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1 Introduction

The Compression Ignition (CI) engine still serves as the primary

Understanding the Nonlinear
Reactivity Promoting Effect of
n-Heptane Addition on the Binary
Mixture From Low to Intermediate
Temperature: A Case of Methane/
n-Heptane Mixtures

To understand the effect of n-heptane (NC;H ¢) addition on the auto-ignition of methane
(CHy) at low to intermediate temperatures, the ignition delay times (IDTs) of stoichiometric
CH,/NC,H ;5 blends with varying NC;H ;5 concentrations were measured at temperatures
from 600 to 1000 K, pressures of 20 and 40 bar. Detailed chemical kinetic mechanisms were
validated against the newly measured IDTs. Adding NC;H ;s in the binary mixture shows a
nonlinear promoting effect on the IDTs: micro-addition of NC;H ;4 can significantly reduce
the IDTs of the binary mixture when the NC7H 6 is lower than 20%. However, the decrease of
the IDTs becomes much slower when further increasing the NC-H ;5 addition. Affected by the
negative temperature coefficient (NTC) behavior of NC;H s, this nonlinear effect is
particularly notable at around 795 K, the low boundary of the NTC region. To reveal the
nonlinear reactivity-promoting effect of NC;H ;s addition on the binary mixture, reaction
Sflux, ignition sensitivity, rate of production of the key radicals along heat production
analyses were conducted. Apart from contributing more OH production through the low-
temperature chain-branching reaction pathways of NC-H ;4, adding NC,H ;4 also promotes
the pre-ignition heat release of the binary mixture. The heat release raises the system
temperature and further promotes the mixture ignition, enhancing the nonlinear effect at low
temperatures. [DOL: 10.1115/1.4064148]

Keywords: CH,/NC;H ;5 mixture, dual fuel engine, rapid compression machine, ignition
delay time, chemical kinetics

reduced CO, emission [4]. Moreover, its lower adiabatic combus-
tion temperature and leaner local equivalence ratio enable natural

power source of various equipment such as heavy-duty automotive,
marine, and power generation [1]. Nonetheless, the widespread
utilization of fossil-based diesel fuels contributes to significant
carbon dioxide emissions, further intensifying the greenhouse
effect. To address this issue, the adoption of low-carbon alternative
fuels offers a viable solution that requires minimal modifications to
existing systems [2]. Notably, natural gas is a widely utilized
substitute fuel [3,4] for its abundant availability worldwide, along
with its lower cost compared to traditional liquid fossil fuels [3].
Natural gas exhibits a higher hydrogen-to-carbon ratio and lower
carbon number in comparison to gasoline and diesel, resulting in
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gas to effectively mitigate NOx and soot emissions simultaneously
[5,6]. Furthermore, the high octane number of natural gas permits
the utilization of higher compression ratios in natural gas engines,
thereby enhancing thermal efficiency [7,8]. Nonetheless, the
application of natural gas in CI engines encounters challenges in
terms of ignition, particularly under low-temperature conditions. A
“dual-fuel” combustion strategy is consequently introduced to
address this issue [9-11]. A little amount of pilot diesel is injected
during the compression stroke to trigger the ignition of the premixed
natural gas mixture by providing a powerful and distributed flame
kernel in a short delay [12,13].

The ignition characteristic of diesel and natural gas blends plays a
crucial role in dual-fuel engine control and ultimately determines
engine performance [13]. For instance, shorter ignition delay can
effectively mitigate NOx emissions but generally leads to an
extended combustion duration and a reduction in peak combustion

JULY 2024, Vol. 146 / 071003-1

Copyright © 2024 by ASME



pressure [14,15]. Nevertheless, it is challenging to precisely regulate
the ignition timing in this dual fuel mode due to the reactivity
disparity between natural gas and diesel. Consequently, further
investigation into the ignition characteristics of natural gas/diesel
dual fuel is warranted. Moreover, the integration of computational
fluid dynamics with chemical kinetic mechanisms presents an
opportunity for cost reduction in engine design and an improved
understanding of the internal combustion procedure. The accuracy
of the chemical kinetic mechanisms directly influences the quality of
simulation results. Therefore, it is essential to develop and validate
the accuracy of the chemical kinetic mechanisms for natural gas and
diesel blends.

