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ABSTRACT

Effects of low-temperature chemistry induced by ultrafine water droplet evaporation on reaction front development from an ignition spot
with temperature gradient are studied in this work. The Eulerian–Eulerian method is used to simulate the gas–liquid two-phase reactive
flows, and the physical model is one-dimensional spherical reactor with stoichiometric gaseous n-heptane/air mixture and ultrafine monodis-
perse water droplets (initial diameter 5 lm). Homogeneous ignitions of two-phase mixtures are first simulated. The water droplets can
completely evaporate in the reactor prior to ignition, and hence pronouncedly reduce gas temperature, which may induce the low-chemistry
reactions. It is found that the turnover temperature for negative temperature coefficient range increases with droplet volume fraction.
Three-stage ignitions are present when the volume fraction is beyond a critical value, that is, low-temperature, intermediate-temperature,
and high-temperature ignitions. The chemical explosive mode analysis also confirms the low-chemistry reactions induced by the evaporation
of ultrafine water droplets. Then, reaction front development from an ignition spot with temperature gradient in two-phase mixtures is ana-
lyzed based on one-dimensional simulations. Different modes for reaction front origin in the spot are identified, based on the initial gas tem-
perature and lower turnover temperature. Specifically, the reaction front can be initiated at the left and right ends of the ignition spot, and
inside it. Detailed reaction front developments corresponding to the above three modes are discussed. In addition, the pressure wave from
high-temperature ignition is important, compared to those from low and intermediate chemistries. The reaction front propagation speed and
thermal states of fluid particles corresponding to different reaction front initiation modes are analyzed. Moreover, autoignition modes are
summarized in the diagrams of normalized temperature gradient vs normal acoustic time and droplet volume fraction. The detonation limits
of two-phase mixtures highly depend on the droplet volume fraction and are not regularly peninsular-shaped, like those for purely gaseous
mixtures.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0061486

I. INTRODUCTION

Downsizing of spark-ignition (SI) engines with turbocharging
technology is promising, since it is deemed a novel solution for pollut-
ant reduction and fuel economy.1 However, knocking combustion is
likely to happen,2–5 caused by the interactions between acoustic wave
and chemical reaction when end gas autoignites.1,6 In particular, deto-
nation development (i.e., the interaction between supersonic shock
wave and exothermic chemical reaction in a detonable medium7–9) in
superknock subject to localized reactivity non-uniformity (e.g., tem-
perature gradient) in the chamber plays a dominant role in inducing
this hazardous phenomenon.10,11

Zeldovich12 identified different autoignition modes caused by a
hot spot with thermal inhomogeneity, that is, subsonic reaction wave,
detonation development, and supersonic reaction wave. Bradley and
his co-workers13–16 further introduced a detonation peninsula (termed
as Bradley’s diagram hereafter), parameterized by normalized temper-
ature gradient n and normalized acoustic time e. After that, numerous
simulations have been performed to uncover the underpinning mech-
anism of autoignition and detonation development from a localized
ignition spot.17–31 For instance, Dai et al.24–28 investigated the various
effects on autoignition and detonation development in dimethyl ether
(DME)/air and n-C7H16/air mixtures under engine-relevant
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conditions. It is noted that multi-stage ignition occurs at low initial
temperature for large hydrocarbon fuels. In Ref. 25, Dai and Chen
found that the temperature gradient of the hot spot is able to affect the
interactions between multi-stage ignition and pressure waves. Pan
et al.19 studied the role of low temperature chemistry in combustion
mode development and autoignition position. Moreover, Terashima
et al.21–23 unveiled the mechanisms of pressure wave development in
end-gas autoignition during knocking combustion. They also found
that both the amplitude of pressure oscillations and timing of knock-
ing occurrence are affected by low-temperature chemistry and strong
pressure wave is induced by a hot spot with high reactivity. In addition
to the above one-dimensional simulations, the effects of inhomogenei-
ties of thermochemical conditions (e.g., temperature or composition)
on autoignition and knock formation were also investigated by Luong
et al.32,33 with multi-dimensional simulations. It is shown that reduc-
tion of energetic length scale would be helpful for mitigating knocking
propensity. They introduced two parameters to predict the knocking
intensity, that is, detonation propensity and heat release rate fraction,
which show good correlations with the knock intensity when they are
plotted against the normalized acoustic time e.

It is well known that water injection technology is an effective
approach to mitigate or alleviate knock in internal combustion (IC)
engines.34–37 This is because evaporation of liquid water can reduce
the in-cylinder temperature, because of high latent heat of vaporiza-
tion and specific heat capacity of water vapor.34,38 This technology has
been vigorously studied in recent years. For instance, Wang et al.37

investigated the possibility of injected water to extend the knock limits
of a spark-ignition engine fueled with kerosene. They found that the
knock limit of their engine is significantly extended via water injection.
In addition, Miganakallu et al.39 studied the effects of liquid water/
methanol injection on engine borderline knock conditions. They
observed that the addition of water in the fuel blends promotes com-
bustion stability and considerably reduces the gas temperature.
Zhuang et al.40 also investigated the benefits of water injection on
downsized boosted SI engine and pointed out that the water injection
can effectively reduce the NO and CO emissions with increased
injected water percentage.

Numerical simulations on the effects of droplets including water
and fuel sprays on shock wave propagation and detonation develop-
ment are also available.41–43 Zhuang et al.43 studied autoignition and
detonation development due to a hot spot in n-C7H16/air mixtures
with liquid water droplets. The influences of droplet diameter and
number density on reactive front development were discussed.
However, detonation development regime associated with thermo-
chemical properties of the hot spot (e.g., excitation time and acoustic
time) in water-containing mixtures was not studied therein. More
recently, the effects of water steam dilution on autoignition and deto-
nation development induced by ignition spot with thermal inhomoge-
neity in n-C7H16/air mixture was numerically investigated in our
previous work.44 However, in situ water droplet evaporation during
reaction front development is not considered, and therefore, how it
affects initiation of the chemical reactions (such as low-temperature
chemistry) of complex hydrocarbon fuels (e.g., n-heptane) from the
ignition spot is not clear.

In this study, detailed numerical simulations of reaction front
development from an ignition spot with temperature gradient in two-
phase medium will be conducted. The physical model is one-

dimensional spherical reactor filled with stoichiometric n-C7H16/air
gas and ultrafine water droplets. The research objectives are as follows:
(i) to study the low-temperature chemistry effects (caused by the ultra-
fine water droplet evaporative cooling) on reaction front development,
(ii) to identify the reaction front initiation mode subject to different
droplet and gas properties, and (iii) to discuss the applicability of
Bradley’s diagram for the studied two-phase mixtures. The rest of the
paper is structured as below. Sections II and III introduce the mathe-
matical and physical models and data analysis method. Homogeneous
ignition in two-phase mixtures is analyzed in Sec. IV. One-
dimensional simulations of autoignition and detonation development
due to ignition spot are studied in Sec. V. Finally, Sec. VI summarizes
the main conclusions.

