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Abstract 

A novel supercritical-pressure jet stirred reactor (SP-JSR) is developed to operate up to 200 atm. The SP- 
JSR provides a unique platform to conduct kinetic studies at low and intermediate temperatures at extreme 
pressures under uniform temperature distribution and a short flow residence time. n -Butane oxidations with 

varying levels of CO 2 dilutions at pressures of 10 and 100 atm and over a temperature range of 500-900 K 

were conducted using the SP-JSR. The experiment showed that at 100 atm, a weak NTC behavior is observed 

and the intermediate temperature oxidation is shifted to lower temperatures. Furthermore, the results showed 

that CO 2 addition at supercritical conditions slows down the fuel oxidation at intermediate temperature while 
has little effect on the low temperature oxidation. The Healy model under-predicts the NTC behavior and 

shows little sensitivity of the effect of CO 2 addition on the n-butane oxidation. Reaction pathway and sen- 
sitivity analyses exhibit that both the low and intermediate temperature chemistries are controlled by RO 2 
consumption pathways. In addition, the reactions of CH 3 CO ( + M) and CH 3 CO + O 2 become important at 
100 atm. The results also revealed that fuel oxidation kinetics is insensitive to the third body effect of CO 2 . 
The kinetic effect of supercritical CO 2 addition may come from the reactions involving H 2 O 2 , CO, CH 2 O, 
and CH 3 CHO, especially for the reactions of CO 2 + H and CO 2 + OH. 
© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Supercritical combustion has increasingly 
gained attention for its high thermodynamic effi- 
ciency, low pollutant emissions, and applications 
in advanced internal combustion engines, gas 
turbines, and air-breathing engines, in which the 
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perating pressure reaches up to several hundreds
f atmospheres [ 1 –4] . However, at such high pres-
ure and temperature conditions, the gas-phase
inetic theory needs to be re-evaluated due to the
eal-fluid effects, including the non-plastic colli-
ion effect and the multiple collision effect, and the
roperties of substance, transports, and molecules
ight be different due to the failure of Boltzmann

ssumption. As a result, reaction rates, even for
ome well calculated or measured reactions like
O + OH = CO 2 + H, H + O 2 + M = HO 2 + M,
nd H + O 2 = OH + O, might have a significant
iscrepancy between supercritical and gas-phase
onditions. As such, kinetic experiments and
heoretical calculations at ultra-high pressures
above 100 atm) are necessary for understanding
upercritical combustion chemistry. 

Shao et al. [5] measured ignition delay times
f methane and hydrogen highly diluted in carbon
ioxide at 300 atm and studied the effect of su-
ercritical CO 2 on the fuel ignition. Kogekar et al.

6] studied the impact of non-ideal behavior on ig-
ition delay time of n-dodecane in high-pressure
hock tube. Liang et al. [3] evaluated the effects of 
roperties of thermodynamics and transports on
ydrogen and methane flame speed measurements
t supercritical conditions, and it was found that the
aminar flame speeds at high pressures increase due
o the non-ideal equation of state. Hashemi et al.
 7 –9] used a high-pressure laminar flow reactor
o study the supercritical oxidation chemistries of 
ethane, ethane, and propane at 100 atm and built

igh pressure models. Fernandes et al. [10] used a
igh-pressure flow reactor to perform elementary
eaction rate measurements up to 1000 bar. Unfor-
unately, only a few research apparatuses in the field
f combustion such as the shock tube [5 , 6] and
igh pressure laminar flow reactor [7 –9 , 10] can be
sed to study supercritical reaction chemistry. The
hock tube has challenges in flow residence time
10-20 ms) and is mainly used for high temperature
gnition study with a small scale of speciation. As to
he laminar flow reactor [7 –9] , at first, the residence
ime is very long (above 10 s) so that the fuel con-
entration has to be very low to slow down the reac-
ivity. Therefore, this laminar reactor did not show
ny NTC effect even for propane oxidation at 100
tm. Second, the temperature in the laminar flow
eactor is not uniform (3 sections with 300 K de-
iation), therefore, neither the temperature nor the
eactor flow residence time is well-defined. Due to
hese problems, a new research apparatus for super-
ritical kinetics study is highly necessary. 

