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Abstract

Low-temperature flames such as cool flames, warm flames, double flames, and auto-ignition assisted
flames play a critical role in the performance of advanced engines and fuel design. In this paper, an overview
of the recent progresses in understanding low-temperature flames and dynamics as well as their impacts on
combustion, advanced engines, and fuel development will be presented. Specifically, at first, a brief review of
the history of cool flames is made. Then, the recent experimental studies and computational modeling of the
flame structures, dynamics, and burning limits of non-premixed and premixed cool flames, warm flames, and
double flames are presented. The flammability limit diagram and the temperature-dependent chain-branching
reaction pathways, respectively, for hot, warm, and cool flames at elevated temperature and pressure will be
discussed and analyzed. After that, the effect of low temperature auto-ignition of auto-igniting mixtures at
high ignition Damkohler numbers at engine conditions on the propagation of cool flames, warm flames, and
double flames as well as turbulent flames will be discussed. Finally, a new platform using low temperature
flames for the development and validation of chemical kinetic models of alternative fuels will be presented.
Discussions of future research of the dynamics and control of low temperature flames under engine condi-
tions will be made.
© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

The recent IPCC climate change report [1] calls
for urgent action to cut CO2 emissions by 45% by
2030 from the 2010 level and to limit the global tem-
perature rise to 1.5 °C. One of the viable solutions
to reduce COz is to drastically improve engine effi-
ciency and to use low carbon fuels [2—6]. In order to
improve gasoline and diesel engine efficiency from
today’s approximately 38% to 60% for carbon re-
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duction and to compete with electric vehicles [3,7],
it is critical to establish lean burn and low tempera-
ture combustion technologies. As such, cool flames
and warm flames, which have lower peak flame tem-
perature and different chemistry pathways com-
pared to hot flames have received renewed inter-
est in research because of its strong relevance to
engine knock, ignition and emission control, lean
burn, flame stabilization, and low carbon fuel de-
velopment [2-5,8—16].

Phenomenologically, a cool flame is a faint blue
luminescent reaction front which partially oxidizes
fuel into aldehydes, alkenes, and otherintermediate
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Nomenclature

ACI advanced compression ignition

ASOI after the start of injection

CARAT co-flow axisymmetric reactor as-
sisted turbulent burner

CFE cool flame extinction limit

Da Damkdhler number

DME dimethyl ether

EGR exhaust gas recirculation

FLEX  flame extinguishment experiment

HCCI homogenous charge compression
ignition

HFE hot flame extinction limit

HTC high temperature chemistry

HTI high temperatureignition

IPCC intergovernmental panel onclimate
change

ITC intermediate temperature chem-
istry

ITI intermediate temperature ignition

LTC low temperature chemistry

LTI low temperature ignition

MON  motor octane number

NTC negative temperature coefficient

PPCI partially premixed compression ig-
nition

PRF primary reference fuels

PLIF planar laser induced fluorescence

RATS  reactor-assisted turbulent slot
burner

RCCI reactivity controlled compression
ignition

RON octane number

SACI spark-assisted compression igni-
tion

SI spark ignition

SL laminar flame speed

SIP science innovation project

UHC unburned hydrocarbons

o flame thickness
equivalence ratio

T flow residence time or ignition de-
lay time

small hydrocarbons with a small temperature rise
(200-300 K) and low flame temperature (typically
below 800 K) [17-27]. A warm flame has two lumi-
nescent reaction fronts, a faint blue cool flame front
and a slightly brighter blue reaction front which
further converts some of the partially oxidized
intermediate products from the cool flame such
as aldehydes into CO and H2O with a moderate
flame temperature (typically between 800-1100 K).
A hot flame is a strong luminescent reaction front
which converts fuel and/or partially oxidized fuel
fragments into CO2 and H20 at a high flame
temperature (typically 1100-2500 K) with strong
combustion exothermicity. Under high pressure
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Fig. 1. Schematic of heat balance of an automotive diesel
engine (Courtesy by Shuji Kimura, 2017).

and elevated temperature, cool flame and warm
flame often occur earlier than the hot flame. There-
fore, the dynamics of cool flame and warm flame
will dramatically affect the burning limits and
properties of hot flames and engine performance.

1.1. Advanced engines and low temperature
combustion

Most of the commercial vehicles on the road
today has net thermal efficiency below 40% [2,3].
Figure 1 shows a schematic of the energy input,
output, and losses of an advanced diesel engine [3].
It is seen that with 100% of fuel energy input, the
net output thermal efficiency is only 42.3%. The
energy loss in cooling alone accounts for 28.9%.
If one assumes the engine peak flame tempera-
ture is about 2400 K and the engine compression
ratio is 16, the Carnot and Otto cycle efficien-
cies of this engine will be, respectively, 87% and
70%. Therefore, the engine thermal efficiency is
limited neither by the Carnot cycle efficiency nor
the Otto cycle efficiency, rather by the heat losses
from the high temperature flames to engine walls
and the exhaust gas. As such, in order to im-
prove engine efficiency and drastically reduce the
thermal losses, various low temperature combus-
tion technologies such as the advanced lean burn
gasolineengines[2,3,28],advanced compression ig-
nition (ACI) and spark-assisted compression ig-
nition (SACI) [29,30], homogenous charge com-
pression ignition (HCCI) engines [4,5,31], reactiv-
ity controlled compression ignition (RCCI) engines
[5], and partially premixed compression ignition
(PPCI) engines [14,32,33] have attracted great at-
tention. To realize these new technologies, it is im-
portant to understand the chemistry and dynamics
of low temperature combustion.
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Fig. 2. Schematic of the gasoline engine pressure and
temperature histories of a typical modern SI engine with
0-20% exhaust gas recirculation (EGR) overlaid with
8 ms ignition delay time of the alkylate fuel [28].
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Fig. 3. Achieved engine net thermal efficiency of lean
burn gasoline engine by the SIP program in Japan [2].

Figure 2 shows a schematic of the pressure and
temperature histories of a typical modern spark ig-
nition (SI) engine with different levels (0—20%) of
exhaust gas recirculation (EGR) overlaid with 8 ms
ignition delay time of the alkylate fuel [28] (an esti-
mated timescale of ignition in engine). It is clearly
seen that the engine operation between the oc-
tane number (RON) and the Motor Octane Num-
ber (MON) falls right to the region of cool flame,
negative temperature coefficient (NTC), and warm
flame regimes in a broad range of engine inlet pres-
sure. The results showed that under these condi-
tions, increasing EGR significantly changes the ig-
nition delay time and the attenuation of knock. As
such, understanding of cool flame and warm flame
dynamics is critical to develop efficient engines and
alternative fuels by suppressing engine knock and
achieving reliable ultra-lean combustion.

Figure 3 shows the recent progress of the lean-
burn gasoline engine efficiencies achieved by the en-

gine science innovation project (SIP) of Japan [2]. It
is seen that by using the super lean burn technology
with engine knock and combustion control, the net
engine thermal efficiency was increased from 38.5%
to 51.5% between 2014 and 2018, highlighting the
significant impact of low temperature combustion
technology on engine efficiency.

In the studies of diesel engines, Musculus et al.
[14] showed a conceptual model of different com-
bustion modes for single-injection, PPCI low-
temperature heavy-duty direct injection diesel com-
bustion (Fig. 4). It is seen from Fig. 4 that in the
early stage of fuel injection and before the high tem-
perature ignition, the first stage low temperature
ignition effectively oxidized the fuel into interme-
diate species such as CH20, H202, CO, and other
unburned hydrocarbons (UHCs). This conceptual
model of direct injection diesel combustion also
clearly illustrates that cool flame chemistry plays a
critical role in the combustion processes of PPCI
engines.

A more clear experimental evidence of the cool
flame formation of diesel fuel injection into a high
temperature compressed air is the time-dependent
schlieren and CH20 PLIF imaging of n-dodecane
spray injected into high-temperature air at 60 atm
by Skeen et al. [34]. In Fig. 5, it is seen from the
CH:2O time sequence that a cool flame appeared at
the upper and lower lobes of the spray boundary at
190 ps after the start of injection (ASOI). At 240
ps ASOI, the cool flame front indicated by CH20
image propagated into the core of the spray jet.
This experiments clearly showed that a cool flame
was initiated in a fuel lean high temperature re-
gion following the strong temperature dependence
of the Arrhenius reaction rate equation and then
propagated into the fuel rich mixtures. As such,
it would be necessary to understand: 1) How fast
does a cool flame propagate? 2) How different are
the burning limits of cool flames from hot flames?
3) How will the flame stretch and molecular and
turbulent transport processes affect the cool flame
propagation speed? 4) When does a cool flame
transfer to a warm flame or a hot flame? And 5)
how can one establish a stable cool flame or warm
flame in laboratory to examine its dynamics and
chemistry?

Also, in the development of alternative jet fu-
els for gas turbine engines, Colket and co-workers
studied the correlation between the derived cetane
number and the lean blow-off limit for different
kinds of fuels [10,16,35]. It is seen that the lean
blow-off limit depends approximately linearly on
the cetane number. Note that the cetane number
is an indicator of low temperature fuel reactively
while the blow-off limit is a property of flame speed
or extinction limit. The approximate linear correla-
tion in Fig. 6 suggests that the cool flame chemistry
may also play a role in extending the flame stabi-
lization limit via either cool flames or auto-ignition
assisted flames. Then, the question becomes: how
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Fig. 4. Conceptual model for single-injection, PPCI low-temperature heavy-duty direct injection diesel combustion [14].

does the cool flame propagation speed depend on
auto-ignition in an auto-igniting mixture?

1.2. History of cool flame studies and
categorization of different flame regimes

Mastering fire is the history of civilization of
mankind. The milestone of the cool flame and
warm flame studies is schematically shown in
Fig. 7. In million years ago, mankind discovered
the use of fire, which was a hot flame. Fire was
used in making food and tools, and killing bacteria.
About 200 years ago, Davy [17] and Perkin [18,36]
discovered that a very faintly luminous bluish cool
flame played round a heated metal surface when
a rich ether and hexane-air mixture was impinged
on. In the cool flame, significant amount of alde-

hydes were observed but little CO2 was formed
[22,23,37-43].

Interested in the cool flame phenomena, exten-
sive studies of cool flames have been conducted
from 1920s to 1980s. Many of these studies were
focused on the cool flame flammability limits and
oscillations as a function of fuels, temperature, and
pressure atfuelrich conditions [19,22-26,37-46].In
1940s, a two-stage blue flame was also observed,
respectively, in preheated tubes and on flat burn-
ers [22-26,38,47]. Figure 8 shows the spontaneous
ignition limits and burning limits for cool flames
and blue flames in comparison to hot flames of n-
butane/oxygen/nitrogen mixtures by Williams et al.
[24-26] in a preheated vertical tube with precise
temperature control and over a wide range of com-
positions. It is seen that the cool flame spontaneous
ignition limit was far exceeded that of the hot flame



Y. Ju/Proceedings of the Combustion Institute 38 (2021) 83—119

140 us ASOI

10 20 300 10 20
Distance from injector orifice [mm]

Fig. 5. Time histories of CH,O PLIF images (left) and
schlieren images (right) for n-dodecane spray injection
into high-temperature air at 60 atm [34].

on the fuel rich side. However, on the fuel lean side,
the ignition limit of the cool flame was narrower
than that of the hot flame. Detailed reviews of cool
flame studies of premixed rich fuel mixtures before
1980s can be found in [20,21,46].

