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ABSTRACT

The thermal decomposition of ethanol has been studied under pyrolytic conditions behind reflected
shock waves in the 1250 to 1677 K temperature range, at an average pressure of 1.31 atm for a
mixture highly diluted in Ar. A laser absorption technique was utilized to measure H,O time-
histories, and the detailed kinetics mechanism (Aramco2.0) was selected among various models
from the literature based on its a priori agreement with the experimental data in the present study.
Sensitivity and rate-of-production analyses were performed and showed that the
C,HsOH—C,H4+H,0 (R1) decomposition pathway is almost the sole reaction contributing to H,O
formation at the early times under the present conditions, allowing an a priori direct measurement
of its rate coefficient k;. The rate coefficient was determined to be defined as the Arrhenius
equation & (s) = 3.37x10"" exp (-27174 K/T), which is in very good agreement with (Kiecherer
etal., Proc. Combust. Inst. 35 (2015) 465-472) where k; was also directly determined under similar
conditions. Secondary chemical reactions taking place in the thermal decomposition have very low
influence in the H,O formation during the time-frame selected, leading to an uncertainty for k; of
approximately 20%. The full H,O time histories under oxidation conditions at 0.5, 1.0 and 2.0
equivalence ratios were measured to validate the full ethanol detailed kinetics mechanism. The
rate coefficient found in this study was utilized in the Aramco 2.0 model and was compared against

experimental data and well-known detailed kinetic mechanisms.
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NOMENCLATURE

ST Shock Tube

(0] Equivalence Ratio

ki Rate Coefficient

Tign Ignition Delay Time

MT Mixing Tank

P Static Pressure

t Time

T Static Temperature

ROP Rate-of-Production

RMS Root mean square roughness

1 Transmitted intensity

Iy Incident intensity

ky Absorption coefficient (cm™atm™)

Pabs Partial pressure of water

L Path length

TDL Tunable diode laser

S(T) Linestrength

NV-1,) Lineshape

Ori Stoichiometric coefficient for the reactions
qi Rate of progress of the I gas-phase reaction



Subscripts

1 Initial condition of the driven section of the shock tube at t = (0
2 Condition behind the incident shock wave
3 Condition in the driver section behind the contact surface and the

expansion wave
4 Initial condition of the driver section att =0

5 Condition behind the reflected shock wave in the driven section
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1. INTRODUCTION

To reduce CO; emissions responsible for global warming and/or oil dependency, many countries
rely more and more on the use of biofuels in the transportation sector. According to the
International Energy Agency [1], the use of biofuels will rise from 1.3 million barrels of oil
equivalent per day (mboe/d) in 2010 to 4.5 mboe/d in 2035. Among these biofuels, ethanol,
C,Hs0H, is the most widely used [2]. Still according to the International Energy Agency, ethanol
production will increase from 1 mboe/d in 2010 to 3.4 mboe/d in 2035. Nowadays, ethanol is
mixed up to 20% in gasoline in the U.S., 85% in Europe (E85), and it is even used pure in Brazil,

with minor engine modifications [3].

The large usage of ethanol as a transportation fuel can be explained by the fact that it is easily
produced from renewable sources. Ethanol is primarily produced from the fermentation of sugar
and starches. One can mention notably sugar cane in Brazil and (mostly) corn in the USA (these
two countries being the 2 largest ethanol producers [4]). Note that intensive research is currently
being carried out to produce ethanol from other renewable sources. For instance, lignocellulose is
currently considered [5,6] as it does not compete with food production, like corn. A more extensive

discussion on the sustainability of ethanol production can be found in the paper of Sarathy et al.

[4].

From a transportation fuel standpoint, the physical and combustion properties of ethanol are very
suitable for spark ignition (SI) engines. This suitability has been known for more than 85 years, as

visible in the pioneer work of Ricardo [7]. Ethanol is an octane and a sensitivity (RON-MON



value) enhancer, which helps in preventing engine knock [8]. Fuels that are not prone to auto-
ignition are highly desirable for SI engines since they allow advancing of the spark timing and
increased engine efficiency [4]. In addition, when mixed with gasoline, ethanol increases the flame
propagation in a SI engine [9], which enhances combustion stability and improves engine

efficiency. Finally, the addition of ethanol has been shown to decrease soot formation [10].

These benefits of ethanol as a fuel or a fuel additive triggered various research studies to
understand the details of its combustion chemistry. Notably, important combustion parameters for
engine combustion such as ignition delay time [11-19] and laminar flame speed [20-32] were
investigated over the past few years. Fundamental speciation data have also been taken in a large
variety of apparatuses such as flow reactors [33-39], jet-stirred reactors [40-42], shock tubes [43],
micro-flow reactors [44], and various kind of flames [45-50] to further refine models. In addition,
an extensive amount of work has focused on a few specific reactions in experimental and

theoretical studies [38,51-56].

