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HIGHLIGHTS

e New ignition delay time data of hydrogen/n-pentane/O,/Ar mixtures were provided.
¢ Hydrogen doping can nonlinearly promote the auto-ignition of n-pentane.

e The binary mixture exhibits the n-pentane like activation energy.

e Hydrogen addition can promote the H-abstractions of the n-pentane.
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Ignition delay
Chemical kinetic
Fuel blending

commonly produced from the hydrogen-containing material,
such as methane, methanol, gasoline, ammonia, and water
[1], besides, it also can be produced from solar, wind, biomass
and nuclear energy [2]. The most noteworthy feature of
hydrogen is carbon-free, which can be used as clean and non-
pollution alternative fuel for engines. Hydrogen was also
characterized with broad flammability limit and high flame

Introduction

In recent years, energy and environmental issues are forcing
people to look for clean alternative fuels of petroleum and
develop advanced engine technologies. Hydrogen is consid-
ered as a promising energy source of the future. It is
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speed during combustion [3—7]. Even with the advantages
above, many problems such as backfire, reduction in the
power output, etc., restrict the use of pure hydrogen in com-
bustion devices [2,8]. Therefore, hydrogen is more preferred to
be used by blending with other fuels in engine applications. As
an additive, hydrogen provides possibilities to realize lean-
burn in engine application thus result in extremely low
emissions and high efficiency. It is found that by adding
hydrogen to the hydrocarbon fueled industrial gas turbine, the
NOx emission can be largely reduced [9], suggesting that
power plants have the potential to achieve lower emission by
using hydrogen-enriched fuel [2,9]. Researches also showed
that when using natural gas-hydrogen dual fuel in gas tur-
bines, the backfire phenomenon of hydrogen can be inhibited
by natural gas addition, in the meantime, blending hydrogen
into natural gas can effectively extend the lean burn limit in
the engine operation to avoid misfire [8].

The implementation of hydrogen enrichment strategies in
engines must rely on a comprehensive understanding of the
combustion chemistry of both individual fuels and their syn-
ergistic effects. The combustion characteristics and chemical
kinetics of hydrogen-enriched methane have been studied
extensively. The laminar burning velocities of hydrogen/
methane blends have been studied experimentally and
numerically in Refs. [5,10—16]. In general, these studies found
that the laminar burning velocities were promoted as the
hydrogen blending ratio increases, indicating that hydrogen
enrichment can promote the reactivity of the laminar pre-
mixed combustion of methane. Note that the promotion effect
becomes obvious when the hydrogen content is relatively
large, saying that more than 40%. The oxidation of hydrogen/
methane and/or hydrogen/natural gas blends have been
studied in the jet-stirred reactors [17,18], indeed, the fuel
consumption was accelerated by hydrogen enrichment, be-
sides, the production of the stable intermediate species was
also promoted. The hydrogen enrichment was also found to
decrease the auto-ignition delays of methane in the high
temperature shock tube conditions [19-22] and the low to
intermediate temperature rapid compression machine con-
ditions [23,24]. In addition, several studies have been con-
ducted to understand the ignition delay characteristics of
hydrogen-enriched  light alkanes  (C1-C4) blends
[4,19-23,25-29], however, there is not much research
focusing on hydrogen blending with heavier alkanes.

n-Pentane is known as the transition between the liquid
and gaseous alkanes, the fundamental research of which has
attracted much attention, especially in recent years. It is
recognized as a constituent for liquid natural gas and petrol
[30]. Besides, the combustion chemistry of n-pentane can be
served as a reference to understand the chemical kinetics of
heavier alkanes. The macroscopic ignition delay property of n-
pentane measured by the shock tube and RCM were reported
in Refs. [31-33] from different research groups. The experi-
mental data cover a wide range of pressure from 1 to 530 atm,
from lean to rich conditions (¢ = 0.3 to 2.0.), and from high to
low temperatures (643—1718 K). Laminar combustion charac-
teristics of n-pentane were also reported in previous publica-
tions [34—36]. JSR experiments were conducted in Refs. [37,38]
which successfully identified the microscopic speciation of n-
pentane oxidation.

