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A B S T R A C T
A single ethanol droplet evaporation through laminar methane/air stagnation flame is investigated
at lean, stoichiometric and rich conditions experimentally and numerically. For the droplets
having initial diameters of 20-70 𝜇m, the particle Reynolds number is measured via PIV/PTV,
resulting in the slip velocity between the droplet and gas flow being small and the surrounding
gas being able to carry without any significant convective effects. Evaporation rates, computed
from Abramzon-Sirignano for a moving droplet towards a stagnation flame field, satisfy the
ones computed from empirically determined evaporation rates from ILIDS measurements as
a function of flame temperature, flame speed and flame thickness. Nevertheless, Abramzon-
Sirignano model slightly overestimates the vaporization constant for lean cases. The distance
travelled by the droplet after leaving the flame zone determines the average critical diameter.
Accordingly, droplets larger than 18 𝜇m can cross the flame, leading to local modifications in
the flame region due to heat loss and vapor diffusion from the droplet.

Novelty and Significance
Energy conversion in combustion should be carried out by optimizing efficiency, minimizing pollution, and

preventing further climate change. The multiphase nature of spray combustion particularly adds further complexity
due to the strong coupling of atomization, evaporation, mixing, turbulence, and chemical reactions. Although spray
combustion involves a cloud of polydispersed droplets, it is of fundamental importance to understand the dynamics
of an isolated droplet and its interactions with the flame front, which can provide indispensable information for spray
combustion models. In this study, an experimental and computational framework has been developed to investigate
droplet-flame interactions. The dynamics and evaporation characteristics of an isolated droplets interacting with
stagnation flames have been determined by coupling several laser diagnostics, while further enhanced with Eulerian-
Lagrangian simulations under flame conditions. Thereupon, the outcomes help the design of injectors of spray
combustion systems and enhancement of evaporation models.
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Effect of flame characteristics on an isolated ethanol droplet evaporating through stagnation methane/air flames

1. Introduction
In combustion applications, liquid fuel is injected into a combustion chamber via an atomization process in which

the liquid jet disintegrates into fragments during primary break-up and, finally, into droplets during secondary break-up.
Droplet size distribution resulted from the atomization process varies to the application. For combustion in car engines,
gas turbines, industrial furnaces, and rocket engines, effective atomization is required to achieve high evaporation and
mixing rates since chemical reactions occur at the gaseous phase. Evaporation of droplets and mixing of vaporized fuel
with oxidizer directly control the overall energy release rate. In the meantime, presence of liquid fuels in the flame zone
has a critical effect on the flame surface at which corrugated structures leads to flame instabilities, hence failure in the
application. Therefore, determination of evaporation characteristics for the droplet is essential for engine performance.

Today, with the help of advanced experimental techniques and computational capabilities with efficient numerical
methods, understanding of droplet evaporation and its interaction with flame is enhanced. In the literature, there are
numerous studies and reviews are available for experimental, theoretical and numerical aspects of the phenomenon
(1; 2; 3; 4; 5; 6).

Experimental investigations provide a good database for commonly used liquid fuels and validation of evapora-
tion/combustion models. Several techniques are used to track the evaporation sequence of individual droplets, such
as suspension (7; 8), free falling (9; 10), and levitation (11; 12). Laser diagnostics, including Rayleigh scattering,
Laser Induced Florescence (LIF), and Interferometric Laser Imaging Droplet Sizing (ILIDS), are also used to measure
droplet parameters such as diameter, concentration, and temperature. In diesel engine applications, Rayleigh scattering
is coupled with Mie scattering to determine the spray characteristics (13; 14). However, since Rayleigh scattering
is shadowed by Mie scattering, simultaneous measurement is impossible for liquid and gaseous phases. Generally,
first, the spray parameters are characterized via Mie scattering. Then, the vapor phase is captured with Rayleigh
scattering to investigate the evaporation and burning of droplets. Laser Induced Florescence (LIF) is a commonly used
technique for combustion applications and the determination of droplet evaporation, especially for spray applications
(15; 16; 17; 18; 19). In LIF experiments, the intensity of the fluorescence signal is directly proportional to the
molecular density, hence concentration. LIF technique is generally used to determine the temperature change of the
liquid phase (20; 21; 22). Another measurement technique relying on the fringe pattern detection of the droplet is
Interferometric Laser Imaging Droplet Sizing (ILIDS) (23). Sahu and co-workers used coupled ILIDS, and planar
LIF (PLIF) techniques to study evaporation of group droplets and changes in the gaseous phase with acetone droplets
(24; 25). In their studies, ILIDS was used to measure the individual droplet size, velocity, and number density in
polydisperse sprays, while PLIF data provided vapor concentration distribution to characterize the evaporation. They
achieved an effective coupling of ILIDS and PIV for acetone droplets by correcting the droplet center from ILIDS to
measure the local vapor concentration with PLIF. Parant et al. also studied coupled Particle Image Velocimetry (PIV)
and Particle Tracking Velocimetry (PTV) and ILIDS methods on a counter-current burner with dodecane droplets
evaporating through methane/air flame (26). They concluded that it is impossible to detect fringe patterns of the droplets
at the zone close to the flame region via ILIDS. To overcome this problem, they introduced a new algorithm to PTV
measurement so that the droplets could be followed correctly.

