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Abstract: In this study, a series of carrier-phase direct numerical simulations are conducted on spheri-
cal expanding premixed hydrogen/air flames with liquid water addition. An Eulerian–Lagrangian
approach with two-way coupling is employed to describe the liquid–gas interaction. The impacts
of preferential diffusion, the equivalence ratio, water loading, and the initial diameter of the water
droplets are examined and analyzed in terms of flame evolution. It is observed that liquid water
has the potential to influence flame propagation characteristics by reducing the total burning rate,
flame area, and burning rate per unit area, attributed to flame cooling effects. However, these effects
become discernible only under conditions where water evaporation is sufficiently intense. For the
conditions investigated, the influence of preferential diffusion on flame evolution is found to be more
significant than the interaction with liquid water. The results suggest that due to the slow evaporation
rate of water, which is a result of its high latent heat of evaporation, the water droplets do not disturb
the initial flame kernel growth significantly. This has implications for water injection concepts in
internal combustion engines and for explosion mitigation.

Keywords: premixed hydrogen/air combustion; spherical expanding flames; water addition;
preferential diffusion; direct numerical simulation

1. Introduction

The utilization of liquid water injection in combustion applications has obtained
considerable attention within the scientific community owing to its numerous practical
advantages. The interaction between liquid water and the flame is based on three primary
effects [1–3]:

1. Cooling effect: This results from the extraction of heat from the hot gases during the
evaporation process.

2. Dilution effect: The presence of water acts as a diluent for the fuel and oxidizer,
leading to a reduction in the heat released per unit of mass in the system.

3. Chemical effect: Water exhibits high efficiency in third-body reactions, influencing
the flame structure (this effect is not analyzed in the current study, as it is considered
a high-order effect).

The application of water injection in internal combustion engines (automotive and
aeronautical engines) has been implemented since the last century (e.g., Pratt and Whitney
J57 engine and the 1962 Oldsmobile Jetfire). Historical motivations for such applications
include temporary increases in thrust and power output due to the augmented mass pro-
cessed by the engine. Additional benefits encompass reduced maximum temperatures—in
this way, the liquid water acts as thermal protection for structures—and decreased NOx
emissions, as these are generally produced at elevated temperatures [4]. Previous research
has demonstrated the impact of water injection on emissions in diesel engines and gas
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turbines [5–7] and also showed enhanced engine performance. Liquid water injection
also holds significance in safety applications, as experimental and numerical studies have
illustrated its ability to suppress or mitigate explosions and fires [8,9].

Nowadays, a primary focus of combustion research involves reducing CO2 emissions.
In this context, investigations into the combustion of carbon-free fuels, particularly hydro-
gen, have intensified. Hydrogen combustion offers several advantages, including high
availability and inherent renewability [10,11], which can contribute to the development of
a future green and circular economy [12,13]. Additionally, hydrogen has the advantage of
a high energy density per unit mass (141 MJ/kg). Despite these advantages, challenges
such as low density, high volatility, wide flammability range, and safety concerns arise,
which were previously encountered in rocket propulsion, for instance, and are now being
considered for distribution and storage. The high diffusivity of hydrogen and tendency
for preferential diffusion introduce complexities, leading to intrinsic instabilities, particu-
larly thermodiffusive instability. This instability occurs when the effective Lewis number
(Lee f f ) of the mixture falls below a critical value, as characterized by the dispersion relation
proposed by Matalon et al. [14]. Another criterion for thermodiffusive instability is the
Markstein length, representing the effect of the stretch rate on the flame’s displacement
speed; a negative value indicates susceptibility to thermodiffusive instability [15].