There is a consensus in the literature that the reactivity of ethanol is essentially initiated by the

following endothermic decomposition pathways [38,51-57]:

C,HsOH—C,H,+H,0 (R1)
C,HsOH—>CH;+CH,OH (R2)

C2H5OH—)C2H5+OH (R3)



It is also established that R1 is the dominant reaction pathway over a large range of conditions
[52,54,56]. The rates of the reactions R1-R3 have been studied experimentally in shock tubes [54-
58], but it is worth mentioning that these experimental studies only inferred the rate coefficient of
ki, whereas k; was a priori measured directly in the study of Kiecherer et al. [56] only. In this
latest study, the concentration-time profiles of several species were recorded using time-of-flight-
mass spectrometry and they determined that the H,O concentration is very weakly influenced by
reactions other than k; at early times. By using the early times of the slope of the H>O concentration
time history profile, they were able to determine k; directly. The reaction rate determined
experimentally was in very good agreement with the value they calculated using RRKM theory,
and it is in relatively good agreement with other experimental data measured under similar
conditions, as can be seen in Fig. 1. However, while this recent measurement was a priori direct,
the error margin for k; was estimated to be = 40% due to the scatter in the data induced by their

measurement technique.



6
1x10 ?: Experimental data
J ° X Li et al. [38],1.7-3.0 atm
. \ > Kiecherer et al. [56]
5 + 1.1 bar
1x10 _g' + v Herzler et al. [58]
3 +\ 1.5-2.0 bar
i 3 Sivaramakrishnan et al.
7] ,0.95-1.28 bar
. \ .%' " [541,0.951.28b
1x10" o NN O Wu et al.[55],0.99 atm
- AN + Park et al, [52],1 atm
. L N&
= N
. 1x10° NIV Y
- * \\
- AN \
Theoretical data .
1x102 _ Lietal. [38] iR %
1.01 bar AN
__ Kiechereretal. [56] \
1.1 bar . \
1 ___Herzler et al. [58] N\
1x10 1.5-2.0 bar NN\
_______Sivaramakrishnan et al. "L
[54],1.0 atm N X%
1 — — Wu etal. [55],1 - 2.05 bar AN >§(
— - - Xu et al. [49],1atm
I ' I ' I ' I ' I '

5 5- 6 6. 7 7- 8 8. 9 9-5 10
10000 K/ T,

Figure 1: Arrhenius plot of experimental and theoretical studies for k;. Symbols represent experimental data

and lines the theoretical calculations.

Due to the large importance of R1 in ethanol combustion chemistry, a direct measurement of its
rate coefficient k; with a lower error margin and over a larger range of temperatures would be
beneficial to further refine detailed kinetics models. To this end, H,O time-histories during ethanol
pyrolysis were measured behind reflected shock waves using laser absorption in the present study.

Such a technique presents a signal/noise that is advantageous compared to the scattered data



obtained in [56]. In addition, the time resolution of the laser measurement and sampling rate of the
digital oscilloscope used in the author’s laboratory at Texas A&M University (1 MHz) are 1.2
times higher than the technique used by Kiecherer and coworkers. It is therefore expected that the
present experimental setup allows for measuring k; with a lower error margin. In addition to using
the shorter times of the H,O histories to determine the rate coefficient k;, the profiles are also
useful for validating complete chemical kinetics mechanisms over the entire duration of the
experiment. To help further in validating the models, in addition to the pyrolysis experiments
mentioned above, the H,O profiles for mixtures of ethanol at three equivalence ratios (0.5, 1.0,
and 2.0) were also studied. Models were similarly assessed against these oxidation data, and a
modern mechanism updated with the new reaction rate for k; measured with the pyrolysis data will

also be used.

First in this study is a description of the shock-tube and laser-absorption diagnostic used to measure
H,0O time-histories from ethanol pyrolysis. The methodology employed to perform an a priori
direct measurement of &; is then detailed, and a rate coefficient for k; is measured from the new
experiments. This rate coefficient is then discussed and compared to literature values. After this
discussion, the oxidation data are presented and compared, along with the pyrolysis data, with
detailed kinetics mechanisms. Finally, a numerical chemical analysis is conducted to explain and

understand the results presented herein.



2. EXPERIMENTAL APPARATUS AND NUMERICAL TOOLS

2.1 Shock Tube

A single-diaphragm, stainless-steel shock tube was used to measure water time-history profiles
behind reflected shock waves by using the laser absorption technique for mixtures of ethanol
highly diluted in Ar. The driven section of the shock tube is 16.20-cm i.d., 6.78-m long (304
stainless steel, with a 1.27-cm wall thickness), whereas the driver section is 7.62-cm i.d., 3.00-m
long (SAE 4340 forged steel, with a 1.27-cm wall thickness). A schematic of the shock-tube setup

is provided in Fig. 2.

Driver Section (3 m) Driven Section (6.78 m)
High-Vacuum :]
System Sidewall and Endwall 1
Measurements \

Driver Gas

Diaphragm \ N\V4
Location t]

Counters for Shock
velocity

Figure 2: Schematic of stainless steel shock tube, displaying main sections.

More details on the shock tube are available in J. E. Vivanco [71]. The inside of the driven section
was polished to a surface finish of 1 pm root mean square roughness (RMS) to minimize boundary

layer growth. Shock wave speed was measured using five PCB P113A22 piezoelectric pressure



transducers alongside the driven section. These transducers were mounted flush with the inner
surface, with a well-known spacing between them. The incident shock wave velocities were
determined using signals delivered by these transducers and four Fluke PM-6666 timer/counter
boxes. The incident wave speed was determined using a curve fit of these velocities and

extrapolated to the endwall location.

