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This paper proposes a method to measure the reaction rate constants in kinetically-simple pyrolysis sys-
tems using rapid compression machine (RCM) and fast sampling. The method involves first performing
sensitivity analysis based on a reasonable kinetic model to identify the species dominated by a target re-
action. Then the time-resolved species concentration profiles are measured in RCM experiments using fast
sampling and gas chromatography. Finally, the pre-assigned pre-exponential factor and the activation en-
ergy are optimized by an iterative fitting procedure, in which the entire temperature profile derived from
the pressure history is taken into account. In order to validate this method, the rate constant of the reac-
tion CH3OCHO (methyl formate, MF) => CH30H+CO (R1) was determined by measuring the CO concen-
tration over 948-1112 K at 30 bar, obtaining the rate expression kg;/s™! = 3.04 x 10" exp(—30968 K/T),
which is consistent with previous theoretical and experimental studies. The rate constant of the reac-
tion CH30COOCH;3 (dimethyl carbonate, DMC) => CH30CH; (dimethyl ether, DME)+CO, (R2) was then
studied by measuring the time-resolved DME concentration over 994-1068 K at 30 bar. The measured rate
expression of kgy/s™! = 2.02 x 103exp (—34248 K/T) with an uncertainty of +30% agrees well with the
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RRKM/Master Equation calculation based on a high-level quantum chemical potential energy surface.
© 2017 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Assignment of rate constants for important combustion reac-
tions is a crucial aspect in the development of detailed combustion
chemical kinetic models for hydrocarbon fuels and biofuels. Among
various well developed experimental methods to measure the rate
constants [1], shock tube (ST) combined with laser absorption
spectrometry (LAS) has been widely used in the study of pyrolytic
reaction under high-pressure and high-temperature conditions [2-
3]. A key assumption of this method is that if the uncertainty of
the concentration of an individual species is predominantly in-
fluenced by a single reaction in a complex reaction system, the
rate constant of this reaction can be derived from the measured
concentration time-history of that species. For instance, Ren et al.
[4-5] studied the decomposition of methyl formate (MF) using ST

* Corresponding authors.
E-mail addresses: byang@tsinghua.edu.cn (B. Yang), feng2011@ustc.edu.cn (F.
Zhang).
1 Peng Zhang and Shuang Li contributed equally to this work.

http://dx.doi.org/10.1016/j.combustflame.2017.05.006

combined with LAS over 1202-1607 K and 1.36-1.72 atm. The CO,
CH,O0, and CH,4 concentrations are dominated by the reactions MF
=> CH30H+CO, MF => 2CH,0, and MF => CH4+CO,, respec-
tively. The rate constants of these reactions were then obtained by
tuning them to match the measured mole fractions of CO, CH,O0,
and CH4. Over the last decade, this method has contributed exten-
sively to the development of combustion kinetic models of typical
hydrocarbons and biofuels [2-3]. Another successful application of
shock tube on the rate constant measurement is the single-pulse
shock tube (SPST) [6-7]. In these experiments, gas chromatogra-
phy (GC) is used to analyze the sample withdrawn from the re-
active mixture, which is quenched by the expansion wave after
a specific reaction time (typically 0.5-2.0 ms). The rate constants
are then derived from the concentration-temperature plots. With
the temperature uncertainty significantly reduced by the compar-
ative method of Tsang [8], SPST has been extensively used in the
study of unimolecular decomposition and some bimolecular reac-
tions [9].

In view of the success achieved by the technique of ST/LAS
and SPST on the measurement of reaction rate constants, we ap-
ply herein the similar concept to the rapid compression machine

0010-2180/© 2017 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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(RCM) combined with fast sampling and GC. Compared to the
traditional ST/LAS and SPST, RCM usually operates with a longer
test time (~10ms in this study), which means it can be used for
the measurements of slower reactions at lower test temperatures.
With a longer test time, RCM can be used as a supplementary
tool to the ST measurements; while with a lower test temperature,
more species will be dominated by a corresponding single reac-
tion, which enables more applications of this method. Addition-
ally, compared to ST/LAS, RCM/GC can be used to simultaneously
quantify large molecules and multiple species without interference,
which also extends the potential application of this method; while
compared to SPST, RCM/GC has adjustable test times over multiple
reproducible experiments, which will result in concentration-time
plots instead concentration-temperature plots in SPST.

