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Abstract 

The understanding of spray combustion is a complex scientific problem, as it involves the interaction between 

evaporation, convection, diffusion, and chemistry. The focus of this study is to examine the effects of chem- 
istry, in particular the low-temperature chemistry, on the structure of canonical counterflow spray flames 
at relatively low strain rate conditions. Parametric studies using a Eulerian formulation are carried out for 
monodisperse n -dodecane counterflow spray flames, in order to analyze the sensitivity of the flame structure 
to strain rate and droplet diameter over a wide range of equivalence ratios. These results reveal complex and 

multi-modal spray-flame structures that exhibit collocated, distributed, and cool flames. For the collocated 

flame, the presence of single and multiple low-temperature reaction zones is identified, which results from 

the evaporation and low-temperature chemistry interaction. The impact of low-temperature chemistry on 

the distributed flame is not pronounced. For low strain-rate conditions, the presence of a weak cool flame 
without high-temperature reaction zones is reported. Regime diagrams with respect to Stokes number and 

equivalence ratio are constructed, identifying distinctly different flame structures. By independently varying 
the strain rate and changing the droplet diameter, qualitatively similar but quantitatively different regime 
diagrams are obtained due to the lack of intrinsic self-similarity of the spray flamelet solution. 
© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Spray combustion plays an important role in
many practical devices, such as aircraft engines,
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liquid rocket motors, and internal combustion en- 
gines. The fundamental understanding of spray 
flames is of relevance to the design and optimiza- 
tion of such devices. To study spray flames, canoni- 
cal configurations are commonly employed. In par- 
ticular, the counterflow spray flame has been con- 
sidered as it enables the consideration of a wide 
range of operating conditions [1–4] to examine the 
ier Inc. All rights reserved. 
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nteraction between evaporation, convection, dif-
usion and chemistry [5–9] . Three representative
onfigurations of counterflow spray flames have
een studied [1,5,10–13] , including premixed spray
ames with cold oxidizer carrying droplets oppos-

ng a hot inert stream, diffusion spray flames in
hich droplets are introduced in an inert stream
pposed to the oxidizer, and two impinging oxi-
izer streams in which droplets are injected from
ne side. This work focuses on the third configura-
ion considering monodisperse n -dodecane spray. 

Among numerous studies on the structure of 1D
ounterflow spray flames, effects of strain rate and
nitial droplet diameter were investigated by Con-
inillo and Sirignano [1] for monodisperse n -octane
pray employing a one-step global reaction. The
resence of a flame with a double reaction zone
as observed, which was attributed to the partial

vaporation of large droplets and the formation
f a partially premixed reaction zone followed by
 diffusion-like flame. The problem was then re-
isited using detailed transport and chemistry [5] ;
arametric studies were carried out to determine
xtinction conditions, and the droplet reversal and
scillation phenomena were revealed. In addition
o the fundamental understanding of the structure
f spray flames, 1D counterflow spray flames have
een used for the development of combustion mod-
ls for turbulent spray flames [7–9,14] , to overcome
imitations of gas-phase flamelet models in describ-
ng the interaction of evaporation and combustion
n spray flames. 

The presence of multiple flame solutions due to
he nonlinear coupling of evaporation and chem-
stry was postulated by Continillo and Sirignano
1] , and numerically confirmed by Gutheil [15] .

ore recently, bifurcation was identified for lami-
ar and turbulent counterflow spray flames [16,17] .
n light of the complex spray flame behavior, it is
herefore desirable to develop regime diagrams sep-
rating different combustion modes by taking into
onsideration boundary and initial conditions. Pre-
ious investigations have shown that the strain rate
nd initial droplet diameter are the primary param-
ters controlling flame structures [1,5] . 

While effects of low-temperature chemistry
LTC) were found to have a significant influence
n the ignition delay and the structure of gaseous
ames [18,19] , its impact on spray flames has not
een fully investigated [20] . Therefore, the objective
f this work is to examine the impact of LTC for

arge hydrocarbon fuels on the structure of laminar
pray flames. Of particular interest is hereby to ex-
mine distinct effects of the coupling between evap-
ration and LTC on the flame structure and multi-
le flame solutions over a range of accessible strain
ates, droplet diameters, and equivalence ratios. To
his end, key non-dimensional quantities for char-
cterizing counterflow spray flames are identified.
wo skeletal chemical kinetic mechanisms are em-
loyed to highlight the effect of LTC on the flame
structures. Regime diagrams considering LTC and
multi-modal combustion of monodisperse coun-
terflow spray flames are presented. 