II. MATHEMATICAL AND PHYSICAL MODELS
A. Gas phase equation

The governing equations of momentum, energy, and species
mass fraction are solved for one-dimensional unsteady, multi-
component, reacting flows. They can be written in a spherical coordi-
nate as
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þ 2
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r

¼ Fv Uð Þ þ SR þ SL; (1)

where t and r are time and radial coordinate, respectively. The vectors
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(2)

q is the density and u is the radial velocity. E � �P þ qu2=2þ qh
is the total energy, with h being the total enthalpy. P is the pres-
sure, obtained from the ideal gas equation of state P ¼ qRT=M . R
is the universal gas constant, and T and M are the temperature
and mean molecular weight of the gaseous mixture, respectively. Yi

and xi are the mass fraction and chemical reaction rate of ith spe-
cies, respectively. n is the total number of species. The diffusion
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velocity V 0
i is determined using the mixture-averaged method. The

chemical reaction rate xi, thermodynamic, and transport properties
are calculated by CHEMKIN or TRANSPORT packages.45,46 In Eq.
(2), the subscript “r” in Fv Uð Þ stands for the partial derivative with
respect to the spatial coordinate r. s1 and s2 are the viscous
stresses, and qr is the heat flux. In addition, U is the viscous dissi-
pation rate. More details about the equations can be found in Refs.
28 and 47. The effects of water droplets on gaseous phase are taken
into consideration through the source/sink terms SL, and their
expressions will be given in Eq. (19).

B. Liquid phase equation

The Eulerian approach is applied to describe the liquid drop-
let phase. Similar approach is also used by Sanjos�e et al.,48 Qiao
et al.,49 and Eidelman and Burcat50,51 for gas–liquid and gas–solid
two-phase flows. In this study, the water droplet is assumed to
be spherical. The droplet temperature is uniform due to the
approximation of droplet infinite thermal conductivity.52,53 The
droplet breakup and deformation are not considered due to the
small droplet diameters. The evolution of droplet diameter is
governed by

@d
@t

þ ud
@d
@r

¼ � 2 _m
pqdd2

; (3)

where d, ud; and qd are the droplet diameter, velocity, and material
density, respectively. The evaporation rate _m is modeled as54

_m ¼ pdqDwater;mSh ln 1þ BMð Þ; (4)

where Dwater;m is the binary diffusion coefficient of water vapor in the
gaseous mixture and approximated following Ref. 55. The Sherwood
number Sh is modeled as54

Sh ¼ 2:0þ 1
F BMð Þ 1þ RedScð Þ1=3max 1;Redð Þ0:077 � 1

h i
; (5)

where F Bð Þ ¼ ln 1þBð Þ
B ð1þ BÞ0:7 is used to model the change of film

thickness due to Stefan flow effects.54 The droplet Reynolds number
Red is defined as

Red ¼
qd u� udj j

l
: (6)

In Eq. (5), the Schmidt number Sc is estimated from

Sc ¼ l
qDwater;m

: (7)

In Eqs. (4) and (5), BM is the Spalding mass transfer number

BM ¼ Yds � Yd1
1� Yds

; (8)

where Yd1 is the water vapor mass fraction in the bulk gas, and Yds is
the water vapor mass fraction at the droplet surface

Yds ¼ WH2OXds

WH2OXds þ 1� Xdsð ÞW : (9)

Here, WH2O is the water molecular weight and W is that of the gas-
phase mixture (excluding H2O vapor). Xds is the water vapor mole
fraction at the droplet surface

Xds ¼ Pref
P

exp
Lv Trefð Þ

R
1

Tref
� 1
Td

� �" #
: (10)

For water, the reference pressure is Pref ¼ 1 atm, the reference temper-
ature is Tref ¼ 370K, and the latent heat of vaporization is LvðTref Þ
¼ 2260 J/g. It is noted that Tref is the corresponding boiling tempera-
ture under the reference pressure Pref .

The equation of droplet velocity takes the following form:

@ud
@t

þ ud
@ud
@r

¼ Fs
md

: (11)

Note that only drag force Fs is considered in our work and it is mod-
eled using Schiller and Naumann’s correlation,56 that is,
Fs ¼ md

sr
� u� udð Þ.md ¼ qdpd

3=6 is the mass of a single droplet. sr is
the droplet momentum relaxation time and can be determined from56

sr ¼ qdd
2

18l
24

CdRed
; (12)

where Cd is the drag coefficient
56

Cd ¼
24
Red

1þ 1
6
Re2=3d

� �
if Red � 1000;

0:44 if Red > 1000:

8><
>: (13)

The studies by Cheatham and Kailasanath57 confirm that Eq. (13) can
accurately predict the gas velocity distributions in compressible two-
phase flows.

The equation of droplet temperature reads

mdCP;d
@Td

@t
þ ud

@Td

@r

� �
¼ hcAd T � Tdð Þ � _mLv Tdð Þ; (14)

where CP;d is the constant pressure specific heat of the liquid phase
and Ad is the surface aera of a single droplet. LvðTdÞ is the latent heat
of vaporization at the droplet temperature58

Lv Tdð Þ ¼ d1 � 1� Trð Þ d2�Trþd3ð Þ�Trþd4½ ��Trþd5 ; (15)

where d1, d2, d3, d4, and d5 are species-specific constants.58 Tr is
defined as Tr ¼ Td=Tcr, where Tcr is the critical temperature and is
647K for water.

The convective heat transfer coefficient hc is

hc ¼ Nukg
d

; (16)

where kg is the thermal diffusivity of gas phase, and Nu is the Nusselt
number and can be estimated with Ranz andMarshall model59

Nu ¼ 2:0þ 1
F BTð Þ 1þ RedPrð Þ1=3max 1;Redð Þ0:077 � 1

h i
; (17)

where Pr ¼ CPl=kg is the Prandtl number of the gas phase. BT

¼ 1þ BMð Þu � 1 is the Spalding heat transfer number, in which
u ¼ Cp;v=CP;d

� �
=Le. Le � a=D (a is the thermal diffusivity, whilst D
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is the mass diffusivity) is the Lewis number of the gaseous mixture and
Cp;v is the constant pressure specific heat of water vapor. The droplet
heating and evaporation models are validated against with the single
water droplet experiments (see the Appendix), and good accuracies
are demonstrated about the evolutions of droplet diameter and
temperature.

The equation of droplet number densityNd reads

@Nd

@t
þ @ Ndudð Þ

@r
þ 2

Ndud
r

¼ 0: (18)

In this study, two-way coupling between the gas and droplet
phase is considered, characterized by the exchange of species,
momentum, and energy. They correspond to the individual terms
in SL in Eq. (2)

Sm ¼ Nd _m;

Sv ¼ �Ndmd
u� ud
sr

;

Se ¼ �Nd hcAd T � Tdð Þ þ Nd _mdHg Tdð Þ:

8>><
>>: (19)

Sm is non-zero only for the equation of H2O mass fraction. HgðTdÞ is
the enthalpy of water vapor at droplet temperature.

We also would like to acknowledge the limitations of the
Eulerian–Eulerian method include the following: (1) it is mainly suit-
able for dense droplet loading; (2) some critical droplet dynamics
should be modeled if they are considered in the formulations, such as
particle trajectory crossing; (3) solutions of Eulerian droplet equations
for the dispersed phase normally are grid-dependent, which is particu-
larly true for dilute spray regimes.

