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ARTICLE INFO ABSTRACT

Keywords: The progression of highly boosted internal combustion engines (ICEs) faces impediments due to the super-knock
Detonation development phenomenon primarily associated with detonation development during end gas autoignition. Although it is well
Hot spot known that hot spot potentially triggers super-knock, quantitative prediction of super-knock and detonation
E;Z:;:;kmencs development across diverse states and fuels remains a challenge. This study numerically investigates the tran-
PRF sient autoignition process induced by a hot spot, considering different initial states and fuels (including alter-

native fuels Hy, CHy4, and conventional PRFs), with an emphasis on the chemical effects. It is found that the
intense exothermic stage (IES) in a stoichiometric Hyp/air mixture greatly differs from those in hydrocarbon/air
(CHy/air and PRF/air) and lean or diluted Hy/air mixtures. Through sensitivity analysis, key elementary re-
actions dominating the autoignition are identified, attributing their impact on the IES primarily to their influence
on the radical pool rather than on the heat release rate. It is found that only reactions H + O,=0+OH and
H02(+M)=0H-+OH(+M) significantly affect both excitation time and ignition delay time, suggesting that the
kinetic pathway controlling the IES differs somewhat from that governing the overall ignition. For the auto-
ignition induced by a hot spot, two types of detonation feature are identified: one corresponds to stoichiometric
Hy/air with broad detonation regime and short excitation time, while the other is associated with other fuel/air
mixtures exhibiting relatively narrow detonation regime and prolonged excitation time. These findings highlight
that the excitation time predominantly governs the detonation development. All hydrogen/air mixtures (stoi-
chiometric, lean, and diluted) manifest a suppressed detonation intensity compared to hydrocarbon/air mixtures.
Moreover, due to its significantly higher reactivity in the IES, stoichiometric Hy/air has an additional normal
detonation sub-mode for hot spot with larger temperature gradient. This sub-mode greatly expands the deto-
nation regime and thereby results in a notably higher detonation propensity for the stoichiometric Hy/air
mixture.

1. Introduction properties along with the involved chemical kinetics remain poorly
understood [5,6], in comparison with conventional hydrocarbons used

The prevalent use of highly boosted spark ignition engines (SIEs) in ICEs. Therefore, a comprehensive study on end-gas autoignition and

faces a critical challenge known as “super-knock”, which hinders in-
cylinder pressure elevation and clean fuel utilization [1-4]. Under-
standing the causes of super-knock, particularly abnormal autoignition
events including detonation, is crucial for advancing downsized internal
combustion engine (ICE) technology. While it is recognized that hot spot
potentially triggers the super-knock, quantitative prediction of
super-knock and detonation development remains a challenge [3].
Furthermore, alternative fuels like hydrogen and methane offer
high-efficiency and low-emissions potential, but their super-knock

* Corresponding author.
E-mail address: daip@sustech.edu.cn (P. Dai).

https://doi.org/10.1016/j.proci.2024.105212
Received 2 December 2023; Accepted 29 May 2024

detonation development for various fuels, particularly from a chemical
perspective, is essential.

The detonation peninsula proposed by Bradley and coworkers [7,8]
provides a valuable framework for characterizing autoignition induced
by hot spot. This model employs two key parameters: the normalized
temperature gradient (£) and the ratio of acoustic time to excitation time
(¢). Unlike the ignition delay time, the excitation time is defined as the
interval between 5 % and maximum heat release rate, evaluating the
rapidity and intensity of major ignition heat release. Compared to ZND
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induction length or ignition delay time, excitation time can better assess
the coupling between local autoignition reaction and pressure wave. The
model by Bradley and coworkers has been extensively utilized in the
study of engine knock and further extended by subsequent researches
[1-3,9-16]. Our studies [12,17,18] revealed obvious deviations in the
transient autoignition front propagation speed from the prediction based
solely on the normalized temperature gradient . To address this, we
introduced a modified non-dimensional parameter accounting for the
transient propagation, &;, which more accurately describes various
autoignition modes of large hydrocarbons. Recent work by Pan et al.
[15,16] identified a second detonation regime characterized by steep
temperature gradients, demonstrating that curvature-induced weak-
ening in propagation speed significantly affects detonation develop-
ment. Zhang et al. [19] introduced the ignition Damkohler number to
improve quantification of the detonation peninsula for NHg/Hjy/air
mixtures. Luong et al. [20] proposed a novel model incorporating
multi-dimensional effects to predict the developing detonation regime of
NTC fuels. In our recent studies, we assessed the effects of pressure/-
shock wave wall-reflection on autoignition in a confined space [21], and
identified two detonation sub-modes, normal and over-driven detona-
tion [22].