The propensity of mixtures with Lewis numbers below a critical threshold to exhibit
intrinsic flame instability has been extensively studied [14–23] and remains a focal point
of community interest. Spherical flames, which are typical configurations in internal
combustion engines, enable the analysis of statistically non-zero stretch rates on flame
velocities and the consideration of flame propagation characteristics (e.g., Markstein length).
The evolution of expanding spherical flames becomes more intricate in the presence of
preferential diffusion, as the close correlation between diffusion and topology introduces
side effects [24], as the local focusing (or defocusing) of reactants can generate super-
adiabatic temperature regions. Moreover, when spherical flames grow and reach a certain
radius, unstable cellular structures begin to form without external forcing. However, the
current study excludes consideration of this scenario due to the computational constraints
of our setup. The primary emphasis of the current study is on examining the development
of turbulent spherical flames in the presence of preferential diffusion and an evaporating
liquid phase. The introduction of non-unity Lewis number conditions coupled with a non-
zero mean curvature results in a distinct evolution compared to that of a statistically planar
flame [25,26]. Moreover, the interaction between the flame kernel and turbulence amplifies
the growth rate of the average flame radius, as evidenced in a prior investigation [27]. A
growth rate proportional to the radius, rather than a constant rate over time, is observed.
While there are instances in the literature where analyses have explored expanding flames
interacting with turbulence [27,28] and have considered the impact of non-unity Lewis
numbers [29,30], the authors are not aware of any studies comprehensively examining the
simultaneous effects of turbulence, preferential diffusion, and the evaporation of liquid
water on the evolution and propagation of spherical flames across various equivalence
ratios, Lewis numbers, and water addition conditions.

The subsequent two sections will provide a presentation of the mathematical back-
ground and numerical implementation of our study. Section 4 will delve into the discussion
of results and observations, followed by the presentation of conclusions in the final section.

2. Mathematical Background

The method employed in this study to characterize the evolution of flame kernels
in the presence of monodispersed water droplets utilizes a hybrid Eulerian–Lagrangian
approach with two-way coupling. This approach entails representing the liquid phase as
individual droplets treated as point sources and tracing their motion and evolution within
the domain (Lagrangian phase). At the same time, the gas phase is characterized through
standard conservation equations, with conditions for different fields computed at each
grid point (Eulerian phase). Two-way coupling implies that the interaction between the
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two phases is considered bidirectionally, which means terms related to the other phase are
present in the equations for both phases. It is noteworthy that, unlike four-way coupling,
which considers particle–particle interaction, two-way coupling neglects this phenomenon.
This omission is justifiable due to the sufficiently high average interdistance between the
droplets (sd/η = 1.45–1.93, where sd is the average interdistance and η is the Kolmogorov
length scale), which guarantees the low probability of droplet–droplet collision. Moreover,
the Lagrangian description of the particles is possible because the initial diameter of the
droplets (ad) is significantly smaller than the grid resolution (ad/∆x = 0.384–0.512) and the
Kolmogorov length scale (ad/η = 0.09–0.12). This allows us to avoid resolving the flow at
the particle–gas interface [31–33]. It has been demonstrated that the present methodology
accurately captures the evaporation characteristics in multiphase simulations [34] when
the droplet dimension is below the Kolmogorov length scale. Furthermore, in a study
by De Chaisemartin et al. [35] that analyzed the combustion of dispersed droplets with
flames using both a Eulerian–Lagrangian approach and a fully droplet-resolved approach,
similar behavior using the two methods was observed. However, the computational cost of
the Eulerian–Lagrangian approach was shown to be 10 times lower than that of the fully
Eulerian method.

In the Eulerian–Lagrangian formulation, for individual droplets, their positions, veloc-
ities, temperatures, and diameters (⃗xd, u⃗d, Td, and ad, respectively) are calculated over time
using the following expressions:

dx⃗d
dt

= u⃗d;
du⃗d
dt

=
u⃗(x⃗d, t)− u⃗d

τu
d

;
da2

d
dt

= −
a2

d

τ
p
d

;
dT̂d
dt

=
T̂(x⃗d, t)− T̂d − BdLv/Cg

p

τT
d

. (1)

In the various equations presented, terms associated with the gas field are evident, such
as the gas velocity u⃗(x⃗d, t) and the gas temperature T̂(x⃗d, t). The droplet temperature
equation assumes infinite thermal conductivity for the liquid phase, resulting in a uniform
temperature across the particle equal to T̂d. Notably, this equation incorporates the latent
heat of vaporization (Lv), the gaseous specific heat (Cg

p), and the thermal Spalding number
(Bd), which is considered identical to the mass transfer Spalding number. The Spalding
number is determined as Bd = (YS

W − YW(x⃗d, t))/(1 − YS
W). The water concentration at the

interface YW
S is computed based on equilibrium conditions through the partial pressure

derived from the Clausius–Clapeyron equation:

YS
W =

[
1 +

Wg

Wl

(
P(x⃗d, t)