RCM, typically used for the study of homogenous combus-
tion and ignition, has been proven effective and reliable in ki-
netic modeling studies [10]. In particular, the crevice piston design,
which eliminates the corner vortex [11-12] scratched from the cold
boundary layer by piston motion and thereby tremendously ex-
tends the duration of the homogenous hot core, was first pro-
posed by Lee and Hochgreb [13] in 1998 and subsequently adopted
by almost all RCMs. The success of this design was confirmed by
computational fluid dynamics (CFD) calculations [14-17] and non-
intrusive temperature measurements [15,18], leading to the con-
sensus that, with this design, the homogeneity in the bulk mix-
ture can be easily maintained longer than 20 ms after the end-of-
compression (EOC). This homogeneity also supports the adiabatic
core assumption, making it possible to derive the temperature by
the adiabatic relation, which has also been validated by laser diag-
nostics [19-21].

There are two non-ideal aspects in the RCM experiment com-
pared to the ST experiment, namely the non-negligible compres-
sion process and the heat loss. Bradley et al. [22] has shown
that these facility-dependent effects are the main reasons for the
deviation of experimental data from different groups. The most
commonly used correction method is that of “effective volume”
[10,18,23], which assumes the entire process in the RCM core
gas is adiabatic, and supplements the traditional constant volume
simulation with a volume profile. The pressure increase/decrease
due to the compression/heat loss is exactly replicated by shrink-
ing/expanding the reactor volume before/after the EOC, hence pro-
viding a way to compare the experimental data with model predic-
tions. This correction, together with the crevice piston design, has
dramatically improved the reliability of the RCM data, rendering
the RCM an important facility in the study of low- to intermediate-
temperature combustion kinetics [10].

In addition to the ignition delay times of combustible mix-
tures, efforts have also been made to measure species concentra-
tions using ex-situ speciation technique combined with GC. Some
studies [18,24-27] were conducted by quenching the entire reac-
tion chamber. However, the boundary layer and the piston crevice
could complicate interpretation of the results [10,28]. An alterna-
tive method is to use the “fast sampling system” [29], in which
a sampling probe is inserted into the middle of the combustion
chamber to extract a sample from the hot core region, thereby
minimizing the effects of the cold gas from the boundary layer
and the crevice. For instance, thirty intermediate species were
identified and quantified by He et al. [29] for iso-octane igni-
tion. The concentrations of most species showed good consistency
with previous model predictions [30]. More applications of this
technique were subsequently reported for combustion studies of
n-heptane [31], n-butanol [32], n-heptane/n-butanol blends [33],
and methyl-butanoate [34]. While previous studies were conducted
under relatively low pressures (3-10bar) [29,31-34], recently Ji
et al. [35] developed a fast sampling system with much higher op-

erating pressure (~25 bar), which was used to study iso-butanol
ignition.

Considering the species diagnostic capabilities of RCM men-
tioned above, we shall therefore explore the possibility of measur-
ing rate constants using the RCM combined with a fast sampling
system. In the following sections, the proposed experimental facil-
ities and methodology are introduced first. Then as a validation of
this method, the rate constant of methyl formate (MF, CH30CHO)
decomposing to methanol and CO,

CH;0CHO => CH;0H+CO (R1)

is measured and proved consistent with previous experimental
[4] and theoretical [36-37] studies. Subsequently, the rate constant
of

CH30CO0CH; => CH30CH;3+ CO, (R2)

which is one of the most important decomposition channel in the
pyrolysis of dimethyl carbonate (DMC, CH30COOCH3) [38-39], is
measured and compared with our high level theoretical calcula-
tions.

2. Methodology
2.1. Rapid compression machine and fast sampling system

Experiments were conducted in a well-characterized RCM [40].
It is a pneumatically driven and hydraulically decelerated RCM
with a crevice piston, a fixed stroke of 500 mm and a large bore
of 50.8 mm. A mixture of fuel and argon is compressed to high
pressure and high temperature within 25-30 ms. Then the pressure
and temperature in the reaction chamber are slightly reduced due
to heat loss after the EOC. The pressure history is measured us-
ing a piezoelectric pressure transducer (KISTLER 6125C) mounted
on the reaction chamber. The same RCM has been used to study
the ignition of n-heptane [40], iso-octane [40-41], and iso-butanol
[35], with good consistency with literature results. Details of the
RCM are given in these papers.