Ignition delay time data are valuable for the development
of the chemical kinetic model, however, to the best of the
author’s knowledge, the ignition delay time of hydrogen/n-
pentane binary mixture which indicating the kinetic in-
teractions of dual fuels, have not yet been reported. In order to
guide the practical application, to improve the dual-fuel ki-
netic model, and to deeply understand the chemical kinetic
influence of the hydrogen enrichment, the auto-ignition de-
lays of hydrogen/n-pentane mixtures were measured using a
shock tube at various hydrogen addition level and elevated
pressures. The performances of several representative kinetic
models were tested against our experimental data. In addi-
tion, we explored the influences of pressure and hydrogen
addition on the auto-ignition of the hydrogen/n-pentane bi-
nary mixtures based on the observed experimental phenom-
ena and interpret the changing kinetic to obtain a deeper
understanding of hydrogen-enriched combustion.

Experiment and simulation
SHOCK tube experiment

A shock tube apparatus with double diaphragms design was
used to determine the ignition delay times. Details of the
experimental setup, device performance verification and
experimental error evaluation are given in earlier Refs.
[19,39,40]. Briefly, this shock tube has a 4 m long driver
section and a 4.8 m long driven section, with a diameter of
115 mm. To determine the incident shock velocity, four fast-
response pressure transducers (PCB 113B26) were installed
at fixed intervals along the end of the driven section. The
time when the shock wave reaches each pressure trans-
ducer position is recorded by time counters (FLUKE,
PM6690). In the experiment, OH* chemiluminescencel was
detected by a photomultiplier mounted on the shock tube
end wall. The onset of ignition is defined according to the
extrapolation at the steepest slope of the OH* emission
trace to the baseline. The ignition delay time is considered
as the interval between the arrival time of the reflected
shock and the onset of ignition, as indicated in Fig. 1. The
typical attenuation rates of incident shock (dp/Pdt) is 4.2%/
ms. The uncertainties of the measured ignition delay time
were estimated to be +20%.

In this experiment, “air” is made up of oxygen and argon
with the proportion of 21:79. All the test fuel/“air” mixtures
were diluted by 80% argon. The purities of hydrogen, oxygen,
and argon are higher than 99.999%, and purity of n-pentane is
99.5%. The helium/nitrogen mixture is used as the driver gas.
The test mixtures were prepared in a 128 L stainless steel tank
according to the partial pressure of each gas component. The
test mixture compositions are given in Table 1.

Numerical simulation

Simulation of the ignition delay time was performed using the
SENKIN code [42] in the CHEMKIN II program [43] based on the
zero-dimensional and constant volume adiabatic model. The
computational ignition delay time is determined according to
the simulated OH* emission. The pressure rise due to the non-
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Fig. 1 — Determination of ignition delay time.

ideal effects during the experiments was considered in the
simulation using the SENKIN/VTIM approach [44].

In this study, three representative kinetic mechanisms,
namely the Pentane model [33,37,45], JetSurf model [46], and
the LLNL model [47,48], were validated with experimental
data. The Pentane model was optimized in 2015 by Curran
and co-workers of NUI Galway based on their previous
pentane isomer mechanism [45], which provides the low to
high temperature kinetics of pentane. The rate coefficients
of the C5 relevant reactions in this model were updated
from several recent publications, besides, the thermody-
namic parameters of C5 species were also reevaluated.
Especially, the model was validated against the homoge-
neous ignition data from both the shock tube and rapid
compression machine. JetSurf model was developed based
on collaborative research by several universities with the
support of the US Air Force [46]. It was developed to simu-
late the high temperature oxidation of n-alkanes up to C12
and high temperature kinetics of some cycloalkanes. LLNL
model was developed to simulate the high and low tem-
perature chemical kinetics of n-alkanes and 2-methyl al-
kanes, published by the Lawrence Livermore National
Laboratory of the US [47,48]. Several versions of the detailed
and skeletal mechanisms are provided for different simu-
lation requirements. The detailed model suitable for the
high temperature kinetics of n-alkanes up to C8 was
employed here in this study.

Table 1 — Test mixture composition.