PS
W

− 1
)]−1

; PS
W = Pre f exp

[
Lv

R

(
1

T̂S
re f

− 1
T̂S

d

)]
. (2)

The atmospheric pressure (Pre f ) and boiling temperature at that pressure (T̂S
re f ) serve as

references in this context. The molar masses of the gas phase (Wg) and liquid phase (Wl) are
denoted as such, with T̂S

d representing the particle temperature. Equation (1) incorporates
three distinct relaxation times (τu

d , τ
p
d , and τT

d ) associated with the evolution of particle
velocity, diameter, and temperature, respectively. The definitions of these relaxation times
are as follows:

τu
d =

ρda2
d

18Cuµ
; τ

p
d =

ρda2
d

4µ

Sc
Shcln(1 + Bd)

; τT
d =

ρda2
d

6µ

Pr
Nuc

Bd
ln(1 + Bd)

Cl
p

Cg
p

. (3)

The relaxation times depend on the properties of both the gaseous and liquid phases.
In Equation (3), ρd and Cl

p represent the mass density and specific heat of the droplets,
respectively. The dynamic viscosity of the gaseous phase is denoted as µ, while Sc and Pr
are the Schmidt and Prandtl numbers, respectively, for the gaseous phase. These values
are considered identical in Equation (3). Similarly, the Sherwood and Nusselt numbers are
identical and are calculated as Shc = Nuc = 2 + 0.555RedSc/(1.232 + RedSc4/3)1/2. Finally,
Cu is an aerodynamic resistance coefficient computed as Cu = 1 + Re2/3

d /6, where Red is
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the Reynolds number of the droplet (Red = ρ|u⃗d − u⃗(x⃗d, t)|ad/µ). The general conservation
equation for the gaseous phase is:

∂(ρφ)

∂t
+

∂(ρuj φ)

∂xj
=

∂

∂xj

[
Rφ

∂φ1

∂xj

]
+ ω̇φ + Ṡg + Ṡφ (4)

The variable φ is a general variable and, depending on the equation, assumes a value of
(1, ui, e, YF, YO, or YW), while φ1 represents (1, ui, T̂, YF, YO, or YW) as appropriate. Here,
e represents the specific stagnation internal energy. The transport coefficients Rφ in the
equation are treated as constants with respect to temperature and composition, and their
values are derived from the dynamic viscosity µ. The term Ṡg is a source/sink term in the
gas phase equation: for instance, representing the pressure gradient in the momentum
equation. On the other hand, the term Ṡφ serves as the source/sink term associated with
the interaction with droplets and is calculated as follows:

Ṡφ = − 1
∆V ∑

d

d(md φd)

dt
(5)

This term is computed individually for each droplet, and its impact is subsequently dis-
tributed among the nearest grid points. Mass diffusion of distinct species is addressed
through the constant Lewis number approach, with unity Lewis numbers considered
for oxygen and water. For hydrogen, the Lewis number (LeH2) is set at 0.2851, which
corresponds to unburned hydrogen’s Lewis number at a very low equivalence ratio as
computed with Cantera [36]. To isolate the effects of preferential diffusion, additional
simulations were conducted with an artificial hydrogen possessing identical characteristics
as real hydrogen but assigned a Lewis number of unity.

While three-dimensional direct numerical simulations (DNSs) with detailed chem-
istry are currently feasible [37,38], such simulations remain computationally demanding,
particularly in the context of an extensive parametric study. In this work, an irreversible
single-reaction chemical mechanism is therefore considered [39]. The approach involves
adjusting the Zeldovich number (β) and the heat of combustion (H) based on the local
equivalence ratio (ϕ) [39]. The expressions for the Zeldovich number and heat release are
as follows [39]:

β =


βst[1.0 + 8.250(ϕ − 0.64)2] if ϕ ≤ 0.64
βst if 0.64 ≤ ϕ ≤ 1.07
βst[1.0 + 1.443(ϕ − 1.07)2] if ϕ ≥ 1.07

(6a)

H =

{
Hst if ϕ ≤ 1.0
Hst[1.0 − 0.18(ϕ − 1.0)] if ϕ ≥ 1.0

(6b)

The reaction rate is then calculated via an Arrhenius-type formulation:

ω̇F = −ρB∗YFYOexp
(

−β(1 − T)
1 − α(1 − T)