Since both natural gas and diesel are mixtures that contain various
complex components, surrogates are commonly employed in
theoretical research to simplify this issue [16]. Natural gas typically
comprises over 90% volumetric fraction of CH, in most gas sources
[17], while NC;H;¢ exhibits a similar cetane number with diesel
[18]. Consequently, CH, is widely employed as a surrogate for
natural gas [19,20], and NC;H,¢ is commonly employed as a
surrogate for diesel [21,22]. Although extensive studies have been
conducted on the ignition behaviors of pure fuels, and their
surrogates [23-27], limited experimental investigations have been
conducted on binary blended mixtures. Liang et al. [28] measured
the IDTs for equivalent CH4 and NC;H ¢ blends in a shock tube (ST)
under 10atm, 1250K to 1750K. They observed a nonlinear
influence of CH, content on the IDTs of binary mixtures. Schuh
et al. [29] investigated the ignition delay for CH, and NC;Hy¢
blended fuels under extremely high-pressure conditions (60 and
100bar, 671K to 1284K) using a rapid compression machine
(RCM) and ST. They found that the addition of NC7H ¢ to the CHy
mixture increases the reactivity of the mixture at low to intermediate
temperatures. Gong et al. [30] measured the IDTs of fuel-lean blends
of CHy/NC7H ¢ at 1241 K to 1825 K and 2.0 bar in an ST. They also
found that the effect of NC,;H; ¢ addition on IDTs is nonlinear at such
high temperature and low pressure. Recently, Zhu et al. [31] studied
the ignition delay of the methane CH, blended with three different
proportions of diesel at 640-1450K and 6-20bar. The results
revealed that the blended fuel mixture exhibits two ignition stages
and typical negative temperature coefficient (NTC) behavior. The
promoting capability of diesel to the IDTs is decreasing with the
increase of the diesel proportion, resulting in a nonlinear effect on
IDTs. However, to the best of the authors’ knowledge, there is still
limited IDT database for pure CH, blended with NC;H 4 at low to
intermediate temperatures and high pressures. Additional research is
imperative to elucidate the intricate mechanisms underlying the
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nonlinear reactivity promotion resulting from the addition of
NC;H¢ in the binary mixture from low to intermediate temperature.
The manifestation of this nonlinear effect presents challenges in
accurately regulating the IDTs of the binary mixtures.

In this study, the new IDTs of binary CH,/NC;H ¢ fuels under
600 K to 1000 K, 20 bar, and 40 bar were measured in an RCM. Two
commonly used detailed chemical kinetic mechanisms were
validated by the measured IDTs. Additionally, chemical kinetics
analyses were conducted to shed light on the intricate interaction
mechanism occurring upon the addition of micro-NC7H16 to the
CH4/NC57H ¢ binary mixtures under low to intermediate tempera-
ture conditions. These analyses aimed to unveil the underlying
mechanism responsible for the nonlinear reactivity promotion
effect.

2 Methodology

2.1 Experiment. The IDTs of the CH4/NC;H;¢ binary blends
were measured using the RCM at Xi’an Jiaotong University. The
structural diagram of the RCM setup is shown in Fig. 1, while
detailed descriptions can be found in our previous works [32-34].
An overview of the setup is provided in this brief introduction. This
RCM includes a high-pressure tank for providing the driving gas, a
pneumatic driving chamber, a hydraulic reducer chamber, a
compression chamber, and a combustion chamber. The pressure
evolution (p) in the combustion chamber is collected by a piezo-
electric pressure transducer (Kistler 6125C) coupled with a charge
amplifier (Kistler 5018A). The data are recorded at a frequency of
100kHz by a data collecting card. Temperature evolution is
determined based on the adiabatic core hypothesis [35]

T
J In <£>
To 4
in which 7)) is the initial temperature, p, is the initial pressure and ) is
the temperature-dependent specific heat ratio of the mixture. The
end of compression (EOC) pressure (p.) and temperature (7,.) serve
as the characteristic parameters for characterizing the IDT.

The NC7H ¢ liquid used in this study was sourced from Energy
Chemical, China, and has a purity of 99%. The purities of CHy,
oxygen (O,), nitrogen (N,), and argon (Ar) used in this study are
exceeding 99.999%. N, and Ar were employed as the diluent gases
in this experiment to provide a wide range of effective 7.
(600-1000K). The prepared reactive mixture and corresponding
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Fig. 1 The structural diagram of the rapid compression machine
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Table1 Compositions of the tested mixtures
The mole percentage of constituents (%)
NC-H,4 content (%) ¢ NC,H¢ CH, 0, N,/Ar P /bar
0 1.0 0 9.50 19.01 71.49 20, 40
1 0.09 9.04 19.09 71.78 20, 40
2 0.18 8.61 19.16 72.05 20
3 0.25 8.22 19.23 72.30 20, 40
4.5 0.36 7.67 19.32 72.65 20
10 0.68 6.08 19.59 73.65 20, 40
100 1.87 0 20.62 77.51 20