Comprehensive theoretical and numerical studies are carried out to predict the evaporation of a single droplet under
various conditions. Firstly, a classical model is proposed by Godsave and Spalding for a liquid droplet evaporating in
a stationary gas environment at a fixed temperature and properties, leading to d2 law (27; 28). Convective heat and
mass transfer of an evaporating droplet in the presence of a moving gas has been introduced by correlations in the
form of Nusselt, 𝑁𝑢, and Sherwood, 𝑆ℎ numbers. The liquid droplet can be treated as a hard sphere for low mass
transfer rates, and the Ranz-Marshall classical convective heat and mass transfer relations are widely used (29). It
should also be noted that because the correlations of 𝑁𝑢 and 𝑆ℎ numbers account for the effect of relative flow
between the droplet and gas, the classic model is applicable when the gas is not stationary but moving relative to the
droplet with constant Nusselt and Sherwood numbers. Analytical solutions for the gas phase variables are obtained
in quasi-steady evaporation models, and the evaporation rate is calculated. Abramzon and Sirignano improved the
classical model by incorporating the Stefan flow effect on the thicknesses of thermal and diffusional films based on
film theory by introducing correction factors to Nu and Sh calculations (30). The main assumptions of this model
include variable thermophysical properties, infinite thermal conductivity, non-unity Lewis number in the gas film,
Stefan flow around the droplet, internal circulation, and transient heating in the liquid phase. Sazhin et al. observed the
impact of temperature gradient inside fuel droplets on the evaporation process by comparing the effective and infinite
thermal conductivities (31). They reported that temperature gradient within the droplets could significantly reduce
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evaporation time by increasing the surface temperature at the preheating phase. Haywood et al. conducted a study
for a moving droplet by solving both gas and liquid flow within the droplet (32). They reported that the quasi-steady
assumption used in a simplified droplet evaporation model is valid for low Reynolds numbers. Blowing effect due to
surface evaporation significantly impacts mass transfer, especially in high evaporation rate cases. Thermodynamic non-
equilibrium effects are also considered for the classical model by Miller et al. (33) by introducing Langmuir-Knudsen
law and Clausius-Clapeyron law for surface vapor molar fraction calculation.

The interaction between droplets and flame is also widely studied to determine critical design parameters. Most
of the studies include spray formation with different burner configurations (34; 35; 36), especially to study the effect
of droplets on flame speed (37; 38). The injection of monodispersed droplets is studied to understand the effect of
droplet spacing on evaporation. Sangiovanni and Labowsky studied the injection of monodispersed fuel droplets having
nearly 100-300 𝜇m diameter into flat flame and recorded the change in droplet surface area (39). They pointed out
that while the lifetime of the droplet is consistent with theoretical computations for large droplet spacing, isolated
droplets evaporate more than the neighboring droplets. Russo and Gomez studied the effects of droplet and flame
parameters on the extinction position of the droplet relative to flame (40; 41). They defined the Damköhler number
of vaporization for ethanol droplets as an indication of droplet passage criteria. They also concluded that inter-droplet
distance significantly affects the evaporation constant due to the change in vapor properties. Monodispersed ethanol
evaporation was also reported by Castanet and co-workers using LIF and PDA for the size, temperature, and velocity of
linearly streaming and combusting droplets (42). Orain and Hardalupas also studied monodispersed ethanol injection
into premixed natural gas stagnation flame (43). The change in local equivalence ratio is found to depend on the initial
droplet size. Mercier and co-workers conducted another study on an isolated acetone droplet and its interaction with
methane flame via PLIF (44). It is reported in their study that velocity of the droplet has a major impact on reactivity of
the droplet and local flame extinction. They reported that reactivity of the flame front is reduced by the droplet, most
likely due to the low vapor temperature generated from the evaporation of the droplet.

In this study, a complementary approach for the evaporation of an isolated ethanol droplet interacting with a
laminar methane/air flame is reported. Experimental approach and preliminary experimental results on evaporation
were previously reported in Eyice et al. (45; 46). Currently, simulations are also performed under similar conditions
via Abramzon-Sirignano model to investigate the evaporation phenomenon, as well as the local changes in the flame
field. Droplet passage criteria are defined for ethanol droplets at flame conditions. Evaporation constant is reported in
a temperature gradient and empirically correlated to gas temperature and flame parameters. Spalding numbers, heat,
and mass evaporation rates are computed at different conditions.

2. Experimental
A stagnation burner is used in this study to observe the interaction of a droplet with a laminar, flat flame. The

burner, represented in Figure 1a, consists of a laminarization grid, inner channel for premixed mixture, outer channel
for nitrogen co-flow, needle for droplet injection and an upper stabilization plate. Once the premixed mixture of gaseous
fuel and oxidizer is fed to the system, a laminar and flat flame can be created by introducing an ignition energy at the
region between burner exit and upper stabilization plate. Then, the flame stabilization is enhanced with a nitrogen
co-flow. A piezoelectric injector is used to generate monodispersed liquid droplets with nearly 50 𝜇m diameter and
they are then fed to the system perpendicularly with a premixed gas flow.

The stagnation burner is coupled with a continuous laser, Coherent Verdi emitting at 532 nm to create a 2D laser
sheet for capturing an area perpendicular to the flame. In addition, two high-speed cameras, Phantom v1210 and
Phantom v1611, equipped with Sigma APO Macro 180 mm lenses at the maximum opening, are placed crosswise
to the flame to observe the scattered light. Visualization of the flame front and temporal monitoring of the droplet
evaporation are performed using planar laser tomography. Mie scattering is utilized to determine the position of the
flame front and velocity of unburnt gases via Particle Image Velocimetry (PIV) and the velocity of the droplet via
Particle Tracking Velocimetry (PTV). In addition, Interferometric Laser Imaging for Droplet Sizing (ILIDS) is coupled
with Mie scattering to obtain droplet size variation during evaporation. Details of the experimental setup, diagnostics
and post-processing approaches can be found in Eyice et al. (46).

Flame field computations are performed in Cantera (47) to determine the flow and flame field characteristics of
the experimental conditions. Accordingly, 1D stagnation flame is computed using multi-species transport with the
San Diego mechanism containing 57 species and 268 reactions (48). In this configuration, the flame is stabilized in
a strained flow field at an axisymmetric stagnation point with the presence of a stabilization plate. The location at
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(a) (b)

Figure 1: (a) Schematic of the flat flame burner (b) Experimental configuration (46)

which the flame is stabilized depends on unburnt gas velocity, 𝑈0 and stagnation plate temperature, 𝑇𝑝𝑙𝑎𝑡𝑒. Since the
stagnation plate temperature is not measured experimentally, first, sensitivity of flame temperature to plate temperature
is studied. Accordingly, for plate temperature ranging between 300-1500 K, flame temperature is changing nearly by
±2 K. Since injected droplets are evaporating in the burnt gases and cannot reach the plate, the plate temperature is
assumed to be constant at 500 K for all computed cases.