Mixture Name ¢ Xcspio X2 Xo2 Xar

(%) %) (%) (%)

1. 100% H, [41] H100 0.5 0 3.471 3.471 93.058

2.95% Hy 5% CsHyp, HO5 0107 2036 375 94107

3.90% H; 10% H90 0.155 1.395 3.875 94.575
CsHip

4. 70% H, 30% H70 0.221 0.515 4.046 95.218
CsHip

5. 100% CsHj, HO 0.259 0 4.144 95.597

Results and discussions
Model validation

Firstly, the experimental results of individual fuels are
compared with the simulations of different models, as shown
in Fig. 2(1) and (2). For neat n-pentane (HO mixture), given in
Fig. 2(1), the predictions from the Pentane Model and JetSurf
Model are quite close under the experimental pressures and
all agree well with the ignition delay data. However, the LLNL
Model overestimated the ignition delays of n-pentane under
all the pressures. Meanwhile, it seems that such over-
prediction tendency of the LLNL Model was more obvious at
low pressures than that at high pressures, in other words, the
deviation between model prediction and experimental data at
2 atm is greater than that at 20 atm. It is also found that among
the above three models, the pressure-dependent rate con-
stants of the unimolecular decomposition reactions of n-
pentane were only considered in the recently published
Pentane Model, by which the chemical kinetic of n-pentane is
expected to be more reasonably interpreted.

The chemical kinetics of hydrogen always attracts much
attention from researchers, there has been a lot of hydrogen
ignition data available in literature [20,25,26,41,49]. In this
study, previous data of hydrogen ignition from our group [41]
were cited here for model evaluation. As shown in Fig. 2(2),
among the three models, the predictions of the Pentane Model
are in best agreement with the hydrogen ignition data under
all the experimental pressures. Hydrogen sub-mechanism is
usually the basis for the construction of kinetic models [50].
The chemical kinetics of the hydrogen subset in the JetSurf
model is developed based on the GRI3.0 model [51] published
in 1999, while that in the LLNL model is built based on the
early work of Sarathy et al. [47,48] in 2011. Specifically, in the
Pentane model, the hydrogen sub-mechanism has been
updated based on the more recent experimental and theo-
retically studies of Hong et al. [52] and Nguyen et al. [53], the
rate coefficients of some important reactions in hydrogen
oxidation, such as OH + HO, ¢ H,O + 0O, HO, + HO, &
H,0, + 0,, O + H,0 & OH + OH etc., were updated.
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Fig. 2 — Comparisons between the measured and model-predicted ignition delay times of neat n-pentane and neat
hydrogen (Hydrogen data were obtained from Ref. [41], using the same shock tube and fuel compositions as this study.).

Model validation of the hydrogen/n-pentane mixtures was
also performed and it is found that the Pentane model can not
only well predict the ignition delays of the individual fuels, but
also well predict that of the binary mixtures, shown in Fig. 3.
Generally, the Pentane model can well reproduce all the
experimental data in this study. Besides, the chemical kinetics
of both n-pentane and hydrogen in this model has been
updated. Therefore, the Pentane model was selected to
conduct simulation and kinetic analysis in this study.

Effect of pressure and empirical correlation

All the experimental data and simulation results in this study
are shown in Fig. 3(1)—(5). Note that under all the experimental
conditions, the ignition delay times of pure n-pentane and n-
pentane/hydrogen mixtures always exhibit the typical
Arrhenius dependence on the temperature. Therefore, the
empirical correlations of the ignition delay times according to
Eqg. (1) is obtained and all the correlation parameters are given
in Table 2

Eq
7=Ap® exp (ﬁ) (1)

where 7 is ignition delay time, p is pressure, T is temperature,
E,is the activation energy, and R is the universal gas constant.

In the following, the effect of pressure on the ignition delay
times of the dual-fuel mixture is discussed in view of different
fuel blending ratios. Previous studies have demonstrated that
the ignition delay times of neat hydrogen (H100 mixture)
exhibit a non-monotonic pressure dependence with the
change in temperatures [19,20,41], as shown in Fig. 3(5). That

Table 2 — Correlation of n-butane/hydrogen mixtures
using Eq. (1).

Mixture A b Ea (kcal/mol) R?

XH2 = 0% 212 x 107* —0.337 39.10 + 1.18 0.985
XH2 = 70% 8.40 x 10°* —0.450 35.84 + 1.06 0.979
XH2 = 90% 1.32 x 10°* —0.459 38.99 + 1.76 0.960
XH2 = 95% 5.05 x 10~* —0.412 3444 +1.76 0.950
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is, the ignition of hydrogen can be promoted with the
increasing pressure only at relatively high temperatures, but
inhibited by the rising pressures in the intermediate temper-
ature regions. For neat n-pentane (HO mixture), however, as
shown in Fig. 3(1), the ignition delay times of n-pentane show
the typical Arrhenius dependence on pressure and tempera-
ture which is similar to most alkanes.