However, limited attention was paid to the impact of combustion
chemistry on end gas autoignition and detonation development. While
previous studies emphasized the pivotal role of excitation time in
detonation development [18,22,23], the chemical implication is still not
fully understood. Chemical reactions dominate the heat release process
and therefore imposes great influence on local pressure accumulation
and propagation. Notably, Hy exhibits significantly shorter excitation
time compared to CH4 and larger hydrocarbons, potentially resulting in
distinct autoignition properties [5,19,24]. On the other hand, the tran-
sient autoignition behavior is difficult to be predicted directly from
homogeneous ignition calculations due to complex interactions between
local chemical reactions and pressure waves. For instance, our previous
study [22] demonstrated that the significant deviations in the transient
autoignition front propagation compared to predictions from homoge-
nous ignition delay are primarily attributed to the non-uniform
compression effect induced by gradually enhanced pressure waves.
Therefore, this study further delves into the coupled effects of auto-
ignition kinetics and pressure/shock wave propagation, conducting a
comprehensive examination of the autoignition properties of several
typical fuels, including Hy, CHy4, and Primary Reference Fuels (PRFs),
with an emphasis on the chemical effects. This study aims to: (1) eval-
uate the kinetic effects on the ignition and heat release properties for
different fuels under engine-relevant conditions; (2) elucidate the in-
fluence of heat release properties on end gas autoignition and detona-
tion development; and (3) quantify the conditions under which typical
autoignition modes occur across various fuel/air compositions and
thermal states.

2. Numerical model and specifications

Here we consider Hy, CHy4, and PRFs consisting of n-heptane and
isooctane. To analyze the kinetic effects for all these fuels, we use a
skeletal PRF model [25] consisting of 171 species and 861 elementary
reactions. For the investigation of 0D and 1D autoignition characteris-
tics, the chemical models for Hy [26], CH4 [27] and PRF [25], which are
well-calibrated for engine-relevant conditions, are respectively utilized.
The ignition parameters predicted by these models are overall consistent
with each other under the thermal conditions considered in this study,
which is shown in the Supplementary Material.

We first analyze the kinetic effects on the 0D homogeneous constant-
volume autoignition process. Their relevance in localized autoignition is
then explored by considering the different fuel/air mixtures in an
adiabatic, closed, spherical chamber featuring a central hot spot. To
isolate the kinetic effects as well as its interaction with pressure accu-
mulation and propagation, we carry out 1D simulations without
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turbulence. It is essential to note that turbulence could potentially in-
fluence autoignition when its temporal and spatial scales are compara-
ble with those of combustion process [14,25], which is beyond the scope
of this study. Besides, the 1D configuration here does not fully represent
real engine conditions (for example, multi-dimensional effects, wall
cooling influences, and turbulent transport are not considered). Previous
study [12] has shown that the curvature effect attenuates detonation
and pressure waves in spherical configuration compared to planar
configuration. However, curvature-induced instabilities associated with
cellular structures of 2D or 3D detonation waves during super-knock
scenarios require further examination.

Due to spherical symmetry, the radial temperature distribution
within the chamber is characterized by a linear hot spot with negative
gradient:

T(r) = { ;2(;(2; ;")é‘i)”dr)‘)(r <o) ¢))

where r is the radial spatial coordinate; ry is the hot spot radius within
the range of 0.3 to 8 mm, which is chosen to cover typical values
assumed in super-knock investigations [2,23]; Ry, is the radius of the
chamber, fixed at 4 cm; (dT/dr) is the specified temperature gradient of
the hot spot, and Ty is the initial temperature outside the hot spot.
Initially, the fuel/air mixture in the chamber is uniform and static at
pressure Py. We select P = 20 atm to represent the in-cylinder pressure
of normal engines, and Py = 40 atm to represent that of boosted engines
[4]. High initial temperatures of Ty = 1000 K and 1200 K are chosen to
exclude the influence of low-temperature chemistry, which could
significantly complicate the autoignition process of large hydrocarbons
[12,13]. Stoichiometric fuel/air, lean Hy/air at the equivalence ratio of
¢ = 0.4, and diluted Hy/air with 45 % Ny addition in volume are
considered in this study. In the following context, the term "fuel/air" (e.
g. Hy/air) denotes a stoichiometric composition, unless otherwise
specified.