The remainder of this manuscript has the fol-
lowing structure. In Section 2 , the methodology
and non-dimensional analysis are described. The
role of LTC, parametric studies on controlling
parameters, and regime diagrams are presented
in Section 3 and pertaining model assumptions
that require further investigation are discussed in
Section 4 . Conclusions are provided in Section 5 . 

2. Methodology 

The axisymmetric counterflow spray flame that
is investigated in the present work consists of an
air stream that supplies n -dodecane spray from the
left side and a pure air stream at the right side. The
spray is assumed to be monodisperse. The liquid
and gas streams from both sides have the same inlet
velocity of u in . The problem is solved in a Eulerian
framework by assuming a constant pressure gradi-
ent in radial direction [8,21] . The properties of the
gaseous and liquid phases are assumed to depend
only on the axial coordinate. 

We introduce the reference quantities includ-
ing the separation distance L , the inlet gas ve-
locity u in , temperature T g,in , density ρg,in , mixture-
averaged diffusivity D g,in , dynamic viscosity μg,in ,
specific heat capacity C p,g,in and thermal conduc-
tivity λg,in , the characteristic reaction rate ˙ ω C,in for
progress variable C = Y CO 2 + Y H 2 O 

+ Y CO 

+ Y H 2 ,
droplet initial mass m l,in and relaxation time τd,in =
ρl d 2 l,in / 18 μg,in , where ρ l is the liquid density and d l,in
is the initial droplet diameter, the equivalent liquid
density ρl,in = m l,in n l,in and the latent heat of va-
porization L v . Subscript g and l represent gaseous
and liquid phase, respectively. The global strain
rate is defined as a = 2 u in /L . For clarity, in the rest
of this paper, any variables except for the above-
mentioned reference quantities are used in their
non-dimensional form. 

The governing equations for the gas-phase den-
sity ρg , scaled radial velocity V g = v g /r, species
mass fraction Y g and temperature T g can be written
in non-dimensional form as [2,8] , 

d 
(
ρg u g 

)
dx 

+ 2 ρg V g = −2 Z l,in 

St 
n l ˙ m l , (1a)

ρg u g 
dV g 

dx 

+ ρg V 

2 
g = −Λ + 

1 
Re 

d 
dx 

(
μg 

dV g 

dx 

)

− 2 Z l,in 

St 

(
n l ˙ m l − n l m l 

τd 

)(
V l − V g 

)
, (1b)

ρg u g 
d Y g,k 

dx 

= − 1 
Pe m 

dJ k 
dx 

+ 2 Da ˙ ω k 

− 2 Z l,in 

St 
n l ˙ m l 

(
δk − Y g,k 

)
, (1c)
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Table 1 
Nondimensional quantities. W O 2 , W N 2 and W C 12 H 26 are 
the molecular weights of O 2 , N 2 and C 12 H 26 , respectively. 

St ≡ a τ d,in 
Z l,in ≡ ρl,in / ρg,in 
φin ≡ 18 . 5 Z l,in (W O 2 + 3 . 76 W N 2 ) /W C 12 H 26 
Re ≡ ρg,in Lu in / μg,in 
Da ≡ ˙ ω C,in /aρg,in 
Pe m 

≡ Lu in / D g,in 
Pe h ≡ Lu in /( λg,in / ρg,in C p,g,in ) 
Ja ≡ Cp g, in T g, in / L v 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ρg u g C p,g 
dT g 

dx 

= 

1 
Pe h 

d 
dx 

(
λg 

dT g 

dx 

)
+ 2 Da ˙ ω h 

− J h 
Pe m 

− 2 Z l,in 

St 
n l ˙ m l 

[
C p,g 

(
T l − T g 

) − q 
]
, (1d)

where the gaseous axial velocity, reaction rate and
diffusive flux are denoted as u g , ˙ ω and J , respec-
tively. The pressure gradient in radial direction is
Λ = 

∂ P/∂ r 
r [21] , and ˙ m l is the mass vaporization rate

of a single droplet. The heat transferred to the
droplet interior q is modeled by the expression for
a spherically symmetric single-component droplet
obtained from the film temperature model [2,22] . 