The fast sampling system, previously developed to withdraw
stable species from the reaction chamber [35], was modified in
the present study to minimize the sample loss during the sam-
pling process. As shown in Fig. 1, the system mainly consists of a
sampling probe, a fast-acting sampling valve, a sampling tank, the
first transfer line to the sample inlet of the GC, the second trans-
fer line from the sample outlet of the GC, and a vacuum pump. All
the wetting areas, including the transfer lines, the sampling tank,
and the sampling valve, are heated up to 393K and evacuated be-
fore the sampling experiment. Noting that the extracted sample
was stored in the sampling tank and then transferred to the GC
by a syringe in the previous study [35], the sampling tank was di-
rectly connected to the inlet of the GC in the present study. Conse-
quently, the high-pressure, high-temperature mixture in the reac-
tion chamber expands to the sampling system as well as the sam-
ple loop of the GC simultaneously during the period (2.5 ms) when
the solenoid valve is kept open. The equilibrium pressure in the
sampling system is recorded by a pressure sensor (KISTLER 4045A)
mounted on the sampling tank. It represents the sample amount
and is used to normalize the peak area in the analysis of the GC re-
sults. Typically, the sample amount is less than 0.4% of the mixture
in the reaction chamber, resulting in an equilibrium pressure of
0.3 bar in the sampling system. A commercial GC (Agilent 7890B)
was used for species detection and quantification (GC conditions
and sample chromatograms are provided in the Supplemental Ma-
terial). Only one sample was withdrawn from the reaction chamber
in a single shot. A series of experiments were conducted to sample
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Fig. 1. Schematic of the fast sampling system.

at different times after the EOC, yielding a time-resolved species
concentration profile. The dilution effect of the dead volume in the
probe was corrected according to [35].

The concentration profiles of CO and DME were measured re-
spectively in the MF and DMC experiments to derive the rate con-
stants. Furthermore, in the MF experiments CO,, CH4, MF, and
CH30H were also quantified to check the balance of the carbon
and oxygen atoms. The calibrations of CO, DME, CO,, and CH4 were
conducted using standard gases, while home-made MF/Ar mix-
tures were used to calibrate the MF mole fractions. Effective car-
bon number method was used to estimate the mole fractions of
CH30H. The uncertainty in the sampling and quantification pro-
cess will be discussed in Section 3.1. The sampling time window is
2.5ms, which is determined from the pressure profile of the sam-
pling tank.

2.2. Test mixtures and test conditions

All the test mixtures were prepared manometrically in a 20L
stainless-steel mixing tank. The mass of the fuels injected into the
mixing tank was measured using a balance with 0.1 mg accuracy as
a double check. The MF experiments were conducted at room tem-
perature for its high vapor pressure. For DMC, experiments with
fuel concentration higher than 0.5% were conducted with the mix-
ing tank, the transfer line, and the reaction chamber heated to
356 K with a heating jacket to avoid potential condensation. The
deviation of the temperature on the axis of the reaction cham-
ber is within 1.5K of the setting temperature. The temperatures
of the mixing tank and the transfer line are maintained 5.0 K be-
low the setting temperature to avoid condensation or overheat. The
operation pressure for the sampling experiment is in the range of
25-45 bar for the present facility, recognizing that lower pressure
will result in insufficient sample while higher pressure will lead
to leakage of the sampling valve. Increasing the diameter of the
probe and the orifice of the sampling valve would correspondingly
increase the amount of the sample obtained, which could extend
the operation pressure range of the current facility.

Mixture compositions and test conditions are shown in Table 1.
The experimental temperatures selected herein are based on the
analysis of the recently published MF [36-37] and DMC [38] mod-
els so that the CO concentration in the MF experiments and the
DME concentration in the DMC experiments are dominated by R1
and R2 respectively. This is accomplished by sensitivity analysis
shown later in Section 3. The lowest temperatures are 940K for

Table 1

Mixture compositions and test conditions.
No.  Fuel name  Percent (%) Pef (bar) Ter (K)

Fuel Ar

1 MF 0.05 9995 28.56 1112
2 MF 024 99.76 2914 1099
3 MF 050 9950  28.90 1075
4 MF 1.01 9899  27.88 1043
5 MF 150 9850 2748 1009
6 MF 2.01 97.99  26.70 980
7 MF 399  96.01 30.10 948
8 DMC 038 99.62  28.87 1068
9 DMC 1.96 98.04 30.00 1060
10 DMC 211 97.89 3027 1046
11 DMC 223 9777  29.77 1033
12 DMC 236 9764 29.93 1023
13 DMC 250 9750  29.90 1011
14 DMC 2.71 97.29  29.85 994

the MF experiments, and 980K for the DMC experiments, which
are limited by the detection limit of the present GC analysis sys-
tem. Consequently the initial mole fractions of MF and DMC are
increased with decreasing experimental temperature; with the MF
experiments conducted under 30 bar, 948-1112 K, 0.05-3.99% MF
in Ar, and the DMC experiments conducted under 30 bar, 980-
1080K, 0.38-2.71% DMC in Ar.