In 1990s, microgravity combustion for space
applications attracted great attention and many
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Fig. 6. Measured correlation between the derived cetane
number and the lean blow-off limits of different jet fuels
[35].

gaseous flames and droplet combustion experi-
ments were carried by using drop towers, parabolic
flights, space station, and space shuttles [48—54].
In 1999, a pioneering microgravity experiment
of premixed cool flames was conducted by Fos-
ter and Pearlman [55-58] aboard NASA’s KC-
135 aircraft. The experiments successfully captured
the unsteady outwardly propagating spherical cool
flames of fuel rich propane and butane mixtures af-
ter auto-ignition at elevated temperatures.
Recently, due to the shift of research interest
on fuel efficiency and carbon emissions, the focus
of cool flame studies was changed to low temper-
ature non-premixed combustion and fuel lean pre-
mixed combustion. With the development of low
temperature kinetic models [59-61], numerical sim-
ulations of non-premixed cool flames started in
1990s. In 1995, Tanabe et al. [62] conducted nu-
merical simulations of n-heptane droplet combus-
tion in an oxygen-helium environment. The results
showed that there was a two-stage temperature rise
due to cool flame and high temperature ignition,

e &
SEL ¢ =]
& Lo & 3 Ay @ a & o
& P ¥ & £ & £
& o & f 5 ey I & S i
& PSS s F FFE SES £&
f F355 g8 ¢ & ST FEE Lo
Fe &8 & FE Fef L& LS
3 & R O & ) G N
FE &5 < & & FRE s &
& X O X o &L & S&F & L i
iy & Fo & L Q& & & 8
F& T FE il s & "
® Industrial Space ° New engines
revolutions Exploration Low carbon fuels
1M B.C 1817 2000 2010 2018-2019
.o L= |
1
&/ o— —
.i'in. - J ool diffusion flame] Double flame Warm flame

/s

Stage 1st 2nd  3rd

Fig. 7. Schematic of the history for observing cool flames, warm flames, double flames, and multi-staged flames.



88 Y. Ju/Proceedings of the Combustion Institute 38 (2021) 83—119

100

(a)

3
o
i

LOWER
FLAMMABILITY
LIMITS

=23
(=]

OXYGEN CONCENTRATION, VOL %
o
2

n
o
it

o] 20 40 60 80 100
FUEL CONCENTRATION VOL %

OXYGEN CONCENTRATION, VOL %

100,

1 1
20 40
FUEL CONCENTRATION, VOL %

Fig. 8. (a) Spontaneous ignition limits of n-butane cool flames (shaded area) and (b) blue flame composition limit with
nitrogen dilution at 1 atm and a temperature of 663 20 K. The lines indicate the lower and upper flammability limits of

hot flames.

respectively. In 2005, Cuoci et al. [63] conducted
similar simulations of n-heptane droplet ignition.
The results showed that a cool flame is formed af-
ter the radiative extinction of a hot flame. In 2011,
Ju et al. computationally modelled an ultra-lean n-
heptane/air mixture under spark assisted HCCI
conditions [29]. The results demonstrated that a
spark assisted hot flame can transfer into a dou-
ble flame structure with a leading cool flame and a
trailing hot flame. In 2012, Law and Zhao [64] com-
putationally modeled low temperature combustion
in a diffusive n-heptane/air counterflow geometry.
The results showed that there was an NTC effect
which resulted in multiple flame branches and that
an increase of pressure extended the low tempera-
ture flame branch to lower temperature. Neverthe-
less, experimental observation of cool flames in a
non-premixed system or fuel lean mixture were not
reported before 2010.

Since 2010, breakthroughs in laminar cool flame
and warm flame experiments in non-premixed
combustion and for fuel lean mixtures have been
achieved by using heated micro-flow reactors
[65—69], microgravity droplet experiments [70-81],
counterflow flames [27,82-96], and flat flame burn-
ers [97]. For example, as shown in Fig. 7, in 2010,
in the study of microscale combustion, Oshibe
et al. [65] observed a three-stage flame structure
in a preheated micro-channel for a stoichiomet-
ric dimethyl ether/air mixture. In 2012, in droplet
Flame Extinguishment Experiments (FLEXs) on
board the International Space Station, Nayagam
and the NASA microgravity team observed that a
diffusion cool flame might be formed after the ra-
diation extinction of the hot flame with a large n-
heptane droplet. In 2013, in plasma assisted com-
bustion, Ju and co-workers succeeded in the es-
tablishment of self-sustaining diffusion cool flames

by plasma and ozone sensitization [82,83,96] in a
counterflow. At the same time, Law and co-workers
observed the NTC affected weakly burning diffu-
sion flame in counterflow with heated air [92]. In
2015, Reuter et al. [84,85,98] observed premixed
cool flames in sub-limit fuel lean mixtures. More-
over, a premixed double flame structure with a lead-
ing cool flame and a trailing hot flame similar to the
prediction in [29] was also observed experimentally
at conditions slightly above the fuel lean burn limit
of the hot flame [84,98]. In a more recent shock
tube experiment, spherically expanding transient
iso-octane double flames were observed by Hanson
and co-workers [99] at near stoichiometric condi-
tions. In addition, twin cool flames in a partially
premixed counterflow were also observed [85]. Fur-
thermore, in 2018, Yehiaetal.[100,101] experimen-
tally observed a warm diffusion flame structure in
both ether and alkane counterflow diffusion flames.
At the same time, an independent NASA micro-
gravity experiment also revealed the existence of
a warm flame in droplet combustion. In a more
recent experiment study, Zhou et al. [102] further
revealed that NOx addition in the oxidizer stream
also promoted the formation of n-dodecane diffu-
sion warm flame. More recently, non-premixed tur-
bulent jet cool flames were also successfully estab-
lished experimentally [103,104].

The success in experimental observation of cool
flames and warm flames further ignites the en-
thusiasm of numerical modeling of low tempera-
ture flames. Numerical modeling and theoretical
analysis of laminar diffusion cool flames, warm
flames, and double flames were conducted, respec-
tively, in spherically propagating flame [29,105—
108], planar propagating flames [91,109,110], coun-
terflow flames [64,83,90,111-114], droplet combus-
tion [62,70-72,74,76-79,115—-119], lifted laminar
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Table 1

89

Characterization of different premixed and non-premixed flame regimes using mixture equivalence ratio, flame chemistry,
flame temperature, and the number of flame zones. (,: Lean burn limit of hot flames, (,: Rich burn limit of hot flames.
LTI: low temperature ignition, ITI: intermediate temperature ignition, HTI: high temperature ignition.

Different flame regimes in low and high temperature combustions

Flame regimes Mixture Equiv. Ratio  Chemistry Temp., K Flame zones
Cool Flame Premixed > or LTC 500-800 1
0/< < or
< o4
Diffusion/Non- LTC 500-800 lor2
premixed
Warm Flame Blue flame Premixed or > LTC,ITC 800-1100 2-3
Warm flame Premixed < o LTC,ITC 800-1100 2
Diffusion LTC, ITC 800-1100 2
HotFlame Premixed < < o HTC 1100-2500 1
Diffusion HTC 1100-2500 1
Doubleflame* Premixed 0 < < ,LTC,HTC 1100-1500 2
Three-stage flame* Premixed < < o,LTCITC, HTC 1100-1500 3

o1 : Lean burn limit of hot flames, ¢, : Rich burn limit of hot flames.

flames and turbulent flames [94,103,120—-124], and
spray combustion [34,114,125]. These studies dra-
matically advanced the understanding of the dy-
namics and chemistry of cool flames, warm flames,
and double flames.

The observed different flame regimes in pre-
mixed and non-premixed flame systems can be
characterized by using the equivalence ratio, com-
bustion chemistry, flame temperature, and the num-
ber of flame zones as shown in Table 1. It is seen
that a premixed cool flame, which is governed by
the low temperature chemistry (LTC), can be ob-
served at an equivalence ratio either below, be-
tween, or above the lean and rich flammability
limits of hot flames. However, the warm flame,
which is governed by both LTC and intermediate
temperature chemistry (ITC), only exists slightly
above the fuel rich limit or below the lean limit
of the hot flame, respectively. On the other hand,
the double flame, which is governed by both LTC
and high temperature chemistry (HTC), only ex-
ists between the lean and rich hot flame burning
limits. The three-staged flame which is affected by
all LTC, ITC, and HTC will also exist within the
burning limits of a hot flame. Note that the tem-
perature ranges of LTC, ITC, and HTC shown in
Table | may vary with fuels, pressure, and even flow
residence time.

Alternatively, the different flame regimes can
also be characterized by using the ignition and
flame Damkohler numbers (Da), respectively, as
shown in Table 2. Here the subscripts of “ig” and
“f” of Da, respectively, denote the ignition and
flame; the subscripts of “L”, “I”, and “H” of Dajg
represent the ignition of LTC, ITC, and HTC,
respectively; and the subscripts of “C” and “H”
to Dar denote, respectively, cool flame and hot
flame. Also, T res and T ig are, respectively, the flow
residence time and ignition delay time. SL and &
denote, respectively, the laminar flame speed and

flame thickness. It is well accepted that for igni-
tion, LTL ITI, and HTI occur, respectively, as their
ignition Damkdhler numbers approach or great
than unity. Similarly, cool flame and hot flame also
only exist when the flame Damkdohler numbers are
greater than unity and the corresponding ignition
Damkohler numbers are far lower than unity. For
warm flame, however, it exists when the cool flame
Damkohler number is greater than unity and the
ITI Damkohler number is also greater than unity.
For auto-ignition assisted cool flame, the cool flame
Damkohler number is great than unity and the ig-
nition Damkohler number of LTI is also close to
unity.

In practical engine combustion, the combustion
mode can be either ignition, flame, or auto-ignition
assisted combustion. As shown in Fig. 9, ignition
is governed solely by combustion chemistry. The
temperature dependent LTC, ITC, and HTC will
govern the process of LTI, ITI, and HTI, respec-
tively. On the other hand, flame is governed by both
diffusion transport and ignition chemistry. There-
fore, the coupling between diffusion transport and
the temperature dependent combustion chemistry
in flames will lead to different flame regimes such
as cool flame, warm flame, hot flame, double flame,
and the three-stage flame. In practical engines,
the engine inlet pressure and temperature are very
high which render the auto-ignition timescale
comparable to the flow residence time. As such,
the ignition Damkohler number becomes so large
that auto-ignition in front of the flame may occur.
In this case, the flame will become an auto-ignition
assisted flame (Fig. 9 and Table 2). Particularly,
when the mixture is chemically sensitized by
plasma generated radicals, ozone, NOx, and other
active intermediate species in a recirculation zone
or turbulent mixing, the ignition delay time is dra-
matically reduced so that the flame becomes mostly
likely an auto-ignition assisted flame. Then, the
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Table 2

Definition of the Damkdhler numbers for LTL ITI, HTI, cool flame, and hot flame as well as the corresponding Damkdohler
numbers of warm flame, double flame, and auto-ignition assisted cool flame.

Low Temp. Intermediate ~ High Temp. Cool flame Hot flame Warm Double Ignition
Ignition (LTI) Temp. Ignition flame flame assisted
Ignition (ITI) (HTI) cool flame
Dajg. > 1 Dajz; = 1 Dajn = 1 Dagc >1 Dagy >1 Dagc>1  Dagc>1 Dajgc > 1
Tres/TigL Tres/Tig I Tres/TigH Tres* SLO/Opc  Tres SLu/Opn Dajg~1 Dagy>1  Dagc>1
/ Combustion
Ignition Flames Detonation/knocking s
(Chemistry) (Chemistry/Diffusion) (Chemistry/Convection)

I I

+High temp. ignition *Hot flames

*Low temp. ignition *Cool flames

*Intermediate temp. ignition *Warm flames
N\ *Double flames

+ High Temperature l

* High pressure
+ High turbulence
* High EGR

Y . Ignition assisted flames
= Active species...