The jet-stirred reactor (JSR) has been widely
sed as a chemical reactor for the development
nd validation of detailed chemical mechanisms
f fuels [ 11 –13] . A toroidal reactor was proposed
y Nenniger [14] , in which multiple jets were dis-
ributed on the outside sidewall of the JSR. An
utward cross-injector (OCI) JSR was developed
y Dagaut [15] , which is widely used in the last 30
years. However, there exists large non-uniformities
in terms of temperature, flow velocity, and resi-
dence time distributions inside these two types of 
JSRs, thereby limiting their utility as ideal JSRs
[16] . This paper presents a novel supercritical-
pressure jet stirred reactor (SP-JSR), which shows
the following unique properties. (1) The first JSR
which can operate between 10–200 atm and 300-
1200 K to study supercritical CO 2 and water effects.
(2) A well-defined flow residence time between 0.1–
1 second (more engine relevant conditions) and a
uniform temperature distribution within 5 K devi-
ation. (3) The first flow system capturing the NTC
behavior clearly at 100 atm. (4) It provides com-
plimentary and cross-validation data for other ex-
periments. The geometrical design of the SP-JSR
has been published in artical [17] , which is available
among the supplementary materials. 

In addition, n -butane, as a major component of 
liquefied petroleum gas and simple alkane with rich
low temperature chemistry [18 –20] , has been exten-
sive investigated in shock tubes [20 –23 ], spherical
flames [24 –26 ], flow reactor [27] , JSR [ 28 –30] , and
rapid compression machines (RCM) [31 , 32] . How-
ever, the performances of recently developed mod-
els of Healy [20] , Li et al. [26] , and Bahrini et al.
[30] are distinctly different, especially at low tem-
peratures. Moreover, the speciation experiments in
flow reactor and JSR in literatures were only con-
ducted at pressures lower than 10 atm, while higher
pressure experimental data are needed close to en-
gine conditions. 

To study the oxidation chemistry of n -butane
at supercritical conditions and extend the available
data toward engine conditions, this paper presents
the experimental and modeling results of n -butane
oxidation with and without 20% CO 2 additions at
pressures of 10 and 100 atm and temperature of 
500–900 K by using the novel SP-JSR. The mole
fractions of n-C 4 H 10 , O 2 , CO, CO 2 , CH 2 O, C 2 H 4 ,
CH 3 CHO, C 3 H 6 , and C 4 H 8 are quantified by us-
ing a micro-gas chromatograph ( μ-GC). Moreover,
the effect of supercritical CO 2 on the oxidation is
also investigated by adding 20% CO 2 to the reac-
tant mixture at 100 atm. Then, the high-pressure,
low and high temperature chemistry of n -butane is
analyzed and a chemical kinetic model of n -butane
is evaluated and updated with identification of key
reactions. 

2. Experimental methods and kinetic models 

2.1. Geometry of the SP-JSR 

As is shown in Fig. 1 [17] , the SP-JSR is a sphere
with an internal volume of 0.5 cm 

3 . Compared to
the OCI JSR design in [15] , the novelty of the SP-
JSR is its 8 nozzles with 0.2 mm inner diameter on
4 jet fingers at the center of the sphere, which gen-
erate intense turbulence and homogenous mixing.
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Fig. 1. The quartz supercritical-pressure jet stirred reac- 
tor [17] . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The eight nozzles are placed in such a way that net
vertex is avoided and residence time of the flow is
closer to the corresponding theoretical value than
previous 4 jet designs. This ensures homogeneity in
concentration and residence time distributions in-
side the reactor. The SP-JSR design also passes the
four criteria of JSR design [11] . The schematic of 
the SP-JSR jet geometry is shown in Figure S1 (a)
and more details are available in the supplementary
document. Furthermore, numerical simulations us-
ing ANSYS 14.0-CFX are conducted for compar-
ing the performance of the SP-JSR and traditional
OCI JSR [15] . The velocity distributions, the spatial
cuts through the velocity field, and the mean flow
residence time calculations for the SP-JSR and the
OCI JSR are plotted in Figure S1 (b)-(d), respec-
tively, at 800 K and 10 atm with fixed jet velocity of 
40 m/s in a CH 4 /air mixture. It can be seen that in
the OCI JSR, net turbulence vertex is formed in the
flow field, resulting in non-uniformity in velocity,
temperature, and species. However, in the present
SP-JSR, there is no observation of significant ver-
tex, and a better homogeneity with smaller devia-
tions of the mean flow residence time is achieved in
the SP-JSR than the previous one. 