Under the assumption of a dilute spray, the
governing equations for droplet mass m l , number
density n l , axial velocity u l , scaled radial veloc-
ity V l = v l /r and temperature T l , written in non-
dimensional form, are 

u l 
dm l 

dx 

= 

2 
St 

˙ m l , (2a)

d ( n l u l ) 
dx 

+ 2 n l V l = 0 , (2b)

u l 
du l 
dx 

= 

2 
St 

u g − u l 
τd 

, (2c)

u l 
dV l 

dx 

+ V 

2 
l = 

2 
St 

V g − V l 

τd 
, (2d)

m l u l C p,l 
dT l 

dx 

= − 2 
St 

˙ m l 

(
q − 1 

Ja 

)
. (2e)

The characteristic non-dimensional quantities
are the Stokes number St , the inlet liquid-to-gas
mass ratio Z l,in , which can be expressed in terms of 
equivalence ratio of the fuel side φin , the Reynolds
number Re , the Damköhler number Da , the Peclect
number with respect to mass and heat transfer Pe m
and Pe h , and the Jakob number Ja , as defined in
Table 1 . 

From this dimensional analysis, it can be seen
that the Stokes number combines effects of vari-
ations in strain rate and droplet diameter via the
droplet relaxation time τ d,in . However, the strain
rate separately impacts the chemistry through the
Damköhler number as shown in Eqs. (1c) and (1d) ,
as well as Re and Pe which are independent of 
droplet diameter. We also note that Eqs. (1) and 

(2) are not valid to describe conditions of droplet 
reversal [6] , as well as conditions of Pe m 

∼ O (1), re- 
quiring the consideration of radial dependence of 
the solution, which limits the range of strain rate 
conditions investigated in this work. 

3. Results 

In this study, monodisperse n -dodecane droplets 
at T l,in = 300 K are injected with air at a velocity of 
u in = 2 m/s from the left side. The gas temperature 
T g,in = 800 K and composition Y O 2 = 0 . 233 , Y N 2 = 

0 . 767 are prescribed at both sides. The character- 
istic reaction rate is ˙ ω C,in = 1 . 36 × 10 3 kg/(m 

3 · s). 
This corresponds to the maximum value of ˙ ω C in 

a pre-vaporized gaseous counterflow flame with a 
stoichiometric mixture at a reduced temperature of 
721.25 K to consider the latent heat of evapora- 
tion (see Supplemental material for more details). 
Note that properties of gaseous and liquid phases 
are presented in their non-dimensional form unless 
otherwise specified. 

To examine the impact of LTC, we consider 
two mechanisms for n -dodecane/air combustion, 
namely sk54 [23] and sk31 [16] . The sk54 mech- 
anism consists of a 50-species and 251-reaction 

C 0 –C 12 high-temperature chemistry and a semi- 
global 4-species, 18-reaction LTC mechanism [23] , 
allowing for the evaluation of the overall heat re- 
lease rate ˙ ω h and the low-temperature heat release 
rate ˙ ω h,LT C from the corresponding reaction path- 
ways. The sk54 mechanism was validated for low- 
temperature applications [23] . This mechanism en- 
ables the exploration of a rather extensive paramet- 
ric space due to its compactness compared to de- 
tailed mechanisms. The sk31 mechanism, involving 
31 species and 193 reactions, is a skeletal mecha- 
nism only valid for high-temperature applications 
[16] . By considering both mechanisms, parametric 
studies are carried out to examine the sensitivity of 
the flame structure to strain rate and droplet diam- 
eter. With this, regime diagrams of flame structure 
with respect to the non-dimensional parameters St 
and φin are developed. 

3.1. Evaporation-LTC interaction 

Figure 1 compares profiles of temperature, 
gaseous axial velocity and mixture fraction Z g in 

physical and composition space using sk31 and 

sk54 at the operating conditions φin = 1 . 53 , d l,in = 

20 μm and a = 31 s −1 , corresponding to St = 

0 . 014 . Here the gaseous mixture fraction is com- 
puted from the carbon-containing mass fraction as 
Z g = 

W F 
n C,F W C 

∑ 

k 
n C,k W C Y g,k 

W k 
, where W k is the molec- 

ular weight of species k, n C,k is the number of car- 
bon atoms in species k, W C is the carbon molecu- 
lar weight, and the subscript ‘F’ denotes fuel. At 
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Fig. 1. Spray flame structures showing (a) temperature 
profiles obtained with sk31, (b) temperature profiles ob- 
tained with sk54, (c) gaseous velocity, the dotted line rep- 
resents u g = 0 , and (d) temperature in composition space 
obtained with sk31 and sk54. 
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Fig. 2. Effect of strain rate on (a) DF, (b) CF and (c) 
cool flame with φin = 1 . 53 ; (d) effect of equivalence ra- 
tio on cool flame with fixed strain rate of a = 50 s −1 . 
All the spray flame structures are obtained with d l,in = 20 
μm. Solid line: temperature; dashed line: the liquid-to-gas 
mass ratio Z l . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