(high Da,,, & Da,, )
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wave coupling
Advanced, ignition assisted

deflagration and detonation engines

Fig. 9. Correlations between auto-ignition, flames, auto-ignition assisted flame, detonation, and engine combustion.

question is: how fast can an auto-ignition assisted
cool flame propagate? In fact, as shown in Fig. 9,
with the increase of auto-ignition Damkdhler
number, the speed of auto-ignition assisted flame
increases rapidly and can result in strong combus-
tion and acoustic wave coupling. When the heat
release rate from the auto-ignition assisted flame
becomes comparable or faster than the acoustic
wave, it will generate a pre-flame shock wave and
even lead to deflagration to detonation transition.
Therefore, understanding different ignition and
flame regimes and the auto-ignition assisted flame
propagation involving cool flames and warm flames
is critical to develop advanced engine concepts.
Several review papers have been published on
cool flames [19-21,27]. Most of these reviews fo-
cused on early studies of cool flame ignition lim-
its, unified kinetic models, and/or oscillatory cool
flames in reactors. A recent review by Ju et al.
[27] made a comprehensive overview of the re-
cent studies of cool flame chemistry and dynamics.
Since then, there are a number of interesting exper-
iments and simulations have been conducted by dif-
ferent combustion research groups in the areas of
auto-ignition assisted cool flames, outwardly prop-
agating spherical double flames in a shock tube ex-
periment, the minimum ignition energy as well as
the stretch effect on cool flames, NOx sensitized

cool flame and warm flames, non-premixed turbu-
lent cool flames, and analysis of cool flames. In this
review, we will make a brief review of the dynamics
and chemistry of cool flames and warm flames, and
focus mainly on the recent understanding of auto-
ignition assisted and chemically sensitized low tem-
perature combustion. In the end of this review, the
major challenges in understanding cool flames and
warm flames will be discussed.

2. Temperature and composition dependent ignition
and chain-branching pathways

Flame is an exothermic, luminescent, diffusion-
ignition front with a chain-branching reaction pro-
cess. To understand cool flames and warm flames,
it is necessary to understand their temperature-
dependent diffusion, ignition, and the major chain-
branching pathways.

2.1. Temperature, pressure, and composition
dependent ignition delay time

Auto-ignition delay time of large hydrocarbon
or oxygenated fuels has been studied extensively
by using shock tubes [126—-129], rapid compres-
sion machines [130—-133], and kinetic modeling
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[59,60,134—142]. Figure 10a shows the predicted
time histories of temperatures and chemical heat
release rates of dimethyl ether (DME)/air auto-
ignition at equivalence ratio of -0.3 and pres-
sure of 40 atm [143,144] using the kinetic model
of [145]. The initial temperatures are, respectively,
764, 833, and 1000 K. It is seen that for the initial
temperature of 764 K, there are three heat release
peaks, respectively, at 885, 1180, and 1650 K, indi-
cating the occurrence of a three-stage auto-ignition
process. These three distinctive heat release peaks
correspond, respectively, to three temperature de-
pendent chain-branching reactions of LTC, ITC,
and HTC. When the initial temperature is raised
to 833 K, the three heat release peaks still exist, re-
spectively, at 894, 1310, and 1700 K, but the igni-
tion delay time is shortened significantly. With a
further increase of initial temperature to 1000 K,
not only the ignition delay time is delayed but also
the first LTC heat release peak disappears. In ad-
dition, the second stage ITC and the third stage
HTC heat release peaks become very close. This in-
crease of ignition delay time with temperature is
the typical NTC effect. The disappearance of the
LTI heat release peak is because the initial temper-
ature is above the LTC. If the mixture temperature
is further raised above the ITC temperature, only
the third HTC heat release peak will exist. There-
fore, the ignition of dimethyl ether involves LTC,
ITC, and HTC and is strongly dependent of the ini-
tial temperature. Figure 10b plots the dependence
of ignition delay time on the initial temperature at
10 and 40 atm, respectively. It is seen that there is a
NTC region between the low temperature ignition
branch and the high temperature ignition branch.
In addition, an increase of pressure shifts the NTC
region to a higher temperature.

To show the sensitivity of auto-ignition on
chemical sensitization, Figure 11a shows the de-
pendence of the ignition delay time on the initial
temperature for a stoichiometric n-heptane/air mix-
ture at 20 atm with and without 100 ppm OH addi-

tion. The solid and dashed lines, respectively, rep-
resent the ignition delay times of LTI and HTI. It
is clearly seen that OH radical addition in the ini-
tial mixture can dramatically reduce the time of
LTI to below100 us. Thus, through chemical sensi-
tization by active species such as OH, ozone, NOx,
plasma generated excited molecules, and EGR, LTI
can be shortened dramatically, rendering the cool
flame and warm flame to occur at a much shorter
timescale. Figure 11b shows the dependence of pre-
dicted ignition delay time as a function of mixture
fraction for non-premixed n-dodecane/air mixtures
with air temperature of 960 K and fuel temperature
of' 450 K at pressure of 25 bar and oxygen concen-
tration of 15% in the oxidizer stream [123]. It is
seen that the delay time of LTI and HTI depends
differently on the mixture fraction. The minimum
ignition delay time of LTI occurs at a much lower
mixture fraction than that of the HTI. This result
suggests that in non-premixed combustion, an LTI
may occur firstly at a lower mixture fraction, then
resulting in a cool flame propagation into a fuel rich
region until the HTT occurs [123].

2.2. Temperature-dependent chain-branching
reaction pathways

As shown in Table 1, the flame regime can be cat-
egorized by using the governing chain-branching
reaction pathways. Kinetic studies of the chain-
branching process in cool flames started in 1940s.
Barusch et al. [146] revealed that RO2 and QOOH
were responsible for cool flame chain-branching
chemistry. Bailey and Norrish systematically stud-
ied the low-temperature oxidation kinetics of
hexane in the cool flame region [39] and proposed
a kinetic scheme for cool flames. In 1965, a skele-
tal low-temperature kinetic model was developed
by Knox [147]. In 1988, Morley [148] used a laser
perturbation method to understand the timescales
of the mechanistic components of a cool flame.
In 1990, Carlier et al. [149] conducted an experi-



92

1250 K 1000 K 800K
100
i at 20 atm
';' Constant pressure calculation
£
»n 10
£
=
>
= 1
[}
©
c
© a1
= —High T ignition
c = = Low T ignition
k=2 ——High T ignition (100ppm OH)
= = Low T ignition (100ppm OH)
0.01
0.8 1 1.4

1.2
1000/T [1/K]

16

Y. Ju/Proceedings of the Combustion Institute 38 (2021) 83—119

10.0

Ignition delay time [ms]

b b
Y, (0054,0001) -7
01t e 7 '

0.10 0.15
Mixture fraction & [-]

0 0.05 020 025

Fig. 11. (a) Dependence of the ignition delay time on the initial temperature for a stoichiometric n-heptane/air mixture at
20 atm with and without 100 ppm OH addition. (b) Ignition delay time as a function of mixture fraction for non-premixed
n-dodecane/air mixtures with air temperature of 960 K and fuel temperature of 450 K at pressure of 25 bar and oxygen
concentration of 15% in the oxidizer stream [123]. The kinetic model was from [29].

Fuel (RH)
+OH, HO,)

ROZ —. R aldehyde —PCZH_;.I'CHZO
\ +0, 1_‘_01 -
2 O2
HO,
/alkene +*: ) OV H/HCO
QOOH 7 .,
' %eﬁﬁ H.0: 1R 0y M
02 ~Jor l
.
-aldehydes ™ co
0,Q00H —2dehydes ~ on
+0, \00‘00H< |+u0, *“‘4
0Q0 Cco,

0,Q°(001),
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row: 800-1100 K; red: above 1100 K).

mental study and computational modeling of the
butane cool flame structures and the ignition in
a rapid compression machine by using a semi-
detailed chemical kinetic model. Detailed species
information in cool flames was obtained. These
early kinetic studies laid the foundation of the cur-
rent understanding of LTC [60,141,150-152].

The schematic of temperature dependent chain-
branching reaction pathways for fuel oxidation is
shownin Fig. 12[27,59,137,138,153]. Atalow tem-
perature (e.g. below 800 K), LTC chain-branching
pathway governs the rate of fuel oxidation. As
shown in Fig. 12, LTC fuel (RH) oxidation starts
with an H-abstraction of fuel by a radical such as
OH, O, HO: and forms a fuel radical (R). Then, the
fuel radical (R) is added by an O2 molecule to form
RO.. After that, the internal isomerization of RO>
will lead to the formation of QOOH (hydroperox-
yalkyl radical). The subsequent oxygen molecule
addition to QOOH to form O2QOOH and its beta
scissions produce multiple OH radicals (Fig. 12).
This LTC chain-branching pathway results in the

Table 3
HO, chemistry at intermediate temperature and high
pressure for ITI and warm flame.

Fuel+HO,=R + H,0, (Ry)
Aldehyde+HO,= H,0,+RCO (Ry)
R02 hand R + 02 (R3)
RO, — alkene + HO, (Ry)
QOOH— cyclic ether+ OH (Rsa)
— alkene + HO, (Rsp)
02QO0H— QOOH+0, (Re)
Rt + O,= aldehyde +HO, (Rs)
RCOr O, = aldehyde + CO+OH (Ry
HO,+CH,0 = H,0,+HCO (Ry0)
H02+ H02 = H202+ 02 (R]])
_H,0,=20H (Ri2)

first stage low temperature ignition (Fig. 10a) and
the cool flame. As such, the major cool flame chain-
branching reaction pathway can be written as,

R — RO2 - QOOH — 02QO0H

— 0QI0 + 20H (1)

Note that at longer flow residence time and
higher pressure, it has been shown that more oxy-
gen molecules can be added to O2QOOH [154,155]
to form a large oxygenated complex that can lead
to additional chain-branching reactions.

At an intermediate temperature (e.g. 800-
1100 K), as shown in Fig. 12 and Table 3, the
decompositions of RO2, QOOH, and O.QOOH
via RO2 . R + O2 (R3), QOOH . HO: 4 alkene
or cyclic ether 4 OH (Rs), and O2QOOH
QOOH 92 (Re) shut down the O2QOOH chain-
branching pathway (Eq. (1)) and slow down the
fuel reactivity, leading to the NTC effect in Fig. 10.
As aresult, in the NTC process, the concentrations
of HO2 and fuel radicals R will increase. Therefore,
HO:z reactions with fuel radicals (R7) and partially
oxidized intermediate species (R2 and Rio) as

—
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well as the H202 decomposition reaction (Ri2)
become the dominant pathway to produce OH
radicals for chain-branching. As such, at an inter-
mediate temperature, the HO2 chemistry listed in
Table 3 is the major chain-branching pathway for
the second stage ITI shown in Fig. 10a and warm
flame formation [74,100-102]. At high pressure,
HO2 chemistry plays an even greater role in fuel
oxidation and shifts the NTC effect to higher
temperature (Fig. 10) [156,157]. In summary, the
major chain-branching reaction pathway for ITI
and warm flame formation can be written as [27],

R + HO; — RO + OH, CH,O
— HCO — HO: — H»0: — 20H (2a)

RICO + O; — aldehyde + CO + OH,
CH>0 — HCO — HO: — H20» — 20H (2b)

At a higher temperature (above 1100 K), the
radical production is governed by the key high tem-
perature chain-branching reaction,

H+0:=0H+O0 )

This branching reaction leads to the third stage
HTI in Fig. 10a and the hot flame formation.

Therefore, since a flame is an exothermic,
luminescent, diffusion-ignition front with chain-
branching reactions, the three temperature depen-
dent chain-branching reactions in Eqs. (1)—(3) de-
termine that there will be three different flame
regimes, the cool flame, warm flame, and hot flame.

3. Dynamics of cool flames and warm flames

Almost all cool flame studies before year 2000
had been focused exclusively on fuel rich premixed
flames. Those studies can be found in several cool
flame review papers [19-21,27]. In this paper, we
only make a brief summary of the fuel rich cool
flame studies before year 2000 and focus only on
the recent studies for fuel lean premixed and non-
premixed cool flames and warm flames.