2.2. Experimental setup and validation 

The quartz reactor is placed inside a stainless-
steel pressure-resistant jacket. By means of pres-
sure balancing inside and outside the reactor, the
high pressure working condition is possible. The
gases issuing from the JSR exit are sampled by
a quartz sonic nozzle, and then equilibrate their
pressure with vacuum generated by a dry pump.
The experimental system was designed for exper-
iments over 1–200 atm and 298 – 1050 K temper-
ature range. The schematic of the setup is shown
in Fig. 2 , and the detailed description is in the
supplementary document. The gas flow rates were
controlled by high-pressure mass flow controllers 
(Brooks, SLA5800) and gas samples were quanti- 
fied by using a micro gas chromatograph ( μ-GC) 
[33 , 34] .The axial temperature profiles under the ex- 
perimental flow conditions were measured in 1 mm 

steps along the JSR bulb, where the temperature 
variation is within ± 3 K between 400-1000 K. The 
temperature profile is plotted in Figure S2 in the 
supplementary document. 

Propane is the simplest alkane showing low 

temperature chemistry. Healy et al. [35] studied 

propane low and high temperature chemistry at 
elevated pressures in shock tube and RCM in 2008, 
and the model of propane oxidation has been 

updated and validated in AramcoMech 3.0 frame- 
work [36] . We performed the propane oxidation at 
10 atm in the SP-JSR and used the propane model 
in the well-developed AramcoMech framework 

to validate the experimental measurements made 
by the SP-JSR. The experimental and modeling 
results of propane oxidation at 10 atm are plotted 

in Figure S3 (a) in the supplementary document. 
The model prediction and experimental data agree 
with each other very well. It is noted that NTC be- 
havior is not observed in the propane oxidation at 
10 atm in this experiment. DME is another simple 
molecule, which shows a stronger low temperature 
chemistry than propane. Therefore, we further 
performed the experiment of DME oxidation at 10 
atm in the SP-JSR and the Chemkin simulation by 
using the HP DME model [37] to specify the NTC 

behavior for the SP-JSR validation (Figure S3 (b)). 
It shows that the NTC behavior of DME at 10 atm 

is well captured by the SP-JSR. 
The experiments were performed between 500- 

900 K at pressures of 10 and 100 atm with and 

without 20% CO 2 additions in the three cases in 

Table 1 . The inlet volume flow rate was fixed at 0.6 
and 6 L/min at 1 atm and 293 K for case 1 and cases 
2 and 3, respectively; as such, the residence time in 

the reactor varies with temperature ( Table 1 ). 

2.3. Modeling details 

Kinetic models of Healy [20] , Li et al. [26] , and 

Bahrini et al. [30] have been used in the present 
study. We use Healy’s model [20] as the base model 
in the main content. The model simulations by us- 
ing the other two mechanisms are added in the sup- 
plementary document in Figure S4 as a reference. 
Reaction rates of n-C 4 H 10 + HO 2 , C 2 H 5 + HO 2 , 
C 4 H 8 OOH + O 2 , CH 3 CO + O 2 , and H 2 O 2 ( + M) 
in Healy’s model are updated within their rate un- 
certainties in this study, and are listed in Table S2 
in the supplementary document. 

3. Results and discussion 

Fig. 3 depicts the mole fraction of n-C 4 H 10 
against temperature with and without 20% CO 2 
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Fig. 2. Schematic of the SP-JSR setup. 

Table 1 
Experimental conditions. 

Case Equivalence ratio Pressure (atm) n-C 4 H 10 (%) O 2 (%) N 2 (%) CO 2 (%) Residence time (s) Temperature (K) 

1 0.1 10 0.2 13 86.8 0 0.234–0.13 500–900 
2 0.1 100 0.2 13 86.8 0 0.234–0.13 500–1000 
3 0.1 100 0.2 13 66.8 20 0.234–0.13 500–1000 
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dditions at 10 and 100 atm. Experimental data
hows a typical low temperature window from
00 K to 780 K and a clear negative temperature
oefficient (NTC) behavior at 10 atm without CO 2 
ddition (case 1), while a weak NTC behavior is
bserved and the intermediate temperature oxida-
ion is shifted to lower temperatures at 100 atm
ith (case 3) and without (case 2) CO 2 additions.
he onset temperature of low temperature oxida-

