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ABSTRACT

The effects of water vapor dilution on autoignition and detonation development induced by an ignition spot with thermal non-uniformity
in an #n-C;Hje/air mixture are numerically investigated. Zero-dimensional homogeneous ignition under constant-volume conditions is stud-
ied first. It is found that excitation time increases, whereas total heat release decreases with a H,O vapor mole fraction. Moreover, the role
of H,O vapor diluents as a third body considerably influences the critical temperature gradient. One-dimensional autoignition and deto-
nation development caused by temperature gradients in ignition spots is then studied. Three different autoignition modes are identified:
(I) supersonic deflagrative wave, (II) detonative wave, and (III) subsonic deflagrative wave. It is found that H,O dilution has a slightly
better performance on detonation suppression than CO, dilution. The chemistry-acoustics interactions during autoignition development
are weakened when the H,O mole fraction is increased. Besides, H,O vapor dilution can delay the detonation initiation and reduce det-
onation intensity. Furthermore, typical autoignition processes induced by a hotspot and the chemical effects of water vapor diluent are
discussed. It is seen that the chemical effects of H,O dilution do not affect the lower limits of detonation development curves. Besides,
the third body effect from the H,O vapor diluent is important in suppressing the detonation development for the investigated ignition spot
size. Finally, the effects of equivalence ratios and ignition spot sizes on the autoignition modes of n-C;He/air/H,O mixtures are studied.
It is observed that the water vapor diluted mixtures with the fuel-lean condition are advantageous in inhibiting detonation from localized
thermal non-uniformity.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0038125

NOMENCLATURE X mole fraction
Y mass fraction
a sound speed
E total energy
h total enthalpy Greek letters
M mean molecular weight
P pressure ¢ normalized temperature gradient
q the rate of progress variable € normalized acoustic time
R universal gas constant &, the ratio of sound speed to average reaction front propa-
tr temporal and spatial coordinates gation speed
T temperature T ignition delay time
u flow velocity Te excitation time
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¢ equivalence ratio
) viscous stresses
23 viscous stresses

P density

w production rate

U dynamic viscosity

Abbreviations

ICE internal combustion engine
SIE spark ignition engine

FVM finite volume method

AMR adaptive mesh refinement
NTC negative temperature coefficient
0D zero-dimensional

1D one-dimensional

Subscripts

0 initial state

i,0 initial state outside spot

ro/2 the middle of the ignition spot
c critical value

n total number of species

i ith species

T variable related to temperature
r spatial coordinate

w right boundary

u upper

I lower

superscripts

0 undiluted mixture

I. INTRODUCTION

Downsizing of spark ignition engines (SIEs) with turbocharg-
ing technology has been deemed to be a promising method since
it can provide a novel solution for CO, reduction and fuel econ-
omy.' However, knocking combustion may occur under some unfa-
vorable conditions and has become a stumbling block for SIEs
with a high compression ratio.”® It is known that the conven-
tional knock is caused by end-gas autoignition, while the super-
knock is associated with the interactions between the acoustic wave
and the chemical reaction and detonation development."” In par-
ticular, autoignition and detonation development subject to local-
ized reactivity non-uniformity (e.g., temperature non-uniformity)
in the chamber is believed to play a dominant role in inducing
this peculiar phenomenon.®’ A gaseous detonation consists of the
interaction between the supersonic shock wave and the exother-
mic chemical reaction and, thus, propagates supersonically in a
detonable medium.'’ "> How to suppress the super-knock induced
by detonation arising from the non-uniform reactivity is an out-
standing issue for performance improvement and technological
innovation of SIEs.

Based on the pioneering work by Zeldovich,” differ-
ent autoignition modes caused by a hotspot with thermal
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non-uniformity were identified, i.e., subsonic reaction wave, det-
onation development, and supersonic reaction wave. Grounded
on this theory, numerous simulations considering simplified or
detailed chemical mechanisms have been performed. A detona-
tion peninsula, parameterized by two non-dimensional param-
eters related to the hotspot (normalized temperature gradient
& and normalized acoustic time ¢), was introduced by Bradley
and his co-workers.!*"'” A quantitative description of different
autoignition modes under engine-relevant conditions has been
drawn in a &-¢ diagram, and related studies were conducted for
engine knock.'*-?* These studies mainly focused on identifying the
modes of autoignition and reaction propagation in engines. From
these studies, we can know that different autoignition regimes in
engines (including thermal explosion, subsonic autoignition, det-
onation, and deflagration) can be identified and characterized by
the &-¢ diagram.

One-dimensional (1D) simulations were conducted to uncover
the underpinning mechanism of autoignition and detonation devel-
opment from a localized ignition spot.*~*” For instance, Pan et al.”*
simulated the temperature gradient induced detonation develop-
ment for three alternative Cq.; fuels (i.e., Hy, CH4, and CH30H).
The quantitative differences between different fuels were observable
in terms of detonation development regime. In addition, Gao et al.”!
studied autoignition and detonation development in Hy/air mix-
tures. They pointed out that the thermodynamic conditions of mix-
ture play an important role in detonation development. As for real-
istic fuels that may have low-temperature chemistry and a negative
temperature coefficient (NTC) phenomenon, a cold spot may initi-
ate the autoigniting flame front. Dai et al.’~** investigated the vari-
ous effects on autoignition and detonation development in DME/air
and n-C;Hje/air mixtures under engine-relevant conditions. Both
the cold spot and the hotspot were used to generate the autoigni-
tion reaction wave. Recently, Dai et al.** investigated autoignition
and detonation development induced by a hotspot in fuel-lean and
CO; diluted n-C;H,¢/air mixtures. The detonation development
regimes for n-C;H,¢/air/CO, mixtures were identified. They found
that the excitation time was a key factor in detonation development,
and reducing an equivalence ratio had the same influence on the
autoignition mode as increasing CO, dilution for the same exci-
tation time. Terashima et al.”’~*’ also performed 1D simulations
to unveil the mechanisms of pressure wave development in end-
gas autoignition during knocking combustion. They found that the
amplitude of pressure oscillations was affected by low-temperature
chemistry, and the strong pressure wave was induced by a hotspot
with high reactivity.