3.1. Premixed cool flames, warm flames, and
double flames

In 1940s, Townend and coworkers studied cool
flame stabilization in a wall-heated quartz tube
using rich aldehyde and ether/oxygen mixtures
[38]. As shown in Fig. 13, at a lower pressure
(300 mmHg), asingle cool flame front was observed
(Fig. 13a). When the pressure was increased to
400 mmHg, a second stage blue flame emerged be-
hind the first stage cool flame. The second stage
blue flame occurred due to the ITI. As such, fol-
lowing the categorization of the flame regimes in
Tables 1-2, hereafter, the double luminescent flame

(a)
(b)
o

-

Fig. 13. Cool and blue flames stabilized in a heated quartz
tube reactor of 80% CH3;CHO and 20% O, flowing from
the left to the right at pressures of (a) cool flame at
300 mmHg, (b) cool flame and blue flame at 400 mmHg,
and (c) merged flame at 600mmHg [38].

|
I —m z o
i’ ij T
[NoRmAL [
ame$ 11 veLLow
7 COLUMN
|<—TWO — STABE FLAMES —=|
ul =
3 o @
28 RO
ol o 2 COOL FLAMES
23 s
wy g
o
“ [A
1A
568 1315 30 25 55

Percentage of diethyl-ether in air

Fig. 14. (a) Image of the fuel rich diethyl ether/O,/N,/Ar
(14.7/17.9/66.5/0.9) two-stage cool flame and blue flame
at 1 atm [41]. (b) Flame regimes with the increase of per-
centage of fuel in air[47].

structure with a leading cool flame and a trailing
ITI will be called as “warm flame”. As the pres-
sure was further increased to 600 mmHg, ITI via
the HO2 chemistry (Table 3) became faster and the
first stage cool flame zone and the second stage blue
flame zone started to merge, resulting in a more lu-
minescence flame zone.
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Fig. 15. Transient images of the flame development in microgravity with mixtures of 66.7% C4H;—33.3% O,, Piniia=54.4

psia, Tyesset =310 °C with a time interval of 0.1 second [57].
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Fig. 16. (a) Comparison of pressure dependence of tran-
sient flame kernel development at normal gravity and mi-
crogravity for 66.7% C H +33.3% O mijxture at initial

pressure of Py =44 psia and Tyesser = 310 °C [57,159].

To establish a planar cool flame, in 1950s, a flat
flame burner [158] (Fig. 14a) was used to study the
stabilization limits of cool flame and the two-stage
warm flame of ether mixtures [40,41,47]. As shown
in Fig. 14b, the cool flame and the two-stage warm
flame only existed beyond the fuel rich limit of the
hot flame. However, the cool flame had a much
broader flammability limit than the two-stage blue
flame on the fuel rich side. These results are con-
sistent to the observation of the spontaneous ig-
nition limits for cool flames and blue flames of n-
butane/oxygen/nitrogen mixtures by Williams et al.
[24-26] (Fig. 8).In 1970-90 s, more cool flame stud-
ies were carried out to measure the flame structures
and speciation of fuel rich ethers, n-alkanes, di-+—
butyl peroxide, and primary reference fuel (PRF)
mixtures [41,43,149]. These studies advanced the
understanding of flame structures and kinetics of
fuel rich cool flames and warm flames.

It was until year 2000, an outwardly propa-
gating spherical cool flame was first observed in
microgravity by Foster and Pearlman [55-58] us-
ing fuel-rich butane/oxygen flames aboard NASA’s
KC-135 aircraft. Figure 15 shows the time sequence
of the cool flame development after auto-ignition
at the center of the vessel in a preheated mixture
of 66.7% C4Hio and 33.3% Oz at initial pressure of
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Fig. 17. Time dependent temperature distributions of an
outwardly propagating double flame initiated by a hot
spotat 7 = 0 cm an n-heptane/air mixture at 700 K, 20 atm,

and equivalence ratio of 0.4 [29]. The kinetic model was
reduced from[29,161].

54.4 psi and 310 °C. Figure 16 shows the pressure
time histories of the microgravity (ug) and nor-
mal gravity (1 g) cool flame development for the
same mixture at an initial pressure of 4.4 psi [57].
It is seen that in microgravity, a two-stage pressure
rise from cool flame to hot flame was observed.
The effect of gravity on cool flame dynamics was
also studied by using reduced gravity [58]. How-
ever, no microgravity experiments were conducted
at fuel lean conditions and the measurements of
cool flame speeds were not attempted either. Nu-
merical modeling of the microgravity spherical cool
flames was carried out by Fairlie et al. [159,160].
The results showed that the wall heat loss and pref-
erential diffusion effects affected the cool flame
propagation and quenching.

To understand low temperature combustion in
fuel lean mixtures for advanced engine conditions,
in 2010, Ju et al. [29] conducted numerical mod-
eling of spark-assisted flame propagation of n-
heptane/air mixtures at equivalence ratio of 0.4
(slightly above the lean burn limit of the hot flame)
and pressure of 20 atm and initial temperature of
700 K. As shown in Fig. 17, immediately after a hot
spot ignition at the center of the mixture (=0 cm),
an outwardly propagating high-temperature flame

was initiated (0.1-3.0 ms). However, at = 9.3 ms, it
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is seen that the hot flame front split into a two-stage
double flame front, a leading cool flame with peak
flame temperature around 820 K and a trailing hot
flame with temperature above 1500 K. With a fur-
ther increase in time, the leading cool flame prop-
agates even faster than the trailing hot flame until
the occurrence of the LTI in the region in the front
of the cool flame. The computed cool flame prop-
agation speed was about 27.5 cm/s. Although the
numerical modeling showed that a premixed cool
flame can propagate in a fuel lean mixture under
engine conditions, it was not clear whether such
a double flame structure above the lean flamma-
bility limit of hot flame is only a transient phe-
nomenon or can be stabilized in the laboratory, and
why the speed of a hot flame is slower than a cool
flame.

To establish stable low temperature flames in
laboratory and to study the flame structure, in
2010, Maruta et al. [65] investigated the stoichio-
metric dimethyl-ether/air combustion in a micro-
reactor (Fig. 18a) by creating a temperature gra-
dient of the reactor wall in the flow direction us-
ing external hydrogen flame heating. They observed
that a three-stage premixed flame was stabilized by
varying the flow velocity and the wall temperature
gradient in the reactor. This study suggests that
like the studies of Williams and Sheinson [25,26]
for fuel rich mixtures, a multi-stage low temper-
ature flame can be stabilized for a stoichiomet-
ric mixture by imposing a temperature gradient or
using thermal management. This work was fur-
ther extended to other fuels such as alkanes, iso-
alkanes, aromatics, and Primary Reference Fuels
(PRFs) and other blended fuels at stoichiometric
conditions and elevated pressures [65-69,162—164].
Figure 18b shows the dependence of the three-stage
cool, blue, and hot flames on pressure. It is seen
that with the increase in pressure, the cool flame
and blue flame intensities increased and the flame
stabilization location moved upstream. This study
clearly showed that the formation of cool flames
and multi-stage flames is sensitive to pressure and
fuel reactivity in the micro reactor. Recently, Hori
etal. [67,165] extended the multi-stage flame stud-

ies in the micro reactor to define a fuel reactivity in-
dex for gasoline fuels. Moreover, to understand the
effect of the reactor wall reactivity on cool flames,
various metals, metal oxides, and quartz surfaces
were used to understand the radical quenching on
dimethyl ether/air cool flames [68,90,166]. The re-
sults showed that a metal wall may exert strong in-
fluence on the low-temperature oxidation via cat-
alytic reactions or radical quenching. Neverthe-
less, most of the studies in micro combustor were
conducted at stoichiometric conditions with exter-
nal wall heating. It was not clear whether a self-
propagating cool flame can be observed in a fuel
lean mixture without a fixed temperature gradient
created by wall heating.

To understand the dynamics of self-sustaining,
planar, and unstretched premixed cool flames in
fuel lean mixtures, Ju et al. [167,168] conducted
numerical simulations of one dimensional freely-
propagating DME-oxygen flames [169]. Figure 19
shows a schematic of the computed flame temper-
ature dependence on the equivalence ratio, respec-
tively, at 1 and 20 atm. Similar to the observation
in Fig. 14, it is seen that the numerical modeling
well-captured the existence of multi-staged flames
and cool flames on fuel rich mixtures beyond the
hot flame’s rich flammability limit. Moreover, it is
also predicted that there exists a lean cool flame be-
low the lean flammability limit of the hot flame.
Furthermore, at a lower pressure (1-4 atm), the
transition from the hot flame to multi-stage flames
and cool flames on the rich side is a smooth tran-
sition without a hot flame extinction. However,
the transition from a hot flame to cool flame on
the fuel lean side shows an extinction-ignition S-
curve. Because of this, it is seen that in a broad
equivalence ratio range on the fuel lean side, three
different flame regimes, cool flame, double flame,
and hot flame, can all exist. The double flame on
the S-curve shown in Fig. 19 is not on the stable
flame branch. A small perturbation will trigger the
double flame to transfer to either a hot flame or a
cool flame. However, as will be shown later, with
radical loss and heat loss in a counterflow flame
[84,98] or in an unsteady spherical flame propaga-
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tion (Fig. 17) [29,99,106], a stable or quasi-steady
double flame propagation can be observed. With
the increase of pressure (above 5 atm), it is inter-
esting to note that similar to the fuel rich side, the
transition between the hot flame and cool flame on
the fuel lean side also becomes monotonic due to
the appearance of a warm flame. This prediction of
a smooth transition from hot flame to warm flame
for fuel lean mixtures remains to be experimentally
validated at elevated pressure.

The simulated flame structure of a warm flame
at equivalence ratio of 0.2 at 20 atm is shown in
Fig. 20. It is seen that the lean warm flame has a
two-stage flame structure which consists of a lead-
ing cool flame front at x-0.1 cm and a trailing in-
termediate temperature flame front at x-0.3 cm
(Fig. 20). Note that a self-sustaining lean warm
flame only exists below the lean flammability limit
of the hot flame. Moreover, different from the lead-
ing cool flame, the trailing flame front at the in-
termediate temperature of the warm flame is an

auto-ignition assisted flame front. The multi-stage
flames shown in Fig. 18 at stoichiometric condition
existed because of the superimposed temperature
gradient by the heated reactor wall. This flame can-
not propagate without the external heating. At high
pressure, when the mixture is slightly below the hot
flame lean limit, the HO2 chemistry (Table 3) be-
comes so strong that the heat release from the lead-
ing cool flame is sufficient to trigger an ITI down-
stream to form a warm flame. Therefore, at high
pressure, the warm flame is a bridge between the
cool flame and the hot flame on both fuel lean and
rich sides and results in a smooth transition be-
tween them.

