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1 Introduction

Flame extinction is an important phenomenon to consider when designing combustion devices with high
levels of turbulence. In general, high turbulence increases the flame surface area and the rate of diffusive
mixing, allowing for smaller combustion chambers and higher heat release rates. However, if mixing rates
exceed chemical reaction rates, heat and important radicals can be transported away from the reaction zone
resulting in local extinction [1]. The result of local extinction is the production of “flame holes”, which
potentially allow unburned fuel to escape, increasing hydrocarbon emissions as well as decreasing combus-
tion efficiency. If extinction rates are high enough, flame instabilities or even global extinction can occur,
an undesirable situation for any combustion system. While gaseous flame extinction is already complex,
the introduction of liquid fuel creates additional difficulties. As a result extinctions in spray flames have
not been studied in the same detail as those in gaseous flames. An improved understanding of spray flame
extinction is of prime importance to optimise performance of practical combustion devices and develop
predictive spray combustion models.

Direct numerical simulation (DNS) presents a viable approach to understand the microscopic details of
extinction as it provides high temporal and spatial resolutions to fully capture the flow field as well as the
scalar structures. DNS has been successfully applied in numerous single phase studies of extinction [1–4].
It has been found that scalar dissipation rate is a controlling parameter in the flame extinction process.
However, it is not clear how the scenario looks like in spray flames.

In the above context, DNS of temporally evolving, non-premixed planar ethanol spray flames, which feature
different levels of extinction, are performed. The configuration and flow parameters are broadly based on
previous gas phase non-premixed flame studies, in which there are strong interactions between the shear-
driven turbulence and chemistry [3, 4]. In the DNS, the Stokes number is varied between each simulation
while the liquid mass loading, Reynolds and Damköhler numbers are kept constant. It is expected that, in
the current study of spray flames, the Stokes number substantially influences the flow dynamics and the
extinction characteristics of the flame.
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2 Configuration and Numerical Methods

The chosen configuration features temporally evolving, planar jet spray flames. This configuration is attrac-
tive as it maximises the interaction between droplet, turbulence and flame with reasonable computational
costs. Ethanol was chosen as the fuel, as it is a relatively simple fuel which is liquid at atmospheric pres-
sure. In addition, it has commercial applications and may be seen as an attractive petroleum substitute. The
parameters were selected to maximise Re while still considering multiphase physics and detailed chemical
kinetics. The fuel stream consists of 40% C2H5OH and 60% N2 by volume. The surrounding oxidiser
streams consist of 33% O2 and 67% N2. This composition was chosen to increase the extinction scalar
dissipation rate (χq) of the flame to χq = 2600 1/s. This χq was chosen so that global extinction did not
occur in the simulation. The initial temperature of both streams is set to 550 K to make the flame more
resistant to extinction and pressure is set to atmospheric.

The streamwise velocity is ∆U/2 in the central fuel stream, and -∆U/2 in the surrounding oxidizer streams,
where ∆U = 288 m/s. The jet height (H) is set to 0.96 mm. The Reynolds number of the jet is denoted
by Rejet = ∆UH/νf , where νf is the kinematic viscosity of the pure fuel stream. In the present work
Rejet = 6000. The initial velocity shear layer thickness, δu, is H/5, and the initial thickness of the mixture
fraction variation, δZ , is 0.483 mm. The initial width of the fuel slab is denoted by HZ = H + δZ − δu, and
is greater than H to ensure that initially the mixture fraction (Z) approaches unity in the centre of the jet.
Initial profiles of velocity and mixture fraction are specified using tanh-based profiles. In order to trigger
shear generated turbulence, the mean velocity field is perturbed by homogeneous isotropic turbulence. This
isotropic turbulence is filtered outside of the jet. The initial integral length scale, lt, is H/3, and the initial
turbulence intensity, u′, is 0.05∆U . Combustion is initialised with a steady laminar flamelet solution at
an initial scalar dissipation rate, χ = 0.75χq, where χq is the quenching scalar dissipation rate obtained
based on the initial conditions from the DNS. The jet Damköhler number, Da = χqtj = 0.008, where tj is
the transient jet time, defined as tj = H/∆U . This Damköhler number is sufficiently low to induce local
extinction. The domain size is Lx = 8H in the stream-wise direction (x), Ly = 14H in the transverse
direction (y), and Lz = 6H in the span-wise direction (z).