C. Physical model

The one-dimensional spherical reactor is shown in Fig. 1. The
radius of the domain is R ¼ 4 cm. For the gas phase, the initial distri-
butions of pressure, velocity, and composition are uniform in the
domain. Specifically, the initial pressure P0 is 40 atm, and the initial
temperature outside the ignition spot Ti;0 is 1000K. They are chosen
to mimic the high pressure and temperature in the end gas in internal
combustion (IC) engine chambers.1 The initial gas velocity is zero,

that is, u0 ¼ 0m=s. The reactor is filled with stoichiometric n-hep-
tane/air mixture.

Dispersed ultrafine water droplets are considered to mimic the
water mists injected into IC engine cylinder to mitigate the knock
intensity and reduce pollutant emissions.1,34–36 The water droplets are
assumed to be mono-sized, and the initial droplet diameter is d0
¼ 5lm. The initial droplet temperature and velocity are Td;0 ¼ 298K
and ud;0 ¼ 0m=s, respectively. The density and constant pressure spe-
cific heat of water droplets are 1000 kg/m3 and 4200 J/(kg K), respec-
tively. Initially, they are uniformly distributed in the reactor and the
number density Nd;0 is determined based on the initial droplet diame-
ter d0 and volume fraction ad;0, that is, Nd;0 ¼ ad;0=pd0

3=6. Note that
dilute droplet concentrations are studied here, and hence, the initial
volume fraction ad;0 in our study is less than 1%, following Crowe
et al.60

The reactive front is initiated by an ignition spot with tempera-
ture gradient near the left boundary, and therefore, the initial tempera-
ture T0 in the reactor is

T0 rð Þ ¼ Ti;0 þ r � r0ð Þ dT0

dr
for 0 � r � r0;

Ti;0 for r0 < r � R;

8<
: (20)

where r0 is the radius of the ignition spot, which is fixed to be 3.5mm
in this study. dT0=dr is the initial temperature gradient inside the spot,
which is constant and varied in our simulations. Ti;0 is the initial gas
temperature beyond the spot, which is fixed to be 1000K, close to the
end gas temperature in IC engines.20,29 Given that the negative tem-
perature coefficient (NTC) phenomenon may occur due to droplet
evaporation cooling, positive or negative initial temperature gradients
dT0=dr are used to initiate the autoigniting wave, which will be dis-
ussed in detail in Sec. IV.

The symmetric condition is enforced at r ¼ 0, that is,

u ¼ 0;
@T
@r

¼ @Yi

@r
¼ 0;

ud ¼ 0;
@d
@r

¼ @Td

@r
¼ @Nd

@r
¼ 0:

8>>><
>>>:

(21)

At r ¼ R, the transmissive condition is used, that is,

@u
@r

¼ @T
@r

¼ @Yi

@r
¼ 0;

@ud
@r

¼ @d
@r

¼ @Td

@r
¼ @Nd

@r
¼ 0:

8>><
>>: (22)

D. Numerical implementation

The governing equations of gas and liquid phases are solved
using a well-validated in-house code A-SURF (Adaptive Simulation of
Unsteady Reactive Flow).61 This has been proven to be an accurate
tool for predicting shock and detonation waves.18,24–28 The finite vol-
ume method is used to discretize the gas phase equations. The Strang
splitting fractional-step procedure with second-order accuracy is
adopted to separate the time evolution of reaction term SR from that
of the convection term F Uð Þ, diffusion term Fv Uð Þ, and source/sink
term SL to reduce the overall computational cost. For the liquid phase
equations, the first-order accurate explicit Euler scheme is used forFIG. 1. Schematic of the one-dimensional spherical reactor.
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temporal discretization. The second-order central differencing scheme
is applied for convection terms. In addition, the source terms in Eqs.
(3), (11), (14), and (18) are integrated explicitly.

Dynamically adaptive mesh refinement (AMR) algorithm62 is
used to capture the shock/reaction front, and the maximum level of
refinement is assumed to 9. The minimum specific grid size is about
1.9lm. It is found that further mesh refinement does not have influ-
ence of the reaction front evolutions (see Fig. S1 in the supplementary
material). In addition, the time step is 5� 10−11 s, which leads to
Courant–Friedrichs–Lewy (CFL) number (based on gas properties)
less than 0.4. Moreover, a skeletal n-C7H16 mechanism (44 species and
112 reactions)63 with low-temperature chemistry is used and its capac-
ity in predicting n-heptane detonation and low-temperature oxidation
has been corroborated in previous studies.24,25,28,43,44,64

III. CHEMICAL EXPLOSIVE MODE ANALYSIS (CEMA)

The chemical explosive mode analysis (CEMA),65–68 inspired
by the computational singular perturbation method,69,70 is used to
extract the fundamental chemical state in reaction front develop-
ment process. For a typical chemically reactive flow, the equations
can be written as

Du
Dt

¼ x uð Þ þ s uð Þ; (23)

where D �ð Þ=Dt is the material derivative, u is the vector of pri-
mary variables consisting of all species and temperature; that is,
u ¼ C1;…;Cn;T½ �, C is the mass concentration. In the RHS of
Eq. (23), x uð Þ is the vector of the chemical source terms, whilst
s uð Þ is the vector of the non-chemical terms (e.g., diffusion). The
CEMA is based on eigen analysis of the Jacobian matrix Jx of the
chemical source term x uð Þ. A chemical mode is defined as an
eigenmode of Jx, which contains an eigenvalue and the corre-
sponding eigenvectors. Furthermore, a CEM is the chemical mode
whose real part of the eigenvalue ke is positive, that is, Re keð Þ > 0.
This indicates the propensity of chemical explosion when the mix-
ture is isolated.

The contribution of a chemical species toward a CEM is quanti-
fied by the Explosion Index (EI)67

EI ¼ diag aebej j
sum diag aebej j� � ; (24)

where ae and be are, respectively, the right and left eigenvectors, and
“diag �j j” denotes the elementwise absolute values. The elements of EI
range from 0 to 1. Similar EI can also be calculated for temperature.
Higher EI value indicates higher contribution of the species or temper-
ature in a CEM. In addition, the contribution of a reaction to a CEM is
measured by the Participation Index (PI)67

PI ¼ be � Sð Þ � R
�� ��

sum be � Sð Þ � R
�� ��� � ; (25)

where S is the stoichiometric coefficient matrix, R is the vector of net
reaction rate, and “�” represents the element-wise multiplication of
two vectors. All the elements of PI lie within 0; 1½ � and the reaction is
dominant in the CEM if its PI is close to unity.

IV. HOMOGENEOUS IGNITIONS OF TWO-PHASE
MIXTURES

To quantify the autoignition process in an ignition spot with tem-
perature gradient, three parameters are used, that is, ignition delay
time sig , excitation time se, and critical temperature gradient
dT=drð Þc.14 Specifically, sig is the duration when the heat release rate
reaches its maximum from the initial instant, whilst se denotes the
time interval from 5% to maximum heat release.14 Moreover, based on
the theories by Zeldovich12 and Gu et al.,14 dT=drð Þc quantifies a criti-
cal temperature gradient within the ignition spot for chemical reso-
nance and hence detonation development, that is,

dT
dr

� �
c
¼ a

dsig
dT0

� �	 
�1

; (26)

where a ¼ ffiffiffiffiffiffiffiffiffiffiffi
kRgT

p
is the sound speed, k is the adiabatic index, and Rg

is the gas constant. Under this temperature gradient, the reaction front
from the ignition spot propagates at the speed of sound.