2.3. Temperature profile in the RCM

Figure 2 shows a typical temperature profile in the RCM, de-
duced from the adiabatic relation:

T
/ LdlnT = ln(ﬂ)
n V-1 Po

where Ty, pg, pt, and y are the initial temperature, the initial pres-
sure, the pressure history, and the specific heat ratio, respectively.
Similar to previous studies [35,40-41], a slight pressure oscillation
is observed around the EOC; a typical pressure profile is provided
in the Supplemental Material. Consequently, time-zero (0 ms) is
defined as the first peak in the pressure history around the EOC;
the sharp temperature rise before time-zero is induced by the
compression. The temperature at time-zero is denoted as T.. The
slight temperature rise after time-zero is due to a slight move-
ment of the piston, resulting in a maximum temperature, Tpgx.
The subsequent steady decrease is due to the heat loss. Typical

(1)
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Fig. 2. Representative temperature profile in the RCM.

test time of the RCM experiment for ignition is 5-100 ms [10].
However, longer test times will expose the mixture to a broader
temperature range, which means the results are more likely to be
disturbed by non-zero-dimensional factors such as heat transfer.
Both the adiabatic assumption and the kinetically dominant rela-
tion can be maintained at a slightly longer test time (e.g. 20 ms),
and can be affected at a much longer test time (e.g. 100 ms). How-
ever, discussion of the test time limit is beyond the scope of this
paper. The test time in the present work was selected to be 10 ms;
that is most of the reported CO and DME mole fractions were col-
lected during the period of 0-10 ms. The temperature at 10 ms is
denoted as T,,;,. It is nevertheless also noted that preliminary tests
up to 20 ms were performed, yielding results that are consistent
with those of the 10 ms cases.

Figure 2 shows that the temperature in the RCM experiment
varies with time, instead of being constant in the ST experiment.
It rises dramatically during the compression and drops slightly af-
ter the EOC. This behavior does not affect the feasibility of the
rate constant measurement because the temperature can be char-
acterized by Eq. (1) and considered in the batch reactor model by
varying the volume [23]. Effective pressure (p.s) and effective tem-
perature (Tq) are used in the present study to report the corre-
sponding conditions of the measured rate constants. The effective
pressure is defined as the integral average of the pressure during
0-10 ms. The effective temperature is the temperature correspond-
ing to the effective pressure. According to our tests, regardless of
which temperature, Tc, Tmax, Tefr, OF Tipin, is used to denote the ex-
periment condition, the fitted Arrhenius expression will converge
to a similar expression.

2.4. Rate constant optimization method

The rate constant is optimized by the following steps:

(1) Optimize the Arrhenius A-factor to best fit the simulation re-
sults to the measured CO (or DME) concentration profile, which
yields an optimized rate constant for a specific effective tem-
perature. A series of rate constants for different effective tem-
peratures are thus obtained.

(2) Fit the optimized rate constants for a series of effective tem-
peratures to the Arrhenius expression k = A x exp(—E/T), and
obtain an optimal A-factor, Aoy, and an optimal activation en-
ergy, Eopt.

(3) Take the fitted Arrhenius expression k = Agpr x eXp(—Eopt/T) as
the new rate expression. Repeat the above procedure until the

activation energy and the measured rate constants converge.
The converged Aoy and Eop: are reported as the measured rate
expression.

The best-fit in step (1) is defined by,
n
; : 2
Q(D = Z (Fstijc ca](f) - Xs[bc,exp) (2)
i=1

where Q(f) is the target function to be minimized, n the number
of experiments under this condition, )(s[;'x,exp the measured CO (or

DME) mole fraction at the time t;, and Fstp', e cal (f) the function that
describes the relation between the factor f and the predicted CO
(or DME) mole fraction at t;. The function F;I"m o () 1s fitted from
a series of simulations conducted by varying the factor f in the
range of 0.1-10. The residual of (FS[;C ) - Xst;',c_exp) represents
the deviation of the simulation from the experiment at t;, and Q(f)
represents the total deviation of the simulation from the measured
concentration profile under this condition.

Simulations presented herein were performed in a batch reac-
tor with the program Cantera [42]. The facility effects, including
the compression and the heat loss processes, were considered by
specifying a dimensionless volume profile to the batch reactor. The
volume profiles, which were derived from adiabatic relation using
initial temperatures, initial pressures, and pressure profiles mea-
sured in the experiments, were normalized to the volume at the
EOC. All the volume profiles used in this paper are provided in the
Supplemental Material. Dooley’s model [36] and Felsmann’s model
[37] were used in the study of reaction R1. It is noted that in Doo-
ley’s model [36], which has been widely tested and proven effec-
tive to predict species concentrations in shock tube, flow reactor,
and flame experiments, the activation energy of R1 was obtained
by analogy while the A-factor was adjusted to fit their flow reac-
tor experiment. On the other hand, the more recently developed
Felsmann’s model [37] is based on the Sandia-Argonne’s MF model
[43-46] and contains Klippenstein’s calculation for R1, which has
not been formally published yet. These two models, however, pre-
dict almost identical results in this study. Consequently, only the
predictions based on Felsmann’s model will be presented to avoid
cluttering of the figures.