ion changes insignificantly with pressure. From the
xperimental data in cases 2 and 3, it is seen that
upercritical CO 2 has limited effect on the low tem-
erature oxidation of n -butane, while slows down
he intermediate temperature oxidation. This ob-
ervation agrees with previous literature [38 –40] . n -
utane is completely consumed at around 800 K
ithout CO 2 addition, and it is delayed to 850 K
ith 20% CO 2 addition. Healy’s model predicts the
nset of the low temperature oxidation of n -butane
ell for all three cases. However, it under-predicts

he NTC behavior and the intermediate tempera-
ure oxidation, and the discrepancy becomes larger
t a higher pressure. Furthermore, the model sim-
lation shows little difference between the experi-
ents with and without 20% CO 2 additions at 100

tm. It implies that Healy’s model is not sensitive
to the effect of CO 2 addition on the n -butane oxi-
dation. The updated model will be discussed later. 

To explain the effect of pressure on the n -butane
oxidation, a pathway analysis of n -butane is per-
formed at 100 and 10 atm at 740 K for case 2
in Fig. 4 (a) and (b), respectively. The schemat-
ics of reaction pathways at lower and higher tem-
peratures and with 20% CO 2 addition are simi-
lar to those in Fig. 4 and are not plotted here. In
Fig. 4 (a), the two important radicals of s-C 4 H 9 and
p-C 4 H 9 , noted as R, are formed from H abstrac-
tion reactions of n -butane by OH and HO 2 radi-
cals and further produces RO 2 (C 4 H 9 O 2 ) through
the first O 2 addition. It is well-known that the re-
action pathways shown in black of Fig. 4 domi-
nate the low temperature chemistry of alkanes at
lower pressures, and the QOOH (C 4 H 8 OOH) com-
peting reactions of QOOH + O 2 = O 2 QOOH (R 1 )
and QOOH = QO + OH (R 2 ) control the NTC be-
havior. The reaction of RO 2 = QOOH (R 3 ) is the
main reaction to form QOOH. However, at higher
pressures up to 100 atm, R 1 becomes much more
important than R 2 due to the intense collision be-
tween QOOH and O 2 and fast relaxation of ex-
cited O 2 QOOH. As a result, R 1 dominates the n -
butane oxidation at a broader temperature range
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Fig. 3. Temperature evolution of the fuel mole fraction, n-C 4 H 10 , from 500 to 900 K with and without CO 2 additions, at 
10 and 100 atm, and by using Healy’s and the updated models, respectively. 

Fig. 4. Reaction pathways for n -butane without CO 2 addition at 100 atm (a) and 10 atm (b) at 740 K by using Healy’s 
model. The thickness of arrows here represents the relative importance of different reaction pathways based on the rate 
of species production. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and the NTC behavior is reduced at 100 atm. On
the other hand, the reaction of RO 2 = HO 2 + C 4 H 8
(R 4 ), which is the main reaction channel at inter-
mediate temperature (800-1000 K), appears in the
NTC region. It indicates that the intermediate tem-
perature chemistry is shifted to the NTC region
at 100 atm, and the boundary between low and
intermediate temperature chemistries becomes in-
distinct. Moreover, due to the larger pool of HO 2
and H 2 O 2 at 100 atm, RO 2 + H 2 O 2 = RO 2 H + HO 2
(R 5 ) appears in the RO 2 pathways. At 10 atm in
Fig. 4 (b), reaction channel R 4 is not important at
740 K and R 5 does not show up, which agrees with
the discussion above. In summary, a weak NTC be-
havior is observed at 100 atm. Both the low and in-
termediate temperature chemistries are controlled
by RO 2 reaction pathways through R 3 -R 5 . This
also explains why the reaction pathways at lower
and higher temperatures at 100 atm are similar. 
Furthermore, to investigate the discrepancy be- 
tween experiment and model simulation in the 
NTC and intermediate temperature region, the sen- 
sitivity analyses of n -butane without CO 2 addition 

at a pressure of 100 atm and temperatures of 740 
and 800 K are plotted in Fig. 5 (a) and (b), respec- 
tively. It is seen in Fig. 5 (a) and (b) that n -butane ox- 
idation is largely controlled by H-abstraction from 

n -butane by OH, RO 2 competing reactions by R 3 
and R 4 , and CH 2 O/HCO chemistry. Moreover, re- 
actions in the H 2 O 2 /HO 2 chemistry, which are gen- 
erally important in the intermediate temperature 
region [37] , are also sensitive at 740 K in the NTC 

region. Therefore, it confirms the statement in the 
pathway analysis that the intermediate temperature 
chemistry is shifted to lower temperature in the 
NTC region at 100 atm. In addition, comparing 
the sensitivity analyses of n -butane at 100 atm in 