Homogeneous ignitions of stoichiometric n-C7H16/air mixtures
with ultrafine water droplets in the 1D reactor in Fig. 1 will be dis-
cussed in Secs. IVA and IVB, to evaluate the effects of the droplet
diameter and volume fraction on the above-mentioned parameters,
that is, sig , se, and dT=drð Þc. Here, all initial variables of gas and liquid
phases are spatially uniform, thereby leading to zero-dimensional (0D)
simulations in nature.

A. Homogeneous ignition process with droplets

Figure 2 shows the ignition delay time and critical temperature
gradient of droplet-laden n-C7H16/air mixture vs gas temperature. The
initial droplet volume fraction is ad;0 ¼ 8.0� 10−4. The results from
the droplet-free stoichiometric n-C7H16/air mixture are also included.

FIG. 2. (a) Ignition delay and (b) critical temperature gradient of stoichiometric n-
C7H16/air mixtures with water droplets. ad;0 ¼ 8.0� 10−4. Tu and Tl : upper and
lower turnover temperature.
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It is seen that the droplet addition considerably affects the dependence
of sig and dT=drð Þc on gas temperature. The turnover temperature
[marked as symbols on Fig. 2(a)]71 is increased significantly in the
two-phase mixtures compared to those of the droplet-free mixtures.
Specifically, the lower turnover temperature is Tl ¼ 1000K, whereas
the upper turnover temperature is Tu ¼ 1100K, larger than the coun-
terparts (850 and 950K) of droplet-free mixtures. Because of the NTC
effects, the distributions of dT=drð Þc have three sections: middle posi-
tive branch and two lower negative ones, as shown in Fig. 2(b). A neg-
ative (positive) dT=drð Þc indicates that a hot (cold) spot is required for
detonation development in 1D simulations.27

Figure 3 shows the time histories of temperature, pressure, heat
release rate, and droplet diameter in homogeneous ignition of stoichio-
metric n-C7H16/air mixtures with water droplets. The initial volume
fraction is 8.0� 10−4, and the initial temperature is 1000K. One can
see that, due to the heat absorption by water droplets, the gas tempera-
ture is reduced to a minimum value of 840.6K at t¼ 0.308ms, and the
low-temperature chemistry is therefore initiated. Three ignition events
are observed from the corresponding heat release peaks, respectively,
at t¼ 0.465, 0.536, and 0.554ms. They are, respectively, termed as
low-, intermediate-, and high-temperature ignitions (abbreviated as
LTI, ITI, and HTI).25 It is noteworthy that the water droplets complete
the evaporation at t¼ 0.308ms, which is ahead of the onset of the LTI.
Therefore, all the three ignition events occur in purely gaseous envi-
ronment, although the initial mixture is laden with the ultrafine water
droplets. It is noted that the heat release rate of each autoignition event
is affected by both cooling (energy exchange) and dilution (mass
exchange). The cooling is more important, since only dilution cannot
lead to multi stage autoigntion.

In the above discussion, the droplet volume fraction is fixed to be
8.0� 10−4 and its effects on n-C7H16/air autoignition will be further
studied in Fig. 4, which shows the ignition delay time, droplet evapora-
tion time, and turnover temperature with volume fractions of
0.005%� 0.1%. For multi-stage autoignition, the ignition delay time of
each stage is defined as the instant of maximum heat release with
respect to the initial time, as shown in Fig. 3. sig;1, sig;2, and sig;3 (i.e.,
sig in Fig. 2) are the corresponding ignition delay times for LTI, ITI,
and HTI, respectively. The ignition delays of gaseous mixtures with

the corresponding thermochemical states at the end of droplets evapo-
ration (assumed infinite fast evaporation) are also shown. It is seen
from Fig. 4(a) that the fine rate evaporation has a non-negligible on
ignition delays, even if the droplets completely evaporate before LTI.
This is because the moderate chemical reaction during the period of
droplets evaporation. Further, only high-temperature ignition is
observed when ad;0 < 5.0� 10−4. With ad;0 	 5.0� 10−4, multi-stage
ignition appears. Increased ad;0 leads to monotonically increased sig;1.
However, sig;2 and sig;3 show non-monotonic change with ad;0, indi-
cating the NTC behaviors due to the water droplet evaporation.
Moreover, the droplet evaporation time sevap is also shown, which cor-
responds to the instant when the droplet diameters in the reactor are
reduced to d � 10−12lm (hence deemed complete evaporation). It is
colored by the gas phase temperature. It is found that sevap is much
smaller than the LTI delay for all the shown range of ad;0. This indi-
cates that ignition proceeds in purely gaseous mixtures. The gas tem-
perature when the droplets are fully vaporized in the reactor is also
marked in the curve of sevap, and it ranges from 980 to 800K when
ad;0 < 1.0� 10−3. Moreover, it is seen from Fig. 4(b) that both lower
and upper turnover temperatures increase with ad;0, implying that the
NTC region moves toward higher temperature with increased ad;0. At
about ad;0 ¼ 8.0� 10−4, the value of Tl is close to the initial tempera-
ture of the gas mixture T0 ¼ 1000 K.

Figure 5 shows the excitation time se and critical temperature
gradient dT=drð Þc as functions of initial droplet volume fraction ad;0.
To evaluate the water vapor dilution effects, fully pre-vaporized results
(fully vaporized droplets in stoichiometric n-C7H16/air mixture with

FIG. 3. Time history of pressure, temperature, heat release rate, H2O mass frac-
tion, and droplet diameter of stoichiometric n-C7H16/air mixture with droplets. ad;0
¼ 8.0� 10−4 and T0 ¼ 1000 K.

FIG. 4. (a) Ignition delay time and droplet evaporation time and (b) turnover tem-
perature as functions of initial volume fraction. Tl is the lower turnover temperature,
and Tu is the upper turnover temperature. T0 ¼ 1000 K. Black lines in (a) denote
ignition delays of two-phase mixtures; red lines in (a) denote ignition delays of gas-
eous mixtures with the corresponding thermochemical states at the end of droplets
evaporation.
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temperature of 1000K. Water steam mass fractions YH2O marked at
the top x axis) are also added. It is seen from Fig. 5(a) that the excita-
tion time se increases monotonically with ad;0. As known from our
previous work,44 se monotonically decreases (increases) with initial
temperature (H2O mole fraction). This means that both evaporative
cooling and water vapor dilution can lead to a larger se. Note that the
degree of cooling or dilution is related to ad;0. Therefore, se increases
monotonically with ad;0. The difference of se between droplet-laden
and fully pre-vaporized mixtures is caused by the cooling effect. The
relative errors of excitation time, corresponding to some selected ad;0,
induced by cooling effect are marked in Fig. 5(a). One can see that the
cooling effect becomes more crucial with increased ad;0.

Figure 5(b) shows the critical temperature gradient as a function
of initial volume fraction. It is noted that the critical temperature gra-
dient is associated with ignition delay time [see Eq. (26)]. Thus, for
multi-stage autoignition, the critical temperature gradient of different
stages can be obtained. It is seen from Fig. 5(b) that three branches of
the critical temperature gradient of HTI exist, and a negative (positive)
value of dT=drð Þc indicates that a hot (cold) spot is required for simu-
lations of inhomogeneous mixture in Sec. V. In addition, two branches
of the critical temperature gradient of ITI are observed, whilst only
one branch exists for the critical temperature gradient of LTI.