nonreactive mixture (replacing O, with equivalent N,) were
separately stored in two stainless-steel tanks. The partial pressure
of NC;H ;¢ was maintained below 1/3 of its saturated vapor pressure
to prevent condensation. The actual partial pressure of fuel is
measured using a digital pressure transducer (OMEGA DPG4000).
The composition of the tested mixtures and the corresponding
experimental conditions are provided in Table 1.

To ensure the repeatability of the IDTs and minimize measure-
ment error, at least two parallel experiments were conducted for
each test condition. Additionally, the nonreactive test at the same
condition accounts for the facility-related effects, as depicted in
Fig. 2, including the compression process and the heat loss after the
EOC. By comparing the reactive and nonreactive pressure histories,
potential heat release during compression can be identified. The
uncertainties associated with the RCM measurements arise from the
initial temperature (= 1.1 K), initial pressure (* 175 Pa), and mixture
composition. By using the independent parameters methodology [36],
the uncertainty of 7 is less than 10 K, and the IDT measurements are
within £10%. The detailed calculations of AT, are provided as
Supplemental Materials on the ASME Digital Collection.

Figure 2 shows a typical pressure evolution obtained from the
RCM experiments. (Additional examples of pressure evolutions are
available in Fig. S1 in the Supplemental Materials on the ASME
Digital Collection). The instant of EOC is designated as time zero.
Both reactive and nonreactive pressure traces exhibit an initial
increase before the EOC followed by a slight decrease after the EOC
due to the heat loss. These pressure traces are nearly identical before
ignition occurs. Subsequently, an obvious two-stage pressure rise
was observed, which signifies the characteristic two-stage ignition
phenomenon.

The first-stage IDTs are defined as the time interval between time
zero and the maximum rate of the first-stage pressure rise during the
first stage. The total IDTs, on the other hand, encompass the time
interval between time zero and the maximum slope of the pressure
trace. Volume history [37] is generated from nonreactive pressure
traces by utilizing adiabatic compression and expansion theory.
Detailed information regarding the experimental conditions,
volume histories, and the corresponding measured IDTs can be
found in the Supplemental Materials on the ASME Digital
Collection.

2.2 Numerical Simulation. To investigate the mechanism of
the nonlinear effect of NC;H;¢ addition on the ignition of the
NC-H,¢/CH,4 mixture, chemical kinetic simulations were conducted
using the zero-dimensional homogeneous reactor in Chemkin-Pro
[38]. The volume history tabulation approach [37] was employed to
account for the facility effect on the ignition process in the
simulation.

CH, is an intermediate product during NC;H,¢ oxidation, and
thus the reaction mechanism for NC;H;4 contains the submechan-
ism for CHy. The detailed chemical kinetic mechanism NUIG-
Mechl.1 [25,26] and LLNL3.1 [39] mechanism are widely utilized
for investigating the ignition and combustion processes of NC;H ¢
[40,41], and have been validated against IDTs measured in ST
[28,30,42] and RCM [40,43], as well as data obtained from jet-
stirred reactor [44—46] and plug-flow reactor [47].

Journal of Engineering for Gas Turbines and Power

3 Results and Discussion

3.1 Measured Ignition Delay Times and Mechanism Vali-
dation. The total IDTs of CH4/NC,H,;s mixtures with various
NC;H;¢ content at 20 and 40 bar are shown in Fig. 3. The solid
symbols represent the measured total IDTs in this study, while the
hollow symbols denote data from literature [24,26,48], which have
been normalized to the target pressures (p.=20bar and 40 bar)
using a power law pressure dependence [49]. The line represents the
model predicted value using the NUIGMechl1.1 mechanism (solid
line) and LLNL3.1 mechanism (short dash line).