Fig. 5 (a) and the at 10 atm in Figure S5 at 740 K, it 
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Fig. 5. Sensitivity analyses for n -butane without CO 2 addition at 740 (a) and 800 K (b) and at 100 atm by using Healy’s 
model. 
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s seen that R 4 at 100 atm is more important than
hat at 10 atm, which is corresponding with the
tatement in the pathway analysis above. Moreover,
t is interesting to note that the competing reactions
f CH 3 CO ( + M) and CH 3 CO + O 2 show up at 100
tm, while are not important at 10 atm. Theoretical
alculations and measurements for these reaction
ates need to be emphasized for the high pressure
hemistry model development. 

Based on the pathway and sensitivity analyses
nd the present high pressure experimental data,
ealy’s model is updated with modifying reaction

ates of R 1 , CH 3 CO + O 2 , and H 2 O 2 ( + M) within
ncertainties of calculations or measurements.
t is seen in Fig. 3 that the updated model has
 better prediction of the experimental data,
specially in the NTC and intermediate temper-
ture region. However, the model still slightly
nder-predicts the n -butane oxidation and cannot
apture the effect of supercritical CO 2 on the
xidation. The sensitivity analysis of CO 2 for case
 at 800 K, which is depicted in Figure S6 in the
upplementary document, shows that reactions
f CO + OH = CO 2 + H, H 2 O 2 ( + M) = 2OH ( +
), CH 2 O + OH = HCO + H 2 O, and CH 3 CO

 + M) = CH 3 + CO ( + M) are the most sensitive
eactions. There are mainly three influences of 
O 2 addition on the n -butane oxidation. (1) CO 2 

nhances the third body collision efficiencies in
omparison to N 2 . We have perturbed the collision
fficiency of CO 2 in the four main third body
eactions, H 2 O 2 ( + M) = 2OH ( + M), CH 3 CO ( +

) = CH 3 + CO ( + M), HCO ( + M) = H + CO
 + M), and H + O 2 ( + M) = HO 2 ( + M), by factor
f two, however, the simulation still shows little
ifference between case 2 and 3. It implies that
he influence of CO 2 collision efficiency might be
egligible or there are missing important third
ody reactions at supercritical conditions. This
bservation corresponds with those in [38 , 39] .
2) CO 2 participates in chemical reactions in the
oxidation process, like CO + OH = CO 2 + H and
CO + HO 2 = CO 2 + OH. The former is the key
exothermal reaction in the oxidation, and Joshi
et al. [41] modeled its pressure dependence through
the reactions of CO + OH ( + M) = HOCO ( +
M) and HOCO = CO 2 + H at high pressures.
It is interesting to note that the reaction of 
CO + OH = CO 2 + H does not reach the high
pressure limit at 100 atm according to Joshi’s cal-
culation. The latter becomes important due to the
large production of HO 2 at high pressures and low
and intermediate temperatures. Future work on the
theoretical calculations and evaluations of these
two reactions at supercritical conditions is needed
for analyzing the effect of supercritical CO 2 on the
fuel oxidation. (3) CO 2 has a higher heat capacity
than N 2 , and its thermal and transport properties
are different at supercritical conditions [42] . There-
fore, a model simulation considering the supercrit-
ical thermal and transport properties of reactants
and products is required to analyze the CO 2 effect
on the high pressure oxidation in the future work. 

The mole fractions of other important prod-
ucts and intermediates, such as O 2 , CO, CO 2 ,
C 2 H 4 , CH 2 O, and CH 3 CHO, are plotted in
Fig. 6 (a)-(f), respectively. It is seen that the up-
dated model improves the predictability for all
the key species in Fig. 6 compared to the original
model. It is clearly seen in Fig. 6 (a)-(f) that the
NTC behavior is suppressed at 100 atm and the low
and intermediate temperature chemistry “merge”
together, which corresponds with the pathway
analysis in Fig. 4 . Furthermore, the low and inter-
mediate temperature peaks of C 2 H 4 , CH 2 O, and
CH 3 CHO even merge to a single peak in Fig. 6 (d)-
(e), respectively. The deceleration effect of CO 2
addition at 100 atm is also observed in the mole
fraction profiles of CO, CH 2 O, and CH 3 CHO in
Fig. 6 (b), (e), and (f), respectively. It implies that re-
actions involved in CO, (like CO + OH = CO 2 + H
and CO + HO 2 = CO 2 + OH), CH 2 O (like
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Fig. 6. Temperature evolutions of the mole fraction of O 2 (a), CO (b), CO 2 (c), C 2 H 4 (d), CH 2 O (e), and CH 3 CHO (f) 
from 500 to 900 K with and without CO 2 additions, at 10 and 100 atm, and by using Healy’s and the updated models, 
respectively. 