The transient autoignition process is simulated using the in-house
code A-SURF [12,28] which solves conservation equations for 1D,
compressible, multi-component, reactive flow using the finite volume
method. Species diffusion velocity is computed using the
mixture-averaged model. To accurately capture the reaction zone,
pressure wave, shock wave, and detonation wave, we use a multi-level,
dynamically adaptive mesh algorithm. The finest mesh size covering
them is 0.4 pm, and the corresponding time step is 0.02 ns. The grid
convergence is ensured. The details on governing equations, numerical
methods and code validation can be found in Refs. [12,13,18,22].
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Fig. 1. Change of (a) maximum heat release rate, (b) excitation time and (c)
excitation heat release with the initial temperature at P,=40 atm. PRFO and
PRF100 respectively denote pure n-heptane and isooctane.
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3. Results and discussion

Fig. 1 shows three parameters characterizing the intense exothermic
stage (IES), defined as the interval between 5 % and maximum of
transient heat release rate, at Ph=40 atm. These parameters include the
maximum heat release rate (gmqy), €xcitation time (z,, defined as the
temporal duration of the IES [8]) and excitation heat release (Q,, defined
as the cumulative heat release within the IES). Notably, for stoichio-
metric mixtures, qmqx (7.) of Ha/air is up to an order of magnitude larger
(shorter) than that of PRF/air and CHy4/air, while Q. of all fuels is close to
each other. This disparity suggests a potential reinforcement of the IES
for Hy/air, leading to a strengthened local pressure accumulation due to
intensified chemical energy input. Nevertheless, the scenario shifts
when examining lean Hy/air (¢ = 0.4) or diluted Hy/air (with 45 % N»
addition), wherein gpnqy and 7, approach those of PRF/air and CHy/air,
and Q, markedly decreases. Besides, the distinctive trends in qmgx
(decreasing with Ty) and 7, (insensitive to Ty, as corroborated by Fig. S2
in the Supplementary Material considering different Py and chemical
models) of stoichiometric Hy/air respectively differ from those of other
fuel/air mixtures (i.e., gmqx increases while 7, decreases with To,).

Furthermore, the reduction of pressure to Py = 20 atm induces
notable change of gy Qe, and ., to approximately 1/3, 1/2, and 1.5
times, respectively, compared to their counterparts at Py = 40 atm (see
Fig. S3 in the Supplementary Material), while maintaining their
respective trends of variation. This underscores the substantial impact of
pressure variation on the IES characteristics.

To identify the key elementary reactions involved in autoignition
process, we conduct sensitivity analysis in terms of 7, gmax, and the
ignition delay time (7, defined as the time for gmqy, with its variations
illustrated in Fig. S4 in the Supplementary Material) for different fuels
using the skeletal PRF model [25]. The sensitivity coefficient of 7, with
respect to the ith elementary reaction is defined as:

Sei = [7e(2Ki) — 7e(Ki)] / 7e(Ki) @
where 7, (2K;) represents the excitation time when the rate constant of
the ith elementary reaction is artificially modified to be 2 times of its
original value (K;). A negative (positive) value of S,; indicates that the
duration of the IES is reduced (prolonged) by the ith elementary reac-
tion. The definitions of sensitivity coefficients of gmax and 7;, (i.e. Sq ; and
Sigi) are similar to that of Sg;.

Fig. 2 summarizes the identified key reactions dominating the IES,
which is featured by 7, and gmqy. The positive (negative) sign labeled
after each reaction denotes that the reaction is exothermic (endo-
thermic). The contribution of each reaction to the total heat release rate
is summarized in the left table, and their heat release profiles are shown
in the Supplementary Material. It is noted that although reaction R24 is
a prominent heat release reaction during ignition, its ranking in
contribution to gmqx appears relatively low, as shown in Fig. 2. This is
primarily due to the definition of the ranking, which is calculated at

Ranking and percentage (%) of
the contribution to ... at
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ignition delay time. Specifically, R24’s peak heat release rate lags
behind gpqy at ignition delay time, as illustrated in Fig. S5 of the Sup-
plementary Material. Comparison between Fig. 2(a) and (d) reveals that
the signs of S¢; and Sy ; are always opposite, while their absolute values
exhibit the same variation trends. That is consistent with Fig. 1 where
the variation trends of 7, and gmq, are always opposite to each other for
specific fuel/air mixture. It is noted that no direct correlation is observed
between the reaction’s exothermicity and its impact on the IES.
Furthermore, the left table demonstrates that the most important re-
actions affecting the IES, characterized by the largest S, ; and Sg; abso-
lute values (R1 and R24), do not make the greatest contribution to the
heat release rate. Conversely, as one of the reactions contributing most
to heat release rate, reaction R8 only corresponds to moderate S ;and S,
i values. In fact, the impact of elementary reactions on the IES, which is
featured by 7, and qmqy, primarily stems from their influence on the
radical pool build-up, rather than on the heat release rate. Fig. 2 dem-
onstrates that a reaction will promote the IES (i.e., to reduce 7, and in-
crease gmay) only if it benefits the radical pool accumulation (i.e., R1,
R24 with OH replaced by H, R16 and R2), while weakening the IES if it
impedes the radical pool build up (i.e., R87, R13 and R8). The influence
of R3 in Hy/air is contrary to that in other fuel/air mixtures since Hp is
quite abundant in the former condition and thus R3 produces massive H
radical, while for other fuels R3 directly competes with R24 which is the
main pathway forming H radical. As shown in Fig. 2(a)-(c), the kinetic
effects on the IES are generally mitigated at higher temperatures and
lower pressures.