From the numerical modeling, the flame regime
boundaries and burning limits of lean premixed
cool, warm, and hot flames as well as the double
flames can be plotted in Fig. 21. Line BAB’ is the
lean burn limit of the hot flame. Therefore, hot
flames only exist on the right hand side of line BAB’
(regions I and II). Line DE is the lean burn limit
of cool flames and line A’AC is the upper limit
or the reignition limit of cool flames of the fuel
lean cool flames. On the reignition limit (A’AC),
the cool flame reignites and becomes a hot flame
(see Fig. 19). As such, cool flames only exist be-
tween lines DE and A’AC in the regions of II and
II. Therefore, in region II, where the hot flame and
cool flame regimes overlap, one can observe either
a hot flame, a cool flame, or even a double flame,
depending on the initial conditions. At high pres-
sure, the warm flame starts to appear in region [V in
the region between lines AA’ and AB’. With a fur-
ther increase of pressure, the transition from cool
flame to warm flame (line A’A) occurs at a lower
equivalence ratio due to the enhancement of the
HO:2 chemistry. However, the transition from warm
flame to hot flame is much less sensitive to pressure
because of the stronger temperature dependency
of the chain-branching reaction of a hot flame in
Eq. (3). The transition between the cool flame and
warm flame as well as the hot flame at high pressure
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is a smooth transition for fuel lean mixtures. There-
fore, understanding the burning limits of different
flame regimes and the transitions helps to under-
stand the dynamics of cool flame, warm flame, and
hot flame in experiments and modeling and to de-
velop new experimental methods to study them.
To experimentally observe the self-stabilized
lean premixed cool flames, Reuter et al. [84] and
Zhao et al. [170] conducted the counterflow experi-
ments for DME/oxygen mixtures with and without
ozone addition (Fig. 22). Ozone plays a role to sen-
sitize the LTC of DME to enable cool flame stabi-
lization at low inert N2 temperature. Moreover, if
the inert N2 temperature is raised high enough, an
auto-ignition assisted premixed cool flame can be
sustained without ozone [170]. Figure 22 shows a
schematic representation of the experimental setup
of Reuter et al. [84]. Here only a brief descrip-
tion is provided. Details of the experiments can be
found in [83,84,171-174]. The upper burner nozzle
issues pure nitrogen heated up to 600 K. The lower
oxidizer stream initially consists of pure oxygen
at 300 K, which passes through a non-equilibrium
plasma ozone generator to produce ozone. The
burner separation distance was set to 2.25 cm. The
strain rate (a) is defined as the density-weighted
gradient of the axial flow velocities on the ox-
idizer side. PLIF was used for CH2O detection
[171-173,175,176]. Directimages of a DME/O2/O3
premixed cool flame and hot flame at the same con-
ditions of 0214 and @ 89 s~' are shown in
Fig. 22(a) and (b). The cool flame was observed
to be visibly dimmer than the hot flame. CH20
PLIF images showed that cool flame had a very

high concentration of CH20 formed through LTC.
However, CH20 in the hot flame was low and lim-
ited only to the thin zone in front of the high-
temperature flame zone. Figure 22(c) shows a dou-
ble flame image at @ =59 s-! and  =0.087[98],
in which the lower dimmer zone is a premixed cool
flame and upper brighter zone is a hot flame.

Reuter et al. [98] further measured the cool
flame extinction (CFE) limit, the hot flame extinc-
tion (HFE) limit, and the structure of near-limit
hot flames. As shown in Fig. 23, with the decrease
of equivalence ratio, the extinction limit of hot
flame became smaller than the cool flame. This re-
sult indicates that a cool flame can burn at the sub-
limit condition of a hot flame. This result sup-
ports the schematics in Figs.19 and 21. Note that
when the equivalence ratio is slightly above the hot
flame flammability limit, a stable near-limit double
flame appears (inset image in Fig. 23). Note that
as shown in Fig. 19, an unstretched planar dou-
ble flame is not stable. However, in a counterflow
flame, the heat and radical losses due to the finite
flow residence time could stabilize a double flame.
Also, note that a double flame is different from a
warm flame. The former is a two-stage flame gov-
erned by LTC and HTC and can exist only above
the hot flame lean flammability limit (Region II in
Fig. 21). The latter is a two-stage flame governed by
LTC and ITC chain-branching reaction pathways
(Egs. (1)-(2)) and can exist only below the lean hot
flame flammability limit (Region IV in Fig. 21) or
above the rich hot flame burning limit.

Therefore, by using an atmospheric counterflow
flame, one can observe all three premixed flame
regimes: cool flame, hot flame, and double flame
shown in Figs.19 and 21. If one raises the pressure,
as the ITC chain-branching reaction pathway be-
comes faster, a stable warm flame could be observed
as well. In addition, since the double flame occurs
at similar conditions of cool flame, if the double
flame is perturbed by a flow vortex or fuel dilution,
a transition between double flame and cool flame
can be observed. Figure 24 shows the time history
of CH20 PLIFs of a double flame affected by an
impinging vortex from the top. It can clearly be
seen the transition from a double flame in Fig. 24(a)
(thinner CH20 zone) to a double flame local extinc-
tion in Fig. 24(b), a formation of cool flame next
to the double flame (with thicker CH20 zone) in
Fig. 24(c), and the extinction of the cool flame in
Fig. 24(d) and (e). Therefore, in low temperature
combustion, all different flame regimes and their
transient transitions can occur.

To measure the flame speed of a premixed
cool flame, a weakly stretched planar premixed
DME cool flame was established by Hajilou et al.
[97] using a Hencken burner [178] at low pressure
(7.3 kPa) with ozone sensitization (Fig. 25a). At
low enough pressures, as shown in the inset image
in Fig. 25b, with the increase of flow rate, a transi-
tion from a burner-stabilized cool flame mode to a
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flame image at = 0.114 and a strain rate of « = 89 s ~ ! [84]; (c) a double flame image ata = 59 5 -~ ! and = 0.087 [98].
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Fig. 23. Measured and computed extinction limits for
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age shows a near-limit double flame ata = 59 s - ' and
= 0.087 [98]. The kinetic model was from [177].

freely-propagating cool flame mode occurs [97]. By
using the flow rate at the transition point between
the two flame modes, the laminar cool flame speeds
of DME were measured from 0.4 to=1.4.
However, cool flame speeds at high pressure have
not been successfully measured due to their low
flame speed. Future studies need to address this is-
sue.

3.2. Non-premixed cool flames and warm flames

3.2.1. Droplet cool flames and warm flames

In 2012, a major progress was made in the ob-
servation of diffusion cool flames in micrograv-
ity droplet combustion conducted in the FLEX
program [79]. It was found that a large n-heptane
droplet exhibited dual modes of combustion, the
high temperature diffusion flame and a low temper-
ature cool flame. Figure 26 shows the dependence
of the square of the droplet diameter and the flame
size on the time after ignition at three free-floating
droplet burning conditions. It is seen that right after
the hot flame ignition at 7-0 s, the typical quasi-
linear relation between the square of the droplet
diameter and time of a high temperature droplet
combustion was observed. However, after the hot
flame extinction with a rapid drop of flame lumi-
nescence, the rate of droplet size decrease was un-
changed until 35, 26, or 13 s, respectively, depend-
ing on the initial droplet size. To explain the abnor-
mal phenomenon, it was suggested that the contin-
ued droplet burning after the radiative extinction
of the hot flame was a cool flame[79,80].

Numerical simulations of microgravity droplet
cool flame burning were conducted extensively by
Farouk et al. [70-72,116,179] for different fuels
such as alkanes and PRFs with different diluents.
The effects of cool flame chemistry and molecu-
lar diffusion on droplet cool flame formation and
the oscillatory cool flame re-ignition were exam-

Fig. 24. CH,O PLIF sequence showing the impact of an impinging vortex on a counterflow double flame at strain rate of
a = 755~ '. The vortex velocity is approximately 13.6 m/s [98].
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Fig. 26. Three representative examples of radiative
extinction and subsequent second-stage combustion
of n-heptane droplets with different droplet diameters,
showing the flame diameter (d;) and the square of the
droplet radius (d?) as a function of time. Vertical solid
lines denote the end of OH* emissions, and vertical
dotted lines denote the second-stage extinction. The
insets are a representative UV camera flame image taken
during the hot-flame stage (top), a backlit droplet image
during the second stage (middle), and a fuel vapor cloud
image subsequent to the second extinction (bottom) at
the transition point [79].

ined. Figure 27 shows the predicted time histories
of n-heptane droplet diameter, burning rate, flame
diameter and peak gas temperature, respectively,
with and without including LTC in the chemical ki-
netic models [161,180] in comparison with the ex-
perimental data [70]. It is seen that only the kinetic
model with LTC could capture the second-stage
cool flame burning mode. Nevertheless, it was also
shown that there were significant discrepancies be-
tween the measured and computed cool flame ex-
tinction diameters due to the uncertainties of LTC
due to the lack of validation data of cool flames.

To understand the cool flame chemistry and dy-
namics, theoretical analyses of droplet cool flames
of different n-alkanes of varying initial droplet size
in oxygen/nitrogen, oxygen/nitrogen/carbon diox-
ide, and oxygen/nitrogen/helium environments at
different pressures were analyzed by Nayagam
and Williams using the large activation energy
theory with simplified skeletal mechanisms [76—
78,118,119]. A similarity trend between cool-flame
extinction diameters (Dce) normalized by the
burning-rate constant K¢ for all three n-alkane
droplets were shown to follow a similar trend as
functions of the oxygen concentration (Fig. 28).
More recently, by using Lifian’s partial-burning
regime, prediction of droplet cool flame burning-
rate constants and flame standoff ratios for n-
alkane fuels was made. Comparisons with experi-
mental results showed an improved rate-parameter
estimate for n-dodecane. However, the prediction
by the simplified chemistry had an increased dis-
crepancy with experiments with increasing pres-
sure for droplet diameters at cool-flame extinction.
Some reaction rate adjustment was needed to im-
prove the prediction.

Recently, microgravity cool flame experiments
were further extended to bi-component droplets of
decane and hexanol at higher pressures [75]. The
results revealed that at some conditions, the tran-
sition from radiative extinction of the hot flame to
the cool flame has oscillatory multicycle reignition
where the flame undergoes multiple hot-cool flame
transitions [71]. The results also showed that, de-
pending on the ignition energy, there exists a direct
ignition to cool flame transition without radiative
extinction of a hot flame when the ignition source
is carefully controlled [72,181]. The bi-component
decane and hexanol experiments [75] showed even
more intriguing cool flame extinction and reigni-
tion phenomena at elevated pressure. At 0.20 MPa,
the results showed that the large fiber-supported
hot flame radiatively extinguished and then be-
came a cool flame for a period of time before the
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droplets in O,/CO,/N, environments [76].

cool flame re-ignited to a hot flame. At 0.30 MPa,
the hot flame again radiatively extinguished and
burned with a cool flame without the cool flame
reignition to a hot flame phenomenon. The droplet
burned to completion with a cool flame. Figure 29
shows the effect of droplet suspension (fiber vs. free
floated) on the cool flame reignition at 0.20 MPa.
The experiments highlighted the fact that the fiber-
supported droplets undergo cool flame reignition
but the free floated droplets do not. The pres-
sure and suspension dependent cool flame dynam-
ics raised some concerns of the reliability of cool
flame chemistry. Farouk and Dryer [182,183] later
reported that the presence of a tether could also be
a significant source of thermal perturbation espe-
cially through the feedback to the droplet.

More recently, FLEX 1268 experiment [74] of
n-dodecane droplet burning at elevated pressure
(2.7 atm) in air diluted with helium revealed
that there was a transient three-stage (hot flame,

(D/Dy)

0.4

(A4 ) doumipry sweyy ‘o /A *(ue ) Jeg

t/ DG (s/mm*)

Fig. 29. Comparison of droplet, flame, and radiance his-
tories between a free-floated and fiber-supported decane-
hexanol (50—50 by volume) droplet ina 0.20 MPa. The ini-
tial droplet sizes for the two droplets were 4.5 mm (free-
floated) and 4.4 mm (fiber-supported). The reignition of
the fiber-supported droplet is clear in the flame radiance
data. The data recording stopped before the test was com-
plete, but the color camera data coupled with the flame
radiance data showed the droplet burned to near comple-
tion [75].

warm flame, and cool flame) burning behavior
(Fig. 30). The computational and experimental
results showed that the diffusion heat transfer,
enhanced by helium substitution, extended the
second-stage warm flame burning mode until the
heat loss became too large. Therefore, both chem-
istry and transport process affect the dynamics of
cool flames and warm flames.