High-resolution numerical simulations were also conducted
to investigate the effects of temperature or composition inhomo-
geneities on autoignition and knock formation. For instance, Luong
et al.***’ found that the fluctuations of temperature or composition
were essential in inducing ignition of a lean n-C;Hje/air mixture,
and the super-knock intensity was significantly reduced by decreas-
ing energetic length scale. Besides, Luong et al.*’ also introduced a
new parameter (the statistical volume-averaged Sankaran number)
and applied it to draw a newly developed ignition regime criterion
for both NTC and non-NTC fuels successfully. Furthermore, Im
et al.*! performed a theoretical scaling analysis and extended the
original Zel’dovich theory by combining characteristic Damkéohler
and Reynolds numbers in turbulent flows conditions. They pointed
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out that the improved regime diagram was able to predict the
ignition characteristics.

It is known that water injection technology is an effec-
tive approach to mitigate or alleviate knock in internal com-
bustion engines.””** This is because the injected water can
effectively reduce the in-cylinder temperature because of high
specific heat capacity and latent heat of vaporization of lig-
uid water.*>*> In addition, the water vapor acts as a dilu-
ent, leading to reduced pollutant emission, such as CO, and
NOy, and suppressing knocking combustion.’®"” Although the
water injection technology is popular, the underlying mechanism
and performance in inhibiting detonation development due to
localized reactivity non-uniformity under engine-relevant condi-
tions are still not clear.**** Recently, Zhuang et al’’ stud-
ied hotspot induced autoignition and detonation characteris-
tics of n-C;Hje/air mixture laden with liquid water droplets.
The effects of droplet diameter and number density on reac-
tive front development were discussed in their work. However,
the detonation development regime associated with the proper-
ties of the hotspot in water-containing mixtures is not studied
therein.

In this study, detailed numerical simulations of autoigni-
tion and detonation development induced by the temperature
gradient in water vapor diluted n-C;Hie¢/air mixtures have
been conducted. Our work aims at answering the following
questions: (1) how does water vapor dilution (parameterized
by mole fraction Xmy0) influence homogeneous #n-C;Hig/air
autoignition? (2) How does Xmo influence autoignition
and detonation development from localized thermal non-
uniformity? (3) What are the mechanisms of added water
vapor in affecting auto-ignition reactive wave propagation?
The rest of this article is structured as below. Section II
introduces the mathematical and physical models used in
this study. Zero-dimensional homogeneous ignition of n-
CyHj¢/air/H,O mixtures under the constant-volume condition
is analyzed in Sec. III. One-dimensional autoignition and det-
onation development due to the ignition spot is studied in
Sec. IV. Finally, Sec. V summarizes the main conclusions of
this paper.

Il. MATHEMATICAL AND PHYSICAL MODELS

The governing equations of momentum, energy, and species
mass fraction equations are solved for one-dimensional, unsteady,
multi-component, reacting flows. They can be written in a spherical
coordinate as

oU  9F(U)

o " or

+z@ - Fo(U) + Sk, (1)

where t and r are time and radial coordinate, respectively. The third
term at the left-hand side, 2G(U)/r, is the geometry term. The vec-
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pYy puYy puYi
pY, puY, puY,
U=| * |LF(U)-= ,G(U) = ’ R
pYy puYy puYy,
pu pu2 +P puz
E (E+P)u (E+P)u
(2)
_r_z(rszl Vll)r o
_r_z(rszZVZI)r W
F’U(U) = ’ ,SR = ’ >
—r A (PpYaVy), Wn
riz(rzrl)r -2n/r 0
rizqr + O 0

where p is the density and u is the radial velocity. E=-P
+pu?[2 + ph is the total energy. h is the total enthalpy. P is the
pressure, obtained from the ideal gas equation of state, ie., P
= pRT/M, where R is the universal gas constant and M is the
mixture molecular weight. Y; and w; are the mass fraction and
chemical reaction rate of ith species, respectively. n is the num-
ber of species. The diffusion velocity V| is determined using the
mixture-averaged method. The chemical reaction rate w; is calcu-
lated by using the CHEMKIN package.”’ The thermodynamic and
transport properties are evaluated using CHEMKIN and TRANS-
PORT packages.”"”> Moreover, in Eq. (2), the symbol “(-),” in
the vector F,(U) stands for the partial derivative with respect to
the spatial coordinate r. 7; and 7, are the viscous stresses, andqr
is the diffusive heat flux. Besides, ® is the viscous dissipation
rate. More details about the equations can be found in Refs. 34
and 53. Note that the continuity equation is not solved since it
can be recovered through summing all the species mass fraction
equations.

The governing equations [i.e., Eq. (1)] are solved using the
in-house code A-SURF (Adaptive Simulation of Unsteady Reac-
tive Flow),”*> which has been proven to be an accurate tool for
predicting shock wave and transient autoignition process, based
on numerous previous work.”*?*"?* Finite Volume Method (FVM)
is adopted to discretize Eq. (1). The Strang splitting fractional-
step procedure with second-order accuracy is used to separate
the time evolution of reaction term Sg from that of the convec-
tion term F(U) and diffusion term F,(U) to reduce the overall
computational cost. In the first fractional step, the results of the
non-reactive flow are obtained. During this step, the second-order
accurate, Runge-Kutta, MUSCL—Hancock and central differencing
schemes are used to discretize unsteady, convection and diffusion
terms, respectively. In the second fractional step, the reaction term
is integrated using the point implicit method. Moreover, a skele-
tal chemical mechanism for n-C;H,¢ oxidation (44 species and 112
reactions™®) is used in this work. It has been validated and suc-

tors, U, F(U), F,(U), G(U), and Sg, respectively, have the following ~ cessfully used in detonation simulations by Dai et al.”*"#* and
expressions: Zhuang et al.”’
Phys. Fluids 33, 017111 (2021); doi: 10.1063/5.0038125 33,017111-3
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FIG. 1. Schematic of reactive wave propagation in the 1D spherical closed reactor.