The key reactions determining the overall ignition are also identified
through the sensitivity analysis in terms of 7;,, which are listed in Table 1
except several H-abstraction reactions for n-heptane and isooctane. The
details are available in the Supplementary Material. Fig. 2 and Table 1
reveal that only R1 and R16 affect both 7, and 7;¢ significantly, implying
that the kinetic pathway controlling the IES is not exactly the same as
that governing the overall ignition. This is generally consistent with the
prevailing understanding that autoignition is primarily influenced by
rate-limiting reactions involving chain initiation and propagation steps,
while heat release is predominantly affected by termination steps typi-
cally characterized by large exothermicity. However, this study reveals
that the key reactions control the IES mainly by affecting the radical pool
rather than the heat release rate, as illustrated in Fig. 2.

Eleven sets of conditions, representing diverse mixture compositions
and thermal states, are selected for further investigation into the 1D
autoignition process. They are depicted in Fig. 3 alongside their IES
features (i.e., normalized 7,, gmax and Q,). Fig. 3 illustrates that the heat
release of IES, Q,, remains relatively insensitive to the alterations in
conditions. Conversely, 7, (qmax) of stoichiometric Hp/air (conditions C-
7 to C-9) exhibits significantly shorter (larger) values compared to other
conditions, including lean and diluted Hy/air (conditions C-10 and C-
11). Notably, the reduction in P, exerts a significant influence on gpmqy,
making gmax of condition C-8 nearly comparable to those of other fuels,

R0 Reactions H, CH, PRF0 PRF100 Ty=1200K,P;=40atm T,=1000K, P=40atm T,=1000K, P;=20atm T,=1200K, P;=40atm
R1 H+0; = O+OH (-) 4,-12.6 3,-12.83,-13.2 3,-13.7 - mmEael i ——— —— _——
R24| CO+OH = CO+H (+) — 961 6,78 588 _— | | ==
R87| CHy+H(+M) = CHy(+M) (+) | —  7,7.2 15,31 14,33 B B B | -
R13| HOOH = H,0+0;(+) | 6,49 10,60 581 7,65 B B B 5
R8| HHOH+M = H,0+4M (1) [1,57.6 1,22.4 2,19.1 2,175 ] B £ . |
R16|H,05(+M) 2 OH+OH(+M) (-)|13,-0.2 6,-8.4 7,-5.8 9,-6.2 HHH, & = e E
ImCH,

R2 O+H, = H+OH (-) 11,-1.0 42, -0.4 46,03 48,-0.4  pmPRF0 ok A 1 | bR
R3|  OHtH=HMLO () [2,174 8,69 8,58 666 0 P @ U - © = @

-0.4 -0.2 0 0.2 -0.4 -0.2 0 0.2 -0.4 0.2 0 0.2-0.2 0 0.2 0.4 0.6

se,i se,i se,l sq’i

Fig. 2. Left: ranking and percentage of the contribution of key elementary reactions to the maximum heat release rate at To=1200 K, Pp=40 atm. Right: sensitivity
coefficients of (a)-(c) excitation time and (d) maximum heat release rate with respect to key elementary reactions for stoichiometric fuel/air mixtures. The initial

conditions, Ty and Py, are shown in the figure.
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Table 1
Key elementary reactions determining the ignition delay time.
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Exothermic (+)

No. Reaction Sigi /Endothermic (-)
R1 H+0, = 0+OH - -
R16 H,0,(+M) 2 OH+OH(+M) - -
R15 HO,+HO; = H,0,+0, + +
RY H+0,(+M) = HOy(+M) + +
RY9 CH3+HO; 2 CH4+0, + +
RY8 CH;+HO, = CH;0+OH - +
R128 CH3+CH3(+M) = C;H(+M) + +
R18 H,+HO, = H,0,+H (only for H,) - -
R91 CH4+HO; = CH;3+H,0; (only for CHy) - -
C-1: PRF0 1000K 40atm - e=ro/(az.) 6)
C-2: PRF0 1000K 20atm Ce—
C-3: PRF100 1000K 40atm . -‘gm The transient 1D autoignition cases can be characterized by its
e