3.2.2. Counterflow cool flames and warm flames
Since 2013, self-sustaining non-premixed cool
flames have been successfully established in the
counterflow configuration at Princeton with and
without plasma and ozone sensitization [82,83,92].
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Early studies on non-premixed counterflow cool
flames began with numerical modeling of the NTC
effect on ignition limit [64,184]. Law and Zhao
[64,111] computationally studied the NTC effect
on the ignition and extinction of n-heptane/air
in the non-premixed counterflow configuration.
Fig. 31 shows the NTC effect on the ignition S-
curve. It is seen that the ignition S-curve at low
strain rates has an additional cool flame branch.
Moreover, the critical strain rate for NTC effect in-
creased with the increase of pressure.

By using plasma and ozone to sensitize the
low-temperature fuel reactivity [83,96], Won et al.
[83] successfully stabilized a self-sustaining n-
heptane/O2 non-premixed cool flame in a counter-
flow burner. Figs. 32(a) and (b) show the compar-
ison between a cool flame and a hot flame at the
same boundary conditions. Since ozone molecules
begin to decompose into O radicals around 450 K,
as seen in Figs.11-12 and 36, O radical addition will
accelerate LTC and enable cool flame formation at
a shorter flow residence time. Numerical calcula-
tions (Fig. 32b) [83] showed that there existed two
flame regimes (cool and hot) at the same conditions.
The addition of 3% ozone in oxygen extended the
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Fig. 31. Calculated regime boundary of NTC-affected ig-
nition in a non-premixed counterflow of 10% n-heptane
in N, [59,111] with a reduced kinetic model in [59].

CFE limit from a-46 s=! to 141 s=!. As reported
by Reuter et al. [86], a self-sustaining cool flame
could be sustained even after removing the ozone
at a strain rate within the CFE limit.
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Deng et al. [92] conducted experimental stud-
ies on the hysteretic ignition and extinction behav-
ior of the non-premixed DME/air cool flame at
both atmospheric and elevated pressures [92,95].
The hysteretic ignition and extinction behaviors of
the non-premixed cool flame were observed. The
results showed that significant discrepancies ex-
isted for the extinction temperatures even with the
well-adopted reaction mechanism (Fig. 33). Possi-
ble reasons for the discrepancy was found to be in
the uncertainty of the branching ratio of QOOH
decomposition and oxygen addition (Fig. 12). It
was shown that by adjusting this branching ratio,

the agreement between experiment and prediction
was improved (Fig. 33). This outcome is also con-
sistent with the finding in a flow reactor experiment
[185]. Therefore, the availability of cool flame data
provides a critical validation target to LTC.

More recently, Yehia et al. [186] conducted at-
mospheric non-premixed warm flame experiments
using dibutyl ether/oxygen-ozone in a counterflow
burner (Fig. 34). They observed a self-sustaining
low-temperature non-premixed warm flame, ex-
isting between the cool flame and hot flame.
Fig. 34 (left) shows a direct image of a two-stage
dibutyl ether warm flame. The warm flame has two
reaction zones, a cool flame on the fuel side (top
burner) and an intermediate-temperature flame on
the oxidizer side (bottom burner). Fig. 34 (right)
shows the computed species mole fractions and
heat release rate distribution. It is clearly seen that
there are two heat release zones. The heat release
rate and OH concentration in the ITC reaction
zone are higher than that in the LTC reaction zone.
The cool flame on the fuel side was formed by the
oxygen leakage from the ITC reaction zone. The
ITC reaction zone for warm flame on the right is
formed via the fuel fragments from the cool flame at
a higher oxygen concentration on the oxygen side.
Numerical analysis showed that different from the
cool flames, the most important elementary reac-
tions for the warm flames are the HO2 chemistry
and the ITC chain-branching reactions in Table 3.
Yehia et al. [101] also observed the two-stage non-
premixed warm flame formation for n-alkanes in an
atmospheric counterflow burner. However, the pre-
diction and experiment have large discrepancy in
the transition limits between cool flames and warm
flames. The uncertainty of HO2 chemistry for warm
flame needs to be addressed in the future.

To understand the flame dynamics of non-
premixed cool flames and warm flames and their
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relationship with hot flame burning limits. Lin
et al. [113] simulated near-limit DME/O> diffu-
sion flames at different pressures, temperatures,
and oxygen and fuel concentrations with and with-
out radiation heat loss. Figure 35a shows that the
flame temperature dependence on the strain rate
for hot flame, cool flame, and warm flame with
the decrease of oxygen mole fraction (Xo2) in the
oxidizer stream. For the adiabatic flame at Xo2
Q.3, there exist three different flame branches (hot
flame AB, warm flame CD, and cool flame EF).
When radiative heat loss is considered, the hot
flame branch and the low temperature flame
branch are separated. The hot flame is bounded
by a radiative extinction limit at a lower strain
rate (H) and a stretch extinction limit at a higher
strain rate (B). As the Xo2 decreases the hot flame
flammable region narrows and there is a flammabil-
ity limit near Xo2.0.23. However, the cool flame
burning limit is much less affected by the oxygen

mole fraction, and the warm flame (ID) can be
observed in a broad region of low stretch rates.
Figure 35a clearly reveals the relationship between
the near-limit three non-premixed flame regimes.
Figure 35b plots the flammability limit diagram for
all three non-premixed hot, warm, and cool flame
regimes in the phase space of strain rate and oxy-
gen mole fraction. The C-shaped curve (BOH) rep-
resents the stretch and radiative extinction limits
(points B and H, respectively, in Fig. 35a) of the
hot non-premixed flames. The DD’ line in Fig. 35b
represents the stretch extinction limit of the cool
flame. The FF’ line denotes the stretch extinction
limit of the warm flame. Therefore, Figure 35b
provides qualitative guidance for experiments to
observe different kinds of flame regimes. Note that
the increase in pressure, fuel concentration, and
reactant temperatures will modify the flammable
boundaries of cool and warm flames in Fig. 35b
[113].
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3.3. Control of cool flames and warm flames using
chemical sensitization

As discussed above, ozone is a good chemi-
cal sensitizer to promote LTC and ITC for cool
flame and warm flame formation. Other meth-
ods such as plasma discharge [96,188], NOx [189-
194], and ethers or diesel sensitizers [100,195,196]
also provide an effective way to control cool flame
and warm flame formation. A recent experimen-
tal study of the NO effect on n-dodecane non-
premixed cool flames and warm flames by Zhou
et al. (Fig. 36) [102] shows that NO has a distinc-
tive impact on cool flame and warm flame, respec-
tively, via the alkyl peroxy radical termination re-
action, RO2 NO RO NO2, at low temperature
and the OH radical production from HO: via reac-
tion HO2NO NO2 QH at intermediate temper-
ature [189,191,193]. Figure 36a shows that 700 ppm
NO addition to n-dodecane slightly delays LTC
but significantly suppresses NTC and accelerates
ITC in a jet stirred reactor experiment. Figure 36b
shows that in a counterflow experiment, with the in-
crease of NO addition, the cool flame temperature
decreases while the warm flame temperature in-
creases. This experiment clearly shows that NO ad-
dition suppresses cool flames but promotes warm
flames. Therefore, low temperature combustion can
be controlled via chemical sensitization. However,
more experiments at high pressure are needed to
understand this chemical sensitization effect at en-
gine conditions due to strong HO2 and NO chem-
istry coupling.

4. Auto-ignition assisted propagation of cool
flames and warm flames
4.1. Auto-ignition assisted cool flames

In many practical engines, the inlet tempera-
ture is so high that the mixture is already in an
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Fig. 37. Evolution of characteristic events and associated
time scales forignition in high-pressure spray flames [ 114].

auto-igniting environment. In addition, the mix-
ture composition and temperature may not be uni-
form. Therefore, combustion in engines may also
be affected by auto-ignition assisted flame prop-
agation. By analyzing the laminar non-premixed
flamelet equations under engine conditions with
the observation from DNS [197,198] and experi-
ments [34,199], Dahms et al. [ 114] summarized the
likely ignition and combustion time evolution in an
engine in Fig. 37. It is seen that low temperature
ignition will occur first at fuel lean conditions and
then followed by turbulent cool flame propagation
into fuel rich mixtures. After that, a second-stage
ignition occurs in a fuel rich mixture and triggers
the HTI. Finally, the HIT will initiate hot flame for-
mation which travels towards the near stoichiomet-
ric mixture location.

To examine the effect of flame regimes under
autoignitive conditions, Krisman et al. [109] stud-
ied the ignition, flame structure and propagation of
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a freely-propagating laminar flame in a fixed com-
putational domain. Figure 38 shows the schematic
of the computational domain and the dependence
of the flame location and structure on the in-
let flow velocity and temperatures. Figure 38b
shows the computed flame regime diagram from
[109] in temperature-velocity space. Regime A is
the burner-stabilized flame regime by either auto-
ignition or flame propagation at low inlet flow ve-
locities. Regime B is the LTI-assisted flame prop-
agation and only exists for fuel chemistry in-
cluding LTC. Regime C is the auto-ignition as-
sisted flame propagation which is significantly af-
fected by the pre-ignition chemistry. Regime D is
auto-ignition stabilization and no premixed flame
structure exist. The transition from regime C
to regime D was gradual. Blow-off occurred in
regime E.

To understand how fast an auto-ignition as-
sisted cool flame and warm flame can propagate
at different temperatures and pressures, Zhang
and Ju [91] simulated the propagation speeds
of n-heptane/air cool and warm flames at ele-
vated temperatures and pressures at large ignition
Damk®hler numbers (Table 2). Figure 39 shows
the dependence of cool flame speed on initial tem-

perature for a mixture, respectively, below 0.2,
regime III in Fig. 21) and above the hot flame
flammability limit ( 0.5, regime II in Fig. 21). It
is seen that the sub-limit cool flame speed shown in
Fig. 39a has a strong non-linear dependence on ini-
tial temperature due to the NTC effect. In addition,
before the NTC transition, the cool flame speed
is much higher than the hot flame speed. Even
when the mixture is above the hot flame flamma-
bility limit, Fig. 39b shows that although the hot
flame speed monotonically increases with the ini-
tial temperature, the cool flame speed remains a
non-monotonic dependence on the initial temper-
ature. Note that at a certain temperature range, the
cool flame speed can still be faster than the hot
flame speed. This explains the mechanism of the
double flame structure formation shown in Fig. 17.
Again, in the NTC region, the cool flame speed de-
creases rapidly. With a further increase of the ini-
tial temperature, the cool flame reignition occurs
(the arrow in Fig. 39b) and transition to the hot
flame. This is the cool flame reignition limit shown
in Fig. 21. Therefore, the cool flame burning can-
not be ignored for both sub-limit and above-limit
combustion at elevated temperature and engine
conditions.
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Figure 40a shows how the low temperature igni-
tion DamkOhler number affects the cool and warm
flame speed. It is seen that both lean cool flame
and warm flame speeds increase exponentially with
the ignition Damk®hler number. Note that when
DaigL is below 0.8, the cool flame and warm flame
have a similar trend. This is because at this con-
dition, both cool flame and warm flame propa-
gation depends on the speed of the leading cool
flame front. However, with a further increase of
Daijg L, the warm flame speed increases more slowly
than the cool flame due to the higher activation
energy of the HO2 chemistry of ITI than that of
LTI This rapid flame speed increases with igni-
tion DamkOhler number suggests that the auto-
ignition assisted cool flame and warm regimes need
to be appropriately considered in compression ig-
nition engines, knock, and flame lean-blow off in
a flow recirculation zone. By using a three-zone
flame structure: autoignition, convection-diffusion,

and reaction zones with an one-step global reaction
model, the laminar flame speed at a large ignition
DamkOhler number can be given as[91],

T, = Ta/ln[(l — Daig)eT”/T0+ Daigera/Tf(4a)
ri
Tr—T,
SL ~ SL Dia: 0 (4b)
b -1,

where Tp is the temperature after the first-stage
auto-ignition at Daig, Ta and Tr the reduced acti-
vation energy and flame temperature, and St paig=0
the laminar flame speed at Daig =0. It is seen in
Fig. 40b that the analytic expression can cap-
ture well the trend of the flame speed depen-
dence on ignition Damk®Ohler number, but de-
viates quantitatively from the computational re-
sult with the detailed kinetic model. The results
of the auto-ignition assisted flame propagation in
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the kinetic model was from [29].