hese boundary conditions, flame structures ob-
ained from two mechanisms are significantly dif-
erent. Sk31 and sk54 yield two and three distinct
ame structures, respectively, as shown in Fig. 1 (a)
nd (b). The collocated flame (CF) refers to a
ame structure in which reaction zones are collo-
ated as opposed to the distributed flame (DF) in
hich different reaction zones are spatially sepa-

ated. The difference in the collocated flame struc-
ures from the two mechanisms is pronounced,
hile a similar flame structure is observed for the
istributed flames. Moreover, a cool flame (cool)
tructure without high-temperature reaction zones
s obtained with the sk54 mechanism. 

In addition to the presence of a primary re-
ction zone on the fuel side of the flame, the
ollocated and distributed flames show another
eaction zone near the stagnation plane, which is
dentified by u g = 0 in Fig. 1 (c). For the collocated
ame, the gas temperature decreases on the fuel
ide due to evaporation. Simulations with the
k54 mechanism show the formation of a low-
emperature (LT) reaction zone, which is followed
y a partially premixed (PP) and a non-premixed
NP) reaction zone. This type of flame is denoted
s LT-CF to distinguish it from the conventional
F obtained from the sk31. For the cool flame, a
single low-temperature reaction zone is identified.
For the distributed flame, two high-temperature
reaction zones are separated and LTC effects are
negligible. The first one close to the fuel side con-
sists of a partially premixed reaction zone, as the
droplets traverse the reaction zone and continue to
evaporate, resulting in the formation of a diffusion
reaction zone. 

As shown in Fig. 1 (d), Z g is initially zero at the
fuel side and increases due to evaporation, and sub-
sequently decreases by mixing with air from the ox-
idizer side. The local peaks of Z g in the reaction
zones, especially prominent in CF, is a consequence
of the non-unity Lewis number. From the presenta-
tion in composition space in Fig. 1 (e), it can be seen
that due to the rapid heat release for the distributed
flame, evaporative cooling of the fresh gas mixture
is not pronounced so that the flame occupies a nar-
rower region compared to the collocated flame. In
order to examine the interaction between evapora-
tion and low-temperature chemistry, we will con-
sider the sk54 mechanism for the remainder of the
study. 

3.2. Sensitivity of flame structure to strain rate, 
equivalence ratio and droplet diameter 

We proceed by examining effects of strain rate
and droplet diameter on the flame structure over
a wide range of equivalence ratios. Figures 2 (a)–(c)
illustrate the effect of strain rate on the flame struc-
ture by fixing the equivalence ratio and droplet di-
ameter to φin = 1 . 53 and d l,in = 20 μm and vary-
ing the separation distance L . As shown in these
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Fig. 3. Effect of strain rate on (a) DF, (b) CF and (c) cool 
flame with fixed droplet diameter of d l,in = 20 μm; effect 
of initial droplet diameter on (d) cool flame, (e) DF and (f) 
CF, with fixed strain rate a = 50 s −1 . All the spray flame 
structures are obtained with φin = 3 . 57 . Solid line: tem- 
perature; dashed line: the liquid-to-gas mass ratio Z l . 
figures, three distinct flame structures are obtained
for the same operating conditions at relatively
low strain rates, namely the distributed flame in
Fig. 2 (a), the collocated flame in Fig. 2 (b), and the
cool flame in Fig. 2 (c). As shown in Fig. 2 (a), in-
creasing the strain rate pushes the partially pre-
mixed reaction zones towards the stagnation plane,
as a consequence of the reduction in residence
time. The increase in liquid-to-gas mass ratio Z l =
n l m l /ρg results from the gas phase density de-
crease due to combustion crossing the first reaction
zone. The evaporation-chemistry interaction zone
extends with strain rate. For the collocated flames,
shown in Fig. 2 (b), the low-temperature reaction
zone disappears due to the reduced residence time
with increasing strain rate. The collocated flame
transits to the distributed flame for a � 105 s −1 and
disappears for higher strain rates. The cool flame
extincts at a � 143 s −1 (not shown). At low strain
rates ( a = 50 s −1 ), the maximum temperature of 
the cool flame increases first and then decreases
with equivalence ratio as shown in Fig. 2 (d). This
non-monotonous effect results from the competi-
tion between the evaporation-induced temperature
drop and the cool flame temperature increment,
which was reported to increase with equivalence
ratio [24] . 