Post reflected-shock conditions were obtained using this extrapolated wave speed in conjunction
with one-dimensional shock relations and the initial conditions at the test region. This method was
proven to maintain the uncertainty on the temperature determination behind reflected shock waves
(Ts) below 10-15 K [59]. Test pressure was monitored by a Kistler 603 B1 transducer located at
the sidewall, in the same plane as the CaF, observation windows, located 16 mm from the endwall.
Non-ideal boundary layer effects measured by the change in pressure (dP/dt) behind the reflected
shock wave were determined to be less than 2% per ms for all experiments. Due to the dilution
level used, these non-ideal effects are essentially due to the facility and can be associated with the
growth of boundary layers, not to the heat released by the reactivity of the mixture. The
corresponding increase in temperature for these dP/dt levels would be less than 10-15 K for the
longest test times reported here and therefore does not have a noticeable impact on the results

herein.

Experiments were performed at around 1.3 atm, under pyrolysis and for three equivalence ratios
(¢) of 0.5, 1.0, and 2.0. Polycarbonate diaphragms, 0.25-mm thickness, were used, and a cross-
shaped cutter was employed to facilitate breakage of the diaphragm and prevent diaphragm

fragments from tearing off. Helium was used as the driver gas during this study, but a small fraction



of air was introduced in the driver for the lowest temperatures investigated herein, to extend the

test time.

Prior to every run, the driven section was vacuumed down to 2x 107 Torr or better using a roughing
pump and an Agilent Turbo-V1001 turbo molecular pump, backed by an Agilent DS402 pump.
The pumping time between experiments was minimized using a pneumatically driven poppet valve
matching the inside diameter of the driven section and allowing for a passage of 12.7-cm diameter
between the vacuum section and the driven tube. The pressure is measured using two MKS
Baratron model 626A capacitance manometers (0-10 Torr and 0-1000 Torr). Test mixtures were
prepared manometrically in a mixing tank of 1.52-m length made from stainless steel tubing with
a 15.24-cm ID. The pressure in the mixing tanks was measured using a Setra GCT-225 pressure
transducer (0-17 atm). The mixing tank is connected to the vacuum system and can be pumped
down to pressures below 1x10° Torr. The gases (O, and Ar) were both ultra-high purity (99.999%)
and purchased from Praxair. Ethanol (99.5%) was purchased from Sigma Aldrich. The ethanol
was introduced first into the mixing tank via a vial connected to the shock-tube manifold. The
liquid fuel was degassed several times prior to being introduced into the mixing tank, and the vapor
pressure of ethanol introduced into the tank was kept at 50% or less of the saturating vapor
pressure. The gases were passed through a perforated stinger traversing the center of the mixing
tank to allow for rapid, turbulent mixing. To further ensure homogeneity through diffusion
processes, mixtures were allowed to rest for at least 45 min prior to making the first run. No
difference in the results was observed for longer mixing times. Conditions investigated during this

study are provided in Table 1.



Table 1: Conditions investigated for pyrolysis and oxidation of ethanol.

% o o Equiv. Pressure Temperature
C,HsOH %0 Oy % Ar ratio Measurement (atm) (K)
1.23-1.41 1250 - 1677
0.75 0 99.25 o' H,O
0.107 0.643  99.25 0.5 1.34-1.43 1298 - 1513
0.1875  0.5625 99.25 1.0 H,O 1.34-1.42 1313 - 1486
0.30 0.45 99.25 2.0 1.31-1.38 1426 - 1613

All of the data signals were recorded through a 14-bit GageScope digital oscilloscope with
sampling rates of 1 MHz or greater per channel. All of the simulations within this study were
performed using the Chemkin Pro package from Reaction Design [60]. The computation was made
using the Closed Homogeneous Reactor model, along with the Constrain Volume and Solve
Energy Equation problem type. Specific details on the mechanisms employed to compare with the

data are provided later.

2.2 H,0 Laser Diagnostic

To study the formation of water during ethanol thermal decomposition and combustion, a laser
absorption technique was used. The laser light was generated at 7203.890 cm™ (1388.139 nm) by
a Toptica Photonics DL100OL tunable diode laser with a linewidth of ~1 MHz to a to probe the
55,155 transition of H,O in the fundamental v,+v; band. The wavelength of the laser was
monitored by a Burleigh WA-1000 wavemeter with an uncertainty of +£0.0005 nm during the
course of an experiment and was controlled by a temperature and current controller (Toptica

Photonics DC110). Typical operating conditions for the laser were 20.0°C and 98 mA. The



incident (/y) and transmitted (/) laser intensities were measured using a pair of Newport 2317NF
photodetectors, allowing for the transient water concentration within the shock tube to be
calculated using the Beer-Lambert relation, 7/I)=exp(-k,PapsL) (With £, the absorption coefficient
(cm™atm™), P the partial pressure of water (atm), and L the path length (16.2 cm, corresponding
to the inner diameter of the driven section). The absorption coefficient kv is the product of the

lineshape and linestrength. A schematic of the optical setup is visible in Fig. 3.

