1100 K is rela-
tively modest, which is advantageous in the present study of
hydrogen oxidation. Uncertanties of 1.2% and 0.7% in reac-
tion pressure and temperature lead to 0.5% uncertainly in H,O
concentration.

o
o
T
L

e
=

«
o

g
o

—_
=)

1200 1500 1800
Temperature/K

O L L L
300 600 900

Absorption cross-section/10719 cm2-mol~!

Fig. 2. Temperature dependence of the H,O absorption cross-section at
3920.09 cm ™! for H,0.

2.3. Mixture preparation

Test gas mixtures were prepared manometrically in a 40
liter stainless steel mixing tank by Dalton’s law of partial pres-
sure. The hydrogen was aerated into the vacuum tank, and di-
Iuted by oxygen and argon. The pressures of hydrogen and
oxygen were monitored through a capacitance manometer of
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the tank, and argon gas pressure was measured by a pressure
gauge. Two mixtures with highly diluted argon were studied in
this work: Xy, = 1%, Xo, = 1%, Xar = 98%, and Xy, = 0.5%,
Xo, = 1%, Xar = 98.5%. The reflected shock pressure was
2 atm and the temperatures were 1110-1282 K. The dilution
is sufficient so that the temperature rise due to heat release
throughout the time duration can be ignored.

2.4. Kinetic mechanism simulation

One objective of the current work is to use our measured
H,O time-histories during oxidation of hydrogen to evaluate
the performance of kinetic mechanisms. In this study, four
major independent mechanisms published since 2014 are con-
sidered and the details of these mechanisms are provided in
Table 1. Simulations of H,O time-histories were performed
using the Chemkin software.>”] A constant-volume (constant
U, V) and constant-internal-energy modeling constraint was
applied under reflected shock wave conditions in this study.

Table 1. Details of the hydrogen kinetic mechanism investigated in this
study.

No. Mechanism Ref. Update date  Species Reactions
1 AramcoMech 2.0 [10] 2016 12 34
2 CRECK [11] 2014 11 20
3 HP-Mech [12] 2017 11 26
4 San Diego [13] 2016 11 23

3. Results and discussion

Figure 3 shows a typical single-shot measurement result,
including reflected shock pressure, mid-infrared diode laser
signal, and the H>O time-histories. The time-history of the
H,O concentration was calculated from Egs. (1)—(8) based on
measured laser signal 7/Iy. In Fig. 3(b), the laser signal be-
fore the arrival of the incident shock is Ip. The typical data
were obtained in a 1% H,/1% O,/Ar mixture at initial con-
ditions of 1246 K and 2 atm. Two sharp rises in the pressure
trace are the arrival of the incident and reflected shock wave.
The reflected pressure is relatively flat in 1.2 ms. Time zero
is set as the arrival of the reflected shock wave. The pressure
fluctuation is less than £1.5%, and the estimated temperature
increase is less than 0.8%. The laser transmission histories
signal shows two sharp Schlieren spikes!*8! around time zero,
which coincide with the passage of the incident and reflected
shock waves. These two sharp peaks are caused by the de-
flection of the laser beam on the density gradients of a shock
wave front zone. In this work, we define the first-stage igni-
tion delay as the time spacing between the extrapolation of the
steepest rise in measured H>O concentration and the arrival of
reflected shock waves at the endwall, as shown in Fig. 3(c).
After a first-stage ignition delay of 280 us where chain car-
rier radials (H, O, and OH) were being accumulated, the H,O

concentration increased gradually. At about 400 us, the H,O
concentration reaches its maximum, indicating the termination
of the combustion reaction.

N
ut
o

Pressure/atm
-
b
St
T
—
B
&
1

LI/I,

d 1 1 1
0 0.2 04 06 08 1.0 1.2
Time/ms

H,0 mole fraction/%

Fig. 3. (a) Typical reflected shock pressure, (b) laser transmission sig-
nal, and (c) the time dependence of the H;O mole fraction for 1%
Hy/1% 0,/98% Ar mixture. T = 1246 K, P = 2 atm.

A systematic measurement related to the H,O time-
histories was performed behind the reflected shock wave
at different temperatures and equivalences. As shown in
Fig. 4, the combustion kinetic mechanisms were evaluated by
the experimental data. At an equivalence ratio of 0.5 and tem-
perature at 1170 K (Fig. 4(a)), the first-stage ignition delay
time of CRECK fits well with the measurement data, but this
mechanism over-predicts the H,O time-history formation pro-
file. By contrast, the San Diego, AramcoMech 2.0, and HP-
Mech mechanisms over-predict the first-stage ignition delay
time, while the H,O time-history formation profiles of San
Diego and AramcoMech 2.0 mechanism fit well with the ex-
perimental data. At an equivalence ratio of 0.5 and temper-
ature at 1246 K (Fig. 4(b)), and at an equivalence ratio of
0.25 (Fig. 4(c) and Fig. 4(d)), the CRECK mechanism under-
predicts the first-stage ignition delay time and over-predicts
the H,O time-history formation profile. The HP-Mech over-
predicts the first-stage ignition delay time and under-predicts
the H,O time-history formation profile. The simulation results
of San Diego and AramcoMech 2.0 mechanisms fit well with
the first-stage ignition delay time and the H,O time-history of
the experiment, with AramcoMech 2.0 being more consistent.