The schematic of the 1D spherical closed reactor is shown in
Fig. 1. The radius of the reactor is Ry = 4 cm. It is filled with spa-
tially uniform #n-C;Hi¢/air/H,O mixtures with various equivalence
ratios. Furthermore, the mole fraction of water vapor ranges from
0 to 0.25. The distributions of the initial pressure and gas velocity
are uniform in the domain, i.e., Py = 40 atm and s = 0 m/s. In this
work, the reactive front is initiated by a localized ignition spot with
a constant temperature gradient near the left boundary, as shown
in Fig. 1. Therefore, the initial temperature distribution Ty in the
reactor reads

AT,
Tio+ (r—ro) 22, foro<r<
To(r) = T(t = 0,r) = ot (r=n)=g= for0<r<n

Tio, forrg < r < Ry,

3)

where rg is the radius of the ignition spot. dTo/dr is the temperature
gradient inside the ignition spot and needs to be specified in our
study. Tjp is the initial temperature beyond the spot. In this work,
Tio = 1000K and negative temperature gradients (dT,/dr < 0) are
considered, which correspond to a hotspot, as shown in Fig. 1. Here,
Py and Tiy are chosen to mimic the high pressure and temperature
conditions in the end gas of internal combustion engine chambers.

Symmetric boundary and adiabatic reflective condition are
enforced at r = 0 and r = Ry, respectively. They correspond to the
same conditions, i.e.,

aT 8y, 0P
u=0,-- = -

ar or or

4

A multi-level, dynamically Adaptive Mesh Refinement (AMR) algo-
rithm”” is implemented in A-SURF to sufficiently resolve the char-
acteristic aerodynamic or reactive fronts, e.g., detonation, pressure,
and shock waves. In this study, the maximum level of refinement is
9, which leads to the finest cell of about 2.0 ym and the time step of
5 x 107" s. Mesh sensitivity has been performed (results not shown
here), and it is found that the results are almost the same when the
mesh size and/or time step are further reduced. Similar time and
space resolutions are also used in the previous work with A-SURF in
simulating autoignition and detonation wave propagation.’*>*3%3

ARTICLE scitation.org/journal/phf

I1l. ZERO-DIMENSIONAL HOMOGENEOUS IGNITION

Three parameters can be typically used for describing reac-
tion front initiation by an ignition spot with temperature non-
uniformity, i.e., ignition delay time, excitation time, and critical tem-
perature gradient. Here, the ignition delay time 7 and excitation
time 7. are estimated from zero-dimensional homogeneous ignition
based on the representative thermochemical conditions in the igni-
tion spot (e.g., in the middle of the spot). 7 is defined as the time
when the heat release rate reaches its peak in the homogeneous igni-
tion process, while 7, is the time interval from 5% to the maximum
heat release rate."”

An autoignition wave may be initiated due to a distribution of
initial temperature inside the ignition spot and hence local ignition
delay time. The propagation speed of the autoignition wave, u, is
inversely proportional to the gradient of ignition delay," i.e.,

dr\™' (dr dTo\™'
o= (2) (.20 5)
dr dT, dr
Based on the theories by Zel’dovich,"” detonation development may
occur due to the mutual reinforcement between the pressure wave
and the local heat release, when the autoignition wave propagation

speed equals the sound speed a. Therefore, the critical temperature
gradient, (dTo/dr),, is defined when u, = a,"”

-1
ks e
dr ¢ dTo

where a = \/kR, T is the sound speed and calculated with thermody-
namic parameters from a characteristic location inside the ignition
spot. Here, k is the adiabatic index and Ry is the gas constant. In
this section, the foregoing parameters will be analyzed based on 0D
homogeneous ignition calculations.

Zero-dimensional homogeneous ignition of n-C;Hie/air/H,O
mixtures under the constant-volume condition is calculated, and
Fig. 2 shows the ignition delay time, excitation time, and the critical
temperature gradient of n-C;Hie/air/H,O mixtures with different
initial temperatures and H,O mole fractions. It is seen that for the
water-free stoichiometric mixture (Xu,0 = 0), NTC dependence of
ignition delay time on the initial temperature is observed between
about 850K and 950 K. When the mixture equivalence ratio is ¢
= 1, increasing the H,O mole fraction to 0.1 and 0.2 has a negli-
gible influence on the NTC temperature range. However, the non-
monotonicity of ignition delay time becomes less pronounced with a
higher H,O mole fraction for the stoichiometric mixture. This indi-
cates that the NTC phenomenon is weakened with H,O dilution. For
low and intermediate temperatures (T < 950 K), the ignition delay
time 7 first decreases with Xp,0 and then increases, but generally,
the changes in 7 are still limited. When the H,O mole fraction is
fixed (e.g., Xu,0 = 0.2), the ignition delay time increases for the lean
mixtures.

It can be observed from Fig. 2(b) that the excitation time 7, is
much smaller than the ignition delay time 7. Moreover, 7. mono-
tonically decreases (increases) with the initial temperature (H,O
mole fraction). When the mixture composition deviates from the
stoichiometric conditions, the excitation time 7, increases consid-
erably, which is particularly true for fuel-lean mixtures, as shown in
Fig. 2(b). Because of the NTC effects, the distributions of the critical
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To (K)3 Ty (K) FIG. 2. (a) Ignition delay time, (b) exci-
tation time, and (c) the critical temper-
(c) ature gradient of n-C;Hyg/air/H,0 mix-
’g 2 tures as functions of initial temperature.
£ i Initial pressure is 40 atm.
3
=21 i
S
3
l_O
3Ok
800 900 1000 1100 1200
Ty (K)

—$=1.0, X, 50 = 0.0 =—¢ = 1.0, X,,, = 0.1
——$=1.0, Xyp0 = 0.2 = = =¢ = 0.8, X, = 0.2

temperature gradient have three separate sections [see Fig. 2(c)].
For the stoichiometric mixtures, the critical temperature gradients at
Ty = 1000 K have minor differences.

In order to unveil the thermal and chemical kinetic effects of
H,O dilution on the ignition characteristics, Fig. 3 plots the change
in ignition delay time, excitation time, and the critical temperature
gradient of n-C;He/air/H,O mixtures with different diluents. The

T, =1000 K

.001 Y —.