Iris and BP filter

I detector

RSW —
<« Reacting gases

50/50 BS_ ! '/
Mi I
1
Laser N | ! detector
1 1

To wavemeter I 90/10 BS

N,-flooded
environment

Figure 3: Schematic of the laser diagnostic used during this study.

The detector signals were sampled via a digital oscilloscope at 1 MHz using common-mode
rejection through a low-noise differential preamplifier (Stanford Research Systems model 560).

Both detectors were fitted with a bandpass filter centered at 1384 nm with a full width at half

10



maximum of 10 nm. The measured portion of the laser beam path was purged with N, to avoid
any interference with water from the ambient. The laser beam path was placed into an in-house

made Lexan box equipped with a hygrometer, as can be seen in Fig. 4.

Incidentyside (1)

Figure 4: Shock-tube laser diagnostic setup.

The reactions taking place in these experiments caused noticeable temperature changes over the
2-3 milliseconds of test time. The computed temperature was increased by up to 130 K for the
stoichiometric condition, and decreased by up to 50 K for the pyrolysis case, according to the
Aramco 2.0 model [69]. A correction was therefore applied to the absorption coefficient for each
measurement since k, is a strong function of temperature (k,=S(7)#(V-Vy)). To quantify the
corrections applied, it is worth noting that this temperature decrease caused a ~7% rise in k.
Linestrength S(7) is obtained from the HITRAN spectroscopic database [61] and the lineshape

#V-1,) is given by the Voigt profile, as approximated by the expression from Whiting [62]. The

11



Voigt profile is the convolution of thermal and collisional broadening effects. Lineshapes were
calculated according to Nagali et al. [63]. These broadening effects are functions of temperature
and species concentrations. The simulated temperature rise was therefore used to calculate a
transient absorption coefficient profile, which was then applied to the raw data to obtain a water
time-history, as previously described in Mathieu et al. [64]. Uncertainties in the measurements are
essentially due to the uncertainty in the temperature determination. The detection level ranged
from 0.9 to 1.9% absorption, and the estimated accuracy on water concentration is between 5 and
6%. The dilution level used herein (99.25% Ar) was selected to have a good balance between the
detection level and the exothermicity. Blank runs with Ar were performed between experiments

to ensure no residual amount of water could be detected.

2.3 Sensitivity Analysis

During this study, the sensitivity analysis from Chemkin Pro [60] was used to determine the
important reactions driving the formation of H,O under our experimental conditions. The
sensitivity analysis consists of the determination of o, the sensitivity coefficient for every single
reaction of the detailed kinetics model used for computational simulations. In Chemkin Pro, the
sensitivity analysis considers the first-order sensitivity coefficients of the H;O mole fraction with
respect to the reaction rate coefficients [65]. The calculation is done for every single reaction by
the software corresponds to the partial derivative of the natural logarithm of the H,O concentration

with respect to the natural logarithm of the reaction rate of the considered reaction.

9 In[H,0]
aln [K,]

12



With [H,O] the mole fraction of H,O, and K is the rate constant of the considered reaction i. More

details about the sensitivity analysis are available in the Theory Manual, accessible online [65].

2.4 Rate of Production Analysis- ROP

After the sensitivity analysis, the rate-of-production (ROP) analysis was used to understand better
the chemistry behind the formation of water during our experiments. As indicated in the Chemkin
Pro manual [65], the rate-of-production analysis determines the contribution of each reaction to

the net production or destruction rates of a species (water in the present case).

The modeling of the shock-tube results was performed under the assumption of a 0-D
homogeneous system. For such system, the molar production of a species per unit volume, Py, is

given by:

1
P = Z Ikiq;
i=1

Where 9y; is the stoichiometric coefficient for the reactions and g; the rate of progress of the /
gas-phase reaction. The contribution to the ROP of species k from reaction i is therefore Cy; =
Ikiq;i- The reactor model computes normalized values of the reaction contributions to the species
production and destruction rates. The normalized production-contributions for gas-phase reactions
are visible in the Chemkin manual [65]. Note that during our simulations, the above calculations
were performed at every time step, set to 1 us, to match the data acquisition frequency of the

experimental set-up.

13



3. REACTION RATE DETERMINATION METHOD

As shown later, and in agreement with Kierecher et al. [56], the selection of the initial ethanol
mechanism is not very important for the pure determination of k; because R1 is almost not
influenced by secondary reactions at early times. However, since many other reactions are
involved in H,O formation during the time-frame of the present experiments, it is important to
select the most-accurate mechanism over the full time scale of the experimental data, so it can be
used as a base to refine the ethanol chemistry and estimate the influence of the secondary reactions
on the determination of k. To this end, the H,O profiles obtained experimentally during this study
were compared to a variety of detailed kinetics mechanism from the literature. Namely, the
classical model from Marinov [51]; the ethanol mechanisms from Cancino et al. [15] (referred to
as Cancino hereafter); Leplat et al. (Leplat) [42]; the gasoline surrogate model from Mehl et al.
[66] (LLNL); and the base hydrocarbon mechanisms from Politecnico di Milano (Ranzi et al.