Figs. 39 and 40 provide good understanding of the
dynamics of low temperature flames under engine
conditions.

4.2. The minimum ignition energy of cool flames
and the effect of flame stretch

If the cool flame burning is important, one
would ask: (1) how to initiate a propagating cool
flame? (2) What is the cool flame minimum igni-
tion energy [105,108,200,201]? And (3) how does
the flame stretch affect the flame propagation. Ju
et al. [29] and Zhang et al. [105] simulated the
unsteady cool flame initiation by a hot spot. Re-
cently, Zhang et al. [106] and Yang et al. [108] sim-
ulated the stretch effect on unsteady spherical flame
propagation. Figure 41a shows the computed min-
imum ignition energy of DME/air mixtures by us-
ing the critical ignition radius [200,202] in an out-
wardly propagating spherical flame. It is seen that
not only the cool flame has a broader flammable
region on both fuel lean and rich sides but also has
much lower ignition energies than that of the hot
flames. Figure 41b show the comparison of com-
puted [106] and measured [99] Markstein length of
cool flames and hot flames of an n-heptane/air/He
mixture at different mixture temperatures. It is seen
that at high mixture temperatures, the cool flame
Markstein length is much smaller than that of hot
flame. However, at lower initial temperature, both
of them become very close. Therefore, the stud-
ies of cool flame open a new research direction in
laminar flames. One should question the applica-
bility of the hot flame theories and models in cool
flames.

4.3. Observation of cool flames and double flames
in shock tube experiments

To measure flame speeds at elevated tempera-
ture and pressure, Hanson and co-workers [99,106]

conducted experimental studies of outwardly prop-
agating flames using a shock tube. Figure 42a shows
the flame kernel images of an n-C7H16/O2/Ar/He
mixture at 732 K and 191.5 KPa, respectively, with
laser ignition timing before and after the 1st-stage
auto-ignition. It is interesting to note that if the
laser ignition timing is earlier than the LTI, there
was a double-flame structure. However, if the igni-
tion timing is after the LTI, only one flame front ex-
ists. Although the mechanism of the double-flame
structure captured with OH* chemi-luminescence
was not clear, it is evident that the outcome is af-
fected by the LTI. Figure 42b shows the compar-
ison between the measured flame speeds and the
prediction by high temperature chemistry. Itisseen
that the non-linear flame speed dependence on mix-
ture temperature was not captured by the high tem-
perature kinetic model.

To understanding this puzzling observation and
the nonlinear flame speed dependence on tempera-
ture, Zhang et al. [106] compared the computed and
measured flame speed evolution of an outwardly
propagating spherical flame as a function of auto-
ignition DamkOhler number after the hot spot ig-
nition. The modeling results in Fig. 43a show that
after the hot spot ignition, there are five different
burning regimes, I: a hot spot driven flame kernel,
II: a double flame, III: a transient flame transition
from a double flame to a hot flame, IV: hot flame,
and V: auto-ignition. Figure 43b shows the experi-
mentally measured flame front trajectory and flame
speed using OH*. It is seen that the flame regimes
are captured very well by the modeling. However,
due to the uncertainty in cool flame chemistry, the
modeling prediction could not capture the same
flame trajectory at the same composition condi-
tions.

Nevertheless, by including the LTC and ITC, the
predicted flame speeds via the unsteady transition
from a warm flame to a hot flame in Fig. 43 agree
well with the measured nonlinear flame speed de-
pendence on temperature in 42b.
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5. Impactof cool flames and warm flames on
turbulent combustion

5.1. Comparison of flame length scales with
turbulent length scales

Figure 44a shows a schematic comparison of
different flame length scales and turbulent length
scales. It is seen that for hot flame flames, the re-
action zone thickness (&) in near stoichiometric
conditions are thinner than the Kolmogrov scale
(n) of turbulence. Moreover, the rapid tempera-
ture rise in the reaction zone significantly increases
the flow viscosity and quickly dissipates the mi-
croscale vortex in the Kolmogrov scale. Therefore,
the turbulence-chemistry interaction for hot flame
often occurs only in the preheating zone in a flame
length scale (&r ), even at a very high turbulent
Reynolds number [203]. However, for cool flames,

the reaction zone thickness (Orc in Fig. 44) can
be thicker than the Kolmogrov scale because of
its lower flame speed. In addition, the tempera-
ture rise in a cool flame is very modest so that
the increase of viscosity is small. Therefore, there
can be strong turbulence chemistry interaction for
cool flame flames. For the warm flame, as also
shown in Fig. 44b, the separation distance between
the leading cool flame and the trailing interme-
diate temperature flame front can vary from sub-
millimeter to centimeters. As such, turbulence will
have a stronger impact on the warm flame structure
and results in unsteady transitions between cool
flame, warm flame, and hot flame. However, only
few turbulent combustion studies have been car-
ried out for turbulent cool flames and warm flames
[88,124,204,205], especially at elevated temperature
and pressure.
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5.2. Experimental studies of turbulent cool flames

To understand LTC auto-ignition assisted tur-
bulent flame propagation, Won et al. [206,207] de-
veloped a Reactor-Assisted Turbulent Slot (RATS)
burner to study how LTI affected premixed turbu-
lent flame speed, flame structure, and flame regime.
Won et al. [206] measured the dependence of OH
and CH20 PLIFs and the normalized turbulent
flame speed (S7/5L) of n-heptane turbulent flames
on turbulence intensity and LTI using a RATS
burner (Fig. 45). With the increase of reactor tem-
perature and the progress of LTI, Figure 45a and
45b shows that the OH and CH20 distributions
had significant changes. At 500 K, only a small
layer of CH20 was present in the preheat zone of
the hot flame front (front of OH PLIF). There-
fore, the pre-flame mixture was still in the clas-
sical chemically-frozen regime (Daigc.0). How-
ever, when the initial mixture temperature was in-
creased to 650 K, Figure 45b shows that a signif-
icant amount of CH20 was formed upstream of
the hot flame front via LTC, indicating that the
turbulent pre-flame mixture was in the LTI regime
(Daig.c > 0). As a result, the turbulent burning ve-

locity shown in Fig. 45¢ was also found to have
two different flame regimes: (a) a chemically-frozen
regime at 500 K and (b) a LTI regime at 650 K. The
turbulent flame speeds in the LTI regime were much
higher than that in the chemically-frozen regime.
The increase of turbulent flame speed in the LTI
regime was caused by the change of the reactivity
and transport properties of the partially burning
pre-flame mixture. Moreover, the results showed
that the turbulent flame speed could be continu-
ously increased by raising the LTI Damkd&hler num-
ber (dotted circles in Fig. 45¢ for Daigc_0 1),
suggesting that similar to the auto-ignition assisted
laminar flame speed in Fig. 40, the turbulent burn-
ing velocity for fuels with LTC is not uniquely de-
fined and strongly depends on Daigc. To investi-
gate the impact of LTC on turbulent flame propa-
gation, Windom et al. [207] performed a Damkoh-
ler scaling analysis, which indicated that the in-
crease in turbulent flame speed in the LTI regime
was indeed originated from an increase in laminar
flame speed, a decrease in Lewis number, and an
increase in turbulence intensity due to the changes
in mixture composition and temperature from
LTL
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More recently, a Co-flow Axisymmetric Reac-
tor Assisted Turbulent (CARAT) burner was de-
veloped for the investigation of turbulent non-
premixed DME cool flames for direct comparison
to computational studies [103]. Two-dimensional
mixture fraction and temperature measurements
were derived from the acetone PLIF and Rayleigh
scattering signals (Fig. 46a), respectively. A DNS
database of an isolated turbulent non-premixed
cool flame based on the experimental CARAT
burner was created. The results showed that the
global flame structure was found to be depen-
dent on the inlet boundary conditions, such that
a 10 K difference in flow temperature switched the
flame from being lifted to anchored at the burner
(Fig. 46b). Comparisons of the DNS to experi-
mental measurements found good agreement for
temperature and mixture fraction profiles in phys-
ical space with the adjusted boundary condition.
Examination of a differential diffusion parameter
in the DNS found that an effective Lewis num-
ber of unity was valid for this configuration, even
though the Reynolds number is considerably lower
than typical values that support unity effective
Lewis numbers in hot flames. This was attributed
to the very low change in temperature, viscos-
ity, and therefore Reynolds number across a cool
flame compared to a hot flame. This study was fur-
ther extend to auto-ignition assisted turbulent non-
premixed flames [104,207]. The results showed that
the flame lift-off height was strongly dependent on
the ignition delay of LTC. This result gave good ex-
planation to the occurrence of LTI assisted turbu-
lent flame flashback.

5.3. Computational studies of turbulent cool flames

Many turbulent cool flame simulations have
been conducted and these studies provided insights
of low temperature turbulent combustion at en-

gine conditions. Krisman et al. [ 121] simulated lam-
inar DME flames in a nonpremixed mixing layer
at 40 atm over a range of oxidizer temperatures
and inlet velocities. The results showed a gradual
transition from a flame stabilized by thermal and
molecular diffusion to a flame stabilized by au-
toignition with increasing temperature. At 700 K,
the flame had a classical tribrachial structure. At
a higher temperature under an auto-ignition con-
dition (900 K), it was found that the flame con-
sisted of a main tribrachial structure and an addi-
tional upstream branch due to LTI, and was there-
foretermed as a tetrabrachial flame. At 1100 K and
1300 K, two upstream branches were observed in
addition to the main tribrachial structure, one due
to LTI and the other due to HTI. These flames
were thus termed pentabrachial flames. Deng etal.
[94] also conducted DNS modeling of DME/air
non-premixed coflow flames at air temperatures be-
tween 700-1100 K. A multi-brachial flame struc-
ture was observed near 800 K. Therefore, LTI and
cool flames can significantly modify flame modes
and change the classical understanding of non-
premixed flames. Bansal et al. [208] conducted both
two- and three-dimensional DNS studies of auto-
ignition phenomena in stratified DME/air turbu-
lent mixtures. In this study, the contributions of
homogeneous auto-ignition, spontaneous ignition
front propagation, and premixed deflagration to-
wards the total heat release were quantified.
Krisman et al. [197,209] and Borghesi et al.
[123] further extended low-temperature non-
premixed combustion modeling to a 2-D and 3-D
turbulent mixing layer for DME and n-dodecane
at diesel engine-relevant conditions. Figure 47a
shows an image of a turbulent n-dodecane planar
temporal jet undergoing low-temperature ignition
at 25 bar (H202 mass fraction). The broad H20:
mole fraction distribution indicates the existence
of stronglow temperature combustion at engine
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fraction of fluid elements that have undergone LTI. Red lines: fraction of fluid elements that have undergone HTI. Black
lines: homogeneous ignition delay times for LTI (dashed line) and HTI (solid line).

related conditions. Figure 47b shows that cool
flame propagation and turbulent diffusion result
in faster low-temperature ignition on the fuel rich
side which accelerates high-temperature ignition,
resulting in overall shorter ignition delays and
ignition occurring at richer conditions than the
preferred mixture fraction based on homogeneous
ignition. These results were also observed by
Krisman et al. [197,209] for diluted di-methyl
ether flames and are consistent with experiments
by Scott Skeen and Lyle Pickett in diesel engines
[34,210,211].