0.001}F —— i > o
T s Black:H,0 [~ E
° Red:FH,0 5
e 0.4
© 1E-5 e

5
1052

0.1 0.2

XHZO

FIG. 3. Change in ignition delay time, excitation time, and the critical tempera-
ture gradient of n-C;Hsg/air/H,O mixtures with different diluents (H,O, FH,0, and
TH;0). The initial temperature is 1000 K.

initial temperature is fixed to be Ty = 1000 K. Following the work
of Zhang et al.,”® two hypothetical species are used to denote the
water vapor diluents, i.e., FH,O and TH,O, which share the same
thermophysical properties as real H,O species. Here, FH,O denotes
chemically inert H,O species (not act as the reactant or third body
in elementary reactions), while TH,O is a water species acting as a
third body only. The third body coefficients of TH,O are the same
as those of real H,O. Observation of Fig. 3 reveals that FH,O leads
to slightly higher ignition delay time and lower excitation time rel-
ative to the results of real H,O. However, the critical temperature
gradient monotonically increases with FH,O mole fractions. This is
different from that with real H,O species, for which non-monotonic
variations are observed with the diluent mole fraction. This indicates
that H,O vapor as the reactant and/or third body considerably influ-
ences the critical temperature gradient. The role of water species as
a third body can be confirmed through the results of TH,O dilu-
tion, which are generally closer to the real H,O results. This implies
that the effects of water species as a third body are more impor-
tant than as reactants. This finding can also be corroborated by the
different results with FH,O and TH,O, particularly for the critical
temperature gradient.

The effects of H,O vapor addition in n-C;Hje/air mix-
tures on elementary reactions are investigated based on sensi-
tivity analysis.”” ' Here, the sensitivity coefficient is defined as
(7(24) = 7(A))/7(A), where A is the pre-exponential factor of
the selected reaction. A positive (negative) value of the selected
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elementary reaction indicates that it suppresses (promotes) the
autoignition process. Meanwhile, reactions having higher magni-
tude of sensitivity coefficient are deemed the reactions with larger
contribution toward the ignition delay time. Figure 4 shows the
elementary reactions with the highest sensitivity coefficients with
different H,O initial molar fractions. For the stoichiometric mix-
tures with the H,O molar faction from Xu,0 = 0 to Xu,0 = 0.15,
both R107 (PC;H;50, => PHEOOHX,;, i.e., RO, => QOOH) and
R102 (NXC7H16 + H02 => SXC7H15 + Hzoz, i.e., RH + H02 =>R
+ H,0,) are important. R107 and R102 can be treated as the major
reactions for the n-C;H¢ oxidation. As we can see, H,O acts as
a product in R13 (HO;, + OH <=> H,O + O;). Therefore, as the
mixtures are diluted with more water vapor, R13 becomes more
important. This explains why the ignition delay time increases for
the mixtures with the higher H,O mole fraction. Besides, H,O also
acts as a third body in R15 (20H + M <=> H,0, + M), and R15 is
expected to facilitate autoignition.

Moreover, the effects of H,O dilution on total heat release are
shown in Fig. 5. The relations between total heat release, excita-
tion time, and the mole fraction of H,O are elaborated here. The

(a)

X0 =0

PC;H,;0,=>PHEOOHYX, (R107)
NXC;H,s+HO,=>SXC;H,5+H,0, (R102)
20H+M<=>H,0,+M (R15)
SXC;H,5+0,<=>PC,H,;0, (R106)
CH,;+HO,<=>CH,+0, (R43)
SXC;H,5=>PXC,Hy+C;H, (R92)
PXC;H,;=>PXC:H,,+C,H, (R91)
HO,+OH<=>H,0+0, (R13)
2HO,<=>H,0,+0, (R14)

PXC,H,5+0,<=>PC,H,;0, (R105)
T

06 04 02 00 02 04 06
Sensitivity coefficient
(c)
X150 = 0.15

HO,+OH<=>H,0+0, (R13)

CH,+HO,<=>CH,+0, (R43)

PXC,H,5=>PXC4H,+C,H, (R91)
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total heat release is the time integrated heat release rate during
the homogeneous ignition process. The latter is wr = -YI_, Ah(},ia)i,

with Ah(})i and w; being the chemical enthalpy and reaction rate of ith
species, respectively. The specific chemical enthalpy of H>O is about
—-13435 kJ/kg.”” Thus, regardless of the effects of H,O dilution
on the reaction pathway, the total heat release decreases with the
H,0O mole fraction. Besides, one can see from Fig. 3 that the higher
mole fraction of H,O corresponds to lager excitation time. There-
fore, the total heat release decreases with the excitation time. These
are confirmed in Fig. 5, which shows that the total heat release
decreases with the H,O mole fraction or excitation time for both
stoichiometric and lean n-C;Hj¢/air/H, O mixtures.

IV. ONE-DIMENSIONAL AUTOIGNITION
WITH TEMPERATURE NON-UNIFORMITY

Autoignition reaction front development induced by an igni-
tion spot with the temperature gradient will be studied in this section
with one-dimensional simulations. It is known that the resonance

(b)

X0 = 0.05
PC,H,;0,=>PHEOOHX, (R107)

NXC,H,+HO,=>SXC;H,5+H,0, (R102)
CH,+HO,<=>CH,+0, (R43)
HO,+OH<=>H,0+0, (R13)
20H+M<=>H,0,+M (R15)
SXC,H,5+0,<=>PC,H,;0, (R106)
PXC;H,;=>PXC,H,,+C,H, (R91)
SXC,H,s=>PXC,H+C,H, (R92)
CH;+HO,<=>CH,0+OH (R42)
NXC,H,s+HO,=>PXC,H,;+H,0, (R101)

-0.2 0.0 0.2 0.4 0.6
Sensitivity coefficient

PC,H,;0,=>PHEOOHX, (R107)

NXC,H,g+HO,=>SXC,H,;+H,0, (R102)

CH,+HO,<=>CH,0+OH (R42)

C,H,+OH<=>C,H,+H,0 (R63)
SXC,H,5+0,<=>PC,H,;0, (R106)
CH,0+HO,<=>HCO+H,0, (R37)
20H+M<=>H,0,+M (R15)
02 00 02 04
Sensitivity coefficient

-06 -0.4

0.6

FIG. 4. Elementary reactions with the highest sensitivity coefficients under different initial H,O molar fractions: (a) 0, (b) 0.05, and (c) 0.15. The initial temperature is 1000 K.
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between the autoignition wave and the acoustic wave plays a crit-
ical role in detonation development.'*!® The couplings of these
two waves can be categorized by acoustic-induction coupling and
acoustic-exothermicity coupling, respectively.”” The former is quan-
tified by the normalized temperature gradient &, while the latter is
quantified by the ratio (denoted with ¢) of characteristic timescale
for the chemical heat release to residence time for the acoustic wave
inside the ignition spot.'*°