It is worth noting that even just a small amount of n-
pentane was added into hydrogen, namely 5% (H95 mixture),
the hydrogen-like pressure dependence of ignition is replaced
by the n-pentane-like behavior, in other words, the ignition
delay times of the H95 mixture decrease monotonically as the
pressure increases. Apparently, this alkane-like Arrhenius
dependence was also observed for the H90 and H70 mixtures
as n-pentane proportion increases.

Some literature have reported the hydrogen-like pressure
dependence of hydrogen-enriched auto-ignition of n-alkanes.
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Zhang et al. [19] found the non-monotonic pressure-depen-
dent characteristics of the 20%CH4/80%H, mixtures during
ignition, and this phenomenon disappears as the proportion
of methane increases. In the experimental study of Man et al.
[25], propane ignition gives the non-monotonic pressure
dependence when the hydrogen ratio was as high as 95%. To
further understand the transition of pressure dependence of
hydrogen/n-alkane (C1-C5) binary mixtures, simulations
were conducted using the Pentane Model at the equivalence
of 0.5, pressures of 2 and 10 atm. During the simulation,
hydrogen blending ratio was changed by 1% at a time to find
out the minimum hydrogen percentage where the auto-
ignition delay time at 2 and 10 atm start to present the non-
monotonic pressure dependence. As clearly shown in Fig. 4
that, to behave the hydrogen-like non-monotonic pressure
dependence, the longer the alkane carbon chain is, the larger
hydrogen blending ratio is needed.
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Fig. 3 — Effect of pressure on ignition delay times, comparison of the experimental results with the numerical results
(Hydrogen data were obtained from Ref. [41]), and empirical fitting.


https://doi.org/10.1016/j.ijhydene.2020.08.004
https://doi.org/10.1016/j.ijhydene.2020.08.004

31110

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 45 (2020) 31105—3I117

Effects of hydrogen blending

The ignition delay times of the lean hydrogen/n-pentane
mixtures (HO ~ H100) under different pressures, i.e. 2, 10, and
20 atm, together with the simulations with the Pentane Model
are collectively shown in Fig. 5(1)—(3). Three observations can
be readily observed.

First, the increase in hydrogen proportion in the hydrogen/
n-pentane mixture lead to shorter ignition delay time, similar
tendencies were observed under different pressures. Such a
result is consistent with the literature studies of hydrogen-
enriched ignition of C1-C4 n-alkanes [19,20,25—-27]. The
aforementioned information permits an initial inspection of
the influence of hydrogen addition on the auto-ignitions of
light n-alkanes, that is, hydrogen addition can always promote
the ignition delays of C1—-CS5 straight-chain alkanes.

Second, the binary mixtures exhibit an n-pentane-like
activation energy properties even if only a small amount of n-
pentane (5%) is added. It is well known that the hydrogen
presents obvious nonlinear combustion characteristic and
segmented activation energies within different temperature
regions, the transition in activation energies of hydrogen
ignition can be seen clearly in Figs. 2 and 3. However, after the
addition of 5% n-pentane, the ignition delay times under
different pressures are all showing the typical Arrhenius
dependence, similar to that of n-pentane.

Third, under the condition of different pressures, hydrogen
addition always promotes the ignition delay time of n-pentane
nonlinearly. A reduction factor Ar is introduced in Fig. 6 to
quantitatively describe the effect of hydrogen doping on the
ignition delay time of n-pentane. At is defined as:

Ap— (Pt = Toenane) | 3300 )
Tpentane
where, Xy, is the hydrogen blending ratio, rx,, is the ignition
delay time at the hydrogen blending ratio of Xuy, Tpentane is the
ignition delay time of pure n-pentane.
Fig. 6 shows the reduction factor of the n-pentane/
hydrogen mixtures as a function of the hydrogen blending

ratio at 20 atm. As shown in the figure, when the hydrogen
ratio increases from 0% (HO) to 70% (H70), the changes of
reduction factor Ar are no more than 30% under different
temperatures, this indicated that a presence of 70% hydrogen
in the mixture can only decrease the ignition delay time by
only less than 30% compare with the pure n-pentane. How-
ever, when further increases the hydrogen content form 70%
(H70) to 90% (H90), the reduction factors under different
temperatures all give the much sharper declines, indicating a
more significant promotion effect of hydrogen on the ignition
delay.