Fig. 7. (a) Ignition delay time of n -butane/air mixture with different equivalence ratios at 20 atm and (b) laminar burning 
velocity of n -butane/air mixture with different equivalence ratios at 1–10 atm in literature experiments and model simula- 
tions by using the updated model in this paper. Lines are model simulations. The ignition delay time data in (a) are from 

[20] , while the flame speed data in (b) are from [26] . 

 

 

 

 

 

 

 

 

 

 

CH 2 O + OH = HCO + H 2 O), and CH 3 CHO
(like CH 3 CHO + OH = CH 3 CO + H 2 O and
CH 3 CO ( + M) = CH 3 + CO ( + M)) may explain
the deceleration effect of supercritical CO 2 ad-
dition. It should be noted that the discrepancy
between experiment and model simulation for
CO production is still large at around 850 K.
Therefore, the reactions of CO 2 + H = CO + OH
and CO 2 + OH = CO + HO 2 need careful evalua-
tions at supercritical conditions. The supercritical
CO 2 effect on oxidation is complicated and is 
still not clear in literature. It requires future work 

on theoretical calculations on reaction rates at 
supercritical conditions, such as CO 2 + H/OH, and 

on the third-body collision factors of CO 2 . 

4. Comparison with literature data 

The updated n -butane model is also validated 

against the ignition delay time data at 20 atm from 
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20] in Fig. 7 (a) and flame speed data at 1–10 atm
rom [26] . It is seen that the updated model predicts
oth the ignition delay time and the laminar flame
peed well at different equivalence ratios and pres-
ures. 

. Conclusion 

This paper presents a novel supercritical-
ressure jet stirred reactor (SP-JSR), which can op-
rate up to 200 atm. The SP-JSR provides an un-
recedented platform to conduct kinetic studies at

ow and intermediate temperatures at extreme pres-
ures under uniform temperature distribution and
 short flow residence time around 0.1 s. 

The SP-JSR was used to study the n -butane
xidation with different levels of CO 2 addi-
ions at pressures of 10 and 100 atm and
emperaturebetween500-900 K. The experiments
how that a weak NTC behavior is observed at 100
tm and that the intermediate temperature oxida-
ion is shifted to lower temperatures. Moreover, su-
ercritical CO 2 decelerates the intermediate tem-
erature oxidation. Healy’s model under-predicts
he NTC behavior and shows little sensitivity of the
ffect of CO 2 addition on the n -butane oxidation. 

Pathway and sensitive analyses exhibit
hat both the low and intermediate temper-
ture chemistries are controlled by RO 2 re-
ction pathways through the reactions of 
O 2 = QOOH (R 3 ), RO 2 = HO 2 + C 4 H 8 (R 4 ),
nd RO 2 + H 2 O 2 = RO 2 H + HO 2 (R 5 ), in which
 5 appears due to the high level of HO 2 /H 2 O 2

ontent at high pressures. In addition, the compet-
ng reactions of CH 3 CO ( + M) and CH 3 CO + O 2
re important at 100 atm, while are not sensitive at
ower pressures. Kinetic sensitivity analysis did not
how the influence of the CO 2 third body effect at
00 atm. The effect of supercritical CO 2 addition
n the oxidation may come from the reactions

nvolving H 2 O 2 , CO, CH 2 O, and CH 3 CHO, espe-
ially, the reactions of CO 2 + H = CO + OH and
O 2 + OH = CO + HO 2 need careful reevalua-

ions at supercritical conditions. A kinetic model
s updated and it improves the predictability of 

ajor products and intermediates. 

eclaration of Competing Interest 

None. 

cknowledgements 

This work was partly supported by ARO grant
911NF-16-1-0076 and the DOE BES award DE-
C0021135. 
Supplementary materials 

Supplementary material associated with this ar-
ticle can be found, in the online version, at doi: 10.
1016/j.proci.2020.08.047 . 