Experiments are performed with an ethanol droplet and methane/air premixed flames at the conditions given in
Table 1. For each sequence of experiments, individual droplets are selected over all recordings, and the complete
post-processing of PIV/PTV and ILIDS is performed for each droplet to track its evaporation.
Table 1: Parameters of 1D stagnation CH4/air flames at 300 K, 1 atm (𝑇𝑝𝑙𝑎𝑡𝑒=500 K and 𝑈0) computed with the San
Diego mechanism (48)

𝜙 𝑈0 𝑆𝐿 𝑇𝑓 𝛿𝐿Condition (m/s) (m/s) (K) (𝜇m)
SBM-1 0.8 0.560 0.303 1991.6 527
SBM-2 0.9 0.743 0.364 2123.2 481
SBM-3 1.0 0.824 0.394 2212.2 469
SBM-4 1.1 0.699 0.379 2202.4 474

3. Numerical
Computations are performed with YALES2 solver, based on finite volume method for low Mach number flows

with variable density simulation (49). The solver implements Eulerian-Lagrangian approach to solve two-phase flows
in which a droplet is considered as an isolated point in Lagrangian frame. A two-way coupling approach transfers mass,
momentum and energy from the liquid phase to the gas phase via source terms.

In the Eulerian-Lagrangian approach, the liquid phase is defined as the Lagrangian flow elements, which are
assumed to be rigid spheres and spatial points submerged in the surrounding gaseous phase. Mass of the particle
can be computed directly from:

𝑚𝑝 = 𝜌𝑝
𝜋
6
𝑑3𝑝 (1)

where 𝑚𝑝, 𝜌𝑝 and 𝑑𝑝 are mass, density and diameter of the particle. Trajectory, x𝑝 and momentum, 𝑚𝑝 u of the particles
are calculated at the corresponding spatial location:

𝑑𝐱𝑝
𝑑𝑡

= 𝐮𝑝 (2)
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𝑑𝑚𝑝𝐮𝑝
𝑑𝑡

= 𝐅𝑒𝑥𝑡
𝑝 (3)

where 𝐮𝑝 is velocity of the particle and 𝐅𝑒𝑥𝑡
𝑝 represents the external forces acting on the particle, which includes

gravitational F𝐺 and the aerodynamic F𝐴 forces. Gravitational forces, 𝐅𝐺 can be defined as:
𝐅𝐺 = (𝜌𝑝 − 𝜌)𝜋

6
𝑑3𝑝𝐠 (4)

where 𝜌 is density of the carrier gas and 𝐠 is the gravitational acceleration.
Aerodynamic forces are mainly drag and pressure forces. Under a constant pressure environment, only drag force

is considered:
𝐅𝐴 = 𝑚𝑝

1
𝜏𝑝
(𝐮𝑝 − 𝐮∞) (5)

where 𝐮∞ is velocity of the carrier gas and 𝜏𝑝 is relaxation time:

𝜏𝑝 =
4

3𝐶𝐷𝑅𝑒𝑝

𝜌𝑝
𝜌

𝑑2𝑝
𝜈

(6)

where 𝜈 is kinematic viscosity of the carrier gas and 𝑅𝑒𝑝 is the particle Reynolds number, is also defined as:

𝑅𝑒𝑝 =
𝑑𝑝|𝐮𝑝 − 𝐮∞|

𝜈
(7)

Drag coefficient, 𝐶𝐷 can be computed from Shiller and Nauman emprical correlation (50) for 𝑅𝑒𝑝 < 1000:
𝐶𝐷 = 24(1 + 0.15𝑅𝑒0.687𝑝 ) (8)

The vaporating particles contribute to the Eulerian conservation equations that govern the gaseous phase via source
terms; mass, Θ𝑀 , momentum,Θ𝐷 and energy, Θ𝐻 :

Θ𝑀 (𝐱, 𝑡) = 1
Δ𝑉 ∫Δ𝑉

𝑁𝑝
∑

𝑛=1
−�̇�(𝑛)

𝑝 𝛿
(

𝐱 − 𝐱(𝑛)𝑝 (𝑡)
)

𝑑𝑉 (9)

Θ𝐷(𝐱, 𝑡) =
1

Δ𝑉 ∫Δ𝑉

𝑁𝑝
∑

𝑛=1
−𝐅(𝑛)

𝑝 𝛿
(

𝐱 − 𝐱(𝑛)𝑝 (𝑡)
)

𝑑𝑉 (10)

Θ𝐻 (𝐱, 𝑡) = 1
Δ𝑉 ∫Δ𝑉

𝑁𝑝
∑

𝑛=1

(

𝑚(𝑛)
𝑝 𝐶𝑝

𝑑𝑇 (𝑛)
𝑝

𝑑𝑡
+ �̇�(𝑛)

𝑝 𝐿𝑣

)

𝛿
(

𝐱 − 𝐱(𝑛)𝑝 (𝑡)
)

𝑑𝑉 (11)

where Δ𝑉 is the control volume of mesh cell containing the droplet 𝑛, 𝐶𝑝 is specific heat of the particle, 𝑇𝑝 is
temperature of the particle, �̇�𝑝 is mass flowrate of the particle and 𝐿𝑣 is latent heat of vaporization.
3.1. Evaporation model

The temperature difference between the liquid and gaseous phases leads to the evaporation of a droplet meaning
heat and mass transfer between the two phases. First, the droplet is heated through conduction from the gaseous phase,
which increases the internal energy of the droplet’s molecules. Hence, the molecules detach from the droplet, and vapor
concentration increases near the droplet surface. Because of the high concentration gradient, mass is transferred from
the droplet’s surface to the gaseous phase. Consequently, the evaporation rate is defined as the diffusion rate of the
liquid from the droplet’s surface to the surrounding gas. The simplest model for evaporation is proposed by Spalding
(27). Later, Abramzon and Sirignano extended the evaporation model by accounting for the effects of convective flow
around the droplet (30).