C-4: PRF100 1000K 20atm
C-5: CHy 1000K 40atm
C-6: CHy 1200K 40atm

C-7: Hy 1000K 40atm
C-8: Hy 1000K 20atm g—

C-9: Hy 1200K 40atm
C-10: Hy 1000K 40atm ¢=0.4 -
C-11: Hy 1000K 40atm 45% Ny ) i |

0 2 4 6
normalized T, ¢mnar, and Q.

Fig. 3. Fuel, temperature, pressure and the normalized value of 7., ¢max and Q.
for Conditions C1-11 considered in simulations. Condition C-1 is the refer-
ence condition.

even though its 7, remains markedly shorter.

Based on the above selected conditions, thousands of 1D autoignition
cases were simulated, and different hot spot features (size ry and tem-
perature gradient (dT/dr)o, see Eq. (1)) were considered. Among these
cases, three autoignition modes are identified: (I) supersonic reaction
front propagation, (II) detonation development, and (III) subsonic re-
action front propagation. Details regarding the temporal evolution of
these modes can be found in our previous studies [17,18,21,22]. Ac-
cording to Gu et al. [8], the normalized temperature gradient of the hot
spot, &, is defined as:

¢ = (dT/dr), / (dT/dr), ®

where (dT/dr). denotes the critical temperature gradient at which the
theoretical autoignition front propagation speed, uJ, equals to the sound
speed, a:

(dT/dr), = (a(dz/dTp)) )

However, the parameter &, derived from initial temperature distri-
bution and ignition delay ;;, cannot adequately characterize the tran-
sient propagation of autoignition front due to the evolving spatial
distribution of ignition delay over time [12,17,18,22]. Therefore, we
introduce the parameter &, to account for transient autoignition front
propagation [17,18]:

fa = a/ﬂaspat (5)

where U, g0 is the average speed of autoignition front propagating
within the hot spot, defined as the ratio of r to the time duration for the
front to traverse the hot spot, as determined from 1D simulation. Ac-
cording to Eq. (5), &, provides an improved assessment of the transient
interplay between the autoignition front and the pressure wave propa-
gating at around sound speed. Additionally, the parameter ¢, evaluating
the ratio of acoustic time to excitation time, is defined as [8]:

maximum local pressure, Ppqy, normalized by the corresponding equi-
librium pressure, P,. Fig. 4 shows the variation of Ppq/P, with &, for
different cases, and the detonation development regimes with Ppqy/
P.>2 are highlighted by yellow background. More results are available
in Section S4 of the Supplementary Material and similar trends are
observed. In Fig. 4(a), the curve of Py,q,/P, versus &, of CHy/air is close to
those of PRF/air, although there exists large discrepancy between their
ignition delay (z;; = 31,227 ps, 600 ps, and 973 us for CHy/air, PRFO/air
and PRF100/air, respectively). This implies that once the impact of
sequential autoignition caused by the ignition delay non-uniformity is
factored into the parameter ¢,, the extra influence exerted by 7;; on 1D
autoignition characteristics is marginal. Notably, for PRFO, PRF100 and
CH,4 at identical initial state (i.e., Top = 1000 K, Py = 40 atm, and rg = 5
mm), both the Ppg/P. values and the range of £, for detonation

[ (a) T,=1000K, r;=5mm
3F ———— PRFO0 40atm (C-1)
o [ ——2—— PRFO0 20atm (C-2)
o | —m—— PRF100 40atm (C-3)
é o[ ——&—— PRF100 20atm (C-4)
a CH, 40atm (C-5)
1t . e .
1 2 3 4
Ca
3

r,=0.4,0.8,1.1,1.5,2.5 mm

I | (b) H,, 1000K, 40atm (C-7)

r.=1,2,3.5,5mm

[ . (c) lean H,, 1000K, 40atm (C-10)

3 =
i r,=1,2,3.5,5mm
2F
s (d) diluted H,, 1000K, 40atm (C-11)
0 2 4 6 8
&a

Fig. 4. Change of the normalized maximum pressure, Pp/Pe, With &, for (a)
stoichiometric PRF/air and CH,/air, (b) stoichiometric Hy/air, (c) lean H, with
»=0.4, and (d) diluted Hy/air with 45 % N, addition.
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development increase with ¢ (i.e., ¢ = 8.1, 10.8 and 12.7 for C-5, C-3,
and C-1 in Fig. 4a). This underscores the predominant influence of ¢ on
the detonation development across various hydrocarbon fuels.