At p. =20 bar, typical NTC behavior can be found in the mixture
with more than 2% NC;Hs content, which becomes more
pronounced for the mixture with higher fractions of NC;H¢. The
reactivity of the mixtures increases continuously with increasing
NC;H¢ content, particularly in the NTC region. In comparison to
the IDTs for the 2% NC,H,¢ case, the IDT is approximately 3 times
shorter for the 3% NC,;H;q case, 10 times shorter for the 4.5%
NC-;H,4 case, and 40 times shorter for the 10% NC,H,¢ case, at
20 bar and 770 K. In addition, it can be found that adding NC;H ¢ to
the CH, mixture can extend the lower temperature ignition limit of
the binary mixture. As the pressure is raised to 40 bar, the mixtures
present stronger low-temperature reactivity, resulting in signifi-
cantly reduced total IDTs. The NTC region of the binary mixture
appears at the higher temperature area, and the IDTs exceed the
effective measurement time scale of the RCM. Therefore, the
measurements at this condition do not exhibit NTC behavior.

Both NUIGMechl.1 and LLNL3.1 mechanisms accurately
predict the trends of total IDTs under various conditions, as depicted
in Fig. 3. However, NUIGMech1.1 performs better in capturing the
NTC behavior of the binary mixtures, whereas LLNL3.1 over-
estimate the total IDTs in the NTC behavior region for the mixture
with fewer NC;H ;¢ content. Furthermore, as shown in Fig. 4,
NUIGMechl.1 can also better capture the trends of the first-stage

100 10
NC,H,; content: 3%
¢ =1.0, in air
80 - p.=20.97 bar 18
= T.=727.87K |
= F== + total IDT “
~ 60F - e———— 16 §
2 * [ 2
= RS 9
2 \ ! £
£ oaof S 14 2
A . 11t IDT reactive >
— — non-reactive]
20 s T T o L o 12
! -=== Volume
0 | 1 L 0
0 15 30 45 60

Times / ms

Fig. 2 Typical pressure evolution history for binary mixture
measured in XJTU-RCM
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Fig. 3 Total IDT measured (symbols) and model predicted (lines) value for the stoichiometric CH4/NC;H¢ mixture under
20 bar and 40 bar. Hollow symbols are experimental data from Ref. [23,24] for pure CH, mixture and from Ref. [26] for pure
NC-,H4¢ mixture, Solid and dashed lines are predictions using NUIGMech1.1 [25] and LLNL3.1 [39] mechanism, respectively.

IDTs with temperature and NC;H;¢ proportion. Consequently, 3.2 Effect of NC;H;¢ Fraction in Binary Mixture. As
NUIGMechl.1 is selected for further analysis of the chemical mentioned, the addition of NC;H;4 to CHy has a large impact on
kinetic processes during the CH4/NC;H;s binary mixture auto- the ignition characteristics of the binary mixture. The comparisons

ignition. of simulated IDTs (see Fig. S2 available in the Supplemental

First-stage IDTs CH, / NC,H,; binary mixture

Pc=20bar 100 L Pc=20Dbar, ¢ = 1.0, in air

¢ =1.0 in air -
5 100} g
E ; \ — = 700K
g 'g \ \ —0—795 K

=]
£ \ - — 925K
B el ‘
_— ] 10 |
) =]
) L
= 10 E
S (
= A =
A NC,H, content: A 3% Vv 4.5%
1L Solid lines : NUIGMechl.1 1L
Dash lines : LLNL3.1
1 I ! 1 ! 1 1 L L L L L L
120 125 130 135 140 145 150 1.55 1.60 0 20 40 60 80 100
1000K/T NC7H16 content / %

Fig.4 First-stage IDT measured (symbols) and model predicted Fig. 5 The evolution of IDTs of stoichiometric CH,/NC;H;¢
(lines) value for stoichiometric CH4/NC;H;¢ mixture under 20 bar.  mixture with various NC;H;¢ content at temperatures of 700K,
Solid and dashed lines are predictions using NUIGMech1.1 [25] 795K, 925K, and 1000 K, under 20bar, using NUIGMech1.1
and LLNL3.1 [39] mechanisms, respectively. mechanism
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Fig. 6 The evolution of max OH mole fraction of TCH4/NC;H4¢
mixture with various NC,H.¢ content at temperatures of 700K,
795K, 925 K, and 1000 K, under 20 bar

Materials on the ASME Digital Collection) for the mixture with
various NC7H 4 content indicated that both the first-stage IDTs and
total IDTs decrease as NC;H;q content increases at similar
temperature conditions, and the NTC behavior also becomes
stronger. The ignition characteristics of the binary mixture gradually
approach those of pure NC;H;¢ mixture as the NC;H;¢ content
increases, and the effect of NC;H ¢ addition on IDTs is nonlinear.