Fuel is supplied as both liquid (75% by mass) and gas. The gaseous fuel is needed in order to stabilise the
initial flame when the droplets undergo evaporation. The spray is monodisperse, and the droplet diameter
(D) is determined from the target Stokes number. The Stokes number is defined as St = τp/tj , where τp is
the particle relaxation time defined as τp = ρdD

2/18µ. Two DNS cases with different Stokes numbers of
2.5 and 20 are studied in this work, which corresponds to droplet diameters of 2.3 and 6.5 µm, respectively.
The St = 2.5 case has a short evaporation time, with complete evaporation occurring by 10 tj , and is similar
to gas phase combustion after this time. The St = 20 case has a substantially larger evaporation time with
complete evaporation occurring after 50 tj , allowing for flame-droplet interactions to occur. The initial
droplet temperature is 300 K.

The governing equations are solved using the DNS code, S3D. The spatial derivatives are approximated
using an 8th order central difference scheme [6] and time advancement is handled using a low-storage, 4th
order Runge-Kutta method [7]. The liquid phase is treated using a Lagrangian particle tracking method
using the same droplet equations as Borghesi et al. [8] but with ethanol fuel properties. The liquid and gas
phase are two-way coupled, where gas phase properties are interpolated to the droplet locations using a 4th
order Lagrangian interpolation scheme and droplet source terms are distributed linearly to the eight nearest
Eulerian nodes [9].

The chemical kinetic mechanism is a reduced, 28 species ethanol mechanism featuring dynamic stiffness re-
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moval [10]. This mechanism was developed from a detailed mechanism developed by Mittal et al. [11]. This
mechanism was validated by Bhagatwala et al. [10] at atmospheric pressure and showed good agreement
with the detailed mechanism.

The grid resolution required to resolve the Kolmogorov length scale, ηk, was inferred from past well re-
solved DNS studies which feature similar slot jet configurations [3, 5]. Following the recommendations of
references [3,5] a grid size no larger than twice the size of the Kolmogorov is sufficient to resolve the turbu-
lence. In this case, the Kolmogorov length scale is approximately 9.7 µm at the start of the simulation. Thus
the grid resolution is ∆x = 17 µm, which is uniform throughout the domain. This results in 0.57 grid points
across the Kolmogorov scale. Since the turbulence length scales grow in time, at 20 tj , the Kolmogorov
length scale is 13 µm and there are 0.73 grid points across the Kolmogorov length scale. Comparison of the
DNS cases with those run at half-resolution was also carried out, and it showed good agreement between
the DNS and half-resolved cases for the mean and root mean square (RMS) values of different variables.
Qualitative trends presented in this paper were also observed in the half-resolved cases.

3 Results

Figure 1 shows the instantaneous contours of temperature overlaid with the stoichiometric contour, taken at
the central z-plane at 30 tj . This time coincides with approximately the maximum extinction for the St =
20 case. The droplets in the St = 2.5 cases have fully evaporated, while the St = 20 case has approximately
30% of the liquid fuel remaining. The figures show a highly contorted stoichiometric surface with regions
of burning and extinguished flame zones. It is noted that the St = 20 case has a small proportion of its
remaining droplets moving from the fuel-rich jet through the higher temperature, reactive, stoichiometric
region and into the fuel-lean region.

Temperature (K)
St = 20

0 2 4 6 8

x/H

550

2500
St = 2.5

0 2 4 6 8

x/H

-2

0

2

y
/H

Figure 1: Instantaneous temperature at 30 tj for St = 2.5 and St = 20. White dashed line represents the
stoichiometric mixture fraction isoline; green dots represent droplet positions.