A recently reported model for DMC combustion by Sun et al.
[38] was used to study reaction R2. It has been tested against vari-
ous experiments including flow reactor experiment, shock tube ig-
nition delay, and laminar flame speed.

2.5. Rate constant calculations for DMC decomposition

As suggested in previous studies [38-39], the first two low-
est energy channels, ie. CH30COOCH; => CH30CH5+CO, and
CH30CO0CH3 => CH30C(0)0 +CHj3 strongly dominate DMC de-
composition. Thus, in order to validate the accuracy of our
rate constant measurement for R2, these two channels were
investigated by high level quantum chemical calculations and
RRKM/Master Equation (ME) simulations. The quadratic configura-
tion interaction calculation including single and double substitu-
tions (QCISD) [47] with the cc-pVTZ basis set [48] was used to op-
timize the related stationary points and compute the vibrational
frequencies. Single point energies were corrected at the level of
CCSD(T)-F12 [49] with the optimized correlation consistent basis
set, VIZ-F12 [50]. The barrierless C-O bond fission were stepwise
optimized with the step size of 0.1 A at the level of B3LYP/cc-
pVTZ [51], while the dissociation energy was scaled at the level of
CCSD(T)-F12/VTZ-F12. The optimization and Hessian analysis were
performed by the Gaussian09 program package [52] while the
CCSD(T)-F12 energies were computed with the MOLPRO 2012 pro-
gram [53]. The RRKM/ME calculations with a microcanonical vari-
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Fig. 3. Sensitivity analysis result of CO production in the pyrolysis of MF at 30 bar
and 940-1200 K using Felsmann’s model [37]. Solid line is the sensitivity of reaction
R1.

ational treatment for the barrierless C-O bond fission were per-
formed within the temperature range of 700-1800K at 0.5, 1, 10,
30, 100 atm, with the kinetic code - MESS [54-55]. The torsional
modes corresponding to the internal rotation of -CHs were treated
as 1-D hindered rotors, while the hindrance potential was com-
puted at the level of B3LYP/cc-pVTZ. The asymmetric Eckart tun-
neling assumption [56] was used to estimate quantum tunneling
effects. The collisional energy transfer function was represented
by a single-parameter exponential down model with <AE>4oun =
200 x (T/298)%8> cm~1, which was also adopted by Sun et al. [38-
39]. Lennard-Jones parameters were empirically estimated [57], for
Ar, 0 = 3.47A, ¢ = 114K and for DMC o = 5.53A, ¢ = 440K.

3. Results and discussion
3.1. Validation experiment: MF => CH30H+CO

In this section, the rate constant of R1 was measured and com-
pared with those from previous experimental [4] and theoretical
[37] studies to validate the proposed method. Sensitivity analysis
was performed first to identify the suitable experimental tempera-
ture range, in which the production of CO is dominated by reaction
R1. The sensitivity index S; is defined by,

~_ Xco.i— Xco, 0 1
5= Xco, 0 *0.25 (3)

where o, ois the original predicted CO concentration at 10 ms,
where the subscript i is the reaction index, and x g jis the pre-
dicted mole fraction of CO when the A-factor of reaction i is in-
creased by a factor of 0.25. Therefore, the physical meaning of the
sensitivity index defined in Eq. (3) is the percentage increase in the
CO production.

Figure 3 shows the top six sensitive reactions in the temper-
ature range of 940-1200K calculated with the Felsmann’s model
[37]. The production of CO is dominated by R1 in this range. How-
ever, the dominance of R1 is gradually reduced with increasing ini-
tial temperature. Meanwhile the secondary reactions become more
important. Consequently, the MF experiments were conducted be-
low 1120 K.

Figure 4 shows a representative time-resolved CO profile
(squares) measured in the MF experiments for mixture No.3, to-
gether with the simulation results calculated with the original

600 T T VR
0.5% MF / Ar
9 28.90 bar, 1075 K ,7
g
=y Opt. kg, x 137 ., i
8 -7
2 ~ "Opt.ky, x 0.7
Q
=
= 200 f -
e .
o = Experiment
- - - - Felsmann's model [37]
— Opt. Felsmann's model
O '} 1
-5 0 5 10 15
Time (ms)

Fig. 4. Typical measured time histories of CO mole fraction (square) in the MF ex-
periments. Dotted line is the CO mole fractions predicted by the original Felsmann’s
model [37]. Solid line is the CO mole fractions predicted by the optimized Fels-
mann’s model. The variation of opt. kg, + 30% (dashed lines) shows the uncertainty
of the measured rate constant.