Figure 5 further illustrates the nonlinear trend of the IDTs with
varying NC;H ¢ content. Four representative temperatures, includ-
ing 700K, 795K, 925K, and 1000 K, are selected for comparison.
These temperatures represent the low temperature, lower temper-
ature limit of the NTC regime, higher temperature limit of the NTC
regime, and intermediate temperature under the discussed con-
ditions. It can be observed that there is a significant reduction in
IDTs as the NC;H ¢ content increases from 0% to 20%. When the
NC;H¢ proportion exceeds 20%, the IDTs of the binary mixture
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Fig. 8 Sensitivity analyses for first-stage IDT of binary mixture
with 3% and 10% NC;H;s content under 20 bar, at (a) 795K and
(b) 925K
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Fig.7 Reaction flux analysis for CH, with 1% (normal) and 10% (underlined) NC,H,s content mixture under 20 bar, at (a) 795 K and

(b) 925 K, where the NC;H;s consumption rates reach 20%
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become similar to those of the pure NC;H,¢ mixture. Notably, the
strongest nonlinear effect of NC;H;4 content variation on IDTS is
observed at T'=795 K, which corresponds to the lower temperature
limit of the NTC regime for pure NC;H ¢ mixture.

A hypothetical substance, named “TCH,”, whose thermody-
namic properties are identical to CH,, but do not engage in any
reactions, is used to evaluate the effect of NC;H;¢ addition. The
maximum OH mole fraction during the auto-ignition of TCH,/
NC7H;¢ mixtures with varying NC;H ¢ content is shown in Fig. 6.
As the NC;H;¢ content increases from 0% to 20%, there is a
substantial increase in the OH mole fraction spanning several orders
of magnitude. However, the increase of OH mole fraction becomes
much slower when the NC;H,¢ content surpasses 20%. The
maximum OH mole fraction presents an extremely strong nonlinear
growth trend with the NC;H, ¢ content, which is consistent with the
effect of NC;H,¢ addition on the IDTs of the binary mixtures. The
OH radicals are one of the most important radicals in controlling the
mixture ignition. Hence, it can be proposed that the nonlinear
introduction of OH radicals originating from NC;H;¢ significantly
contributes to the nonlinear effect observed in the IDT of the binary
mixture.

3.3 Chemical Kinetic Analyses. Under most temperature
conditions, the IDTs exhibit similar nonlinear trends as NC7H 4
content increases as illustrated in Fig. 5, and they decrease as the
temperature rises. However, there is an extremely strong nonlinear
characteristic at 795 K, where the IDTs are even shorter than that at
higher temperature conditions when the NC;H;¢ content is over 5%.
In this section, chemical kinetic comparative analyses for CH,/
NC;H¢ binary mixture were conducted at 795 K and 925 K, aiming
to reveal the mechanism of such strong nonlinear characteristics at
795K.
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Fig. 9 Sensitivity analyses for total IDT of binary mixture with

1%, 3%, and 10% NC;H;¢ content under 20 bar, at (a) 795 K and
(b) 925K
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3.3.1 Reaction Flux Analyses for CH,NC;H;s Binary
Mixture. Figure 7 shows the main reaction pathway of CH, when
NC7H;¢ is consumed by 20%. At the relatively lower temperature of
795 K, most of the CH; radicals prefer to combine with O, producing
CH;0;, radicals. Nearly 60% of CH30, radicals react with HO, and
H,0, to produce CH30,H, which further dissociates into methoxy
(CH30) and releases OH radicals. With the increase in NC;H,¢
content from 1% to 10% at 795K, the proportion of CH;0,
converting into CH30,H decreases from nearly 60% to 35.1%. So
fewer HO, radicals transform into OH radicals through this
pathway. Additionally, the increase of NC;H;e content in the
mixture promotes the H-atom abstractions reaction by OH radicals
from CH, and CH,0.

As the temperature increases to 925 K, most of the CH; radicals
directly convert into CH;O CH,O0, and HCO rather than combine
with O,. The reaction pathway, CH;0,4HO,=>CH;0,H=>
CH30+OH is negligible during CH,4 oxidation. Notably, a portion
of CHj reacts with HO, to produce CH, or undergoes self-
recombines to generate stable C,Hg molecules. They are typical
chain termination reactions that suppress the reactivity of the
mixture. The increase of NC;H ¢ content at 925 K mainly promotes
H-atom abstraction reactions by OH radicals for CH4 and CH,O.
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Fig. 10 (a) Comparison of the rate constant for CH,;0,
+HO,<=>CH3;0,H+0, from literature. (b) Prediction of IDTs by
using different rate constants for CH;0,+HO, <=>CH3;0,H+0,,
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The main reaction pathways of NC;H ¢ are also presented in
Fig. S3 available in the Supplemental Materials on the ASME
Digital Collection during its consumption rate reaches 20%
respectively at 20 bar, 795 K, and 925 K. The increase of NC;H 4
content in the mixture primarily elevates the proportion of the H-
atom abstraction from NC;H,s by OH radicals at both 795K and
925 K. Specifically, CH30, and CHj radicals participate in the H-
atom abstraction reaction to consume NC;H; under 1% NC;Hq
content conditions. As the temperature increases from 795K to
925 K, the proportion of the low-temperature oxidation pathway (the
secondary-O, reaction) reduces, which suppresses the low-
temperature reactivity of NC;7H .