Conversely, Fig. 4(b) presents distinct autoignition characteristics for
stoichiometric Hyp/air in comparison to PRF/air and CHy/air (i.e. hy-
drocarbon/air). Specifically, a broad plateau exists in each Ppgy/Pe-&q
curve on the right side of its peak. This significantly increases the upper
limits of &, for detonation development (up to 8 in Fig. 4b) compared to
those of hydrocarbon/air (less than 2 in Fig. 4a), indicating a much
higher propensity for detonation even at relatively low autoignition
front propagation speeds. Additionally, since 7. of Hy/air is notably
lower (see Fig. 3), the corresponding ¢ reaches substantial values even at
relatively small rg (e.g., ¢ = 33.4 atrp = 2.5 mm in Fig. 4b). However, the
peaks of Prgy/Pe-éq curves of Hap/air remain modest even at large e
(lower than 2.6 in Fig. 4b). On the other hand, when Hy/air mixture
becomes lean or diluted with increased 7, both the trends of Py,q,/P. and
the £, range for detonation development align more closely with those of
hydrocarbons, as shown in Fig. 4(c) and (d).

Fig. 5(a) summarizes the autoignition regimes across all conditions
listed in Fig. 3. Within this diagram, the detonation regimes (i.e. regimes
II) are encircled by the C-shaped &,-¢ curves. Notably, the detonation
regimes of stoichiometric Hy/air (C-7 to C-9) are much broader than
those of other conditions, with a significantly higher upper limit of &,
even at low ¢ levels. Conversely, the detonation regimes of lean (C-10)
and diluted (C-11) Hy/air closely resemble those of PRF/air and CH4/
air, with the C-shaped boundaries effectively collapsing into each other.
This establishes two discernible clusters of both detonation regimes and
7,: one involves the stoichiometric Hy/air with broad detonation regimes
and short 7, (C-7 to C-9), and the other consists of remaining conditions
with narrower detonation regimes and prolonged z.. Therefore, it is 7.,
rather than gmgx Or Q,, of IES that predominantly governs the detonation
propensity. Note that condition C-8 exhibits a broad detonation regime,
despite its gmqx being much lower than those of C-7 and C-9 while
aligning more closely with other conditions owing to the reduction of P,
(see Fig. 3).

Fig. 5(b) summaries the maximum values of Ppg/P. (i.€. (Pmax/
Po)max) for each set of selected condition in Fig. 3 and specific value of ry.
Two distinct groups are identified, which slightly differ from those in
Fig. 5(a): one corresponding to all Hy/air mixtures (i.e., stoichiometric,
lean, and diluted), characterized by lower curve slopes and a

8 C (a) () H,, 1000K, 20 atm (C-8)
i H,, 1000K, 40atm (C-7)
6k —_—————o
- H,, 1200K, 40atm (C-9)
o =
wf 4 , (C-11
i lean H, (C:l())
2 B e gl
- (1)
ok povets g °
"H|HH|‘H(‘)nwwnwHJHHM‘H
41 (b) L4
i v A
x | %% 7
& | PRFacH,
= 3F
o
\><
g Symbols:
9.', 2 Circle: H,
Delta: PRF
Gradient: CH,
1 e o N R

0 5 10 15 _ 20 25 30 35

Fig. 5. (a) Regime diagram in the plot of &,-¢, where different regimes are: (I)
supersonic reaction front propagation, (II) detonation development, and (III)
subsonic reaction front propagation. (b) Maximum value of Pp,/P, in each
Prax/Pe-£4 curve corresponding to a given set of selected condition in Fig. 3 and
specific value of r.
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constrained upper limit of (Ppgx/Pe)max (less than 3); and the other
associated with hydrocarbon/air, demonstrating a linear relationship
between (Pmax/Pe)max and e with much higher slopes and no evident
upper limit of (Ppgx/Pe)max (reaching up to 4). Consequently, while the
detonation propensity is notably higher for stoichiometric Hy/air
compared to hydrocarbon fuels (see Fig. 5a), its intensity is significantly
suppressed.