The main assumptions of the evaporation model can be listed as (27):
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– The droplets are perfectly spherical and dispersed.
– Thermal conductivity of the droplet is infinite, and the temperature of the droplet, 𝑇𝑝 is constant.
– At the liquid/gas interphase, a thermodynamic equilibrium exists between the surrounding gas and the droplet.

Therefore, using the Clasius-Clapeyron relation, it is possible to determine the partial saturated vapor pressure,
𝑃𝑠 at the droplet surface:

𝑃𝑠 = 𝑃𝑟𝑒𝑓 exp
[

𝑊 𝐿𝑣
𝑅

(

1
𝑇𝑒𝑣𝑎𝑝

− 1
𝑇𝑝

)]

(12)

where 𝑊 is molar mass, 𝑇𝑒𝑣𝑎𝑝 is evaporation temperature of the droplet at the reference pressure, 𝑃𝑟𝑒𝑓=1 atm
and R is the gas constant.

– Thermal diffusivity of the droplet, D is lower than thermal diffusivity of gas. Therefore, thermal response is
quasi-stationary in the gaseous phase.

– The properties of the surrounding gas remain unchanged from the droplet surface to the far-field. These properties
are calculated from the 1/3 law proposed by Hubbard (51):

𝑇1∕3 =
2
3
𝑇𝑠 +

1
3
𝑇∞ (13)

𝑌1∕3 =
2
3
𝑌𝑠 +

1
3
𝑌∞ (14)

where 𝑇 and 𝑌 are temperature and mass fraction of the carrier gas, respectively. Subscript 𝑠 denotes the surface
values of mass fraction of the droplet, 𝑌𝑠 and temperature, 𝑇𝑠. While subscript ∞ denotes the far-field values of
evaporated mass fraction, 𝑌∞ and temperature, 𝑇∞.

– The liquid phase is an ideal mixture, and no chemical reaction takes place.
– The solubility of the ambient gas in the liquid is negligible.
– The effects of gravity and radiation are negligible.
Droplet mass temporal evolution is determined assuming the fuel mass flux leaving the droplet surface equal to the

variation of mass of the droplet:
𝑑𝑚𝑝

𝑑𝑡
= �̇�𝑝 = −𝜋 𝑑𝑝 𝑆ℎ𝜌𝑝D 𝑙𝑛(1 + 𝐵𝑀 ) (15)

where 𝑆ℎ is the Sherwood number, D is the diffusion coefficient and 𝐵𝑀 is Spalding mass number which characterizes
the effect of mass transfer and is defined as:

𝐵𝑀 =
𝑌𝑠 + 𝑌∞
1 − 𝑌𝑠

(16)

Using the relation of mass variation, the change in droplet diameter is expressed as:

𝑑2𝑝 = 𝑑2𝑝,0 −
8𝜌D
𝜌𝑝

𝑙𝑛(1 + 𝐵𝑀 )𝑡 = 𝑑2𝑝,0 −𝐾𝑡 (17)

where 𝑑𝑝,0 is initial diameter of the droplet. Equation 17 is also known as d2 law from which the evaporation rate, 𝐾
can directly be calculated.

Temporal evolution of the droplet temperature is estimated by integrating the energy equation from the droplet
surface to the far-field:

𝑑𝑇𝑝
𝑑𝑡

=
�̇�𝑝

𝑚𝑝 𝐶𝑝

[𝐶𝑝,𝑟𝑒𝑓

𝐵𝑇
(𝑇𝑠 − 𝑇∞) + 𝐿𝑣

]

(18)
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where 𝐵𝑇 is the Spalding heat number defined as:
𝐵𝑇 = (1 − 𝐵𝑀 )

𝑆ℎ𝑃𝑟
𝑁𝑢𝑆𝑐 − 1 (19)

where 𝑃𝑟 is the Prandtl number, 𝑆𝑐 is the Schmidt number. 𝑆ℎ and 𝑁𝑢 are the Sherwood and Nusselt numbers,
respectively and they are computed using the Ranz-Marshall correlation (29):

𝑆ℎ = 2 + 0.6𝑅𝑒𝑝1∕2𝑆𝑐1∕3

𝑁𝑢 = 2 + 0.6𝑅𝑒𝑝1∕2𝑃𝑟1∕3
(20)

Convective flow around the droplet creates a boundary layer and increases mass and heat transfer, hence, the
evaporation rate.

To introduce the effect of the laminar boundary layer surrounding the droplet, Abramzon and Sirignano proposed
a correction function, 𝐹 for 𝑆ℎ and 𝑁𝑢 numbers as (30):

𝐹𝑀∕𝑇 = 1 + 𝐵𝑀∕𝑇
0.7 ln(1 + 𝐵𝑀∕𝑇 )

𝐵𝑀∕𝑇

𝑆ℎ∗ = 2 + 𝑆ℎ − 2
𝐹𝑀

𝑁𝑢∗ = 2 + 𝑁𝑢 − 2
𝐹𝑇

(21)

3.2. Computational domain
In order to investigate droplet behavior interacting with a flame, a droplet is injected through a 2D stagnation flame

field. The computational setup is represented in Figure 2. Domain size is determined based on the burner configuration,
at which 25 mm is the distance from the burner exit to the stagnation plate and 15 mm is the diameter of the premixed
inlet chamber at the burner exit. Cartesian grid is resolved uniformly at 200 𝜇m.

Flame is initialized using previously computed 1D freely propagating adiabatic flame field, and the initial position
of the flame is determined based on Cantera simulations. Unburned premixture is injected from the bottom boundary
at conditions corresponding to the experiment. The wall temperature at the upper boundary is fixed at 500 K. Outlet
flow conditions are defined on the right and the left boundaries. Depending on the case, 2D flame field computations
are carried out until a steady state solution is attained using a CFL value of 0.4, which is achieved at some point within
4000-7000 iterations. The maximum value of the CH3 species profile is used for determining the flame position.