)
(7)

Here and in the following, T indicates the non-dimensional temperature defined as
T = (T̂ − T̂0)/(T̂ad,(ϕ=1) − T̂0). In the equation of the chemical mechanism, the heat
release parameter, denoted as α, is defined by the expression α = (T̂ad,(ϕ=1) − T̂0)/T̂ad,(ϕ=1).
With the selection of T̂0 = 300 K, the heat release parameter has a value of α = 0.874.
This single-step reaction mechanism has demonstrated its ability to capture the variation
in laminar burning velocity with the gaseous equivalence ratio obtained from detailed
chemistry simulations [1]. Several results presented in this article are based on a progress
variable denoted as c. This variable increases monotonically from zero under unburned



Energies 2024, 17, 4632 5 of 17

conditions (u) and unity in the burned gas under equilibrium conditions (b). In this context,
the progress variable is specifically defined as the normalized oxygen mass fraction:

c =
Yu

O − YO

Yu
O − Yb

O
(8)

This definition has already been used in many previous works [1–3,40].

3. Numerical Implementation

Simulations were conducted utilizing a 3D compressible reactive flow solver:
SENGA+ [1–3,40]. Spatial discretization employed a 10th-order central finite difference
scheme, transitioning to a second-order one-sided finite difference scheme at the domain
boundaries. Temporal advancement utilized an explicit third-order low-storage Runge–
Kutta method [41]. In this study, a series of spherical flames with varying equivalence ratios
(ϕ = 0.8 and 1.0) were simulated, both with and without water addition (Yov

W = 0 and 0.1,
where Yov

W is the ratio of added water to the total mass, Yov
W = Yg

W + Yl
W = mW/(m0 + mW),

where mW is the added mass of water and m0 = mA + mF is the sum of the fuel mF and
air mA masses in the unburned part of the simulated volume). Two different types of
water droplets, characterized by ad/δst = 0.03 and 0.04, were used for water addition. The
thickness of the unstretched stoichiometric flame, denoted as δst, is defined as:

δst =
T̂ad,(ϕ=1) − T̂0

max(|∇T̂|L)
(9)

The subscript L designates laminar unstretched conditions. The initial droplet temperature
is set equal to the unburned gas temperature T̂0 for all the cases. Although the initial
temperature of the droplets affects the heat needed to reach the water saturation temper-
ature, its effect is much weaker than the cooling effect caused by water evaporation due
to large magnitude of the latent heat of evaporation for water. The different parameters
for the simulations are presented in Table 1. The influence of a non-zero mean curvature,
which is the case for spherical expanding flames, significantly affects the development and
propagation of the flame, particularly under non-unity Lewis number conditions [25,26].
The method employed for initializing the flame kernel involves adopting a 1D laminar
flame profile with a predetermined equivalence ratio and distributing it in a spherical shape.
The kernel is positioned at the center of the domain, and conditions are set as fully burnt
up to r = 0.2 δst. Beyond this point, the remaining 1D flame profile is mapped spherically.
However, this procedure introduces discrepancies in thermochemical fields, especially in
the presence of preferential diffusion, since the presence of a non-zero average curvature
modifies the evolution of the local thermochemical fields due to the effects of diffusion. In
the current dataset, the case with ϕ = 1 and LeH2 < 1 is the one that evolves the fastest at
the same stoichiometric chemical timescale (tchem = αth/SL,(ϕ=1), with αth as the thermal
diffusivity of the mixture). The stoichiometric LeH2 < 1 flame is allowed to evolve under
laminar conditions until the thermochemical fields are relaxed, and this establishes a target
flame radius of around 10 δst. In this way, all cases are restarted under laminar conditions.
Turbulence is superimposed when the target flame radius is reached, and then the simula-
tions are continued for 2 tchem. The turbulent field, which follows the Batchelor–Townsend
energy spectrum, has an integral length scale L11/δst = 2.5 and intensity u′/SL,(ϕ=1) = 4.0,
which yields a flame in the thin-reaction zone regime. Water addition is initiated at the
beginning when the conditions are still laminar throughout the entire domain except for
the central part containing the ignited flame. The decision to introduce droplets at the start
of the simulations rather than when turbulence is initiated does not significantly impact the
subsequent evolution of the flame or the evaporation process. This is a consequence of the
fact that the primary mass and heat transfer processes between phases generally occur in
the hotter regions of the flame (i.e., the flame and burned gas region), and the droplets are
initially positioned outside of these areas. Boundary conditions are established as standard
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non-reflective inflow–outflow (NSCBC), as there are no pronounced flow directions in
this case, in contrast to previous configurations with statistically planar flames [1–3]. The
domain is cubic with dimensions of 40 δst × 40 δst × 40 δst, and the number of grid points is
set at 512 × 512 × 512. This ensures a minimum of 10 points to resolve the thermal flame
thickness δst and at least 2 points for the Kolmogorov length scale η. Similar configurations
have been explored in several previous studies [30,42].