At equivalence ratios above φin = 1 . 53 , tran-
sition from a collocated flame to a distributed
flame may not happen by changing the strain rate
as shown in Fig. 3 (a) and (b). The cool flame
response to strain rate at this equivalence ratio
is shown in Fig. 3 (c), whose trend is similar to
Fig. 2 (c). For the distributed and collocated flame,
the flame response to droplet diameter is qualita-
tively similar to variations in strain rate as seen in
Fig. 3 (e) and (f), which again are different com-
bustion modes at the same conditions. Specifically,
for distributed flames, a shift of the partially pre-
mixed reaction zones towards the stagnation plane
with increasing droplet diameters is obtained. For
collocated flames, the initially separated evapora-
tion and reaction zones overlap with each other as
the droplet diameter increases. This qualitative sim-
ilarity can be explained since the strain rate and
droplet diameter are combined in the same non-
dimensional parameter St . 

However, the response of cool flames and low-
temperature reaction zones in the collocated flame
to changes in droplet diameter is more complicated,
compared to the response to strain rate. In partic-
ular, the reaction zone of cool flames moves for-
ward with increased initial droplet diameter. The
flame temperature also increases and the high-
temperature reaction zone appears at d l,in = 34 μm
as shown in Fig. 3 (d). The low-temperature reac-
tion zone in the collocated flame firstly moves to the
fuel side with increased diameter (see Fig. 3 (f) from
25 to 39 μm), as the flame propagation speed in-
creases with higher temperature, induced by slower
evaporation rate. With increasing droplet diame-
ter, CF with two distinct low-temperature reac- 
tion zones appear (e.g. 60 μm as illustrated in 

Fig. 4 (c)). 
Figure 4 summarizes fiv e typical flame struc- 

tures seen before. The first one, in Fig. 4 (a), con- 
sisting of low-temperature, partially premixed, and 

a non-premixed reaction zone indicated by the 
maxima in heat release rate. The distributed flame 
at the same condition is shown in Fig. 4 (b), in 

which two reaction zones are spatially separated. 
For the collocated flame branch, by increasing 
the droplet diameter to d l,in = 60 μm, four dis- 
tinct reaction zones, consisting of two succes- 
sive low-temperature reaction zones, followed by 
a partially premixed and a non-premixed reac- 
tion zone, are detected as shown in Fig. 4 (c). 
The second low-temperature reaction zone is trig- 
gered as the temperature reduces because of evap- 
oration. This peculiar spray flame structure has 
not been reported before and is a consequence 
of the strong evaporation-chemistry interaction. 
No low-temperature reaction zone is observed for 
higher strain rates as seen in Fig. 4 (d). The cool 
flame, consisting of a single low-temperature re- 
action zone, is shown in Fig. 4 (e). It is noted 

that the low-temperature heat release rate and the 
overall heat release rate reach their local min- 
ima and maxima at the low-temperature reaction 

zones. 
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Fig. 4. Five typical spray flame structures (a) collocated 
flame with single low-temperature reaction zone; (b) the 
distributed flame at the same condition as (a); (c) col- 
located flame with two low-temperature reaction zones; 
(d) collocated flame without low-temperature reaction 
zone; and (e) cool flame. Results are obtained with φin = 

3 . 57 . Associated flame features are marked as LT: low- 
temperature reaction zone; PP: partially premixed reac- 
tion zone; NP: non-premixed reaction zone.. 
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Fig. 5. Regime diagram of flame structure in St − φin 
space obtained by (a) varying strain rate a ∈ [21, 508] s −1 

at constant droplet diameter d l,in = 20 μm (b) varying the 
droplet diameter d l,in ∈ [20, 65] μm at constant strain rate 
of a = 50 s −1 . Asterisks denote the cool flame. Closed and 
open circles represent the collocated flame with and with- 
out low-temperature reaction zone, respectively. Squares 
denote distributed flames. The orange lines separate the 
multi-modal from the uni-modal combustion regions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.3. Regime diagram 

Results from the flame structure analysis are
ow combined to construct regime diagrams. For
his, the Stokes number St and the equivalence ra-
io φin are utilized as key parameters to consider
ffects of strain rate, droplet diameter via the re-
axation time, and the liquid-to-gas mass ratio. 