Felsmann’s model [37] (dotted line) and the updated Felsmann'’s
model (solid and dashed lines). Only one sample was extracted in
one shot. Consequently, twelve experimental samplings at different
times were conducted under the same condition to obtain the CO
profile shown in Fig. 4. The measured CO mole fraction profile is
quite smooth and the data scatter is small, implying that the re-
peatability of the facility is reasonable. The predicted production
of CO begins before time-zero, which is the time of the EOC, then
closely follows the measured results, indicating the compression
process and the heat loss have been adequately considered in the
variable volume batch reactor model. The prediction of the original
Felsmann’s model is located within the uncertainty of the mea-
sured results. The + 30% variation of optimized kg in Fig. 4 shows
the uncertainty of the derived rate constants, which will be dis-
cussed at the end of this section. Examples of measured profiles
for other detected species are shown in the Supplemental Mate-
rial.

Similarly, experiments were conducted for mixtures No. 1-7,
obtaining seven time-resolved CO profiles for seven effective tem-
peratures ranging between 948 and 1112 K. The rate constants were
optimized using the methodology descripted in Section 2.4. Specif-
ically, the rate constants in the Felsmann’s model were used as a
starting guess, which has an activation energy of 62.86 kcal/mol.
For each effective temperature, the pre-exponential A-factor was
tuned to best fit the simulation results with the measured CO pro-
file, yielding a corresponding reaction rate for the effective tem-
perature. In total, seven rates were obtained for seven effective
temperatures. They are fitted to the Arrhenius expression, achiev-
ing a new activation energy of 61.36 kcal/mol. This process was re-
peated and converged after two iterations. The converged kg, are
shown in Fig. 5. The converged Arrhenius expression is kgy/s~1 =
3.04 x 103 exp(—30968 K/T), which is validated at 30bar over
the temperature range of 948-1112 K.

Figure 5 also shows the comparison of the measured kg; with
a previous ST measurement [4] and the prediction of Felsmann'’s
model [37]. Felsmann’s model predicts strong pressure dependence
of R1 over the ST experimental temperature range (1202-1607 K)
and weak pressure dependence in the RCM experimental tempera-
ture range of 948-1112 K. At 1.5 bar, the model agrees with the ST
experiments with 12% root mean square (RMS) error. At 30 bar, it
agrees with the present RCM experiments with 15% RMS error.
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Fig. 5. Comparison of the measured kg; with previous experimental [4] and theo-
retical [37] rates of reaction R1. Circles: RCM experiments at 30 bar from this study;
squares: ST experiments at 1.5bar from Ren et al. [4]; dashed line: Felsmann’s
model [37] at 30 bar; solid line: Felsmann’s model [37] at 1.5 bar.

In the above experiments, MF and other main products, i.e. CHy,
CO,, and CH30H, were also measured and quantified (shown in
the Supplemental Material, Table S2) to check the carbon and oxy-
gen atoms balance. 93-96% of the total carbon and oxygen atoms
were recovered in the quantified species, which is considered to
be satisfactory for speciation studies [35]. The primary reason for
the carbon and oxygen loss is the potential condensation of MF in
the sampling probe [35]. Moreover, the carbon and oxygen atoms
in the unquantified unimportant species could make up 1% of the
total amount according to the model.

In this study, the uncertainty of the measured rate constant
is mainly introduced by the mixture temperature determination,
the sampling and quantification process, the fitting error, and sec-
ondary reaction effects. The mixture temperature is determined by
the adiabatic core assumption, which has been proven reasonable
and well accepted in non-sampling studies [14-18]. Based on the
consistency observed in Fig. 5, it is reasonable to conclude that the
assumption also holds well with a sampling probe inserted in the
reaction chamber, as otherwise the measured rates would be sig-
nificantly lower than the literature results. Consequently, according
to the adiabatic assumption, the uncertainty of the mixture tem-
perature mainly comes from the uncertainty of the initial temper-
ature (+1.5K) measured by the thermocouple, the initial pressure
(£860 Pa) measured by the static pressure sensor, the pressure his-
tory (+0.4%) measured by the cylinder pressure transducer, and the
mixture composition (less than +0.1%) determined by the pressure
sensor and electronic balance. They together result in an uncer-
tainty of +£5.2 K in Tey in a single shot. Additionally, a series of ex-
periments typically has a standard deviation of £2 K in the deter-
mined mixture temperature. Consequently, the uncertainty in Tey is
estimated to be +5.6 K, which can be converted to an uncertainty
of 25% in the measured rates.