Table 1. Overview of the parametric study in terms of equivalence ratio ϕ, overall water loading
Yov

W = Yg
W + Yl

W , normalized initial droplet diameter ad/δst, and fuel Lewis number LeH2 .

Case ϕ Yov
W ad/δst LeH2

A 1.0 0.0 — 0.2851
B 1.0 0.1 0.04 0.2851
C 1.0 0.1 0.03 0.2851
D 0.8 0.0 — 0.2851
E 0.8 0.1 0.04 0.2851
F 0.8 0.1 0.03 0.2851
G 1.0 0.0 — 1.0
H 1.0 0.1 0.04 1.0
I 1.0 0.1 0.03 1.0
J 0.8 0.0 — 1.0
K 0.8 0.1 0.04 1.0
L 0.8 0.1 0.03 1.0

4. Results

Despite the simulations being conducted for a predetermined duration after the
start of turbulence, regardless of the simulation parameters, the duration varies due to
the differing time required for each kernel to reach the target radius. Consequently, the
concentration level of steam differs slightly between the cases upon the activation of
turbulence. Nonetheless, steam concentrations remain low across all cases at the time of
turbulence activation because the droplets reside outside the burned gas region, and the
differences in steam concentration are minimal for this reason.

The behavior of the progress variable and non-dimensional temperature field are equal
in adiabatic and equidiffusive flames (i.e., Lee f f = 1). However, our simulations encompass
non-adiabatic conditions owing to droplet evaporation. Consequently, we expect a notable
difference between the progress variable and the non-dimensional temperature, particu-
larly in proximity to evaporating droplet locations due to their cooling and preferential
diffusion effects.

Figure 1 shows iso-surfaces of the progress variable and non-dimensional temperature
at c = 0.9 and T = 0.9. The two iso-surfaces exhibit similar topological characteristics,
albeit with differences that are mainly located in regions where droplet evaporation has
occurred. The formation of small dimples is attributed to the cooling effect induced by
the phase transition of water going from the liquid to the gaseous state. Notably, this
cooling effect manifests more prominently in the temperature field, while the progress
variable is only indirectly influenced by evaporation and the effects are less discernible.
Moreover, the impact of a non-unity Lewis number is less relevant in comparison to non-
adiabatic effects in this figure, especially because at stoichiometric conditions, preferential
diffusion is less significant compared to leaner conditions, such as ϕ = 0.8. An essential
consequence of preferential diffusion is the occurrence of regions where the temperature
surpasses the adiabatic flame temperature corresponding to the specific equivalence ratio.
The examination of the non-dimensional temperature field underscores this characteristic
trait of lean flames with LeH2 < 1.
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Figure 1. Iso-surfaces of progress variable (c = 0.9) on the left and non-dimensional temperature
(T = 0.9) on the right. The data are taken for the case with ϕ = 1 and LeH2 < 1 with water droplet
initial diameter ad/δst = 0.04 at t = 1.5 tchem after superimposing the turbulence.