B. Chemical explosive mode analysis

To further understand the multi-stage autoignition of two-phase
n-C7H16/air mixture, Fig. 6 shows the time evolutions of the real part
of the eigenvalue of chemical Jacobian matrix, Re keð Þ, and EIs of the
dominant species. It corresponds to the results in Fig. 3. It is seen that
zero-crossing of Re keð Þ is observed for the LTI and HTI events. This is

also observed in Refs. 66 and 72 for n-heptane autoignition. Moreover,
as seen from Fig. 6(b), the contributions of HO2 or OC7OOH (KET)
toward CEM are dominant prior to the LTI. Nevertheless, when LTI is
initiated, C2H2 becomes most important. This indicates that the LTI is
mainly controlled by radical proliferation (chemical runaway).65–67

After LTI, the temperature contribution becomes dominant (see red
circles in Fig. 6), corresponding to the thermal runaway process.65–67

To reveal the contributions of the individual elementary reactions
toward the CEM, Fig. 6(c) shows the time evolutions of the PI’s of
dominant elementary reactions. The related chemical reactions are
listed in Table I, with dominant reactions at each ignition stage also
marked. It is seen from Fig. 6(c) that, before LTI (marked as a solid
square along the time axis), R104, R106, and R107 (see reactions in
Table I) are dominant, which correspond to n-C7H16 oxidation and
generation of R, RO2, and QOOH, indicating that the low-
temperature chemistry is crucial during this period. After LTI, C0 (R7
and R15) and C2 (R60) oxidation become dominated during ITI and
HTI. As such, the results in Fig. 6(c) further confirm the multi-stage
ignition induced by the evaporation of dispersed ultrafine water
droplets with intermediate or high loadings (see Fig. 4). The CEMA
results of droplet-free mixtures can be seen in the supplementary
material (i.e., Fig. S2), and one can see that only HTI event exists,
which further confirms the role of the droplet evaporation in inducing
the multi-stage ignitions.

FIG. 5. (a) Excitation time and (b) critical temperature gradient as functions of initial
volume fraction. T0 ¼ 1000 K. YH2O along the top axis indicates the water vapor
mass fraction when the droplets are fully vaporized.

FIG. 6. Time evolutions of (a) real part of eigenvalue Re keð Þ, heat release rate, (b)
EI’s, and (c) PI’s of dominant elementary reactions. ad;0 ¼ 8.0� 10−4 and T0
¼ 1000 K. Orange diamond in (b): onset of thermal runaway process. Symbols on
x axis: blue square: sig;1; red circle: sig;2; black triangle: sig;3.
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V. REACTION FRONT DEVELOPMENT FROM AN
IGNITION SPOT IN TWO-PHASE MIXTURES
A. Reaction front initiation mode

Figure 7 summarizes the reaction front initiation modes from
our 1D numerical simulations with an ignition spot. They are identi-
fied based on the relations between gas temperature Ti;0 and lower
turnover temperature Tl . It is seen from Fig. 2(a) that the correspond-
ing lower turnover temperature, Tl , is 1000K at about ad;0 ¼ 8.0
� 10−4, which equals the initial gas temperature outside the ignition

spot, Ti;0. In addition, the effect of droplet volume fraction on turnover
temperature is also shown in Fig. 4(b). Below are the descriptions for
the various modes:

(1) If Ti;0 is close to Tl [see Fig. 7(a)], then the ignition delay time
at the right end of the ignition spot, sig;3 Ti;0ð Þ, is always shorter
than that at the left, sig;3 T0 r ¼ 0ð Þð Þ, regardless of negative or
positive temperature gradient inside the spot. Therefore, autoig-
nition is initiated at the right of the ignition spot, and the HTI
waves travel from right to left within the ignition spot, leading
to an implosion over the ignition spot. This is termed as mode
a.

(2) If Ti;0 is slightly higher (lower) than Tl [Figs. 7(b) and 7(c)],
then a cold (hot) spot is required to initiate the reaction front.
One can see that the lower turnover temperature Tl is reached
at some locations inside the ignition spot. Thus, the HTI waves
are initiated inside the ignition spot, and subsequently, two
oppositely propagating HTI waves are formed. Figures 7(b) and
7(c) correspond to modes b and c.

(3) If the initial end gas temperature Ti;0 is sufficiently higher
(lower) than Tl [Figs. 7(d) and 7(e)], then the gas temperature
reduced by droplet evaporation is beyond the NTC temperature
range. As such, the HTI waves are initiated at the left boundary
of the ignition spot and propagate rightward. They are modes d
and e.

TABLE I. Dominant elementary reactions identified with CEMA. Dominant elemen-
tary reactions at each ignition delay instant are highlighted using boldface.

Index Reaction

R7 H þ OH þ M <¼> H2O þ M (HTI)
R15 2OH þ M <¼> H2O2 þ M
R60 C2H3 þ O2 ¼> CH2O þ HCO (ITI)
R104 NXC7H16 þ O2 ¼> SXC7H15

þ HO2 (RH þ O2 ¼> R þ HO2)
R106 SXC7H15 þ O2 <¼> PC7H15O2 (LTI)

(R þ O2 <¼> RO2)
R107 PC7H15O2 ¼> PHEOOHX2 (RO2 ¼> QOOH)

FIG. 7. Reaction front initiation mode: (a)
Ti;0 is close to Tl [i.e., T0 0ð Þ < Ti;0 
 Tl
or Ti;0 
 Tl < T0 0ð Þ], (b) Ti;0 is slightly
higher than Tl [T0 0ð Þ < Tl < Ti;0], (c) Ti;0
is slightly lower than Tl [Ti;0 < Tl
< T0 0ð Þ], (d) Ti;0 is sufficiently higher
than Tl [Tl < T0 0ð Þ < Ti;0], and (e) Ti;0 is
sufficiently lower than Tl [Ti;0 < T0 0ð Þ
< Tl ]. Ti;0 is initial gas temperature out-
side the ignition spot, whereas T0 0ð Þ is
the initial gas temperature at the left
boundary.
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Figure 8 further characterizes the reaction front initiation mode
in terms of reaction front propagating direction and speed, under vari-
ous temperature gradients and droplet volume fractions. The tempera-
ture gradient is normalized based on the maximum one of the
corresponding volume fractions, that is, dT0=drð Þad;0;max. In general,
through increasing the value of initial temperature gradients dT0=drð Þ,
reaction front initiation mode changes from supersonic front to sub-
sonic one. Here, the supersonic and subsonic conditions are deter-
mined based on the ratio between the average propagation speed SAVG
of the reaction front and the sound speed predicted based on the initial
thermochemical properties in the middle of the ignition spot. If the
ratio is greater than one, then it is supersonic; otherwise, it is subsonic.
For a constant ad;0, the dT0=drð Þad;0;max is selected, such that it is large
enough to cover all the possible reaction front initiation modes. In
other words, the corresponding reaction front initiation mode of
dT0=drð Þad;0;max is subsonic. For instance, they are 25.71, −11.79, and
−9.98K/mm for ad;0 ¼ 8.0� 10−4, 9.0� 10−4, and 1.0� 10−3, respec-
tively. Note that dT0=drð Þad;0;max is different from the critical tempera-
ture gradient from 0D calculations dT=drð Þc. It is seen that the
autoignition waves initiated at the left end of the ignition spot [i.e.,
mode d and e in Figs. 7(d) and 7(e)] are found for most occasions
(square and diamond symbols). Furthermore, when the temperature
gradient is increased, the propagation speed of the autoignition wave
is changed from supersonic to subsonic conditions for a constant
droplet loading, for example, ad;0 ¼ 2.0� 10−4. This is because the
interaction between pressure wave generated by heat release rate and
autoignition wave is weakened. In addition, the autoignition wave
from the right end of the ignition spot [i.e., mode a in Fig. 7(a)] is
found for ad;0 ¼ 8.0� 10−4, because the corresponding initial gas tem-
perature outside the ignition spot is almost equal to the lower turnover
temperature. Furthermore, change of the reaction front initiation mode
is also found for ad;0 ¼ 7.0� 10−4 and 9.0� 10−4. With a higher initial
temperature gradient, autoignition waves traveling toward both left and
right sides [i.e., mode b and c in Figs. 7(b) and 7(c)] are observed. This
is because the lower turnover temperature Tl is reached at some loca-
tions inside the ignition spot as described in Figs. 7(b) and 7(c).