The normalized temperature gradient £ is defined as the ratio
of sound speed a (middle of the ignition spot in this work) to
autoignition reaction front propagation speed u,,

Ar, /2

=2 _
&= U, drjdt’ @
With Eq. (5), Eq. (7) can be further written as
dTo/dT
S i 8
¢ (dTo/dr),,,» ®

where dTy/dr is the initial temperature gradient within the ignition
spot [see Eq. (3)], whereas (dTo/dr),,, ,, is the critical temperature
gradient. The subscript “ro/2” indicates that the quantity is estimated
based on the initial thermochemical properties in the middle of the
ignition spot. Therefore, the autoignition reaction front propagation
speed reads

Ug = ﬂr(,/z/f- )

However, the estimation from Eq. (9) is usually not equal to the real
propagation speed. This is mainly due to the variations of species
and thermal diffusions inside the ignition spot during the induction
period. Instead, the average propagation speed Save of the reaction
front in the ignition spot from one-dimensional simulations will be
used to calculate the normalized temperature gradient,”**

&a = ay,2/Save. (10)

The second parameter, ¢, measures the time scale of reaction
heat release relative to the propagation time of the acoustic wave in
the ignition spot. Therefore, it is defined as

_ ro/a,[,/z
T

(11)

Here, 7. is from 0D calculations based on the properties at the
middle of the ignition spot.

A. Autoignition in stoichiometric n-C;H;¢/air/H,O
mixtures induced by a hotspot

The autoignition modes of stoichiometric n-C;H;js/air/H,O
mixtures due to the temperature gradient in a hotspot (i.e., Tio
= 1000K) are shown in Fig. 6. The spot radius is 7o = 3.5mm. It
is seen that for small and intermediate H,O mole fractions Xy20,
the autoignition waves triggered by an ignition spot can fall into
three categories: (I) supersonic deflagrative wave, i.e., an autoignitive
deflagration propagating supersonically, (II) detonative wave with
high maximum pressure (Pmax/Pe, With Pmax and P, being the maxi-
mum pressure from 1D calculations and equilibrium pressure from
0D constant-volume autoignition calculations. This normalization
can exclude the effect of total heat release’*), and (IIT) subsonic defla-
grative wave, i.e., a conventional deflagration propagating by molec-
ular diffusion and convention.'” The detonation development curve
is mirrored C-shaped, with upper and lower limits (denoted with &,
and £, ), respectively. When the H,O mole fraction is higher than a
critical value, detonation development from the ignition spot cannot
be observed; instead, only supersonic (subsonic) deflagrative waves
are present when the values of £, are small (large). This is because the
conditions required to enable coupling of acoustic waves with energy
release cannot be achieved. The critical Xp20 in Fig. 6 is about 0.15
at ro = 3.5 mm.

Figure 7 shows the autoignition modes of stoichiometric n-
CH6/air/H,O mixtures with 7o = 3.5mm in &, - 7./7.° and &, — ¢
space, respectively. 7.° is the excitation time of undiluted (Xu,o = 0)
mixtures. Note that the excitation time ratio, 7./ 7.°, and & become
larger and smaller, respectively, when the H,O mole fraction is
increased (see Fig. 3). Note that each excitation time corresponds
to a HO mole fraction. In Fig. 7(a), the detonation development
curve is a mirrored C-shaped curve, while it is C-shaped in Fig. 7(b).
Same as in Fig. 6, three categories can be also observed in these two
diagrams. The detonation development curves of stoichiometric n-
C7Hj6/air/CO, mixtures™ are also shown in Fig. 7. It is found that
the effects of CO, and H,O dilutions on autoignition modes are
close. However, the regions of detonation development with H,O
dilution are slightly smaller than those with CO, dilution, with lower
¢, and higher &_, respectively, as shown in Figs. 7(a) and 7(b).
This indicates that H,O dilution has a slightly better performance
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XH20 FIG. 8. Change in normalized maximum pressure with normalized excitation time.
Ignition spot radius is rp = 3.5mm. The symbols along the x axis indicate the
FIG. 6. Autoignition modes of stoichiometric n-C7Hsg/air/H20 mixtures with differ- critical values of 7, /7e° for each &,.

ent H,O mole fractions. Ignition spot size is ry = 3.5 mm. Three categories are as
follows: (I): supersonic deflagrative wave, (1I): detonative wave, and (lll): subsonic

deflagrative wave.

B. Typical autoignition process induced by a hotspot
in suppressing detonation development induced by thermal non- In order to highlight the effects of the normalized temperature
uniformity. It should be mentioned that these comparisons are made gradient and H,O mole fraction on autoignition modes, four typi-
in terms of the mole fraction, although the heat capacities of the two cal cases, i.e, cases A to D, are selected for further analysis. Their
diluents are different. parameters are summarized in Table I. Cases A/B and C/D are cho-

Furthermore, to demonstrate the effects of excitation time on sen to reveal the effects of normalized temperature gradient. Besides,
autoignition characteristics, Fig. 8 shows the change in normalized cases A/C and B/D are used to clarify the effects of H,O mole frac-