Figure 2 illustrates the X − Y mid-plane depicting the non-dimensional tempera-
ture θ = (T̂ − T̂0)/(T̂ad,(ϕ) − T̂0) fields from the various simulated cases in this study at
t = 1.5 tchem after the initiation of turbulence. It is immediately clear that the maximum tem-
perature is much higher in the cases with ϕ = 0.8 and LeH2 < 1 than in their counterparts
without preferential diffusion. In the equidiffusive cases, θ is mostly around 1, while there
is much more occurrence of θ > 1 with preferential diffusion, as is also confirmed later on
in Figure 3. Furthermore, it is clear that the case with ϕ = 0.8 and without preferential
diffusion exhibits the slowest flame propagation. Moreover, the temperature field in the
case with ϕ = 0.8 and LeH2 < 1 demonstrates significant distortion induced by turbulence.
This pronounced wrinkling of the flame surface is attributed to the relatively stronger
impact of preferential diffusion under lean conditions, which leads to an increased flame
surface area, which is consistent with previous findings [20,43,44]. The importance of
preferential diffusion as a function of the equivalence ratio can be evaluated through the
effective Lewis number Lee f f . This parameter considers the overall behavior of the mixture
concerning mass and temperature diffusion. The formulation suggested by Bechtold and
Matalon for lean conditions is as follows [43]:

Lee f f = 1 +
(LeO2 − 1) + (LeH2 − 1)A

1 + A
;

A = 1 + β(
1
ϕ
− 1).

(10)

This definition comprises a weighted mean of the Lewis number of the primary reactants,
contingent upon the equivalence ratio via the function A, which is influenced by the
Zeldovich number β.

In Table 2, the effective Lewis numbers are reported for cases A-F for the two equiva-
lence ratios examined in this study, revealing a discernible decrease in Lee f f as ϕ diminishes.
Additionally, in Figure 2, a cooling effect stemming from droplet evaporation is observed,
which is dependent on the maximum gas temperature and residence time of the droplets.
Consequently, the most pronounced cooling effects are observed in the case with ϕ = 1 and
LeH2 = 1, where the maximum temperature is only slightly less than the case with LeH2 < 1
and the duration of the interaction of the droplets with the flame and the burned gasses is
higher than that of the stoichiometric case with LeH2 < 1. Conversely, despite a significantly
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longer droplet–flame interaction time in the case with ϕ = 0.8 and no preferential diffusion,
evaporation remains minimal due to the relatively lower burned gas temperature.

Figure 2. X − Y mid-plane of the non-dimensional temperature θ = (T̂ − T̂0)/(T̂ad,(ϕ) − T̂0) fields
at t = 1.5 tchem after superimposing the turbulence for the cases with ϕ = 1 (1st and 3rd rows) and
ϕ = 0.8 (2nd and 4th rows) without droplets (left column), with droplets of initial diameter
ad/δst = 0.04 (central column), and with droplets of initial diameter ad/δst = 0.03 (right column).
The cases with LeH2 < 1 are in the first two rows, while the cases in which LeH2 = 1 are in the last
two rows. The white iso-lines refer to different progress variable values (c = 0.1, 0.5, and 0.9).

Table 2. Effective Lewis numbers Lee f f at different equivalence ratios ϕ for the present thermochem-
istry (cases A–F).

ϕ Lee f f

0.8 0.51
1.0 0.64
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Figure 3. Probability density function of the non-dimensional temperature θ within the reaction-
dominated region of the flame c = 0.7–0.99. The data are collected at t = 1.5 tchem after superimposing
the turbulence. The blue continuous lines and markers refer to the stoichiometric cases, while the
red continuous lines and markers refer to the cases with ϕ = 0.8. The continuous lines represent the
cases without water addition, and the markers refer to the cases with water addition. The different
markers indicate the initial diameter of the droplets. On the left, the fuel Lewis number is LeH2 < 1,
while on the right, LeH2 = 1.

The probability density functions depicted in Figure 3 substantiate in a quantitative
manner the earlier observations based on slices of the temperature field in Figure 2. Specifi-
cally, cases characterized by preferential diffusion under lean conditions manifest regions
featuring super-adiabatic temperatures. Analysis of the probability density functions indi-
cates that the cases with ϕ = 0.8 generally yield flames exhibiting higher occurrences of
super-adiabatic temperatures than the stoichiometric cases when LeH2 < 1. This discrep-
ancy arises due to the much lower effective Lewis number of the mixture, which causes
more favorable conditions for this particular preferential diffusion effect. Moreover, the
influence of turbulence-induced stretch enhances the consequences of preferential diffusion,
which is particularly pronounced in lean scenarios compared to stoichiometric ones due to
the favorable effects on topology, as observed by Concetti et al. [45]. Notably, temperature
uniformity is enhanced in instances where preferential diffusion is absent. Probability den-
sity functions in the right column attain higher values and lack the extended tails observed
in the results in the left column due to the lower thermal non-uniformity in cases with
LeH2 = 1 than in the cases with LeH2 < 1. Across nearly all cases, temperature distributions
demonstrate only moderate sensitivity to the addition of water, even for the case with the
smallest initial diameter. However, the stoichiometric case without preferential diffusion
exhibits the most substantial change of the probability density function, as evidenced by the
peak shifting to lower temperature values and a reduction in the peak height attributable
to thermal non-uniformity arising from water droplet evaporation. Nonetheless, all droplet
diameters fail to induce markedly distinct behavior in the temperature distributions, even
in instances where evaporation is the most intense among all cases considered in this study.
Examination of the Yg