References 

[1] R.D. Reitz , Int. J. Engine Res. 14 (2013) 411–415 . 
[2] G.P. Sutton , O. Biblarz , Rocket Propulsion Elements ,

John Wiley & Sons, 2016 . 
[3] W. Liang , W. Li , C.K. Law , Proc. Combust. Inst 37

(2019) 1733–1739 . 
[4] H. Zhao , N. Zhao , C. Yan , Z. Zhang , Y. Ju , Combust.

Flame 212 (2020) 337–344 . 
[5] J. Shao , R. Choudhary , D.F. Davidson , R.K. Han-

son , S. Barak , S. Vasu , Proc. Combust. Inst. 37 (2019)
4555–4562 . 

[6] G. Kogekar , C. Karakaya , G.J. Liskovich ,
M.A. Oehlschlaeger , S.C. DeCaluwe , R.J. Kee ,
Combust. Flame 189 (2018) 1–11 . 

[7] H. Hashemi , J.M. Christensen , S. Gersen , H. Levin-
sky , S.J. Klippenstein , P. Glarborg , Combust. Flame
172 (2016) 349–364 . 

[8] H. Hashemi , J.G. Jacobsen , C.T. Rasmussen , et al. ,
Combust. Flame 182 (2017) 150–166 . 

[9] H. Hashemi , J.M. Christensen , L.B. Harding ,
S.J. Klippenstein , P. Glarborg , Proc. Combust. Inst.
37 (2019) 461–468 . 

[10] R.X. Fernandes , K. Luther , J. Troe , J. Phys. Chem.
A 110 (2006) 4442–4449 . 

[11] R. David , D. Matras , Can. J. Chem. Eng. 53 (1975)
297–300 . 

[12] H. Zhao , A.G. Dana , Z. Zhang , W.H. Green , Y. Ju ,
Energy 165 (2018) 727–738 . 

[13] H. Zhao , L. Wu , C. Patrick , et al. , Combust. Flame
197 (2018) 78–87 . 

[14] J. Nenniger , A. Kridiotis , J. Chomiak , J. Long-
well , A. Sarofim , Proc. Combust. Inst. 20 (1985) 
473–479 . 

[15] P. Dagaut , M. Cathonnet , J. Rouan , et al. , J. Phys. E.
Sci. Instrum. 19 (1986) 207 . 

[16] T. Zhang , H. Zhao , Y. Ju , AIAA J 56 (2018)
3388–3392 . 

[17] H. Zhao , M. Souza , Y. Ju , Fusion: J. Am. Sci. Glass-
blowers Soc. 66 (2018) 19–24 . 

[18] A. Demirbas , Energy Sources 24 (2002) 601–610 . 
[19] N. Donato , C. Aul , E. Petersen , C. Zinner , H. Cur-

ran , G. Bourque , J. Eng. Gas Turb. Power 132 (2010)
051502 . 

[20] D. Healy , N. Donato , C. Aul , et al. , Combust. Flame
157 (2010) 1526–1539 . 

[21] X. Jiang , Y. Zhang , X. Man , L. Pan , Z. Huang , En-
erg. Fuel. 28 (2014) 2189–2198 . 

[22] D. Healy , N. Donato , C. Aul , et al. , Combust. Flame
157 (2010) 1540–1551 . 

[23] X. Jiang , Y. Zhang , X. Man , L. Pan , Z. Huang , En-
erg. Fuel. 27 (2013) 6238–6246 . 

[24] O. Park , P.S. Veloo , D.A. Sheen , Y. Tao , F.N. Egol-
fopoulos , H. Wang , Combust. Flame 172 (2016)
136–152 . 

[25] H. Wu , E. Hu , H. Yu , et al. , Energ. Fuel 28 (2014)
3412–3419 . 

[26] W. Li , G. Wang , Y. Li , et al. , Combust. Flame 191
(2018) 126–141 . 