In order to exclude the influence of ¢ variations, Fig. 6 illustrates the
change of Pp,q/P, with &, at specific values of ¢ around 10 (i.e., spanning
from 7.7 to 11.6, as detailed on the top). Similar to the pattern observed
in Fig. 4(b), for all stoichiometric Hp/air conditions (C-7 to C-9), there
exists a broad plateau in each Ppq,/Pe-£, curve, which lies in the deto-
nation regime. On the other hand, the curves of PRF/air and CH4/air
align closely, only displaying disparities among their peaks primarily
due to variations in ¢ (for instance, the highest and lowest peaks in Fig. 6
correspond to C-4 with e = 11.6 and C-5 with ¢ = 8.1, respectively).
Additionally, even at similar levels of ¢, as Hy/air becomes lean or
diluted with increased 7., the Pnq/Pe-& curve and corresponding
detonation regime shift towards hydrocarbon/air patterns.

Fig. 7 shows the relationship between £, and ¢ under identical con-
ditions as shown in Fig. 6. The noticeable divergence of the curves be-
tween conditions C-7 and C-9 for Hy/air, and that between C-5 and C-6
for CHy/air, highlight the significant impact of Ty on the &,-¢ correla-
tions. However, comparisons between C-7 versus C-8 for Hy/air, C-1
versus C-2 for PRFQ/air, and C-3 versus C-4 for PRF100/air show minor
influence imposed by Py. Moreover, the mixture composition, including
fuel, equivalence ratio and dilution, is shown to profoundly influence
the &,-¢ relationship. For PRF/air, CHy/air, lean or diluted Hy/air, the &;-
£ curves share a common feature, exhibiting two distinct linear segments
with different slopes, forming a reverse L-shape. These two segments, as
detailed in Ref. [22], correspond to normal (left linear segment, at lower
&q and &) and over-driven (right linear segment, at higher £; and &)
detonation sub-regimes, respectively. However, for stoichiometric
Hy/air (i.e., conditions C7-C9), the £,-¢ curves manifest an S-shape,
comprising three segments in larger detonation regimes (i.e. the curve
parts with Ppq,/P.>2). This suggests the existence of an additional
detonation sub-regime on the right side of the over-driven detonation
sub-regime as &, or & further increases.

Fig. 8 shows the transient propagation process of autoignition front
for the four cases marked as points A-D in Fig. 6. Prmqy,¢ and uq ; represent
the transient values of spatial maximum pressure and autoignition front
propagation speed, respectively, and r denote the corresponding coor-
dinate where Pp,y or the autoignition front is located. The first pair, A
and B, correspond to the peaks of Pp,qy/Pe-&q curves of C-3 (PRF100/air)
and C-7 (Hy/air), respectively. The second pair, C and D, correspond to a
higher £, value (i.e., & = 2.6) in the same Py,q,/Pe-£, curves. Fig. 8(a)

No. [cC-1]c-2[c-3][c-4[C-5]cC-6]C-7[cC-8[C-9]c-10[C-11]
5 | 8[5[5[08[14[08] 2|5
35 ¢ 8.9 [ 7.7 [10.8[11.6[ 8.1 [10.0{10.7[ 9.3 [10.1] 7.5 [11.6

ex10

H,, 1000K, 40atm (C-7)

H,, 1200K, 40atm (C-9)

0 2 4 6 8

Fig. 6. Change of the normalized maximum pressure, Ppq,/P, With &, under
selected conditions listed in Fig. 3. The cyan points denote four specific cases:
two for Condition C-3 with ro=5 mm (labeled as A and C) and two for Condition
C-7 with ro=0.8 mm (labeled as B and D). The values of ry and ¢ are shown on
the top of the figure.
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N

overdriven detonation
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rir,

Fig. 8. Change of Ppqy/P. and a/u,, with the corresponding normalized
location, r/ro. The hot spot area with r/ry<1 is highlighted by orange back-
ground. The horizontal dash-dot lines in Figs. (b) and (d) denote a fixed value of
a/ug = 0.35. We have a/D¢.; = 0.32 for cases A and C, and a/D¢.; = 0.36 for
cases B and D.

and (b) show that both cases A and B belong to the overdriven detona-
tion sub-mode [22]. In this sub-mode, the autoignition front propagates
supersonically (i.e. a/ug; < 1) within the hot spot, and a detonation
wave forms outside the hot spot, initially with a boosted local pressure
that subsequently decays to a normal level (for Hy/air, it is Pmqyx t/Pe =
2.0). On the other hand, as &, increases in cases C and D, the autoignition
front propagates sub-sonically (i.e. a/u,: > 1) within the hotspot. This
leads to the subsonic reaction front propagation mode for PRF100/air in
case C, while a detonation wave forms outside the hot spot for Hy/air in
case D, due to the extremely high reactivity of its IES. Here, no boosted
local pressure is observed and thus it can be classified as an additional
normal detonation development sub-mode with steady detonation
pressure (Pmqy,¢/Pe = 2.0 in Fig. 8c). Therefore, different from hydro-
carbon/air (PRF/air and CHy/air) and lean or diluted Hy/air, stoichio-
metric Hy/air mixture exhibits three detonation sub-modes
consecutively as &, increases: a normal sub-mode, an overdriven
sub-mode (as referred to in Ref. [22]), and an additional normal
sub-mode. The third sub-mode corresponds to the broad plateau on the
right side of the Pp,q/P, peak in Fig. 6 and the rightmost segment of the
S-shape curve within the detonation regime in Fig. 7. This sub-mode
greatly expands the detonation regime of stoichiometric Hy/air, result-
ing in a notably higher detonation propensity as shown in Fig. 5(a).