6. Cool flames and warm flames as platforms for
fuel chemistry model validation

Despite extensive studies of LTC and ITC
[59,60,141,142,152],therestill existlargeuncertain-
ties in the reaction rates and pathways even for ex-
tensively studied fuels such as DME and n-heptane
[86,95,97,177,185,212-214], due to the difficulty in
quantitative measurements of HO2, QOOH, RO,
and 02QOOH radicals as well as large intermedi-
ate isomers at low and intermediate temperatures,
whose reactions with OH and HO: contribute sig-
nificantly to the low temperature heat release rate.
Cool flames and warm flames provide a new plat-
form to validate LTC and ITC kinetic models in-
volving strong chemistry and combustion heat re-
lease coupling [83,84,86,87,95,215]. Forahomoge-
neous mixture, shock tube, rapid compression ma-
chine, flow reactor, and jet-stirred reactor experi-
ments[11,128,129,216-219]havesuccessfully been
used to develop and validate kinetic models using
ignition delay time and species profile (Fig. 48a).
On the other hand, flame extinction limits and lam-

inar flame speeds have been used to constrain the
heat release rate and diffusive transport coupling
for HTC (Fig. 48b). Accurate description of the
heat release rate in LTC and ITC under engine
conditions requires validation of coupled chemico-
physical and transport processes in combustion.
However, for LTC and ITC, until very recently,
there have been no such experiment data available
to validate the heat release rate and transport cou-
pling for full-strength mixtures. The cool flames,
warm flames, and double flames [99,106] provide
new platforms for fuel chemistry model and trans-
port model validation (Fig. 48b).

To illustrate the challenges in LTC and ITC
kinetic model validation for accurate prediction
of low temperature heat release rate, Figure 49a
[86] shows the comparison of the predicted and
measured non-premixed flame extinction limits for
large n-alkanes in a counterflow burner. Reduced
models were created from the Lawrence Livermore
National Laboratory detailed model [220] through
apath flux analysis method [221]. Significant model
discrepancies for LTC are illustrated in Fig. 49a.
First, the measured hot flame extinction (HFE)
limits of the different n-alkanes agree well with
the model predictions. However, although the pre-
dicted and measured cool flame extinction (CFE)
limits both show strong dependence on the length
of the carbon chain, the predicted CFEs are much
higher than that of experiments. The LTC sensitiv-
ity on carbon chain length is consistent with previ-
ous experiments [173,222-230], but the large differ-
ence in CFEs between model prediction and exper-
iments is inconsistent with the good prediction of
ignition delay time of large n-alkanes [137,220] and
could not be solely explained by the uncertainty in
transport coefficients.
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Fig. 49. (a) Comparison between the experimentally measured and numerically predicted extinction limits for n-alkane
flames. (b) Effect of model reduction on the numerically predicted extinction limits for n-heptane flames (See detailed

description of the reduced kinetic models in [86]).

Therefore, this large discrepancy can be inferred
that the cool flame heat release rate and its cou-
pling with diffusive transport for the CFE limit are
not well constrained in current low-temperature ki-
netic models. To prove this thinking, Figure 49b
[86] shows the comparison between the measured
and predicted n-heptane HFE and CFE limits us-
ing both the detailed model from NUI-Galway
[231] and different reduced models with 131, 238,
and 526 species, respectively. It is seen that the
HFE limits for n-heptane were well predicted and
shown to be nearly insensitive to the reduced model
size. On the other hand, the n-heptane cool flames
displayed a consistent increase in reactivity as the
model size decreases. Similar large discrepancy was
also observed in DME cool flames [134,232]. A fur-
ther comparison between the difference in the ele-
mentary reactions for LTC and HTC of n-heptane

mixtures shows that for LTC, the key heat produc-
tion reactions rely primarily on reactions involving
large, fuel molecule-sized (C7) molecules and inter-
mediate species. However, the major heat release
rate reactions for HTC are those involving only
Co—Cz species [173]. Since the C7 chemistry in the
n-heptane model has large uncertainties in reaction
rate constants and thermochemistry for important
species at LTC, this explains why the experiments
agreed well with predictions for the HFE limits
but poorly for the CFE limits. Therefore, the cool
flames, warm flames, and double flames in counter-
flow and shock tube experiments provide excellent
platforms to constrain the heat release rates in LTC
and ITC (Fig. 48b).

To demonstrate the usefulness of the cool flame
platform in model validation and development,
a more comprehensive assessment of DME/CHgs
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(see details for kinetic models in [215]).

chemical kinetic models was re-examined by Reuter
et al. [215]. Comparisons between the models by
Wang et al. [177], Dames et al. [213], Zhao et al.
[145], UCSD [233], Burke et al. [212], and HP-
Mech/DME [215] for non-premixed CFE limits
and ignition delay times are shown in Fig. 50 [215].
It is seen in Fig. 50a that all of these models pre-
dicted reasonably well the experimental ignition de-
lay times [234] atlow and intermediate temperature.
However, a large disparity between the models for
the non-premixed CFE limits is seen in Fig. 50b.
Models by Wang et al., Dames et al., and HP-
Mech/DME updated with the cool flame validation
targets improved the predictions of both ignition
and cool flames.

7. Futureresearchfor coolflames and warmflames

Since 2010, significant progress has been made
in experimental observation and computational
modeling of non-premixed and fuel lean cool
flames, warm flames, double flames, and three-stage
flames by different research groups. These studies
have presented us a clearer picture and understand-
ing of the overall dynamics, chemistry, and burning
limits of low temperature flames. However, there
are still large discrepancies between model predic-
tion and experiment of cool flames. Few cool flame
and warm flame experimental data are available for
high pressure, spray, and turbulent combustion, es-
pecially involving real fuels and low carbon alter-
native fuels under engine conditions. The transi-
tion between low temperature ignition, cool flame,
warm flame, double flame, and hot flame are not
well-understood for auto-igniting mixtures relevant
to engine conditions. The minimum ignition energy
and the effect of transport on cool flames, warm
flames, and transient double flames are not well ex-
plored. In addition, the role of low temperature
combustion in engine knock, deflagration to deto-
nation transition (DDT), lean blow-off, and flame
stabilization in a recirculation zone have not been
well-understood.

7.1. High pressure cool flames and warm flames
under auto-ignition conditions

Advanced engines run up to 100 atm. How-
ever, cool flame experiments using micro-reactor,
counterflow flames, droplets, and shock tube were
mostly done under or close to atmospheric pres-
sure. No measured cool flame speeds are currently
available even at atmospheric conditions. No pre-
mixed warm flames have been observed on fuel lean
conditions. As discussed above, cool flames and
warm flames can serve as new platforms for under-
standing low temperature combustion and kinetic
model validation. It is necessary to extend the cool
flame and warm flame experiments to higher pres-
sure and elevated temperature. Shock tube experi-
ments provide a new opportunity to measure cool
flame and double flame speeds at elevated pressure
and to observe unsteady transition between differ-
ent flame regimes under auto-igniting conditions if
the experimental data can be appropriately inter-
preted. However, flame instability and diagnostics
of cool flame and double flame in shock tube can
be a challenging issue. Moreover, the dynamics of
cool flames such as the minimum ignition energy
and the stretch effects on cool flame propagation
has not been experimentally addressed, although
several numerical simulations have shown that the
minimum ignition energy and Markstein length of
cook flames are different from that of hot flames.
Cool flame and warm flame studies open a new re-
search frontier in laminar flames and low tempera-
ture combustion.

7.2. Low temperature and high pressure kinetic
model development for low carbon fuels

The current kinetic models which can well-
reproduce low temperature and high temperature
ignition delays may fail to predict extinction limits
and flame speeds of cool flames and warm flames.
One of the main reasons is the lack of validation
targets of cool flames and warm flames. There-
fore, in the future model validations, the cool flame,
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warm flame, and double flame data should be ob-
tained and used as additional model validation tar-
gets to constrain the heat release rates at LTC and
ITC. Another reason is the large uncertainty of
LTC and HO:z chemistry in ITC. For low temper-
ature chemistry, the key challenges are to quantify
key intermediate radicals and intermediate species
such as QOOH, ketohydroperoxide, alkyl peroxy
radicals, HO2, and partially oxidized large isomers
[152]. Although several advances have been made in
quantifying these key species [185,235-240], these
methods need to be extended to high pressure ex-
periments. To address kinetics at high pressure en-
gine conditions, low temperature experiments up
to 100 atm are necessary. Moreover, at high pres-
sure, the real gas effects, non-equilibrium kinetics,
and the termolecular reactions may also need to
be explored [241-243]. Recently, new high pressure
experimental facilities at and above 100 atm have
been developed recently [157,244]. Furthermore,
recent progress in accurate electronic structure cal-
culations with appropriate consideration of multi-
reference configuration interaction has made it pos-
sible to theoretically compute the rates of these re-
actions[156,157,245-247]. Assuch, by combing the
uncertainty quantification and sensitivity analysis
methods [248] using the experimental data of low
temperature ignition and cool flames to identify
the key elementary reactions and the uncertainty in
their rates, the predictability of LTC and ITC mod-
els can be improved. In addition, recent progress in
data science based analysis [249,250] may also help
to design the critical experiments and extract more
accurate rate constants systematically.

7.3. Cool flames in spray combustion and turbulent
combustion

Most engines involve spray combustion. Spray
vaporization is complicated by multi-component
vaporization and gradient distributions of tem-
perature, fuel concentration and compositions.
Although recent microgravity studies provide
good understanding of single droplet cool flames,
droplet-cool flame interaction, droplet-droplet in-
teraction, and group low temperature combustion
have not been emphasized. Moreover, low temper-
ature ignition and its transition to cool flames and
warm flames and hot flames in spray combustion
are not well understood. Computational model-
ing of low temperature spray combustion is also
scarce. Numerical modeling of low temperature
spray combustion at engine conditions are needed
to understand the critical low temperature flame
dynamics in engine applications.

7.4. Control and chemical sensitization of low
temperature combustion

To control engine heat release rate and engine
ignition timing, as shown by the research of RCCI

engines [7], chemical sensitization of low temper-
ature combustion and cool flames is an effective
way because their sensitivities to low temperature
radical production and quenching. Plasma, ozone,
NOy, and diesel additives all create different reac-
tion pathways in changing low temperature com-
bustion in different temperature ranges. Quantita-
tive studies of these chemical sensitizers on cool
flames and warm flames as well as low temperature
combustion kinetics are needed to develop an ac-
tive control method for low temperature combus-
tion and advanced engines. In addition, a recent
study shows that low temperature combustion ki-
netics can also affect plasma properties and insta-
bility [251]. As such, it is necessary to understand
plasma-combustion chemistry interaction for lean
burn engine ignition.

7.5. Impact of low temperature combustion on
advanced engines

Cool flames have been thought to affect engine
knock. There have been extensive studies of LTC
effect on engine knock [32,252-256]. However, the
detailed mechanism of the impact cool flame on en-
gine knock has not been well-understood. In partic-
ular, the effects of LTC and turbulence-chemistry
coupling on ignition kernel development and its
transition to detonation is not well explored. Re-
cently, several experimental studies showed that
ozone addition in premixed ethylene and hydrogen
mixtures can accelerate ignition to detonation tran-
sition in a mesoscale channel [257,258]. However,
the role of low temperature and intermediate tem-
perature chemistry on deflagration to detonation
transition has not been well examined. Moreover,
although experimental data have shown that flame
stabilization, lean blow-off, and flashback are af-
fected by low temperature auto-ignition, the effect
of auto-ignition assisted low temperature flames on
flame stabilization is not well studied. Therefore,
in future studies, the impacts of low temperature
auto-ignition assisted flame propagation on engine
knock, deflagration to detonation transition, lean
blow-off, and flame flashback need to be addressed.
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