Whether the results from the two-phase gas-droplets can be accommo-
dated in the Bradley’s diagram13,14 will be discussed in Sec. VE.

B. Reaction front development within the ignition
spot

Reaction front development within an ignition spot in two-phase
medium will be studied in this section, through three representative
cases, that is, A, B, and C, tabulated in Table II and marked in Fig. 8.
Their spot radii are r0 ¼ 3.5mm, and their droplet volume fractions
are 8.0� 10−4, 9.0� 10−4, and 1.0� 10−3, respectively. Specifically, a
cold spot (i.e., dT0=dr > 0) is needed for case A, whilst a hot spot (i.e.,
dT0=dr < 0) for cases B and C. The corresponding temperature gradi-
ent and reaction front initiation mode of cases A�C are listed in
Table II.

To reveal the effects of droplet evaporation on the change of tem-
perature gradient within the ignition spot (r=r0 � 1) before ignition,
Fig. 9 shows the spatial distributions of the gas temperature gradients
in cases A–C when all droplets are critically vaporized in the reactor.
Apparently, the distributions of temperature gradient at r=r0 < 0.8 are
nearly uniform (consistently varies), and the corresponding values are
almost 80% of their respective initial temperature gradients (marked
as symbols along the y axis). It is noted that the gas temperature gra-
dients may be affected by convection, diffusion, and droplet evapora-
tion (chemical heat release is still weak at this stage). To find out the
dominant factor, frozen droplet-free mixtures are considered. We con-
ducted nonreacting droplet-free numerical experiments with same gas
mixtures and temperature gradients of cases A–C. Thus, the gas tem-
perature gradients can only be affected by convection and diffusion in
these cases. Their counterpart results are also shown in Fig. 9. For the
chemically frozen droplet-free mixtures, the corresponding values of
gas temperature gradient at r=r0 < 0.8 are almost the same as the
respective initial values. Therefore, one can confirm that the major rea-
son for temperature gradient reduction at r=r0 < 0.8 is the difference
of droplet evaporation caused by initial gas temperature distribution.
In addition, the distributions of temperature gradient at r=r0 	 0.8 are
mainly controlled by the effects of diffusion, caused by the differences
of temperature near the vicinity of the ignition spot.

Figures 10–12 show the temporal evolutions of temperature and
mass fractions of key species within the ignition spot (r < r0) for cases
A–C. The zero-crossing points (marked as symbols) of the eigenvalue
Re keð Þ denote the reaction fronts.65–68 Line #1 corresponds to the
early stage of autoignition when the whole droplets in the 1D reactor
are critically vaporized. The corresponding temperature gradients are
shown in Fig. 9. Lines #2 and #3 correspond to the instants of LTI and
ITI at the midpoint of the ignition spot, whilst the rest visualize the
HTI process. In Fig. 10, the gas temperature at early stage (line #1)
and LTI (line #2) is below 1000K due to the heat absorption by the

FIG. 8. Reaction front initiation mode in the diagram of ignition spot temperature
gradient vs droplet volume fraction. d0 ¼ 5 lm and T0 ¼ 1000 K. Ignition spot size
is r0 ¼ 3.5 mm. Black diamonds: subsonic wave from left to right, black squares:
supersonic wave from left to right, blue circles: from right to left, and red triangles:
for middle to both sides.

TABLE II. Information of cases A–C.

Case ad dT0=dr ðK=mmÞ
Reaction front
initiation mode

A 8.0� 10−4 5.14 a
B 9.0� 10−4 −11.79 c
C 1.0� 10−3 −7.98 e
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evaporating droplets. It is noted that two zero-crossing points for the
eigenvalue Re keð Þ are found at LTI, respectively, located at r 
 0:11r0
and 0:24r0 of line #2, which are associated with NTC. As we can see
from Fig. 6(a), zero-crossing of Re keð Þ is also observed at LTI in the
0D results. At ITI (line #3), the maximum gas temperature within the
ignition spot is about 1200K. For the developments of HTI, autoigni-
tion occurs near the right end of the ignition spot (line #4).
Subsequently, an autoignition wave travels from right to left within the
ignition spot, that is, mode a as indicated in Fig. 7.

The NTC phenomenon initiated by the droplet evaporation cool-
ing can also be confirmed through the evolutions of key species. For
instance, the mass fractions of H2O2 and OC7OOH reach their peaks
around LTI (line #2) in the ignition spot, indicating that low-

temperature chemistry proceeds during this period. In addition, OH
radical is accumulated since ITI (line #3). For HTI process, the peak
value of H2O2 mass fraction is two orders of magnitude less than that
at LTI. The OH mass fraction reaches its peak and evolves as the HTI
wave propagates outwardly.

Figure 11 shows the counterpart results from case B, which corre-
sponds to mode c. Compared with case A, similar profiles of tempera-
ture are found before HTI (lines #1–3). At ITI (line #3), the maximum
gas temperature within the ignition spot is about 1162K. However, the
HTI occurs inside the ignition spot located at r=r0 
 0:4 (line #4).
Subsequently, two autoignition waves are generated and propagate
oppositely (line #5). Note that the temperature of the left-propagating
autoignition wave is slightly higher due to the wall compression effects
(line #5). Finally, the left-propagating autoignition wave disappears
when the reactive gas is fully consumed near the left wall. In terms of
the key radicals, corresponding profiles before HTI (lines #1–3) are
found to be similar with those of case A. For the HTI development,
the OH mass fraction reaches its peak inside the ignition spot and
evolves both leftward and rightward when the HTI waves propagate.

Moreover, Fig. 12 shows the counterpart results from case C
(Mode e). Before HTI (lines #1–3), the evolutions of temperature and
radicals are also similar with those of cases A and B. The maximum
gas temperature within the ignition spot at ITI (lines 3) is about
1236K. It is seen that the HTI occurs first at the left end (line #4).
Accordingly, the right-ward propagating autoignition wave is observed
(lines #5–8), which can be confirmed by the histories of both tempera-
ture and OHmass fraction.