Separate regime diagrams are presented in
ig. 5 . In Fig. 5 (a), the strain rate ranges from 21

o 508 s −1 by varying the separation distance L and
xing all other boundary conditions for each equiv-
lence ratio. In Fig. 5 (b), the initial droplet diam-
ter changes between 20 and 65 μm while keeping
he strain rate constant at a = 50 s −1 for each equiv-
lence ratio. In these diagrams, the cool flame is
epresented by asterisks. LT-CF and CF are rep-
esented by closed and open circles, respectively.
F is shown by squares. The orange lines separate
the multi-modal region from the uni-modal com-
bustion. In general, multi-modal combustion oc-
curs for fuel-rich and low St conditions as a con-
sequence of the interaction between evaporation
and low-temperature chemistry. For stoichiometric
or fuel-lean conditions only a uni-modal flame ap-
pears. 

Results from varying the strain rate and chang-
ing the droplet diameter give qualitatively similar
but quantitatively different diagrams. The bound-
aries between the multi-modal and the uni-modal
combustion regions are almost identical. However,
regions indicating the cool flame and the low-
temperature collocated flame are significantly dif-
ferent, e.g., the region of low-temperature collo-
cated flame in Fig. 5 (b) is larger than that in
Fig. 5 (a), since multiple low-temperature reaction
zones are generated for large droplets as shown in
Fig. 4 (c). The non-overlapping diagrams are due
to changes of other non-dimensional quantities by
varying the strain rate. Specifically, the Damköhler
number, defined as ˙ ω C,in /aρg,in , ranges from 6.1 to
145.7 in Fig. 5 (a), while it is constant at Da = 61 . 8
in Fig. 5 (b). 
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4. Discussions 

The model employed in this work is not able
to capture the droplet reversal phenomenon that
was reported in previous studies [5,9] . Therefore,
parameters reported in this work, i.e. a ∈ [21, 508]
s −1 and d l,in ∈ [20, 65] μm, are selected to ensure
that droplets evaporate completely before the stag-
nation plane, so that droplet reversal and oscil-
lations will not occur. This range of parameters
is deemed to be reasonable according to previous
studies, where reversal was observed a = 1400 s −1

[5] and a = 950 s −1 [9] for methanol and ethanol
droplets with initial diameter of 25 μm, respec-
tively. A general regime diagram considering the
droplet reversal and poly-dispersed spray is subject
to future study. 

The evaporation model, assuming uniform
droplet interior temperature, is employed since
the characteristic time of heat transfer inside the
droplet, given by ρl d 2 l,in C p,l / 4 λl [2] , is smaller than
the characteristic flow time 1/ a in this study.
For multicomponent spray, the diffusion-limit and
distillation-limit evaporation models have been ex-
amined for turbulent spray combustion [25] . Effects
of these models on spray flame structures of multi-
component fuels require further investigations. 

In addition, it is possible that other parame-
ters, such as the slip velocity and temperature dif-
ference between the liquid and gas phase in the in-
let stream, the liquid volatility, and the temperature
of the carrier-phase may have a non-negligible in-
fluence on the spray flame structure, which is still
subject to future examinations. 

5. Conclusions 

In this work, dimensional analysis of a canon-
ical counterflow spray flame was performed that
identified the following non-dimensional parame-
ters: Stokes number St , equivalence ratio on the
fuel side φin , Reynolds number Re , Peclect num-
ber with respect to mass and heat transfer Pe m 

and
Pe h , Damköhler number Da , and Jakob number
Ja . One-dimensional spray-flame simulations were
performed by systematically investigating paramet-
ric sensitivities on the flame structure. Results from
these investigations showed that spray flames ex-
hibit multi-modal behavior, exhibiting distinctly
different flame structures corresponding to the col-
located flame (CF), the distributed flame (DF), and
the cool flame. Two skeletal mechanisms were em-
ployed to highlight the effect of low-temperature
chemistry, as well as its interaction with evapora-
tion, convection, and diffusion on the spray flame
structure. It was shown that the low-temperature
chemistry results in the formation of a cool flame
as well as single and multiple low-temperature reac-
tion zones. In particular, up to four distinct reaction
zones were identified for the first time. 
Parametric studies were carried out to investi- 
gate the flame sensitivity to strain rate and droplet 
diameter over a wide range of equivalence ra- 
tios. Regime diagrams were constructed with φin 

and St as key controlling parameters, showing re- 
gions of single- and multi-modal flames and low- 
temperature reaction zones. Qualitatively similar 
but quantitatively different regime diagrams were 
obtained by separately changing the strain rate or 
droplet diameter, which was attributed to the lack 

of self-similarity of the spray-flame equations. 
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