The sampling and quantification process is another major
source of the uncertainty. In every single experiment, only less
than 0.4% gas is extracted from the reaction chamber. Therefore,
the temperature in the reaction chamber is barely affected by the
sampling process. Once the sampling probe opens, the gas instan-
taneously expands to the sampling system driven by the pressure
difference of 3-6 orders of magnitude. The fast expansion cools the
sample and quenches the reaction, preserving the stable species as

1.0 —
< 0.8F -
g —R2
; i CH, +CH, (+ M) <=> C H_(+ M) 1
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Fig. 6. Sensitivity index of DME production in the pyrolysis of DMC under 30 bar
and 980-1140 K, obtained by using Sun’s model [38]. Solid line is the sensitivity of
reaction R2.

it was in the reaction chamber; while the reactive radicals in the
sample may end up as stable species. The main uncertainty sources
introduced in this process are the dead volume dilution, the re-
combination of the radicals, and the wall loss. The uncertainty in
the dead volume dilution is estimated to be 2-8% according to the
previous study [35]. The uncertainties introduced by radical recom-
bination are characterized to be less than +5% by the Cantera sim-
ulation. The sampling valve is kept open for 2.5 ms, which means
that the uncertainty in the sampling time is +£1.25 ms. Normaliza-
tion of the sampling amount has an uncertainty of +2%, consid-
ering the equilibrium pressure (0.3 bar) and the uncertainty of the
pressure sensor (4+0.005 bar). The uncertainty from the gas chro-
matography measurement is conservatively estimated to be within
+10%. In total, the sampling and quantification process has an un-
certainty of +£15% in the species concentrations and the rate con-
stants.

The fitting error is introduced into the rate when fitting the
pre-exponential A-factor to match the measured concentration. It
is estimated to be +£5% based on the RMS of the deviation. The
uncertainty from the secondary reaction effect is estimated to be
within +5% by comparing with the results after tripling the rate
constants of the top five sensitive secondary reactions.

According to the above analysis, the overall uncertainty in the
measured rates is estimated to be +30%. Based on the consis-
tency shown in Fig. 5 and the uncertainty analysis, it is reasonable
to conclude that the proposed method has merit, and as such is
promising in further studies.

3.2. Rate constant measurement: DMC => DME + CO,

In this section, the rate constant of R2 was studied as an ap-
plication of the proposed method. Sensitivity analysis was per-
formed first using Sun’s model [38] according to Eq. (3) introduced
in Section 3.1. As shown in Fig. 6, in the DMC pyrolysis system,
the production of DME is primarily sensitive to R2 over the tem-
perature range of 980-1140 K. With increasing temperature, sec-
ondary reactions become more important since they all consume
the products of the competition reactions, such as CH; and CH;O.
Consequently, the DMC experiments were conducted below 1080 K.
Additional sensitivity analysis performed by multiplying the pre-
exponential A-factor by 1.5 and 2.0 resulted in similar conclusion.
Note that while the other product of reaction R2 is CO,, it is inap-
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Fig. 7. Example of measured DME mole fraction time-histories (square). Solid line
is the predicted DME mole fractions using Sun’s model [38] with kg, replaced by
the optimized one. The variation of kg, & 30% (dashed lines) shows the uncertainty
of the optimized rate constant.

propriate to derive the rate constant by quantifying CO, because it
is not dominated by R2.

Figure 7 shows a representative measured DME concentration
profile (solid squares); ten experiments with different sampling
times were performed with mixture No. 10, yielding the DME
profile shown. The solid line is the prediction calculated using the
updated kg,. The dashed lines show the uncertainty range of the
concentration prediction introduced by the uncertainty of kg,. The
measured DME concentrations and their error bars are covered by
the uncertainty range of the concentration prediction. The origi-
nal model over-predicts the DME concentration by a factor of 5
and as such its prediction is not shown. Examples of the measured
profiles for other detected species are shown in the Supplemental
Material.

Seven DME profiles were measured for mixtures Nos. 8-14,
representing seven effective temperatures. For each effective tem-
perature, the A-factor of reaction R2 was adjusted to match the
model prediction with the measured DME profile, resulting in
an optimized reaction rate for the specific effective tempera-
ture. Seven rates were obtained and fitted to the Arrhenius ex-
pression to derive a new activation energy. The above process
converged after two iterations. Figure 8 shows the measured
kgz, and the converged Arrhenius expression kgy/s~! = 2.02 x
103 exp(—34248 K/T) over the temperature range of 994-1068 K
at 30 bar. The uncertainty of the measured rate constant for R2 is
also estimated to be +£30% because the four components of the
uncertainty, ie. the uncertainties in the effective temperature
(£5.6K, i.e. 25% in the measured rate), the mole fraction measure-
ment (+£15%), the effects from other reactions (£5%), and the fit-
ting error (4+5%), are similar to those in the measurement of kg;.
Details about the uncertainty identification and estimation were al-
ready introduced in Section 3.1. Sensitivity analysis was performed
again based on the fitted kg,, showing the production of DME is
still dominated by R2 at 1080 K.