To quantify the level of extinction, the area of burning stoichiometric isosurface is compared against the
total area of the stoichiometric isosurface. A region is considered burning if the OH mass fraction is greater
than 50% of the laminar extinction value, YOH = 0.0016. The time variation of the fraction of burning
surface area according to this definition for the two cases is presented in figure 2 (left). It is seen that the
St = 20 case exhibits substantially higher extinction, with a maximum extinction of approximately 50%.
In addition, the St = 20 case extinguishes much more rapidly compared to the St = 2.5 case, reaching the

26th ICDERS – July 30th–August 4th, 2017 – Boston, MA 3



Tang J.C.K DNS of Ethanol Spray Flames

maximum extinction approximately 10 tj earlier. Considering the mean stoichiometric scalar dissipation
rate in figure 2 (right) it shows that the St = 2.5 case exhibits much higher scalar dissipation rates during
the extinction phase (20 - 40 tj) however the extinction during this period is significantly smaller compared
to the St = 20 case. This shows that the scalar dissipation rate is not the only factor which controls the
extinction in the presented spray flames.
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Figure 2: Temporal evolution of extent of extinction (left). Evaluated as the fraction of the stoichiometric
surface with YOH values greater than 50% of the steady laminar extinction value. Temporal evolution of
mean scalar dissipation conditioned on stoichiometric mixture fraction (right).

The increased level of extinction in the St = 20 case is a result of the large inertia and long evaporation
time allowing the droplets to penetrate the reaction zone. Once in the reaction zone, evaporative cooling
results in a loss of energy from the reaction zone thus weakening the flame. Figure 3 shows temporal
evolution of the surface-integral of the droplet energy sink term (Se), which represents the energy required
for droplet evaporation and heating, along the stoichiometric mixture fraction isosurface compared to the
surface integral of the heat release over the same surface. The total energy source term is roughly 4% of the
heat release for the St = 20 case. This contribution is consistent for the majority of the simulation time, from
10 tj to 35 tj . In contrast, the St = 2.5 case does not show any interaction at any time during the simulation.
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Figure 3: Temporal evolution of droplet energy sink term and heat release conditioned on stoichiometric
isosurface.

Next, the chemical effects on the flame extinction are explored. An additional contributor to the increased
extinction in the St = 20 case may be the deposition of fuel at the reaction zone due to evaporation, resulting
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in radical depletion due to fuel-radical reactions. The reduction in OH reduces the overall heat release as its
reaction with CO and H2 contributes to a large percentage of heat release in most hydrocarbon flames [12].
Figure 4 presents the mean reaction rates for the major OH consumption pathways, as well as the total OH
consumption rate, conditioned on the distance (L) from the stoichiometric isosurface in the two DNS cases at
5 and 10 tj . The local distance from the stoichiometric surface is computed by solving the Eikonal equation,
|∇L| = 0. Note that negative distances represent the oxidiser stream side while positive distances represent
the fuel stream side. As expected, reactions of OH with CO and H2 consumes most of the OH for both cases
at both times. Reactions of OH with C2H5OH are approximately zero at the stoichiometric surface at 5 tj
for both cases. However, at 10 tj droplets in the St = 20 case have moved into the reaction zone, and as
a result reactions of OH with the C2H5OH molecule become significant. This set of reactions constitutes
the third largest consumption pathway for the OH radical. In addition, the reaction rates of fuel fragment
reactions (CH2O, C2H4, HCO) also increase for the St = 20 case, as a result of the higher availability of
fuel at the reaction zone. These reactions influence the flame extinction behaviour significantly as they do
not produce additional radicals like H or OH which are required to sustain the flame. It is also observed,
in the St = 20 case, the CO reaction is reduced relative to that in the St = 2.5 case. The presence of fuel
fragments reduces the reaction rate of CO, as fuel fragment molecules exhibit greater reactivity with OH
compared with CO [13]. The total consumption of OH in the St = 20 case is increased by 30% compared to
the St = 2.5 case, due to the increased reaction rates of OH with fuel and fuel fragments. This results in a
net reduction of OH, promoting extinction in the St = 20 case.
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Figure 4: Mean reaction rates for major consumption pathways for OH radical. Solid black line represents
the total consumption of OH

4 Conclusions

Extinction in non-premixed ethanol spray flames has been studied using direct numerical simulations.
Greater extinction in the St = 20 case is a result of droplets entering the reaction zone and evaporating,
resulting in extinction due to a combination of evaporative cooling and chemical kinetic effects. Evapora-
tive cooling weakens the flame by absorbing energy released by the chemical reactions, while the chemical
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effects are due to fuel vapour produced by evaporation reducing the concentration of important radicals, like
OH, in the reaction zone. Both of these effects weaken the flame, making it more sensitive to the effects of
turbulent straining (in the form of scalar dissipation rate).
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