3.3.2  Brute-Force Sensitivity Analyses for the Ignition Delay
Times. To further investigate the dominant elementary steps in
deciding the reactivity, brute-force sensitivity analyses under the
premise of adiabatic conditions were conducted for CHy/NC;H¢
mixture with 1%, 3%, and 10% NC5H 4 content at 20 bar and 795 K
and 925 K. The sensitivity coefficient for IDTs of the reaction is
defined as

§ = log(12/70.5)/10g(2/0.5)

where 7, and 795 are the IDTs (total IDTs or first-stage IDTs)
computed with the rate constant multiplied or divided by two,
respectively. The reaction with a positive sensitivity coefficient
extends the IDT and suppresses the system reactivity, while the
reaction with a negative coefficient shortens the IDT and promotes
the system reactivity.

OH radical

CH302H(+M)<=>CH30+OH(+M)
CTKET<=>C7KETO+OH
C7H1400H-02=>C7KET+OH
H202(+M)<=>20H(+M)
CH3+HO02<=>CH30+0OH

T=795K
I
B 10%
C7H1400H<=>C7H140+0OH
C7H13(0OOH)2<=>C7H130-OOH+OH
CH302+OH<=>CH30H+02
CH20+OH<=>HCO+H20
NC7H16+OH<=>C7H15+H20
CH4+OH<=>CH3+H20

The first-stage IDTs mainly occur at relatively lower temper-
atures (T'="795 K, for example) and NC;H;¢ content higher than
3%. According to Fig. 8, The competition between CH, and NC7H, ¢
for OH radicals dominates the first-stage ignition process of the
binary mixture for both 3% and 10% conditions, and the reactivity is
mainly promoted by NC;H;¢ low-temperature oxidation reactions.
The CH, in the mixture suppresses the low-temperature reactivity of
NC;H;¢ and extends the first-stage IDT. When the NC;H,4 content
is below 3%, the suppressed effect of the CHy-relevant reaction
becomes more obvious.

Based on the sensitivity analyses shown in Fig. 9, at the relatively
lower temperature of 795K, the competition between CH, and
NC;H¢ for OH radicals also dominates the total IDTs of the binary
mixture for all three different NC;H;¢ content mixtures. The
subsequent secondary O,-addition to the hydroperoxyl-alkyl
radicals of NC;H;¢4 also strongly promotes reactivity. For higher
NC7H;¢ content (10%) mixtures, the most reactivity-promoting
reaction is HO,(4+M)<=>OH-+OH(+M), while it transforms into
CH;30,+ HO,<=>CH;0,H+0; at extremely low NC;H ¢ content
(1%) conditions. The further dissociation reaction of CH3;0,H
produces OH radicals, which accelerate fuel consumption. Gen-
erally, OH-relevant reactions exhibit large sensitivity coefficients
and control the reactivity of binary mixture at low-temperature
conditions.

As the temperature increases to 975K, the chain termination
reaction, CH3;+HO,<=>CH4+0,, exhibits the largest sensitivity
coefficient, inhibiting reactivity, typically at low NC;H;¢ content
(1%) conditions. The self-recombination reaction of HO, and CHjy
to produce stable species, H>O, and C,Hg, also significantly inhibits
the reaction. However, the reactions of HO, radicals abstracting

HO, radical
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.
I (0%
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T
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Fig. 11 Normalized ROP analysis of OH and HOZ radicals in the stoichiometric binary mixture with 1% and 10% NC,H,s content

under 20 bar at 795 K, and 925 K, while the NC;H¢ consumption rate reaches 20%
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H-atom from NC;H,s, CH4, and CH,O show higher sensitivity at
this temperature. These reactions produce H,O,, which further
dissociates into two OH radicals, greatly promoting fuel consump-
tion. At this temperature, the HO,-relevant reactions control the
reactivity of the binary mixture and exhibit large sensitivity
coefficients. ) )