[67,68], (CRECK)), and from National University of Ireland Galway (Aramco2.0) [69].

Some representative H,O time-history profiles and their comparisons with the aforementioned
detailed kinetics models are visible in Fig. 5. As can be seen, the Marinov, Leplat, and Aramco2.0
mechanisms offer good predictions overall, under the current experimental conditions, whereas
the Cancino, LLNL, and CRECK models demonstrate large discrepancies with the present data.
Among the most-accurate models, Aramco2.0 provides better predictions at earlier and, especially,
later times, where both Leplat and Marinov over-estimate the amount of water. The Aramco2.0
was therefore selected as the base mechanism for this study. Note that more experimental profiles

are compared with models in the Appendix section.

14
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Figure 5: H,O time-history profiles for the pyrolysis of 0.0075 C,HsOH in 0.9925 Ar and comparison with

detailed kinetics models from the literature.

The Aramco2.0 mechanism was then used to perform sensitivity and rate-of-production (ROP)
analyses for H,O. Figure 6 shows the results of the sensitivity analyses for the highest and lowest

temperatures investigated herein. The rate-of-production analyses at these temperatures confirmed
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the domination of R1 for water formation under the present experimental conditions, and they are
visible in Figure 7. These analyses show that R1 is, by far, the most sensitive reaction under the
present conditions, especially during the earlier times (i.e. the first 50 ps at higher temperature to
the first 100 ps at lower temperature). The ROP analysis also confirms that H,O and C,H4 are, by
a large margin, the main products of the decomposition of ethanol at the beginning. The
endothermic reaction R1, C;HsOH S C,Hs+H,0, is therefore the dominant pathway for H,O
production, which is in agreement with Kiecherer et al [56]. Moreover, the sensitivity analysis
shows that, among the top five most-sensitive reactions, none is forming water directly after R1.
The analysis at 1250 K, for instance, shows the most-sensitive reactions to be in order of

importance:

C,HsOH S CoH,+H,0 (R1)
C,H4+OH S C,H;0H+H (R4)
C,HsOH+H S SC,H4OH+H, (R5)
C,HsOH S CH3+CH,OH (R2)

C,H;0H S CH;CHO (R6)

Whereas the sensitivity analysis at 1677 K leads to the following results:

C,HsOH S CH +H,0 (R1)
C,HsOH S CH3+CH,OH (R2)
C,HsOH+H S PC,H,OH+H, (R7)
C,H4+OH S PC,H,OH (RS)

C,HsOH+H S SC,H,OH+H, (RS)

16



Despite the fact that both sensitivity and ROP analyses present some differences at the

extremes of the temperature range investigated, the reaction C;HsOH S C,Hs+H,O (R1) has

the strongest influence, leading one to believe that the secondary reactions have very low to no

influence in the H,O formation at early times. This point is further detailed later during the

error uncertainty analysis.
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Figure 6: Sensitivity analysis on H,O at 1250 and 1677 K with the Aramco2.0 mechanism for a mixture of

0.0075 C,HsOH in 0.9925 Ar.
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Figure 7: Rate of Production (ROP) analyses for H,O at 1250 and 1677 K with the Aramco2.0 mechanism

for a mixture of 0.0075 C,HsOH in 0.9925 Ar.

Once it has been confirmed that k; dominates the formation of H,O at early times, a value for its

rate constant was manually assigned into the Aramco 2.0 model for each experiment through an

iterative process until the best fits for the early times of the H,O time histories were found. Some

examples of the best fit assigned to the experimental profiles are visible in Fig. 8 and in the

Appendix section. The value of the rate constant of k; determined to fit one experimental profile

was then registered, and the same procedure was performed for each temperature and pressure

condition investigated herein. The experimental rate constants for k; at each corresponding

condition (pressure and temperature behind the reflected shock waves) are provided in the next

section.
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4. RESULTS AND DISCUSSION

4.1 Rate Coefficient

Each value of the rate constant of k; was then plotted on an Arrhenius graph (Fig. 9), and the rate

coefficient for the main reaction R1 was determined by finding the best fit to the rate constant

graph. That fit was found to be exponential, and present a good R* value (0.99). Values of k; can

be seen in Table 2. The rate coefficient determined from the results in Fig. 9 is:

ki (s)=3.37x10"exp(-27174 K/T)

Table 2: Rate coefficients k; determined from the early times of the H,O profiles and associated

experimental conditions for a mixture constituted of 0.0075 C,HsOH / 0.9925.