W fields offers a qualitative assessment of evaporation levels and their
anticipated dilution effects on the flame.

Figure 4 illustrates the fields of gaseous water concentration resulting from evaporation
across the various cases. The concentrations remain comparable across different initial
droplet dimensions and are contingent solely upon variations in the equivalence ratio
and flame propagation speed. The latter factor is particularly significant, as it influences
the residence time of particles within the flame’s hot region (i.e., flame and burned gas
region), as explained at the beginning of the present section. It can be observed that for the
majority of cases, evaporation is insufficient to substantially impact temperature fields in a
significant manner. The sole exception is noted in the case with ϕ = 1 and the unity Lewis
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number. Nevertheless, minor cooling effects, which are also discernible in Figure 3, may
still influence flame speed and propagation characteristics.

Figure 4. X − Y mid-plane of the gaseous water concentration coming only from the evaporation Yg
W

field at t = 1.5 tchem after superimposing the turbulence for the cases with ϕ = 1 (1st and 3rd rows)
and ϕ = 0.8 (2nd and 4th rows) with droplets with initial diameter ad/δst = 0.04 (left column) and
with droplets with initial diameter ad/δst = 0.03 (right column). The cases with LeH2 < 1 are in the
first two rows, while the cases in which LeH2 = 1 are in the last two rows. The white iso-lines refer to
different progress variable values (c = 0.1, 0.5, and 0.9).

It is well known that the flame speed is influenced by stretch effects (=strain+curvature
effects) via the Markstein relation [46]. Hence, all propagation-related properties are now
plotted as functions of the average radius rV . This approach aims to isolate the dependence
of the propagation speed on the curvature similarly across all analyzed cases. The average
radius is computed from the volume using the following formula:

rV =

(
3

4π

∫
V

cdV

)1/3

(11)

The normalized total burning rate S relative to the time of turbulence initiation is
defined as follows:

S =

∫
V ω̇cdV

ρ0SL,(ϕ)A0
⊥

=

∫
V ω̇cdV

ρ0SL,(ϕ)4π(r0
V)

2
(12)



Energies 2024, 17, 4632 11 of 17

In this way, S can be simply interpreted as the relative evolution of the total burning rate.
In the definition of S, the stretched laminar flame speed SL,(ϕ) at the target radius for
turbulence initiation and the initial projected flame area A0

⊥, computed through the initial
radius based on volume r0

V , are used for the estimation of the initial total burning rate.
Figure 5 depicts the relative evolution of the total burning rate for cases with and

without preferential diffusion, which are presented on the left and right sides, respectively.
The presence of preferential diffusion notably enhances the growth of this quantity, par-
ticularly under lean conditions. The higher values of S in lean conditions when LeH2 < 1
can be elucidated from the effective Lewis number values presented in Table 2. At the
same time, the lean case without preferential diffusion exhibits a notably slower evolution
compared to all other cases, which also justifies the limited span of data along the abscissa
in the plots. Furthermore, slight differences can be observed between the trends associ-
ated with evaporation when comparing cases with and without water addition. However,
these deviations remain marginal due to the modest degree of evaporation witnessed in
the simulated cases. This is attributed to the limited residence time of droplets within
the flame and the limited time spent in the burned gas region. The former directly in-
fluences the flame structure, while the latter primarily has indirect effects related to the
decrease in thermal expansion. Nonetheless, despite the observed effects being limited,
discernible physical trends and phenomena are already apparent. The evolution of the total
burning rate is influenced by variations in reactivity, which are reflected in the burning
rate per unit area Ω = (ST/S0