The reaction of CH30,+HO,<=>CH3;0,H+0O, is found to
exhibit higher sensitivity to the IDTs of the binary mixture than that
for pure fuels [40,50,51] under low NC;H,¢ content (<10%) and
low-temperature conditions. It is also involved in the main pathway
for generating OH radicals: CH;30,+HO,=>CH;0,H=>
CH30-+OH. The rate constant adopted in NUIGMechl.1 is fitted
according to the measurements by Lightfoot et al. [52]. It is found to
be 2 - 4 times higher than the rate constants fitted from calculation
results with multiconfiguration self-consistent field and complete
active space self-consistent field method by Anglada et al. [53] and
that used by Tsang et al. [54] at the temperature from 600K to
1000 K as shown in Fig. 10(a). Figure 10(b) presents the calculated
IDTs using the different rate constants for CH;0,+HO,<=>
CH3;0,H+0O, from Lightfoot et al. [51], Anglada et al. [53] and
Tsang et al. [54]. The results show that the difference in rate
constants for CH;0,+HO,<=>CH30,H+O, can lead to approx-
imately 15%—20% variation of the IDTs in the NTC region. Further
investigations by experiments and high levels of theory are required
to improve the prediction.

3.3.3  Rate of Production Analysis ofOH and HO; Radicals. As
mentioned before, the interaction between NC;H;s and CH, is
mainly through OH and HO, radicals. Thus, the rate of production
(ROP) analysis of OH and HO; radicals at 795 K and 925 K, 20 bar,
under 20% NC;H,¢ consumption instant is conducted and shown in
Fig. 11. At the relatively lower temperature of 795K, the OH
radicals are primarily provided through the reaction CH3;0,H
(+M)<=>CH;30+4+-OH(+M) at 1% NC;H,¢4 content condition and
mainly consumed by H-atom abstraction reaction of CH,4. For the
HO, radicals, CH30,+HO,<=>CH30,H+O, is an important
reaction that consumes HO, and pr0v1des CH;0,H. The flux of
CH';OZJFHOQ >CH30,H=>CH30+O0H is the major pathway to
convert HO, radicals into more active OH radicals promoting the
reactivity. When the NC;H,4 content increases to 10%, the OH
radicals are mainly generated from the low-temperature oxidation of
NC;Hje. )

As the temperature increases to 925 K, the OH radical is mainly
produced through the dissociation reaction of H>O,, which primarily
arises from the self-recombination of HO, radicals, and H-atom
abstraction by HO, radicals from NC;H,s, CHy, and CH,O. The
reaction pathway of HO,=>H,0,=>OH becomes the major
pathway for converting HO, radicals into more active OH radicals.
On the other hand, the CHy-relevant reaction pathways such as
CH; 02+H027>CH 0,H=>CH;0+0OH and CH; +H02
<= >CH3O+OH also play an important role in consuming HO,
and producing OH radicals for both 1% and 10% NC;H;¢ content
mixture. Production of OH radicals from the low-temperature
reactions of NC;H;¢ decreases at this temperature.

Figure 12 provides insight into the development of key species for
the binary mixture with 1% and 10% NC;H¢ contents at 20 bar,
795K, and 925K. The start of NC;H,s consumption generally
occurs earlier than that of CH,, which arises initial radicals pool. The
initial oxidation of NC;H;4 can sharply improve the OH radicals’
mole fraction in the system, which promotes the binary mixture
ignition.

Owing to the low-temperature oxidation characteristic of
NC7H,¢, increasing NC;H;¢ content at 795K can significantly
increase the concentration of OH radicals and promote the reactivity
of the binary mixture. However, at the intermediate temperature of
925 K, the low-temperature reactivity of the NC;H ¢ is suppressed,
resulting in a smaller variation of the OH radicals’ mole fraction as
NC;H¢ content increases. Thus, the NC;H ¢ content presents less
effect on IDTs of the binary mixture. This is a reason for a stronger
nonlinear behavior observed at 795 K than at 925 K.

071003-8 / Vol. 146, JULY 2024

3.34 Heat Release Analysis for Main Reactions. The con-
sumption of NC;H g is earlier than that of CH,, and heat release
during NC;H;4 oxidation can affect the ignition process of the CH,
as shown in Fig. 12. Hence, the effect of micro-NC7H16 addition on
the CH4 mixture should also be investigated thermodynamically.
Figure 13 provides insight into the major endothermic and
exothermic reactions during the consumption of NC;H;s up to
20%, at 795 K and 925 K, 20 bar.