4. Conclusions

This study numerically investigates the transient autoignition and
detonation development processes induced by a hot spot. The emphasis
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is on assessing the chemical effects on detonation development for
different initial states and fuels including Hy, CH4, and PRFs. It is
demonstrated that the excitation time 7, (the maximum heat release rate
Qmax) of stoichiometric Hy/air is significantly shorter (larger) than those
of PRF/air, CHy/air, lean Hy/air, and diluted Hy/air mixtures, while the
excitation heat release Q. is similar for all mixtures. Therefore, stoi-
chiometric Hy/air has a potential reinforcement on the intense
exothermic stage (IES), leading to strengthened local pressure accu-
mulation. The key elementary reactions dominating the autoignition
process are identified by sensitivity analysis. Their impact on the IES
primarily stems from their influence on the radical pool build-up, rather
than on the heat release rate. Reactions that facilitate radical pool
accumulation tend to promote the IES (i.e., to reduce 7, and increase
Qmax), While those impede radical pool build up and weaken the IES.
Kinetic effects on the IES are mitigated at higher temperatures or lower
pressures. Only H + O3=0+0OH and H02(+M)=0H+OH(+M) signif-
icantly affect both 7, and the ignition delay time 7, suggesting that the
kinetic pathway controlling the IES differs somewhat from that gov-
erning the overall ignition.

The trends of normalized maximum pressure, Pp,qx/Pe, of 1D auto-
ignition exhibit similar patterns among hydrocarbon/air and lean or
diluted Hy/air mixtures. However, they greatly differ from that of stoi-
chiometric Hy/air, characterized by a broad plateau in Py,q,/Pe-&4 curve.
In the £-¢ diagram, two types of detonation feature are identified: one
corresponds to the stoichiometric Hy/air with broad detonation regimes,
and the other is associated with other fuel/air mixtures with narrow
detonation regimes. These results indicate that it is z,, rather than gpq
or Q,, that predominantly governs detonation development. All Hy/air
mixtures (stoichiometric, lean, and diluted) exhibit a suppressed deto-
nation intensity (i.e., with lower Pp,/P,) compared with hydrocarbon/
air mixtures. Moreover, different from hydrocarbon/air and lean or
diluted Hy/air mixtures which only have two detonation sub-modes (i.
e., normal and overdriven sub-modes), stoichiometric Hy/air mixture
has an additional normal detonation sub-mode at larger &,, due to its
significantly higher reactivity of the IES. This sub-mode leads to the
broad plateau in the Pp,/Pe-&, curve, and greatly expands the detona-
tion regime of stoichiometric Hy/air, resulting in a notably higher
detonation propensity.

It is noted that although the parameter &, used in this study better
quantifies transient autoignition front propagation and elucidates the
interplay between the local chemical reactions and pressure waves,
compared to the counterpart parameter ¢ proposed by Bradley and
colleagues, calculating &, requires 1D simulation results, whereas £ can
be readily obtained from OD autoignition simulations. Therefore, further
investigation into the intrinsic relationship between £, and ¢ across
various fuels and conditions is necessary for more efficient and accurate
prediction of detonation development.

The novelty of this research is that (1) it investigates the kinetic ef-
fects on the heat release properties and detonation development induced
by a hot spot; (2) it quantifies the conditions for typical autoignition
modes across alternative fuels Hy, CHy4, and conventional PRFs under
engine-relevant conditions; and (3) it identifies an additional normal
detonation sub-mode of stoichiometric Hs/air mixture due to its
extremely short excitation time, which greatly expands its detonation
development regime.

It is significant because (1) it identifies the key elementary reactions
dominating the autoignition, which affect the excitation time mainly
through their influence on the radical pool rather than on the heat
release rate; (2) it highlights that the excitation time predominantly
governs the detonation development, leading to a significantly higher
detonation propensity of stoichiometric Hy/air compared to other fuel/
air mixtures; and (3) it provides helpful understanding of detonation
development for various fuels under engine-relevant conditions.
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