However, as shown in Fig. 8, discrepancies were found between
the rates measured in this work and calculations from the lit-
erature [38-39]. Quantum chemistry calculations were performed
in order to explore these discrepancies. We computed the poten-
tial profile of the two dominant DMC decomposition pathways
with a high level quantum chemical method, i.e. CCSD(T)-F12/VTZ-
F12//QCISD/cc-pVTZ, as shown in Fig. S6 in the Supplemental Ma-
terial, along with the previous study by Peukert et al. [39] at the

1000/T (1/K)

Fig. 8. Comparison of measured kg, (square) with theoretical calculations. Dash-dot
line: calculated kg, from this study; dashed line: calculated kg, from Sun et al. [38];
dotted line: calculated kg, from Peukert et al. [39]. Pressure: 30 atm.

level of CCSD(T)/CBS//M062X/cc-pVTZ. The computed energy barri-
ers for R2 from the two studies are almost identical. However, the
computed frequencies at the level of M062X/cc-pVTZ have quite
large deviations compared with the QCISD/cc-pVTZ frequencies, es-
pecially for low frequencies, as listed in Table S8 in the Supple-
mental Material. The QCISD method is suggested for studying such
a transition state structure with resonance-stabilization character-
istics. Among the temperature range of 994-1068 K, our RCM mea-
surements agree very well with the calculated RRKM/ME rate con-
stants in this work, but are lower than the data of Peukert et al.
[39] by a factor of ~50. It is noted that Peukert et al. [39] mea-
sured the rate coefficients of DMC => CH3+CH30C(0)O by ST
and computed their values by the VariFlex code [58]. The phase
space theory (PST) [59] was used to simulate the C-C bond fis-
sion with energies adjusted to fit their ST measurement for the
C-C bond fission. The authors have stated that the simulated H
concentration in their ST experiment was not sensitive to the rate
constants of R2. Sun et al. [38] computed the DMC decomposi-
tion rate constants with the MESS code [55] by using the PES at
CCSD(T)/CBS//M062X/cc-pVTZ and considering the conformational
change between the cis-trans and cis-cis configurations. Their rate
constants for R2 are also significantly lower than those of Peukert
et al.’s [39] by a factor 10-20 over the temperate range of 900-
1100K at 10 atm. Considering the discrepancies between the com-
puted k2 in this wok and those in Ref. [38], up to a factor of 4 over
the temperature range of 900-1100K, it can be mainly attributed
to the entropy discrepancies between QCISD and M062X calcula-
tions since the energy barriers used in two studies are nearly the
same.

4. Conclusions

A method was proposed to measure the rate constants in
kinetically-simple systems using rapid compression machine (RCM)
and fast sampling. The basic concept is that when the uncertainty
of the concentration of a species is dominated by a single reac-
tion, the rate of this reaction can be derived by measuring the con-
centration profile of this species. Considering the characteristic of
RCM, the entire volume profile was used in the simulation to take
into account the compression process and the heat loss effect.

As a validation of the proposed method, the rate of reaction
CH30CHO (methyl formate, MF) => CH30H+CO (R1) was de-
termined by measuring the CO concentration in the MF pyroly-
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sis in 948-1112K, 30bar, yielding the rate expression kg;/s~! =
3.04 x 103 exp(—30968 K/T) with £30% uncertainty. The excel-
lent consistency of the measured rate constants with previous ex-
perimental [4] and theoretical [37] studies shows the merit of
the proposed method. Then the rate constant of dimethyl carbon-
ate (DMC) pyrolysis, DMC => CH30CH3 (DME)+CO, (R2), was
studied to demonstrate the utility of this method. Time resolved
DME mole fraction was measured in DMC pyrolysis at 994-1068 K
and 30bar. The optimized rate expression is kgy/s~! = 2.02 x
103exp (—34248 K/T), which agrees well with the RRKM/Master
Equation calculation based on a high level quantum chemical po-
tential energy surface.

The method proposed herein can be used in various pyroly-
sis and oxidation systems as long as the uncertainty of the con-
centration of an individual species is predominantly influenced
by a single reaction. Practically, some experimental design meth-
ods such as “sensitively entropy” [60] could be used to identify
such systems. Considering that RCM has a longer characteristic
time compared with that of ST, and GC can be used to quantify
large molecules and multiple species simultaneously, the present
method holds the potential to be a complementary tool for rate
constant studies. Recognizing the limitations of the GC measure-
ments, coupling RCM to fast-sampling time-of-flight mass spec-
trometer can be a useful tool for reaction rate measurements.
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