At the relatively lower temperature of 795K, the CH,-relevant
reactions, such as CH3+Ox(+M)<= >CH302(+M) CH;0,4+HO,
<=>CH;0,H+0,, and CH4+HO,<=>CH3+0, are responsible
for the main heat release under the 1% NC,H s condition. When the
NC;H;¢4 content increases to 10%, the heat production rates are
almost two orders of magnitude higher compared to the 1% NC;H¢
condition. On the one hand, the NC,H¢4-relevant reactions,
including the H-atom abstraction and O,-addition reactions,
contribute to a significant heat release rate at this condition.
Therefore, increasing the proportion of NC;H ¢ can sharply promote
the heat release from the NC;H;4 oxidation process. On the other
hand, low-temperature oxidation of NC;H¢ generates a massive of
OH and HO, radicals, which participate in the CHy-relevant
reactions, such as CH4+OH< >CH;5+H,0, CH302+H02< >
CH;0,H+0,, etc. These reactions also contribute to major
exothermic reactions in this condition. As a consequence, the
inclusion of a higher fraction of NC;H,¢ leads to a substantial
increase in the system temperature during the first-stage consump-
tion of NC;H 4, as Fig. 12 shows. As the temperature approaches the
initial dissociation temperature of H,O, (approximately 1000 K)
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Fig. 12 Evolution of key species and temperature of the
stoichiometric binary mixture with 1%, and 10% NC;H,s content
under 20 bar, at (a) 795 K and (b) 925 K with the normalization time
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Fig. 13 Major endothermic and exothermic reactions of mixture
with 1% and 10% NC;H;¢ content at 20% NC;H;¢ consumption.
Under 20 bar, at (a) 795 K and (b) 925 K.

[55], a large amount of OH radicals is produced, thereby
accelerating the ignition process of the binary mixture.

The effect of NC7H,¢ addition on the heat production at 925 K is
less than that at 925 K. On one hand, the competition between the
low-temperature and intermediate-temperature reactions reduces
the reactivity of NC;H ¢ and suppresses heat release during NC;H ¢
oxidation. On the other hand, the major exothermic reaction,
CH;3;+40,(+M)<=>CH;0,(+M) and CH;0,+HO,<=>
CH30,H+O,, constitute a smaller proportion of the CH, con-
sumption (as shown in Fig. 7), leading to a slower heat release rate.
This is another reason for a stronger nonlinear behavior observed at
795K than at 925 K.

4 Conclusions

In this study, IDTs for binary mixtures of CH, and NC;H4 at
various blending ratios are measured under 600 to 1000 K, 20 bar,
and 40 bar. The effect of NC;H, 4 addition on IDTs shows nonlinear
characteristics, micro-addition of NC;H ¢ can significantly reduce
the IDTs of the binary mixture when the NC;H ¢ is lower than 20%.
The nonlinear characteristic is particularly notable at around 795 K,
corresponding to the lower boundary of the NTC region of pure
NC;H 6. And that mainly originated from the NTC behavior of
NC7H6.

From the perspective of reaction pathways, at 795K, the most
important source of OH radicals is the reaction pathway of
CH302+H02:>CH302H:>CH3O+OH at extremely low
NC;H¢ content conditions. It transforms into the low-temperature
chain branching reactions of NC;H;s as the NC;H;q content
increases. That accelerates both the first stage and total ignition of

Journal of Engineering for Gas Turbines and Power

the binary mixture. However, at higher temperatures of 925K, the
reaction pathway of HO,=>H,0,=>OH becomes the major source
of OH radicals for both 1% and 10% NC;H,¢ content conditions.
The influence of NC;H; 4 content on the OH radicals is less than that
at 795K because the low-temperature oxidation pathway is
suppressed in the NTC region.

From the perspective of heat production, the influence of NC;H;¢
proportion on heat production is greater at 795 K compared to 925 K.
On the one hand, the low-temperature reaction of NC;H;s can
provide a large amount of heat at 795 K. On the other hand, more OH
radicals provided through the low-temperature oxidation of NC;H ¢
accelerate CH4 consumption and promote the heat release from the
CHy-relevant reactions at 795 K. The greater heart release raises the
temperature earlier promotes the binary mixture ignition and
strengthens the nonlinear characteristics at 795 K than that at 925 K.
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