maximum pressure Pmay/P. with normalized excitation time 7./ 7.0 tion. These cases are also marked in Fig. 6. Note that in cases A/B/C,
for stoichiometric n-C;H;¢/air mixtures with different levels of H,O detonation development is observed, while in case D, only subsonic
dilution. Three normalized temperature gradients are selected, i.e., deflagrative wave is present. To obtain &, in Table [, we calculate a, /,
£, = 0.5, 1.0, and 1.5. The symbols along the x axis are the critical ~ with different H,O mole fractions based on 0D calculations and then
7,/7.° along the detonation development curve for each £,, which estimate the corresponding Savg from 1D simulation considering
are extracted from Fig. 7. No detonation occurs when 7,/7.° is larger various temperature gradients inside the ignition spot.
than its critical value. For a fixed £,, Pyax/P. decreases when the Figure 9 shows the temporal evolutions of pressure, temper-
normalized excitation time increases. This indicates that the peak  ature, and heat release rate distributions for cases A-D. It is seen
pressures when autoignition and detonation evolves are lowered from Fig. 9(a) that detonation wave is initiated inside the hotspot
when the H,O vapor mole fraction is increased. Among the three (i.e., ro/r < 1) for case A (line No. 2), which has a relatively low nor-
temperature gradients in Fig. 8, Ppax/P. with &, = 1.0 is highest, malized temperature gradient. However, for case B, the detonation
due to the intensive interactions between the reaction wave and the wave develops outside the hotspot (i.e., ro/r > 1) (line No. 3). This is
acoustic wave during the autoignition process. Moreover, all three because the average speed of autoignition front propagating within
normalized maximum pressures are close when 7./7.’ > 5, as no the ignition spot in case B is relatively low. Therefore, more time and
detonation occurs. longer distance are required for the reaction and pressure waves to
2.0 2.0
(a) — - H,0 dilution (b)
——CO, dilution
1.5 15F
FIG. 7. Autoignition modes of stoichio-
WS 1.0 WS10b metric n-C;Hyg/air/H20 mixtures in (a)
& — 1¢/7e" and (b) &, — & space. Igni-
tion spot radius is ro = 3.5mm. The
curves with CO, dilution are from Ref.
0.5 05r 34. Implications for (I)(Ill) are the same
— - H,O dilution asin Fig. 6.
0.0 N — CO, dilution 0.0 , (1) ,
2 4 6 0 4 8 12 16
Tel’teo €
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TABLE |. Parameters of four typical autoignition cases.

Case Xu,0 ¢, Mode

A 0 0.5 Detonation development
B 0 1.5 Detonation development
C 0.1 0.5 Detonation development
D 0.1 L5 Subsonic deflagrative wave

mutually be enhanced and eventually be coupled, leading to a deto-
nation wave. For these two cases, the detonation wave travels to the
unburned mixtures (lines No. 2 to No. 5 in case A and No. 3 to No.
5 in case B) and is finally weakened by thermal explosion ahead of
it (line No. 6), with the pressure close to P. Seen from Figs. 9(b)
and 9(c), the temperature at the flame front and the maximum heat
release rate become high when detonation happens (e.g., line No. 3
in two cases).

ARTICLE scitation.org/journal/phf

Furthermore, cases A and C are compared for the effects of
H,O diluent concentration in the detonable mixture with &, = 0.5.
With H,O addition in case C, the maximum pressure decreases,
which is consistent with the results shown in Fig. 8. The detonation
onset location in case C (line No. 3) is around the right edge of the
ignition spot, thereby farther away from the left boundary than that
of case A (line No. 2). Besides, the detonation propagation distance
in case C is shorter than in case A. This indicates that H,O dilution
can delay the detonation initiation and reduce detonation intensity.
In cases B and D with the higher temperature gradient £, = 1.5, no
detonation occurs when H>O is added in case D. Conversely, almost
constant-pressure combustion occurs at the early stage, which can
be confirmed by the nearly uniform pressure distribution (see lines
No. 1 to No. 3). Besides, the maximum heat release rate is shown
to continuously increase, which is accompanied by the continuously
increased temperature of the unburnt gas due to the compression.
Moreover, the maximum pressure of case D is only almost two thirds
of that of case B.

Figure 10 shows the reaction front propagation speed in cases
A to D. The reaction front location is defined as the location with
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FIG. 9. Temporal evolutions of (a) pressure, (b) temperature, and (c) heat release rate during autoignition from a hotspot in cases A to D. The equilibrium pressure is

P. = 134 atm in cases A/B, while 125 atm in cases C/D.
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FIG. 10. Reaction front propagation speed, S, as a function of normalized position,
r/ro, in cases A to D. D¢, is the Chapman-Jouguet speed, and a is the sound
speed.

the maximum heat release rate. As shown in Fig. 10, the reaction
front within the hotspot in cases A and C first propagates superson-
ically and then accelerates to the speeds close to the C-J speed. It is
noted that the predicted wave speed is slightly lower than the C-J
detonation wave speed. That is because the curvature effects from
the spherical geometry considered here®“> and/or the end gas have
partially reacted before the arrival of the detonation wave. Obvi-
ously, the reaction front propagation speed within the hotspot for
case C is lower than that for case A, while the reaction front for
cases B and D first propagates subsonically within the hotspot and
then accelerates rapidly to a supersonic state around the edge of the
hotspot. The acceleration is caused by the thermal explosion of the
unburned mixture. Besides, the two curves of cases B and D overlap
within the hotspot, which indicates that H,O dilution has a negligi-
ble influence on the reaction front propagation within the hotspot
at £, = 1.5. Moreover, the reaction front of all four cases accelerates
abruptly when the autoignition of mixture near the right boundary
occurs (e.g., r/ro ~ 2.3 in case A).

In order to analyze the interactions between the chemical reac-
tion and the pressure wave, Fig. 11 shows the evolution of thermal
states of a particle initially at the right edge of the hotspot (i.e., r = rg
= 3.5mm) in cases A and B. The position of the particle is updated
at each time step, through integrating the particle momentum equa-
tion. The thermal states of the Lagrangian particle are obtained from
linear extrapolation of its two neighboring grids after its position
is updated.’°° It is shown that the remarkable difference between
the two cases is whether the detonation has developed or not when
the pressure wave passes the specified particle [also see Fig. 9(a)].
In case A, the fluid in the particle undergoes an isochoric combus-
tion during the initial stage (i.e., the part before point a on each
curve). Then, the particle is compressed intensively when the pres-
sure wave formed by the temperature gradient arrives (i.e., part ab
on each curve). The specific volume at point b is almost half of that
at point a. Meanwhile, the heat release rate increases rapidly and
reaches its maximum value (i.e., point b along the Q-¢ curve) after
this period. This leads to an enhanced interaction between the reac-
tion wave and the pressure wave. After that, the pressure and heat
release rate decrease significantly as gas expansion occurs (i.e., the
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FIG. 11. Evolution of thermal states of a fluid particle initially at r = ry in cases (a)
Aand (b) B.

part after point b on each curve). In case B, similar evolution of ther-
mal states during autoignition (i.e., the part before point b along each
curve) can be observed. It is noted that detonation has not developed
when the pressure wave passes the particle. Therefore, only a moder-
ate interaction between the chemical reaction and the pressure wave
takes place.