Ts (K) Ps (atm) ky (s
1250 1.25 105
1277 1.23 150
1294 131 315
1312 1.41 350
1321 1.33 400
1369 1.34 600
1389 1.33 1100
1389 1.37 1300
1392 1.32 1193
1432 1.33 2000
1453 1.28 3200
1487 1.29 3865
1521 1.31 6500
1538 1.28 9235
1579 1.28 10000
1651 1.30 20000
1677 1.28 26500
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An example of the performance of the Aramco2.0 mechanism with the value of k; determined in
the present study is visible in Figures 5 and 8. Note that predictions are still very good, if not better
for longer test times (lower temperatures), despite the change in the rate coefficient of k;. This
result is due to the good selection of other important reaction rates past the first 100 ps within the

Aramco2.0 model.

g [C2H50H = CoHg + H20]
@ This study

1.0x10* E () o Kiecherer et al., 2015
‘:@ .
* 1.0x10° 3
1.0x10%

- [ ' I ' I ' I ' I

6 6.5 7 7.5 8

10000 K / T,

Figure 9: Arrhenius plot of the reaction rate coefficient k;. Solid circles represent experimental data. Line

represents exponential fit, k; rate coefficient.
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4.2 Uncertainty of the Analysis

To estimate the uncertainty on the rate coefficient k; determined in the present study, different
possible sources that could lead to errors in the measurements were investigated. As mentioned
before, the temperature behind the reflected shock wave is estimated within 10 K, so the impact of
a +10 K variation in the initial temperature was investigated. As can be seen in Fig. 10a, a +10 K
variation at the lowest temperature investigated does change the predictions for times longer than
50 ps. At 100 ps, the +10 K variation induces a change in the amount of water formed by +20%.
For the highest temperature investigated, where much more water is formed at 40 ps, the impact
of this £10 K variation is much lower, (2.4 and 2.7%). This small variation is not shown in Fig.
10b for readability purposes. Note that the use of a dilute, pyrolytic mixture does not induce an
increase in pressure during the course of an experiment. However, non-ideal boundary-layer
effects cannot be fully eliminated, and they often can be gauged by changes in pressure (dP/dt)
behind the reflected shock wave. Thanks to the large diameter of the shock tube herein and the use
of Ar as diluent, dP/dt was determined to be less than 2%/ms for all experiments. Since k; was
determined within the first 40-100 ps (depending on the temperature) of the observation time
(around 2000 ps with He as driver gas), these non-ideal boundary-layer effects were considered

negligible in the present study.
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Figure 10: Influence on the water profiles of the uncertainty on the temperature and of the uncertainties in
the rate coefficient of the most-sensitive reactions for water formation (after R1). Plot on the left (10.a)

shows the uncertainty at 1250 K. Plot on the right (10.b) shows the uncertainty at 1677 K.

As seen in Fig. 6, the H,O profile is sensitive to other reactions after a few tens of microseconds.
The impact of these reactions (R2, R4-R8) on the computed water profile was investigated by
individually changing their rate coefficients within their stated uncertainties. Two examples are
given below, for R2 (C;HsOH S CH3+CH,OH) and R4 (C,H4+OH S C,H30OH+H), the two most-
sensitive reactions for H,O formation after R1, at the highest and lowest temperatures investigated
herein, respectively (Fig. 6). The rate coefficient of R2 used in the Aramco2.0 model comes from
the study of Sivaramakrishnan et al. [54]. The uncertainty in their rate coefficient of R2 is not
clearly stated, but since experimental and theoretical results agreed well, a conservative 30%
uncertainty on R2 was employed for the comparison calculation. The same uncertainty was applied

for R4, originally coming from the study of Senosiain et al. [70].
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As can be seen, for the lowest temperature investigated, (Fig. 10a), changing both reaction
coefficients by a factor 1.3 does not modify the predictions of the Aramco2.0 model using the
value of k; determined in the present study, for at least 100 us. For the highest temperature
investigated, Fig. 10b, changing both reactions by a factor 1.3 leads to a discernable effect in the
model predictions after 20 ps. At 40 ps, varying R4 by a factor 1.3 induces a change in the amount
of water formed by 3% or less. For R2, the most sensitive reaction after R1 at high temperature,
such change in its reaction coefficient leads to changes in the predictions by less than 5%. Note
that one can discern the effects of the changes in R2 and R4 (and in R5-R8) on the predicted H,O
profile for temperatures above 1500 K only. It can be concluded that the rate coefficient
measurement of k; is free of the influence from other reactions over most of the temperature range

investigated, and that influence is limited at high temperature.
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Figure 11: Influence on the water profiles of the uncertainties in the rate coefficient of the most-sensitive

reactions for water formation (after R1).

The same procedure was applied to the less-sensitive reactions, R5-R8, and the results of these
analyses are visible in Figure 11. Overall, the influence of these reactions is still negligible on the

lower-temperature side, whereas the effect is visible, although to a lesser extent than R2, on the
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higher-temperature side. The uncertainty in the present measurement of k; was therefore estimated
to be between 20% at lower temperature (due to the 10 K uncertainty) and less than 15% on the
higher- temperature side (calculated by combining the individual uncertainties due to each rate in
a sum-of-squares fashion). The overall, conservative uncertainty in the reaction rate coefficient of

k1 determined herein is therefore estimated at 20%.