Chemical kinetic analyses

In order to further understand the observed experimental
phenomena, chemical kinetic analyses were performed. The
H radical consumption pathway of the H100 and H95 mixtures
were analyzed in Fig. 7(1)—(3), at a pressure of 20 atm, equiv-
alence ratio of 0.5, and temperatures of 1050 K, 1250 K, and
1425 K, respectively.

Experiments show that in the current conditions, in Fig. 3,
the pure hydrogen gives a non-monotonic pressure depen-
dence during ignition. This is mainly due to the competition
between different depletion paths of H radical, in which the
dominating channel varies as temperature and pressure
changes [20]. Specifically speaking, the chain branching
channel H + O, & O + OH (R1) (promotes reactivity, high
activation energy) is favored at high temperatures, the third-
body recombination channels H + O, (+M) < HO, (+M) (R9)
and H + O, (+AR) & HO, (+AR) (R10) (inhibit reactivity) are
more favored at high pressures. The increase of pressure
promotes the third-body reaction channel, at the same time, a
decrease in temperature leads to relatively slow chain
branching. As shown in Fig. 7(1)—(3), once H + O, (+M) < HO,
(+M) (R9) and H + O; (+AR) < HO; (+AR) (R10) replace H + O, &
O + OH (R1) dominating the chemical kinetic during ignition,
hydrogen shows the negative pressure dependence, which is
the ignition delays become longer as pressure increases.
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Fig. 4 — Minimum hydrogen percentage that the ignition delays of hydrogen/n-alkane (C1—C5) binary mixtures present the

non-monotonic pressure dependence.
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For the H95 mixture, as shown in Fig. 7(2), in the tem-
perature region where the negative pressure dependence of
hydrogen occurred (1250 K), the addition of n-pentane lead
to a considerable amount of H radical undergoes the n-
pentane related pathway by NCsHi, + H  CsH;1-1 + H,
(R2312), NCsH;, + H © GsHyi-2 + H, (R2313) and NGsHy, + H
< CsHip-3 + H, (R2314), but obviously weaken the paths of
H + O, & O + OH (R1), H + O3 (+M) & HO, (+M) (R9) and
H + O, (+AR) & HO, (+AR) (R10). The introduction of n-
pentane into the chemical kinetic model diminished the
competitive effect of hydrogen ignition between H + O, <
O + OH (R1) and H + O, (+M) & HO, (+M) (R9), H + O, (+AR)
< HO, (+AR) (R10), eventually, the H95 fuel mixture gives
the n-pentane-like pressure dependence. Compare with
methane, larger alkanes, such as n-pentane, are more
readily to react with H radicals due to their lower C—H bond
energy and more C—H bonds in atoms, thus can affect the
pressure dependent of hydrogen ignition under lower
blending ratios.

Also note that after n-pentane addition, in Figs. 3 and 5, the
piecewise activation energy of hydrogen ignition on temper-
ature is replaced by the Arrhenius-like dependence. According
to Fig. 7(1)—(3), under different temperatures, n-pentane
addition always lead to the strong competition of H radical in
the radical pool and resulting in the more pronounced H-
abstraction pathways of n-pentane oxidation. For the H95
mixture, in the initial stages of ignition, the proportion of n-
pentane H-abstraction pathways are approached or even
exceed that of the hydrogen ignition pathway through H + O,
< O+ OH (R1), H+ O, (+M) & HO; (+M) (R9) and H + O, (+AR) &
HO, (+AR) (R10). Therefore, a considerable amount of H radical
consumed through the oxidation pathways of n-pentane
rather than that of hydrogen during the ignition induction
period, resultin the pentane-like activation energy property of
the binary mixtures.

According to Fig. 7, an increase in the proportion of
hydrogen can decrease the ignition delay times of the binary
fuel mixture not only since hydrogen itself is more reactive
and ignite faster than n-pentane, in the meantime, more H
radicals are involved with hydrogen blending which can also

promote the H-abstraction of the n-pentane thus accelerate
the process of n-pentane oxidation. As a result, the ignition n-
pentane is promoted by hydrogen blending.