According to the comparison between the measured data
with the simulation results of mechanisms under all exper-
imental conditions, the performance of CRECK, HP-Mech,
and San Diego mechanisms is unsatisfactory, while the Aram-
coMech 2.0 mechanism performs best. The simulation dis-
crepancy between these four mechanisms may come from the
difference in the reaction pathways, which is determined by
the rate constants of the important reactions. Pathways analy-
sis is carried out to further explain the discrepancy.
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Fig. 4. Measured and calculated H,O time-histories at different conditions.

H

(+05)34.59%

+
o
~
+
O
=
w
=
N
N (=)
X
3
N
3
ut
X

H2 -‘rOg) HOZ

(+H/+0)80.67%

(+0)14.94% \

(a) CRECK

(+05)38.54%

e

+0 HO,

(+H/4+0)75.58%

N

(c) AramcoMech 2.0

(+02)41.18%
(+O2 HO(+02)

(+H/4+0)69.30%
H

(+0,)40.60%

—

~

+O2) HO2

(+H/+0)82.38%

(+0)12.80%

&
.,

(d) HP-Mech

Fig. 5. Time-integrated element flux analysis of hydrogen at 7 = 1170 K, P = 2 atm, and @ = 0.5. The values are the conversion

percentages of H.

To understand the combustion controlling the H,O for-
mation during the combustion of hydrogen, reaction pathway
analysis was carried out to investigate the important reaction
pathways of H,O formation. A time-integrated H element
flux analysis method!?®! was employed to analyze the reac-

tion pathway. An in-house package is developed and coupled
with CHEMKIN libraries to post-process the results of kinetic
simulations. Reaction pathway analysis of the four mecha-
nisms was conducted at 7 = 1170 K, P =2 atm, and ¢ = 0.5

to confirm the controlling steps. The percentage of the con-
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versions is defined as the percentage of the flux of element H
atom from one species to another with respect to the total flux
of H. As shown in Fig. 5, H-abstraction by O and OH rad-
icals is the dominated pathway consuming hydrogen by two
reactions: H, +O = H+ OH and OH+ H, = H+ H,0, sub-
sequently, the generated H radicals are primarily consumed
by three paths: H4+0, =0+ OH, H+OH+M =H,0+ M,
and H+ O;(+M) = HO2(+M). The major difference of these
pathways in these mechanisms is the conversion rate from H
to H,O by the reaction H+ OH +M = H,O0 + M. In CRECK,
the conversion rate is 21.67%, while in San Diego it is 19.03%.
This value decreases to 12.40% and 9.46% in AramcoMech
2.0 and the HP-Mech mechanism, respectively. As the con-
version rate of reaction H+ OH+M = H,O +M decreases,
the predicted H,O time-history formation profile decreases
and first-stage ignition delay increases. The CRECK mecha-
nism that over-predicts the measured H>O time-history forma-
tion profiles has a higher conversion rate, while the HP-Mech
mechanism which under-predicts the measure H,O time-
history formation profiles has a lower reaction conversion rate.
Based on the above discussion, we can conclude that the differ-
ent conversion rate of the reaction H+ OH+M = H,O+M
among these mechanisms induces the different prediction re-
sult.

4. Conclusions

Time-histories measurements of H,O are investigated
during the highly dilute oxidation of hydrogen in reflected
shock tube experiment carried out at the temperature 1170-
1282 K, the equivalence ratios of 0.5 and 0.25, and pres-
sure around 2 atm. A fixed-wavelength strategy was applied
to measure the H,O time-history using tunable diode laser-
absorption spectroscopy in the mid-infrared near 2.55 pum.
Measured time-histories of HyO were evaluated with four in-
dependent hydrogen reaction mechanisms agreed in the last
four years. The performances of CRECK, HP-Mech, and San
Diego mechanisms are unsatisfactory, while only the Aram-
coMech 2.0 mechanism agrees well with the experimental data
in the investigated conditions. Further reaction pathway anal-
ysis indicates that the reaction H+OH+M = H,O + M is the
key reaction in controlling the H,O formation during the oxi-
dation of hydrogen. It is inferred that different performance on
H,O time-history predictions among these four mechanisms
is due to the discrepancy of the reaction pathways, which is
determined by the rate constants of the important reactions.

Current results confirm the feasibility of H,O time-history
measurements for future development of combustion kinetic
mechanisms.
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