4.3 Rate Coefficient Comparison with Literature Data

Data from the present study are compared to literature results in Fig. 12. As can be seen, the current
study is in overall good agreement with Kiecherer et al. [56], Park et al. [52], and Wu et al. [55]
which all have been obtained under similar pressure conditions. Good agreement was also reached
with the data of Sivaramakrishnan et al. [54] for the few data points obtained at around 1 atm. In
more detail, while the present data agree very well at high temperature with Kiecherer et al. [56]
and Park et al. [52] , some discrepancy can be observed for lower temperatures. For example, for
the lowest temperature investigated in these studies, the present data are 35% and 50% slower,
respectively. The activation energy between the current data and the ones from Wu et al. is very
similar, but the present data are lower by about 35%, despite being measured at slightly higher
pressure (k; has demonstrated some pressure-dependence in other studies [38,54-56]). It is worth
mentioning that the 2 direct measurements of ki, i.e. our study and Kiecherer et al. [56], were
obtained with different techniques and yet yield very similar results over the range of temperatures
they share (Fig. 9). Note the small discrepancy at lower temperatures between the two studies.

This minor discrepancy is most likely due to the scatter induced by the technique used in [56].
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In addition, the experimental k; value herein is in agreement with some of the theoretical reaction
rates found in the literature [54,56]. However, this study has shown high differences with
theoretical calculations such as Xu et al. [49] at 1 atm, and the extrapolated calculations of Li et
al. [38] at 1.01 bar. Despite finding good agreement between this study and well-known studies in
the literature, it is important to indicate that there are still high variations within existing reaction
rates in the scientific literature and even seemingly small variations in k; can have a great impact
on the predictions of the mechanisms, as can be seen by comparing the predictions of the
Aramco2.0 model with the predictions of the same model with the present value of &, (Figs. 5 and

8).
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Figure 12: Arrhenius plot of literature studies compared to this study. Symbols represent the experimental

data, lines represent theoretical values.

A key issue with R1 is associated with its high-pressure dependency [38,54,56], and it visible that
the pressure dependence varies greatly between two studies. For example, the value of k/k. at

1450 K, with k determined at 1 atm, is 1.65 times higher for Sivaramakrishnan et al. [54] than for
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Li et al. [38]. These differences are discussed in detail in [54]. More data at higher and lower
pressures would be necessary to characterize experimentally the pressure behavior of k; and
confirm the theoretical calculations. However, since the rate coefficient for k; determined herein
is in good agreement with the one determined with another technique in [56], we can assume that
this value of &; can be taken as a reference for the conditions investigated herein. It is visible in
Fig. 12 that our rate constant is very close to the one proposed by Sivaramakrishnan et al. [54]
(note that the rate coefficient of k; for [54] is plotted for a slightly lower pressure of 1 atm). We
therefore believe that the pressure dependence described in [54] should be adopted in modern
mechanisms, but with a slight adjustment in the rate coefficient to take into account the slight
difference observed for k; from Sivaramakrishnan et al. [54] and the rate proposed herein (which

is, again, in agreement with the measurements of Kiecherer et al. [56]).

4.4 Effect of the Calculated k; on Oxidation Condition

The comparison between the pyrolysis data and the predictions of the Aramco 2.0 model with the
reaction rate coefficient for k; determined herein is visible in Fig. 5. Concerning the oxidation
results, it is worth noting that the experimental profiles show a growth in the water concentration
in two stages (Figs. 13-15 and additional comparisons are in the Appendix section). The first stage
starts very rapidly, at time zero, and can lead to a pseudo-plateau for the lowest temperatures
investigated. This first stage essentially corresponds to the rapid formation of water from ethanol
thermal dissociation via the reaction k;, described above. The amount of water produced by this
first stage is relatively modest compared to the second stage. The second stage starts more or less

rapidly after the first stage, depending on the temperature. As mentioned, for the lowest
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temperatures investigated, a plateau in the water concentration can almost be observed between
these two growth sequences for H,O concentration. At high temperature, the second stage can even
start immediately after the first stage, resulting in a profile where these two phases are hardly
discernable. The amount of water formed during this second stage is large and seems to reach an

equilibrium value when the experimental time allows.

These experimental profiles were subsequently modeled with the following detailed kinetics
mechanisms: Aramco 2.0, Cancino et al, CRECK, LLNL, and a modified version of Aramco 2.0
which utilizes the rate coefficient of k; calculated herein. During this study, as can be seen in Fig.
13, the detailed kinetics models poorly predict the water profiles for the fuel lean case (¢ = 0.5) at
low temperatures. It was observed that the model from Cancino et al. tends to under-estimate the
amount of water during the time period considered, whereas the LLNL mechanism is significantly
too reactive and over-estimates the amount of water during the first 1500 us. The first growth
period is well captured by the Aramco 2.0 model, but this model also lacks reactivity at later times,
for the second growth. Under this condition, it was observed that the CRECK model was able to
give better predictions. Finally, note that the modified version of Aramco 2.0 gives better
predictions than the original Aramco 2.0, especially the reactivity of the second period of water
formation. At higher temperature, Fig. 13b, the original Aramco 2.0 offers good predictions of the
water formation, and the modified Aramco is still able to provide slightly better predictions. Note
that the final amount of water is a little over-estimated by the models which, for times longer than
1250 ps, predict a very similar amount of water. The model from Cancino et al. tends to be closer
to the experimental data at high temperature compared to itself for the previous low-temperature

example, but is still under-reactive overall. The water formation is also over-estimated for this
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model, past 1000 us, by a larger amount than for the Aramco 2.0 model. Concerning this final
amount of water, the CRECK mechanism predicts the highest amount while the LLNL model

reproduce very well the experimental value, although the model is still significantly too reactive.