https://doi.org/10.1016/j.proci.2020.08.047
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0001
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0001
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0002
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0002
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0002
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0003
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0003
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0003
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0003
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0004
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0004
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0004
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0004
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0004
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0004
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0005
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0005
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0005
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0005
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0005
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0005
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0005
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0006
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0006
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0006
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0006
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0006
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0006
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0006
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0007
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0007
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0007
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0007
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0007
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0007
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0007
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0008
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0008
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0008
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0008
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0008
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0009
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0009
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0009
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0009
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0009
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0009
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0010
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0010
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0010
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0010
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0011
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0011
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0011
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0012
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0012
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0012
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0012
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0012
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0012
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0013
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0013
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0013
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0013
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0013
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0014
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0014
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0014
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0014
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0014
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0014
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0015
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0015
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0015
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0015
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0015
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0016
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0016
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0016
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0016
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0017
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0017
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0017
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0017
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0018
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0018
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0019
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0019
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0019
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0019
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0019
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0019
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0019
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0020
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0020
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0020
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0020
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0020
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0021
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0021
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0021
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0021
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0021
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0021
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0022
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0022
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0022
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0022
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0022
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0023
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0023
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0023
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0023
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0023
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0023
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0024
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0024
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0024
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0024
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0024
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0024
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0024
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0025
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0025
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0025
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0025
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0025
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0026
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0026
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0026
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0026
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0026


H. Zhao, C. Yan, T. Zhang et al. / Proceedings of the Combustion Institute 38 (2021) 279–287 287 

 

 

 

 

 

 

 

 

 

[27] S.D. Klotz , K. Brezinsky , I. Glassman , Proc. Com-
bust. Inst. 27 (1998) 337–344 . 

[28] P. Dagaut , J. Luche , M. Cathonnet , Energ. Fuel. 14
(2000) 712–719 . 

[29] P. Dagaut , J. Luche , M. Cathonnet , Int. J. Chem.
Kinet. 32 (2000) 365–377 . 

[30] C. Bahrini , P. Morajkar , C. Schoemaecker , et al. ,
Phys. Chem. Chem. Phys. 15 (2013) 19686–19698 . 

[31] R. Minetti , M. Ribaucour , M. Carlier , C. Fittschen ,
L.R. Sochet , Combust. Flame 96 (1994) 201–211 . 

[32] S. Kojima , T. Suzuoki , Combust. Flame 92 (1993)
254–265 . 

[33] H. Zhao , J. Fu , F.M. Haas , Y. Ju , Combust. Flame
183 (2017) 253–260 . 

[34] Z. Zhang , H. Zhao , L. Cao , G. Li , Y. Ju , Energ. Fuel
32 (2018) 11970–11978 . 

[35] D. Healy , H. Curran , S. Dooley , et al. , Combust.
Flame 155 (2008) 451–461 . 
[36] C.W. Zhou , Y. Li , U. Burke , et al. , Combust. Flame 
197 (2018) 423–438 . 

[37] H. Zhao , X. Yang , Y. Ju , Combust. Flame 173 (2016) 
187–194 . 

[38] B. Koroglu , O.M. Pryor , J. Lopez , L. Nash , S.S. Vasu , 
Combust. Flame 164 (2016) 152–163 . 

[39] J.W. Hargis , E.L. Petersen , Energ. Fuel 29 (2015) 
7712–7726 . 

[40] T. Le Cong , P. Dagaut , Proc. Combust. Inst. 32 (2009) 
427–435 . 

[41] A.V. Joshi , H. Wang , Int. J. Chem. Kinet. 38 (2006) 
57–73 . 

[42] H. Zhao , Z. Zhang , Y. Rezgui , N. Zhao , Y. Ju , Com- 
bust. Flame 200 (2019) 135–141 . 

http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0027
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0027
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0027
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0027
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0028
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0028
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0028
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0028
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0029
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0029
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0029
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0029
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0030
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0030
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0030
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0030
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0030
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0031
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0031
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0031
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0031
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0031
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0031
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0032
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0032
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0032
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0033
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0033
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0033
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0033
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0033
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0034
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0034
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0034
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0034
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0034
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0034
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0035
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0035
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0035
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0035
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0035
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0036
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0036
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0036
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0036
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0036
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0037
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0037
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0037
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0037
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0038
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0038
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0038
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0038
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0038
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0038
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0039
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0039
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0039
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0040
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0040
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0040
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0041
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0041
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0041
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0042
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0042
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0042
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0042
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0042
http://refhub.elsevier.com/S1540-7489(20)30644-1/sbref0042

	Studies of high-pressure n-butane oxidation with CO2 dilution up to 100 atm using a supercritical-pressure jet-stirred reactor
	1 Introduction
	2 Experimental methods and kinetic models
	2.1 Geometry of the SP-JSR
	2.2 Experimental setup and validation
	2.3 Modeling details

	3 Results and discussion
	4 Comparison with literature data
	5 Conclusion
	Declaration of Competing Interest
	Acknowledgements
	Supplementary materials
	References