Figure 2: Computational domain of 2D CH4/air stagnation flame (SBM-1, 𝑇𝑝𝑙𝑎𝑡𝑒=500 K)
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An isolated ethanol droplet is injected into the steady 2D flame field at 𝑇=300 K without an initial velocity. In
order to preserve the sphericity of the droplet, 3rd dimensional distance is set to 15 mm along the z-direction. The initial
position of the droplet is set at 1.5 mm below the flame position so that the droplet is injected within the unburned
premixture having sufficient time to be entrained by the gas flow. The initial droplet diameter is set to 35, 50, and
65 𝜇m for each case to allow a comparison with the different experimental cases. The evaporation of the droplet is
followed until complete evaporation using the Abramzon-Sirignano model. During the evaporation process, changes
in the droplet parameters, as well as the gas properties, are calculated.

4. Results
4.1. Evaporation through laminar CH4/air flame

In Figure 3, velocity profiles of the unburnt gases of a stoichiometric flame measured up to the 𝑇=525 K isotherm
via PIV and ethanol droplet with an initial diameter of 50 𝜇m measured via PTV, as well as the computed profiles, are
reported. Alignment of the experimental and numerical data is achieved thanks to 𝑇=525 K isotherm.

(a) (b)

Figure 3: Temporal evolution of computed and measured (a) gas and (b) droplet velocities at SBM-3 (𝑑𝑝,0=50 𝜇m)

Flame region detection is achieved experimentally by seeding DEHS droplets into unburnt gases. Since DEHS
droplets evaporate at 𝑇=525 K, it is not possible to detect the entire flame region with this method. Instead, flame
front is defined experimentally based on 𝑇=525 K isotherm. The isotherm is resolved from the overlay of 100 images
to have more accuracy. Then, temperature profile of the flame is interpolated to the experimental field based on this
isotherm. Additionally, no wall reference is recorded for the burner outlet leading to differences between experiments
and computations, especially at the first detection location of DEHS droplets. It can still be concluded that PIV
measurements provide reliable data, especially near the flame zone. The lowest velocity before the flame region, which
is accepted as the flame speed for stagnation flames, is measured as 0.383 m/s via PIV, while numerically, it is computed
as 0.389 m/s for SBM-3. Considering other flame conditions, flame speed can be reported with an average difference
of 2±0.5 % between the experiments and computations. It should also be noted that the presence of DEHS droplets (≈
2-3 𝜇m) does not have an effect on the gas velocity measurements (52).

Figure 3b shows the temporal change of droplet velocity while traveling through the flame field. The first detection
of the droplet is achieved after a certain distance from the burner outlet and this position differs for each measured
droplet in the whole experimental campaign. Since no wall reference can be captured due to magnification arrangement,
it may not be accurate to report the exact initial location of the droplet relative to the flame zone and burner outlet.
However, in the numerical simulations, the initial position of each droplet should be assigned such that the droplet is
injected from unburnt gases having enough time to be carried by the gas flow. In order to eliminate the effect of the
initial droplet position in the simulations, all droplets are injected at a point 1.5 mm below the flame position for all
computed cases. Therefore, initial droplet velocity differs in experimental and numerical results.
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As soon as the droplet enters the flame region, it accelerates due to the loss of mass; hence, it is subject to less drag
force. The relative velocity between gas and liquid phases also directly affects the motion of the droplet, in addition
to the evaporation rate. Hence, convection around the droplet and the Marangoni effect at the interface are critical to
correctly predict local and global evaporation rates. For all the droplets having an initial diameter between 20-70 µm, the
slip velocity between the droplet and unburnt gas is calculated to be negligibly small at the performed flame conditions.
Stokes number, 𝑆𝑡 characterizes this effect as being the ratio of characteristic time of the droplet to characteristic time
of the gas:

𝑆𝑡 =
𝜏𝑝
𝜏𝑔

=

𝜌𝑝𝑑𝑝2

18𝜇
𝛿𝐿
𝐮∞

(22)

where 𝜇 is dynamic viscosity of the carrier gas and 𝛿𝐿 is the flame thickness.
Under the reported flame conditions, characteristic time of droplets, having an initial size in the range of 20-70 𝜇m,

is much lower than that of gas; hence 𝑆𝑡 is below one. Therefore, it can be concluded that droplets are small enough
to be carried by gas flow. In order to support the dynamic characteristics of the droplets having a size greater than 5
𝜇m and 𝑆𝑡 greater than 0.1, particle Reynolds number, 𝑅𝑒𝑝 is also computed and its temporal evolution is reported in
Figure 4 for the stoichiometric flame and 50 𝜇m droplet.

Figure 4: Temporal evolution of particle Reynolds number at SBM-3 (𝑑𝑝,0=50 𝜇m)

It is seen that through the entire domain, 𝑅𝑒𝑝 value is below 0.1 for all droplets demonstrating that the convective
effects from the surroundings are inconsequential for the droplet. Although the relative velocity is higher at the burnt
gases, 𝑅𝑒𝑝 decreases due to the increase in gas density and viscosity.

Figure 5 shows spatial and temporal evolution of an ethanol droplet diameter subjected to stoichiometric
methane/air flame. It is seen that during the initial 8 ms, the droplet moves towards the flame front at a constant size
since the ambient temperature is 300 K. Initial heating period is observed for the following 1 ms at the region where
the diameter evolution profile starts to create a slope smoothly. The last phase, between 9-13 ms, is the evaporation of
the droplet, obeying the d2 law.
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(a) (b)

Figure 5: (a) Spatial and (b) temporal evolution of droplet diameter with ILIDS and Abramzon-Sirignano (AS) model
at SBM-3 (𝑑𝑝,0=50 𝜇m)

As it is seen from the Figure 5a, the simulations reveal a 10 % overestimation of the final droplet location due to
differences in the droplet’s initial position, although almost identical trend is observed. First of all, experimentally,
initial position of the droplet is detected via PTV, and the exact distance between the droplet and flame may slightly
differ for each droplet depending on the initial size and detection time. However, for the simulations, the droplet is
injected without an initial velocity from 15 mm below the flame zone for all flame conditions. This situation will cause
differences in the drag force acting on the droplet due to the variations of droplet and gas velocity. At the initial phases,
gas velocity will be higher than velocity of the droplet up to almost 5 ms, as seen from Figure 3. After this time, velocity
of the droplet will always be lower than the gaseous phase. It should also be mentioned that as the droplet becomes
smaller, it may be trivial to capture the effect of gaseous phase on the droplet in the simulations due to constant grid size.
Therefore, detailed tuning may be required to the computations of droplet dynamics in the Abramzon-Sirignano model
as the droplet shrinks. Nonetheless, temporal evolution of the droplet, given in Figure 5b is well captured numerically.