Figure 12 compares the P-v curves of the particle in cases A to
D. Itis noted that the compression effect caused by the pressure wave
in case A is the strongest among the four cases, and accordingly,
the largest pressure rise can be observed. With H,O addition, the
compression effect becomes weaker in case C, indicating that H,O
dilution can weaken the detonation development. As for cases B and
D, it is known that these two cases correspond to different autoigni-
tion modes. The pressure rise of case B is slightly larger than that of
case D. This demonstrates that the evolution of thermal states within
the hotspot is marginally affected by H,O dilution when &, = 1.5.

C. Chemical effects of water vapor diluent

The chemical effects of H,O vapor dilution on autoignition and
detonation development of stoichiometric n-C;H;e/air mixtures due
to the ignition spot are investigated in this section. Similar to the
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FIG. 12. P-v (pressure vs specific volume) diagram of the fluid particle initially at
r=royincasesAtoD.

0D calculations in Sec. I1I, numerical experiments with hypotheti-
cal H,O species, i.e., FH,O and TH,O, are conducted. The reader
is reminded that the former denotes a chemically inert species (not
the reactant or third body), while the latter acts as a third body
only. Figure 13 shows the autoignition modes of stoichiometric n-
C7Hj¢/air mixtures with different diluent (H,O, FH,O, or TH;0)
mole fractions due to the temperature gradient in the ignition spot.
The spot radius is ro = 3.5 mm. The curve of H,O is the same as the
curve in Fig. 6. For the curves with FH,O and TH, O, three categories
of autoignition modes are present for small and intermediate dilute
mole fractions. The detonation development curves are all mirrored
C-shaped. It is noted that the upper limit £, of FH,O is obviously
higher than those of real H,O as well as TH,O. However, the chem-
ical effects of water vapor diluents do not affect the lower limits £, .
This is because the average speed of the autoignition front propa-
gating within the ignition spot is faster for a lower &,. Besides, the
critical mole fraction of FH,O is about 0.16, which is higher than the
counterparts with H,O and TH,O. This indicates that the chemical
effects, especially the third body effect, are important in suppress-
ing detonation development for the investigated ignition spot size.

25
20}
15}
©
w,
1.0}
—--H,0
05F ——FH,0
— —TH,0
0.0 s
0.0 0.1 0.2 0.3

FIG. 13. Autoigniton modes of stoichiometric n-C;Hig/air/FH,O and n-
C7H¢/air/TH, 0 mixtures with the H,O mole fraction. Hotspot size is ry = 3.5mm.
Three categories are as follows: (1) supersonic deflagrative wave, (Il) detonative
wave, and (lIl) subsonic deflagrative wave.
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This is consistent with the observations from the 0D simulations in
Sec. I11.

Figure 14 further shows the P-v diagram of the particle initially
at the right edge of the hotspot (r =1y = 3.5mm) and the reac-
tion front propagation speed of stoichiometric n-C;Hjie/air mixtures
with different diluents. The mole fractions of various diluents (i.e.,
H,0, FH,0, and TH,O) are fixed to be 0.1. The results of cases C and
D tabulated in Table I act as the reference for each value of £,,. For &,
= 0.5, all autoignition modes correspond to detonation development,
while for &, = 1.5, they correspond to subsonic reaction front prop-
agation (see Fig. 13). Seen from Fig. 14(a), the curves almost over-
lap for the corresponding &,. This indicates that evolutions of the
thermal states of the particle are almost unaffected by the chemical
effects of water dilution. It is seen from Fig. 14(b) that the reaction
front propagation speeds are very close for &, = 0.5. This also con-
firms that the chemical effects of water dilution are weak for a lower
&,. When &, is increased to 1.5, similar tendency is found within the
hotspot, but the reaction front propagation speed is considerably
affected. After the flame acceleration caused by thermal explosion
around the edge of the hotspot, the supersonic reaction front speeds
in the mixtures with FH,O and TH,O approach the C-J detonation
speed. However, the corresponding normalized maximum pressure
Prax/Pe (%1.86 for FH,O and 1.78 for TH,O) is lower than that of
a typical detonation wave (>2.0). Then, the sudden increase in the
propagation speed within a short time occurs, caused by multiple
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FIG. 14. Change in thermal state and propagation speed of stoichiometric n-
C7Hyg/air mixtures: (a) P-v diagram of the fluid particle and (b) reaction front
propagation speed.
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peaks of heat release rate. Such phenomena have not been observed
in case D. This is because the total heat release decreases (see Fig. 5),
and meanwhile, only single peak of heat release rate exists before
autoignition happens near the right boundary [i.e., line No. 1 to No.
5 of Fig. 9(c)] when the real H,O is added. This indicates that the
chemical effects become important for thermal explosion in the end
gas for £, = 1.5.

Figure 15 shows the time history of the rate of progress variable
q; for the selected elementary reactions (R107, R15, R43, and R13) at
a static probe point near the left boundary (at r = 0.035 mm) for cases
A-D. g, is given by the difference of the forward and reverse rates.
These four elementary reactions are selected based on the sensitivity
analysis shown in Fig. 6. As mentioned previously before, R107 and
R43 are relevant to the combustion of #n-C;Hi6. R13 is important for
the low-carbon oxidation; in addition, H,O acts as a product here.
R15 is very effective in producing OH radicals, and H,O also acts
as a third body here. Except for R15, similar distributions and maxi-
mum values of g; for R107, R43, and R13 are observed for cases A-D.
In other words, they are little affected by the H,O molar fraction
and normalized temperature gradient. In terms of R15, the maxi-
mum value of g, (i.e., g; for R15) with H,O dilution is at least one
order greater than that without H,O dilution for the correspond-
ing normalized temperature gradient. Therefore, it is confirmed
that R15 is the crucial elementary reaction during 1D autoigni-
tion with H,O dilution. This is also consistent with the results for
CHj, mixtures.”’