It is interesting to see that all models, except the LLNL one, over-estimate the water formation at
the plateau, past the second growth. It is also interesting to notice that all models predict a different
value at this second plateau. One can therefore conclude that the equilibrium value for water
formation is not reached in the time-scale of our experiments. This observation is confirmed by
the slowly ascending trend of the water signal, as visible at high temperature. Hence, in addition
to the timing of water formation, the level of water reached on the second growth period are very

useful data to further refine detailed kinetics mechanisms.
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Figure 13: H,O time-history profiles for the oxidation of ethanol at ® = 0.5 in 0.9925 Ar and comparison

with detailed kinetics models from the literature including rate coefficient from this study.

31



For the stoichiometric case, Fig. 14, the two versions of the Aramco 2.0 mechanism and the
Cancino models present good predictions for low temperatures, except for the first growth with
the Cancino et al. model. Note that the amount of water at the second plateau, past 1400 ps, is
accurately reproduced by the Aramco 2.0 model. The modified Aramco 2.0 model offers
comparable predictions although it is slightly closer to the data. A similar feature can be observed
at higher temperature. The CRECK and, to a larger extent, LLNL models are too reactive.

However, the final amount of water at the end of the test time is largely over-estimated by the

CRECK model.
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Figure 14: H,O time-history profiles for the oxidation of ethanol at ® = 1.0 in 0.9925 Ar and comparison

with detailed kinetics models from the literature including rate coefficient from this study.

For Ethanol ¢ = 2.0, Fig. 15, both versions of the Aramco 2.0 model give remarkably accurate
predictions of the amount of water at all times. The trend observed for the other models at lower

equivalence ratios is carried over this condition. This favorable prediction by Aramco 2.0 shows
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that both versions of the Aramco kinetic model have better capabilities for predicting the amount

of water for a fuel rich mixture of ethanol highly diluted in Ar, for the range of temperatures

investigated herein.

Overall, the present oxidation data show that the modified Aramco 2.0 provides the best
predictions of water formation for all three equivalence ratios investigated, under the studied

conditions. Moreover, it was observed that better predictions are obtained when the equivalence

ratio increases.
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Figure 15: H,O time-history profiles for the oxidation of ethanol at ® = 2.0 in 0.9925 Ar and comparison

with detailed kinetics models from the literature including rate coefficient from this study.

When adding the reaction rate for k; determined herein into the Aramco 2.0 mechanism, one can

see some slight improvements in the predictions. The H,O profiles with @ = 0.5 in Figure 13 shows
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that for the low-temperature experiments, the modified Aramco 2.0 model gives better predictions
of the water formation than Aramco 2.0 itself. Especially for later times, after approximately
1250 ps, the modified Aramco 2.0 seems to be more reactive and therefore gives slightly better
predictions. For higher temperatures, the same behavior was observed for early times, and for later

times the water formation was over-estimated.

Water measurements at @ = 1.0 consistently show good predictions of the original kinetic
mechanism Aramco 2.0 as well as the modified model. For early times, the modified model with
this study’s rate coefficient gives better predictions of the water formation. For later times, it was
observed that both models predict the water formation very similarly, and as the temperature is
increased, the models tend to over predict the water formation. Water measurements at @ = 2.0

were more accurate. Also, better predictions were again obtained with the modified Aramco 2.0.
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5. CONCLUSION

Water time-histories were followed from a pyrolytic mixture of ethanol highly diluted in Ar using
a laser absorption technique to monitor H,O concentration behind reflected shock waves. A direct
measurement of the reaction coefficient of R1, C;HsOH S C,H4 + H,0, was possible at the early
moments of the observation time. The value of k; determined herein (k; (s™) = 3.37x10"'exp(-
27174 K/T)) was found to be in very good agreement with the recent study of Kiecherer et al. [56].
These two studies are the only studies were R1 was directly measured, and the results, obtained on
different shock tubes and with different techniques, therefore confirm the rate coefficient of &, at
around 1 atm presented in this paper. The laser absorption technique employed herein allowed for
a smaller scatter in the determination of the rate coefficient of &, hence lowering the uncertainty

in this reaction rate (determined to be within 20%).

Water time-histories under oxidation conditions highly diluted in Ar show that overall, the
modified Aramco 2.0 provides the best predictions of water formation for all three equivalence
ratios investigated, and it was observed that better predictions are obtained when the equivalence
ratio increases. The present work illustrates the quality of the measurements carried out in the
author’s laboratory. Noticeable improvements in the predictions of the state-of-the-art detailed
kinetics mechanism were brought by measuring the reaction rate coefficient of the thermal
decomposition of ethanol. However, this reaction is pressure dependent, and more measurements
at higher and lower pressures would be needed to validate further this reaction, especially under

conditions that are more practical for combustion devices such as internal combustion engines.
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B. H,O time-history profiles for the pyrolysis of ethanol
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C. H,O time-history profiles for the oxidation of ethanol at ®=0.5
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D. H,O time-history profiles for the oxidation of ethanol at ®=1.0
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E. H,O time-history profiles for the oxidation of ethanol at ©=2.0
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