Fig. 8 shows the H radical rate of consumption as a function of
hydrogen proportion in the initial stage of ignition. As can be
seen, the consumption proportion of H radical through H + O, &
O+ OH (R1) (chain branch reaction of hydrogen ignition) and that
0f NCsHy, + H & CsHy1-1 + Hj (R2312), NCsHyp + H e GsHyp-2 + H,
(R2313) and NCsH;, + H < CsHyp-3 + H, (R2314) (n-pentane
H-abstraction pathways) were compared. Note that the non-
linearly variations of the H rate of consumption through the
above reactions were observed with the increase of hydrogen
blending ratio, which also corresponds to the nonlinear effect of
hydrogen blending on the ignition delay of n-pentane in Fig. 5. As
shown in Fig. 8, with 5% n-pentane addition, the proportion of
H + O, © O + OH (R1) pathway dropped sharply from 45.75% to
19.54%, at the same time, the proportion of H-abstractions
through NCsHy, + H < CsHy1-1+ Hy (R2312), NCsHy, + H > CsHyg-
2 + H, (R2313) and NCsHy; + H © CsHj4-3 + H, (R2314) jumped
from 0% to 57.72%. Meanwhile, when further increase the
n-pentane proportion of the mixture, the changes in the
consumption pathways become gentle. It is found that as the
n-pentane increases from 5% to 100%, the branch of H + O, &
O + OH (R1) only decreases slightly from 19.54% to 11.57%.

Since the similar nonlinear promoting effect of hydrogen
addition was observed in the high temperature auto-ignition
of both n-butane [28] and n-pentane, Fig. 9 analyzed the
peak mole fraction profiles of the H, O, and OH radicals as a
function of hydrogen ratio for the n-butane/hydrogen and n-
pentane/hydrogen mixtures at 1250 K, 20 atm and Xy, = 0%—
100%. The small radicals such as H, O, and OH are very reac-
tive during the high temperature auto-ignition. They are
important chain carries dominating the initiation, propaga-
tion, and termination of the elementary reactions, the con-
centration of which is closely related to the overall reactivity.
It is found that the radical mole fraction profiles of the n-
butane/hydrogen and n-pentane/hydrogen mixtures almost
coincide at each hydrogen ratio. As shown in Fig. 9, the peak
mole fractions of H, O, and OH radicals increased non-linearly
with the increase of hydrogen blending ratio, this corresponds
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Fig. 6 — Effect of hydrogen blending ratio on the ignition delay times of n-pentane.
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to the ignition delay time profiles in Figs. 5 and 6. Note that
relatively slow growths in the radical mole fractions were
observed when the hydrogen blending ratio is smaller than
90%. However, once the hydrogen proportion exceeds 90%, the
substantial growth of the radical concentrations appeared,
indicating that active H, O, and OH radicals are produced to a
large extent and promote the ignition.

Conclusion

The auto-ignition characteristic of lean (¢ = 0.5) n-pentane/
hydrogen mixture was experimentally investigated in a shock
tube at pressures of 2, 10, and 20 atm, temperatures of
1038—1548 K. The main conclusions in this paper are as follows:

(1) The ignition delay times of the n-pentane/hydrogen
blends (Xu, = 0, 70, 90, 95%) were measured. It is found

that even only 5% n-pentane was blended into hydrogen,
the binary mixtures exhibit the n-pentane-like activation
energy properties and the ignition delay times satisfy the
Arrhenius type dependence on temperature, empirical
correlations of the ignition delay times are provided.

(2) The numerical simulations of the Pentane model, Jet-

—
w
-

=

Surf model, and LLNL model were compared with the
experimental data in this study. It is found that the
Pentane model can well reproduce the ignition delay
behavior of the n-pentane/hydrogen mixtures under the
current conditions.

Hydrogen addition can promote the ignition of n-
pentane non-linearly, the ignition promotion effect is
more significant at higher hydrogen ratios.

Chemical kinetic analyses reveal that the H-abstraction
reactions n-pentane has a strong ability to compete for
H radicals with H+ O, < O + OH (R1), H + O, (+M) & HO,
(++M) (R9), and H + O, (+AR) & HO, (+AR) (R10); therefore
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make the kinetics of hydrogen less significant after
blending. It is found that the peak mole fractions of the
active free radicals, such as H, O, and OH, increased
non-linearly with the increase of hydrogen blending
ratio, this corresponds to the non-linearly promotion
effect of hydrogen addition.
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