One can see from Figs. 10–12 that multi-stage ignition occurs in
the foregoing three initiation modes. Figure 13 shows the time history
of heat release rate and pressure gradient from a probe at the middle
of the ignition spot (i.e., r ¼ r0=2) in cases A–C. The pressure gradient

FIG. 9. Spatial distributions of gas temperature gradient when the droplets are criti-
cally vaporized. The corresponding initial gas temperature gradients of cases A–C
are marked as symbols on the y axis.

FIG. 10. Temporal evolutions of temperature and key species mass fractions within the ignition spot in case A. Symbols: zero-crossings of the eigenvalue Re keð Þ.
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history is shown to visualize the pressure wave development. Three
pressure waves are observed from Fig. 13(b), corresponding to the
three-stage ignition process shown in Fig. 13(a). They can be termed
as LTI, ITI, and HTI pressure waves from left to right, respectively.

We can see that the magnitudes of LTI pressure wave and ITI pressure
wave are at least two orders lower than that of HTI pressure wave.
Thus, the HTI pressure wave is more important, which is a key factor
for autoignition and detonation development.

FIG. 11. Temporal evolutions of temperature and key species mass fractions within the ignition spot in case B. Symbol legend same as in Fig. 10.

FIG. 12. Temporal evolutions of temperature and key species mass fractions within the ignition spot in case C. Symbol legend same as in Fig. 10.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 33, 083312 (2021); doi: 10.1063/5.0061486 33, 083312-11

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


C. Reaction front propagation

Figure 14 shows the reaction front propagation speed in cases
A–C. The reaction front is extracted from the location with maximum
heat release rate. One can see that, in case A, the autoignition wave
induced by thermal explosion near the right end of the spot
(r=r0 ¼ 1) has a very high initial speed. It travels supersonically from
right to left within the ignition spot. Near the left wall, the speed first
increases and then decreases quickly to zero. The increase is caused by
the wall compression effects, whilst the reduction at r=r0 < 0:053 is
because the reactive gas is gradually consumed near the left boundary.

In case B, autoignition wave is initiated at r=r0 
 0:39. Two
opposite autoignition waves are formed. On one hand, the rightward
propagating wave speed is supersonic, but lower than the C–J speed.
The reaction front accelerates abruptly when the autoignition of mix-
ture near the right boundary occurs (i.e., r=r0 
 1:4 in case B). On the
other hand, the leftward propagating wave is faster, and the average
speed is about 3000m/s and finally decays near the left wall. The latter
is faster because of the higher local heat release caused by the compres-
sion effect.

In case C, the reaction front within the ignition spot propagates
supersonically and the average propagation speed is about 800m/s.
The reaction front accelerates to the C–J speed outside the ignition
spot. The predicted wave speed in case C is approximately 1525m/s. It
is lower than the C–J speed of stoichiometric droplet-free n-C7H16/air
mixtures. That may be because of the curvature effects from the spher-
ical geometry,73,74 partial reaction of the end gas before the arrival of
the detonation wave, and/or the dilution (mass transfer) and cooling
(heat transfer) induced by water droplets evaporation. Note that inter-
phase momentum exchange is not possible since the droplets have
been fully gasified before autoignition. Finally, the reaction front accel-
erates abruptly when the autoignition of mixture near the right bound-
ary occurs (i.e., r=r0 
 2:1 in case C).

D. Thermal state

To analyze the interactions between chemical reaction and pres-
sure waves, Fig. 15 shows the evolutions of thermal states of cases A to
C, which are extracted with the aid of a Lagrangian particle initially at
the midpoint of the ignition spot. The position of the particle is
updated in each time step based on the local flow speed. Therefore, the
instantaneous thermal states (e.g., pressure, density, and heat release
rate) at the particle position can be obtained from linear extrapolation
of the gas properties.25,75 Here, points a, b, and c in Fig. 15 denote
three ignition stages of LTI, ITI, and HTI, respectively. In case A,
within the ignition spot, one can see from the curves of P�v and P�t
that the fluid particle undergoes continuous compression� expansion
processes before the HTI occurs (i.e., the part before point c). This is
because the joint influences of pressure pulse and NTC phenomenon.
It is noted that the compression is dominant during LTI and ITI
stages. During the transition from ITI to HTI (i.e., part bc on each
curve), the gas at the particle location is compressed intensively with
rapidly increased pressure. Meanwhile, the heat release rate increases
rapidly and reaches the maximum value when HTI occurs (i.e., point c
on the Q�t curve). After HTI, the pressure keeps increasing and
finally reaches its equilibrium value (see the P�t curve), because the
thermal explosion is achieved.

In cases B and C, continuous compression–expansion processes
are also observed before the occurrence of HTI (i.e., before point c).
However, the expansion is dominant during LTI and ITI stages both
for case B and C, which is different from case A. During the transition
from ITI to HTI (i.e., part bc), the fluid around the particle in case B is
expanded, whilst in case C is compressed. This is because two opposite
autoignition waves are formed within the ignition spot in case B. It is
seen from Fig. 11 that the HTI first occurs at r 
 0:4r0. Therefore,
influenced by the leftward propagating wave, the gas at the midpoint
is initially expanded. Nevertheless, detonation does not develop when
the pressure wave passes the particle in cases A–C. Therefore, only
moderate interactions between chemical reaction and pressure wave
occur.

E. Bradley’s diagram for two-phase mixtures

Two parameters are used by Bradley and his co-workers13,14 to
characterize the interactions between the reaction wave and acoustic
wave within the ignition spot in gaseous mixtures. The first one is the
normalized temperature gradient n, which is the ratio of local sound
speed to autoignition front propagation speed and measures the

FIG. 13. Time history of (a) heat release rate and (b) pressure gradient of cases A
to C.

FIG. 14. Reaction front propagation speed as a function of radial coordinate in
cases A–C. DCJ is the C–J speed, and a is the sound speed.
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coupling between the local autoignition and acoustic wave caused by
the heat release (or acoustic�induction coupling76). It reads

n ¼ dT0=dr
dT0=drð Þc; r0=2

: (27)

Here, dT0=drð Þc; r0=2 is the critical temperature gradient, from Eq. (26).
The subscript “r0=2” indicates the quantity is estimated based on the
initial thermochemical properties in the middle of the ignition spot.
Note that dT0=dr is the initial temperature gradient within the ignition
spot [see Eq. (20)].

In addition, the second parameter, e, is used to measure the
timescale of reaction heat release relative to the residence time of
the acoustic wave in the ignition spot (or acoustic�exothermicity
coupling). It is defined as the ratio of acoustic time to excitation
time, that is,

e ¼ r0=ar0=2
se

; (28)

where ar0=2 is the sound speed at the middle of the ignition spot. Here,
se is obtained from 0D calculations based on the properties at the mid-
dle of the ignition spot.