Figure 6 shows changes in droplet temperature and Spalding numbers, as well as the mass and heat evaporation
rates at stoichiometric conditions for three different particle sizes. Evaporative properties are linearly increasing with
the initial droplet diameter, as expected. The overall pattern of all curves shows that as the droplet enters the flame
region, heat transfer from the surrounding gas helps to heat the droplet rather than vaporizing and as a result, the
droplet temperature rises until it reaches the wet-bulb temperature. Once the droplet reaches the wet-bulb temperature,
it begins to create vapor. As the droplet temperature is constant, the mass evaporation rate decreases indicating that
the vaporization process started. The largest droplet heats more quickly than the others since it is exposed to higher
temperatures for a longer time inside the flame region. The slope of mass transfer rate at the early stages of the
vaporization is comparably the same for all droplet sizes since the process is mainly governed by the surrounding
temperature at this stage. However, the largest droplet spends more time in the reaction zone which slightly increases
its evaporation rate by 0.01 mm2/s, as it is seen from the mass and heat evaporation rates.
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(a) (b)

(c) (d)

Figure 6: Temporal evolution of droplet parameters at stoichiometric conditions for an ethanol droplets having 𝑑𝑝,0=35,
50 and 65 𝜇m (a) Droplet temperature (b) Spalding numbers (c) Mass evaporation rate (d) Heat evaporation rate

The effect of flame condition on the evaporative properties of an ethanol droplet is reported in Figure 7. Droplet
temperature increases until the boiling temperature of ethanol, nearly 351 K, and the droplet spends most of its time
inside the preheating zone while heating. The droplet heating period is almost similar at the performed flame conditions,
except that at 𝜙=0.8, almost 2 ms delayed is observed. Lower gas/flame velocity leads to lower droplet velocity at
this condition, hence the heating of the droplet delays. The increased convective flow with the increased flame speed
at 𝜙=0.9, 1.0 and 1.1 results in larger 𝐵𝑀 and 𝐵𝑇 causing more rapid temperature changes in the region close to
the droplet. Although the mass evaporation rates are comparable, lower evaporation rate is observed for the droplet
exposed to the leanest flame condition. While the overall changes in mass and heat evaporation rates of the droplet
can be observed in Figures 6c, 6d, 7c and 7d, local effects and the interrelation between the droplet and flame will be
discussed in Section 4.4 in details.
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(a) (b)

(c) (d)

Figure 7: Temporal evolution of droplet parameters at different flame conditions for an ethanol droplet having 𝑑𝑝,0=50
𝜇m (a) Droplet temperature (b) Spalding numbers (c) Mass evaporation rate (d) Heat evaporation rate

4.2. Rate of evaporation
Following the d2 law for evaporation rate, 𝐾 , slope of 𝑑2 vs. 𝑡 is computed over the diameter change interval

for all recorded droplets having initial diameters between 20-70 𝜇m. Although the variability of the initial diameter
provides a good database for the evaporation constant, instead of selecting some droplets, mean values of 𝐾 , mean
interval temperature, minima, and maxima to report the evaporation temperature range are computed and given in
Figure 8 over all samples at each equivalence ratio, indicated as ILIDS. Experimental results are compared with the
literature (Saharin et al. (53)) and previously computed stationary droplet evaporation with Spalding model (45; 46)
and a moving droplet through the stagnation flame field computed with Abramzon-Sirignano model (AS).
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Figure 8: Comparison of ethanol evaporation constant with respect to ambient gas temperature

For stationary droplets, evaporation computations are performed via the Spalding model at each equivalence ratio
at the ambient temperatures varying between 1800-2200 K and at the burnt gas compositions (45). Since the mass
fraction of a single ethanol droplet is very small in comparison with the major species of methane/air flame including
CH4, CO2, H2O, the evaporation constant is computed to be the same for stationary ambient cases. Hence, it is clearly
seen that the ambient gas composition has no significant effect on evaporation under evaluated conditions.

Evaporation of the droplet is observed in the flame zone at which the droplet diameter constantly decrease inside
a very steep temperature profile. Therefore, it is not possible to report a single evaporation temperature for a moving
droplet. Accordingly, evaporation temperature is calculated as the mean temperature in an interval where the droplet
starts evaporating and its lifetime ends. It is seen that the maxima of the measured evaporation constants are very close to
the numerical results obtained from both Abramzon-Sirignano and Spalding models. Also, Abramzon-Sirignano model
slightly overestimates the vaporization constant for lean cases while the values are still in the trend of experimental
measurements.

In order to investigate the dependence of the evaporation constant to the ambient temperature, an exponential type
of relationship can be used due to rapid growth at low temperatures with the asymptotic behavior, as it can be seen in
Figure 8:

𝐾(𝑇𝑔𝑎𝑠) = 𝐴𝑇 𝛽
𝑔𝑎𝑠𝑒𝑥𝑝(−𝐸𝑎∕𝑅𝑇𝑔𝑎𝑠) (23)

Table 2: Coefficients of the relation for evaporation constant, 𝐾 as a function of 𝑇𝑔𝑎𝑠
𝐴 𝛽 𝐸𝑎

7.9x10-4 0.947 8429 J/mol

Table 2 reports the fitted values to the Equation 23 from the experimental results. However, it can be clearly
seen from Figure 8 that 𝐾 is not only a function of ambient gas but also changes depending on the flame properties.
Moreover, it is hard to report the exact gas temperature for a moving droplet through the ambient with a varying
temperature. Hence, it would be beneficial to estimate the vaporization rate depending on flame characteristics which
are the parameters such as flame speed, flame temperature etc. depending on fuel-to-air ratio, as well as the species of
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fuel and oxidizer. Accordingly, a new Arrhenius type of relation is proposed by introducing flame thickness, 𝛿𝐿, flame
speed, 𝑆𝐿, and flame temperature, 𝑇𝑓 , as in Equation 24:

𝐾(𝑇𝑓 , 𝑆𝐿, 𝛿𝐿) = 𝐴
′
(

𝛿𝐿
𝑆𝐿

)𝛾
𝑇 𝛽
𝑓 𝑒𝑥𝑝

(

−𝐸𝑎
𝑅𝑇𝑓

)

(24)

Table 3: Coefficients of the relation for evaporation constant, 𝐾 as a function of flame parameters
𝐴′ 𝛾 𝛽 𝐸𝑎

8.9x10-4 0.030 0.947 8429 J/mol

While the activation energy, 𝐸𝑎 and the power dependence of temperature, 𝛽 are kept constant, it is seen that the
fitted parameters provide very close computations of evaporation constant for ethanol droplet evaporating through
methane/air flame field at 𝜙=0.8-1.1. Additionally, the small value of 𝛾 indicates that the evaporation constant slightly
depends on the characteristic flame time and the ratio of flame thickness to flame velocity. The main governing
parameter on evaporation can be interpreted as the flame temperature.
4.3. Droplet passage criteria

Determination of whether the droplet can cross the flame or not is essential in terms of the prediction of instabilities.
If droplets evaporate before entering the reaction zone, purely gaseous phase combustion will occur. However, the
presence of droplets in the reaction zone causes different modes of combustion depending on the physical properties
of the droplet and gaseous flame, leading to local extinctions on the flame surface and hydrodynamic instabilities (54).
In this scope, passage criteria for the droplet are defined depending on the initial droplet size.

Damköhler number for vaporization, 𝐷𝑎𝑣 is defined as the ratio between evaporation characteristic time, 𝜏𝑒𝑣 and
preheating time of the flame, 𝜏𝑓 as (55):

𝐷𝑎𝑣 =
𝜏𝑒𝑣
𝜏𝑓

=

𝑑20
𝐾
𝛿𝐿
𝑆𝐿

(25)

For 𝐷𝑎𝑣<1, droplets will completely evaporate inside the flame, while for 𝐷𝑎𝑣>1, longer evaporation time will
be observed so that the droplets will cross the flame region. In Figure 9, computed 𝐷𝑎𝑣 for all droplets are given. It is
seen that at the performed conditions, all droplets evaporate in the burnt gas region.
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Figure 9: Computed 𝐷𝑎𝑣 numbers for all droplets

Accordingly, critical diameter for the droplet, 𝑑𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 to cross the flame region is defined with two approaches. First
of all, with the assumption that all the droplets reaching the flame have equal average vaporization constant, 𝑑𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙can be computed as a function of residence time in the flame (41):

𝑑𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙,𝐷𝑎𝑣 =

√

�̄�𝑆𝐿
𝛿𝐿

(26)

where �̄� is the average evaporation constant at the flame condition.
The second approach includes the direct relation of the distance traveled by the droplet from 𝑇=525 K isotherm to

its last position depending on the initial droplet size at all flame conditions, given in Figure 10. Since the initial position
and velocity may differ for each droplet, a criterion is defined after the droplet enters the flame zone. As it is seen from
the figures, at 𝜙=1.0, three droplets having an initial diameter greater than 65 𝜇m are reported. As the general trend is
observed, these droplets can be considered as outliers. Additionally, 𝐷𝑎𝑣 involves the square of the droplet diameter.
The same inaccuracy in diameter measurement will therefore lead to greater variability at larger diameters.

Extrapolation is performed to determine the critical diameter, 𝑑𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙,𝑒𝑥𝑝. and 𝑑𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙,𝑛𝑢𝑚. reported in Table 4 below
such that Δ𝑥𝑓𝑙𝑎𝑚𝑒𝑐𝑟𝑜𝑠𝑠 equals to zero. Hence, if 𝑑𝑝,0 < 𝑑𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙, the droplet evaporates before reaching the reaction zone
while for 𝑑𝑝,0 > 𝑑𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙, the droplet can cross the flame front.
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Figure 10: The distance at which the droplet passes after entering the flame zone (𝑇=525 K) for all droplets

Table 4: Critical diameter values of ethanol droplets to cross the flame zone
𝜙 𝑑𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙,𝑒𝑥𝑝. 𝑑𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙,𝑛𝑢𝑚. 𝑑𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙,𝐷𝑎𝑣Condition (𝜇m) (𝜇m) (𝜇m)

SBM-1 0.8 19.39 20.50 22.27
SBM-2 0.9 16.05 18.37 21.87
SBM-3 1.0 18.16 12.03 21.85
SBM-4 1.1 18.71 16.91 21.17

As it is seen from Table 4 that the average critical diameter is experimentally found to be 18±1.3 𝜇m for ethanol
droplet from the direct measurement of distance travelled by the droplet. However, the critical diameter computed from
the Abramzon-Sirignano model slightly differs from the experiments. At stoichiometric condition, it is underestimated
with an error of 33 %. This can be explained mainly due to the fact that the highest temperature is observed at this
condition, leading to a lower lifetime of the droplets. However, it should also be noted that this parameter is not only
dependent on the initial diameter but also dependent on the velocity of the droplet and flame thickness which determines
the time spent on each isotherm. In order to include the flame parameters, the critical diameter is also computed from
𝐷𝑎𝑣 relation. Calculation with �̄� , 𝑑𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙,𝐷𝑎𝑣 overestimates the critical diameter by nearly 2.5 𝜇m due to the minor
differences of 𝐾 for each droplet (46).
4.4. Changes in gaseous properties

From the simulations, changes in gas phase properties are investigated while the droplet is evaporating through the
flame field. The focus is made here on the stoichiometric case and initial droplet diameter of 50 𝜇m.