D. Autoignition mode under various conditions

Up to this point, the equivalence ratio (¢) and ignition spot
size (ro) are fixed to be 1.0mm and 3.5 mm, respectively. It has

been shown that variations of either of them would have signifi-
cant effects on autoignition and detonation characteristics of H,O
diluted n-C;H,¢/air mixtures.** Figure 16 summarizes the autoigni-
tion modes of n-C;Hi¢/air/H,O mixtures due to the temperature
non-uniformity in the ignition spot under different equivalence
ratios ¢. Six different ¢ are considered. The spot radius is fixed
to be ro = 3.5mm. Obviously, all detonation development curves
are mirrored C-shaped. It is seen from Fig. 16 that, compared with
stoichiometric and furl-rich mixtures, for fuel-leaner mixtures, its
upper limit £, becomes smaller, and the lower limit £, is larger,

XHZO

FIG. 16. Autoignition mode under different equivalence ratios. ro = 3.5mm and
Tio = 1000K. Three categories are as follows: (I) supersonic deflagrative wave,
(I1) detonative wave, and (Il) subsonic deflagrative wave.
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which leads to a more compact curve in the &, — X0 diagram and
hence the shrinking range of ¢, for detonation devolvement. In addi-
tion, the corresponding critical H,O mole fraction is also decreased.
Therefore, one can conclude that water vapor addition in fuel-lean
mixtures is more advantageous to inhibit detonation development
from localized thermal non-uniformity. This is also observed by Dai
et al.*

Furthermore, Fig. 17 shows the normalized maximum pressure,
Prnax/Pe, vs normalized excitation time, 7./7.”, corresponding to the
conditions presented in Fig. 16. The normalized temperature gra-
dient is £, = 1.0. Fuel-lean (¢ = 0.8) and stoichiometric mixtures are
chosen to further show the differences. In general, Prax/P. decreases
monotonically when the normalized excitation time increases. It
is also seen that Ppax/P. corresponding to ¢ = 0.8 is obviously
smaller when the normalized excitation time is fixed. This indicates
that the chemistry—acoustics interaction is weakened under fuel-lean
conditions.

All above results are obtained with a fixed size of the ignition
spot, i.e., 7o = 3.5 mm. The effects of ignition spot size on detonation
limits are illustrated in Fig. 18. It is shown the autoignition modes of
stoichiometric n-C;Hj¢/air mixtures in the &,—¢ diagram in terms of
varying ignition spot sizes. Note that the normalized acoustic time
scale ¢ is proportional to ry [see Eq. (11)]. A stoichiometric mixture
with a constant H,O mole fraction is considered, i.e., diluted mix-
ture (Xu20 = 0.13) with Tio = 1000 K. The one (undiluted mixture
with T;o = 1000 K) from Ref. 34 is added for reference. For a fixed
¢, the corresponding ro of the diluted mixture is larger for that of
the undiluted mixture. This is mainly caused by the larger extinc-
tion time with water vapor addition. It is found from Fig. 18 that
the detonation development curves are all C-shaped. For the range
of o investigated here, the critical ¢ corresponding to the right end
of each curve is considerably different. The maximum ¢ of deto-
nation limit for the undiluted mixture is 22 at ro = 5 mm, whereas
it is reduced to a smaller one (i.e., € ~ 12 at ro = 8 mm) for the
diluted one. Besides, estimated from Fig. 18, the minimum ignition
spot size required by detonation development (i.e., the left end of
each curve) changes from ry ~ 1.2 mm in the undiluted mixture to
ro ~ 2.9 mm in the diluted mixture. These indicate that water vapor

3.5
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30r A —5-$=0.8
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FIG. 17. Change in normalized maximum pressure with normalized excitation time.
ro=3.5mmand T;o = 1000 K.
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FIG. 18. Autoignition mode of stoichiometric mixtures under different ignition spot
sizes in the &,—¢ diagram. T;p = 1,000K. Dashed line: X0 = 0; Solid line:
Xh2o = 0.13. The dashed line is from Ref. 34. Three categories are as follows: (1)
supersonic deflagrative wave, (Il) detonative wave, and (lll) subsonic deflagrative
wave.

dilution can appreciably affect the detonation limits of n-C;He/air
mixtures.

Figure 19 shows the change in normalized maximum pres-
sure Pmay/P. with the normalized temperature gradient &, for n-
C7H)6/air/H,O mixtures under different hotspot sizes. The H,O
mole fraction is Xgyo = 0.13. One can see that, for a fixed ro,
a maximum value of Ppa/P. exists around &, ~ 1. Further-
more, with increased 7o, Pmax/Pe also increases, which indicates
that the interaction between the reaction wave and the pressure
wave is strengthened. This may be caused by the higher propen-
sity for them to get coupled with each other inside the hotspot.
Besides, the maximum value of Pyax/P. for ro = 2mm is rela-
tively small, as no detonation occurs. It is noted that Pmax/Pe is
relatively high when £, is greater than 2 for ro = 8 mm. However,
it is still obviously lower than the typical value of a detonation
wave.

4
Xy20 = 0.13
—E—r, =2mm
o 3} —A—r,=4mm
&x —o—r,=6mm
£ —=—r,=8mm
o
2t
1 1 1 N
] 1 2 3 4
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FIG. 19. Change in normalized maximum pressure with the normalized
temperature gradient in stoichiometric mixtures with different hotspot sizes.
Xhoo = 0.13.
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V. CONCLUSION

The effects of water vapor dilution on autoignition and detona-
tion development induced by temperature gradients in n-C;Hie/air
mixtures are numerically studied in this work. Zero-dimensional
homogeneous ignition under the constant-volume condition is first
calculated. It is found that the increased H,O mole fraction has a
negligible influence on the NTC temperature range for the stoichio-
metric mixture. However, the NTC effect is weakened with H,O
dilution. Besides, excitation time increases, whereas the total heat
release decreases with the H,O mole fraction. It is also seen that the
third body effect of the H,O vapor diluent considerably influences
the critical temperature gradient.

Autoignition front propagation from an ignition spot in n-
C7H 6/air/H,O mixtures is analyzed based on one-dimensional sim-
ulations. The performance of H,O dilution, the typical autoignition
process, the underlying chemical effects, and the influences of vari-
ous initial conditions are discussed. One can see from the detonation
peninsula, i.e., &, — Xm0 diagram, that three autoignition modes can
be identified, i.e., supersonic deflagrative wave, detonative wave, and
subsonic deflagrative wave. It is also noted that H,O dilution has
a slightly better performance in detonation suppression compared
with CO, dilution. Besides, the chemical effects, especially the third
body effect, are important in suppressing detonation development. It
is also shown that 20H + M <=> H,0, + M is the crucial elementary
reaction during 1D autoignition with H,O dilution. Moreover, it is
observed that the water vapor diluted n-C;He/air mixtures with the
fuel-lean condition have less propensity for detonation development
from localized thermal non-uniformity.
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