With the above two parameters (n and e), the autoignition modes
of two-phase stoichiometric n-C7H16/air mixtures due to temperature
gradient in an ignition spot are presented in Fig. 16 (i.e., Bradley’s dia-
gram). Note that only the autoignition waves formed at the left bound-
ary of the ignition spot and traveling from left to right (modes d
and e) are shown. The detonation limits of droplet-free mixtures
diluted by H2O vapor from our previous work44 are also plotted here,
and the volume fractions for them are converted from the mole frac-
tions of H2O vapor. Normalized maximum pressure Pmax=Pe (with
Pmax and Pe being the maximum pressure from 1D calculations and
equilibrium pressure from 0D constant-volume calculations, respec-
tively) is used to identify different categories. It is seen from Fig. 16(a)
that, for e ¼ 3.6, 7.5, 10.1, 11.7, and 16.2 (corresponds to droplet-free
mixtures), three categories are identified when n increases: (I) super-
sonic deflagrative wave, (II) detonative wave with high maximum
pressure (Pmax=Pe 	 2, red symbols in Fig. 16), and (III) subsonic

FIG. 15. Evolution of thermal states of a particle initially at midpoint of the ignition spot (i.e., r ¼ r0=2) of cases (a) A, (b) B, and (c) C. P�v (pressure vs specific volume),
P�t (pressure vs time), and Q�t (heat release rate vs time) curves are shown.
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deflagrative wave. This is consistent with what are found in gaseous
mixtures.44 However, the detonation regions change significantly and
non-monotonically with e. For example, the regional center of detona-
tion mode is n 
 4.5 for e ¼ 16.2, n 
 1.5 for e ¼ 10.1, and n 
 10.0
for e¼ 3.6, respectively. This indicates that the effects of water droplets
on n is not monotonic, which is related to the change of dT0=drð Þc; r0=2
due to ultrafine water droplet evaporation.

Furthermore, for e ¼ 4.2 and 5.7, only supersonic deflagrative
waves are found. Two opposite autoignition waves are formed when
keeping increasing n for the corresponding e [see Figs. 7(b), 7(c), and 10],
which are not shown in Fig. 16. The distributions of the correspond-
ing results are reversed in n� ad;0 in Fig. 16(b). This is because a
higher droplet volume fraction ad;0 corresponds to a higher excita-
tion time se, thus a lower e, as shown in Eq. (28) and Fig. 5(a). Thus,
one can see that, unlike the detonation limits of water droplet free
mixtures (the dashed-dotted lines in Fig. 16), those of two-phase
mixtures are not peninsular-shaped, as they are for gaseous
mixtures.14,17,26–28 Therefore, the applicability of the n� e diagram
for a wider range of droplet-laden mixtures merits further studies,
due to the significant influences of the evaporating disperse phase
(e.g., water or fuel spray mists) for the thermochemical property in
the ignition spot. In addition, the effects of water evaporation on
Bradley’s diagram have been further clarified under a higher initial
temperature T0 ¼ 1200K. The results are shown in the supplemen-
tary material (i.e., Fig. S3). Although the influence of NTC region
variation is eliminated, the two-phase Bradley’s diagram is qualita-
tively different from the purely gaseous ones.

VI. CONCLUSION

The effects of low-temperature chemistry induced by ultrafine
water droplet evaporation on reaction front development from an
ignition spot with temperature gradient are studied in this work. The
Eulerian–Eulerian method is used to simulate the gas�liquid two-
phase reactive flows and the physical model is one-dimensional

spherical reactor filled with stoichiometric gaseous n-C7H16/air mix-
ture and ultrafine water droplets (initial diameter 5lm). The main
findings are summarized below.

The results from the homogeneous autoignition in two-phase
mixtures show that the dependence of ignition delay on initial gas
temperature is considerably affected by the water droplet evaporation.
The turnover temperatures for NTC range increase in the two-phase
mixtures compared to those of the droplet-free mixtures and also
increase with droplet volume fraction. It is seen that, due to the small-
ness of the water droplets, they complete the evaporation and hence
considerably reduce the gas temperature before the ignition occurs. In
addition, only high-temperature ignition is observed when the initial
droplet volume fraction is less than 5.0� 10−4. Beyond that, multi-
stage ignitions are induced by droplet evaporation. It is also found that
the excitation time increases with droplet volume fraction. Moreover,
as volume fraction increases, cold or hot spot is needed to initiate a
reactive front. The CEMA analysis also unveils the low-temperature
chemical reactions in the gas phase chemistry induced by the ultrafine
droplet evaporation.

Through the one-dimensional simulations with ignition spot, we
identify three modes for the origin of the reaction front, that is, left
and right ends of ignition spot and inside it, based on the relations
between gas temperature and turnover temperature for NTC range.
The reaction front development corresponding to the above modes is
discussed in detail. In addition, the HTI pressure wave associated with
HTI is more important. The predicted right-ward propagating wave
speed is lower than the C–J speed of stoichiometric droplet-free n-
C7H16/air mixtures. Continuous compression�expansion processes
are found from P�v curve, which are induced by the joint influences
of pressure pulse and NTC phenomenon. Moreover, autoignition
modes are summarized in n� e and n� ad;0 diagrams. The detona-
tion regions change significantly and non-monotonically with e or
ad;0. The detonation limits of two-phase mixtures are not regularly
peninsular-shaped, like those for purely gaseous mixtures.

FIG. 16. Autoignition mode of stoichiometric n-C7H16/air mixtures with water droplets in (a) n� e and (b) n� ad;0 diagrams. Hollow squares: droplet-free cases initialized by
hot spot; solid squares: two-phase cases initialized by hot spot; solid triangles: two-phase cases initialized by cold spot; dashed lines: detonation limits of n-C7H16/air mixtures
with water vapor.44
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In this work, only ultrafine mono-sized water droplets are con-
sidered, which are completely gasified before ignition starts. Therefore,
their direct interactions with the reaction front propagation and deto-
nation are not present. Furthermore, the applicability of the n� e dia-
gram for a wider range of droplet-laden mixtures needs to be further
examined, due to the significant modulation from the evaporating dis-
perse phase (e.g., water or fuel spray mists) for the thermochemical
property in the ignition spot. These are interesting topics for our future
studies.

SUPPLEMENTARY MATERIAL

See supplementary material for mesh sensitivity results, CEMA
analysis of droplet-free mixtures and Bradley’s diagram.
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APPENDIX: VALIDATION OF DROPLET HEATING
AND EVAPORATION MODELS

Figure 17 shows the time history of temperature of single water
droplet. In the experiment by Volkov and Strizhak,77 one water
droplet is placed in the air with temperature of 373K and velocity
of about 3m/s. Two measurement techniques are used to determine
the surface and internal droplet temperatures Ts and Td (both
included in Fig. 17), namely, planar laser-induced fluorescence
(PLIF) and thermocouple. The droplet is not exactly spherical, and
its volume is 10 ll (the corresponding nominal diameter is
2.67mm).77 In the simulation, we assume that the temperature

inside the droplet is uniform, and the initial droplet diameter equals
to the nominal diameter. It is seen from Fig. 17 that good agreement
can be achieved about the overall evolutions of the droplet tempera-
ture and the equilibrium temperature around t¼ 50 s.

Figure 18 further compares the diameter evolution of an evap-
orating water droplet against the experimental data.59 The initial
diameter and temperature of the water droplet are 1.1mm and
282K, respectively. The temperature of the ambient gas is 298 K.
Excellent agreement is found between the present simulations and
the measured data. In addition, the slope (i.e., evaporation coeffi-
cient) computed by A-SURF is −1.51� 10−3 mm2/s, close to that
from experimental data (−1.37� 10−3 mm2/s). In general, the evap-
oration model in A-SURF can accurately predict the droplet evapo-
ration in terms of the evaporation coefficient and the diameter
decaying history.
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