Figure 11 represents the change in ethanol mass fraction, 𝑌𝐶2𝐻5𝑂𝐻 and reaction source term, �̇�𝐶2𝐻5𝑂𝐻 within 1.2
mm distance along x axis which is parallel to the flame, while it is moving perpendicular to flame in y direction. Y
coordinates are normalized by the flame thickness so that the comparison can be performed for all conditions. It should
also be mentioned that y=0 indicates the flame position, while x=0 points out the centerline of the domain where the
ethanol droplet is injected.
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(a) (b)

Figure 11: Change in (a) C2H5OH mass fraction and (b) C2H5OH reaction source term on the isoline of droplet along
x axis through the flame at SBM-3

Mass evolution of ethanol in the gas phase can be interpreted from Figure 11a. It is seen that the rate of ethanol
build-up in the gas phase increases up to almost 2.8 mm away from the flame, and then, it decreases, although the
lifetime of the droplet continues to decline. This trend can also be observed from the mass evaporation rate in Figure
7c. As the droplet closes to the maximum temperature isoline in the gas phase, the surface temperature of the droplet
continues to increase. Once the temperature of the droplet becomes constant, the evaporation rate decreases after almost
8 ms at the same distance away from the flame for 𝜙=0.9, 1.0, and 1.1. However, for 𝜙=0.8, a nearly 2 ms delay is
observed at 2.1 mm away from the flame due to the fact that more time is needed for the droplet to reach its boiling
temperature at the lowest flame temperature, which is 1991.4 K. Although the velocity of the gases differ at each
flame condition, the major effect on gas build-up comes from the flame temperature due to low Stokes number at the
performed conditions.

In order to observe the local changes in the reaction zone, the variation of 𝑌𝐶2𝐻5𝑂𝐻 and �̇�𝐶2𝐻5𝑂𝐻 in time on the
isoline of the maximum �̇�𝐶𝐻4

indicating the flame position, is given in Figure 12.

(a) (b)

Figure 12: Change in (a) C2H5OH mass fraction and (b) C2H5OH reaction source term at the flame over time at
SBM-3
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The prominent increase of ethanol amount in the gas phase is observed between 6-7.5 ms at the flame zone, and
then ethanol is consumed. The highest amount of ethanol build-up at the flame is observed for the leanest and richest
cases. This phenomenon can be related to the residence time of the droplet by compensating the velocity of the droplet
and the flame thickness. Moreover, evaporated ethanol diffuses nearly to 800 𝜇m region on the flame surface, and
it increases with the equivalence ratio. Additionally, the droplet takes heat from the flame by decreasing the local
temperature nearly by 5 K, expecting to observe a local sink on the flame zone (54).

When the ethanol droplet is vaporized, total fuel concentration increases locally in the flame region. For order of
magnitude fuel amount comparison, mass fractions of C2H5OH and CH4 are plotted at the centerline of the domain
along the droplet path on y direction, given in Figure 13. The mass fraction of ethanol is multiplied by 10-4 to be able
to make a comparison with methane.

(a) (b)

(c) (d)

Figure 13: Change in C2H5OH and CH4 mass fractions at the centerline of the domain through the flame

For equal size droplets at different flame conditions, the evaporation rate slightly differs due to the variation of flame
temperature, given in Figure 8, which leads to a hardly noticeable difference in gaseous ethanol amount, especially when
it is compared with the amount of methane. However, individual comparison gives rise to the reactivity of ethanol in
the flame zone. In order to investigate the reactivity of the droplet, reaction source terms of C2H5OH and CH4 are
plotted through the droplet path and given in Figure 14.
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(a) (b)

(c) (d)

Figure 14: Change in C2H5OH and CH4 reaction source terms at the centerline of the domain through the flame

From the area under positive and negative peaks of ethanol, it can be concluded from Figure 14 that all gaseous
ethanol is consumed in the reaction zone, except for the richest case due to the deficiency of excess oxygen at the
ambient. Since the gaseous ethanol build-up is high in this case, the expansion of gases is expected to create an
extinction on the flame. It should also be mentioned that the mass fractions and source terms of methane and oxygen
are not affected noticeably due to the passage of the ethanol droplet since the mass provided to the gaseous phase is
nearly negligible when it is compared to gaseous fuel, methane.
4.5. Conclusions

The main objective of this study is to investigate the interaction of a single droplet with a laminar flame and
to understand its effects on droplet dynamics and evaporation. The first part of the study includes the experimental
investigation of single droplet evaporation in the fuel-rich, stoichiometric and fuel-lean flame conditions. A stagnation
burner is utilized to track the droplet evaporation sequence through a stationary premixed laminar flame. An isolated
ethanol droplet having nearly 50 𝜇m initial diameter is injected through methane/air stagnation flames . The motion of
the droplet and velocity of the unburnt gases are tracked via PTV and PIV, respectively. Simultaneously, the change
in diameter of the droplet is tracked via ILIDS. Simulations are performed with different configurations, including
stationary droplet evaporation surrounded by burnt gases at the flame conditions, the injection of an ethanol droplet
to the stagnation flame field, and more realistic flame conditions with the real burner geometry. The whole sequence
of droplet evaporation is tracked, and the properties of the droplet is computed using Lagrangian evaporation models,
including Spalding and Abramzon-Sirignano models.

The flame temperature is found to be the most dominant effect on the evaporation rate rather than the burnt gas
composition and flame strain rate. Additionally, the evaporation constant is computed to be almost insensitive to
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the initial droplet diameter. Mean evaporation temperature is reported for the droplet passing through a temperature
gradient, and the average evaporation rate is determined between 0.5-0.7 mm2/s. The evaporation rate is also expressed
empirically as an exponential function of flame parameters, and it is found to be slightly dependent on the flame speed
and flame thickness. The critical diameter of an ethanol droplet is calculated to be nearly 20 𝜇m indicating that a larger
droplet can cross the flame region and cause local modifications. From the gas phase change, it is observed that all
evaporated ethanol reacts with oxygen in the flame zone, except from 𝜙=1.1, due to the lack of excess oxygen in the
gaseous phase for methane/air flames. The heat is taken by the evaporating droplet in the flame zone, and the vaporized
ethanol diffuses nearly to 800 𝜇m along the flame for 𝑑𝑝,0=50 𝜇m.
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