L,(ϕ))/(Ac/A⊥) =
∫

V ω̇cdV/(ρ0S0
L,(ϕ)Ac), where S0

L,(ϕ) is
the unstretched laminar burning velocity, A⊥ is the projected flame area at the instant of
the evaluation, the turbulent flame area Ac =

∫
V |∇c|dV, and the turbulent flame speed

ST =
∫

V ω̇cdV/(ρ0 A⊥). In line with the findings of several previous studies [23,44], in-
stances characterized by pronounced preferential diffusion induced by Lee f f < 1 exhibit
significantly greater values of both Ω and Ac compared to cases where this phenomenon
is absent. Consequently, these characteristics are now observed in order to discern their
responses to a non-zero curvature and the introduction of liquid water.

Figure 5. Evolution of the normalized total burning rate S versus the radius computed from the flame
kernel volume rV . The blue continuous lines and markers refer to the stoichiometric cases, while the
red continuous lines and markers refer to the cases with ϕ = 0.8. The continuous lines represent the
cases without water addition, and the markers refer to the cases with water addition. The different
markers indicate the initial diameter of the droplets. On the left, the fuel Lewis number is LeH2 < 1,
while on the right, LeH2 = 1.

According to Damköhler’s first hypothesis, the value of Ω, as it is defined in the present
work, is expected to equal 1.0 under adiabatic and equidiffusive premixed statistically
planar flame conditions [47,48]. Statistically planar turbulent flames with a Lewis number
smaller (larger) than one are characterized by a value of Ω > 1 (Ω < 1) [49]. Unity
Lewis number flames with a globally negative mean curvature (e.g., Bunsen flames) are
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characterized by a value of Ω > 1 [48], whereas flames with a globally positive mean
curvature (e.g., flame kernels) are characterized by a value of Ω < 1 [50]. For curved flames
with a non-unity Lewis number, both effects compete with each other [50]. In addition, as
previously noted, the conditions under investigation in this study are non-adiabatic due
to water evaporation, and notably, the effects of preferential diffusion are also considered.
The values of burning rate per unit area, depicted in Figure 6, illustrate that when LeH2 < 1,
the quantity Ω > 1, reaching values up to Ω ≈ 1.5. The cases with LeH2 = 1 settle to values
marginally larger than unity for ϕ = 0.8 and smaller than unity for ϕ = 1.0. In order to
explain these effects, we introduce the Markstein relation:

Sd = S0
L,(ϕ)(1 −LK/S0

L,(ϕ)); K =
1

Ac

dAc

dt
= 2Sdκm + at (13)

Figure 6. Burning rate per unit area normalized by the unstretched laminar equivalent Ω versus the
radius computed from the flame kernel volume rV . The blue continuous lines and markers refer to
the stoichiometric cases, while the red continuous lines and markers refer to the cases with ϕ = 0.8.
The continuous lines represent the cases without water addition, and the markers refer to the cases
with water addition. The different markers indicate the initial diameter of the droplets. On the left,
the fuel Lewis number is LeH2 < 1, while on the right, LeH2 = 1.

The displacement speed Sd is the velocity with which the flame propagates with respect
to an initial coincident material surface [51]. In this context, L denotes the Markstein length,
which is typically positive in the absence of thermodiffusive instability, and K signifies
the stretch rate, which describes the variation of flame area over time. The stretch rate
is a function of flame curvature, denoted as κm = 0.5∇ · n⃗, and tangential strain rate,
represented by at = −n⃗⃗n : ∇u⃗ +∇ · u⃗. In the definitions of curvature and tangential strain
rate, n⃗ signifies the normal direction of the flame front and is defined as n⃗ = −∇c/|∇c|.
The displacement speed, defined in Equation (13), is a local quantity dependent on the
reaction rate, diffusive fluxes, concentration gradients, and evaporation effects, where the
latter two are generally negligible compared to the reaction rate and diffusive fluxes [52].

ρSd|∇c| ≈ ω̇c +∇ · (ρD∇c). (14)

Upon integration over the computational volume, the contribution of the diffusive flux
vanishes [48], leading to the following equation:∫

V
ρSd|∇c|dV =

∫
V

ω̇cdV. (15)

The volume integral of the reaction rate can also be expressed as Ωρ0S0
L,(ϕ)Ac =

∫
V ω̇cdV.

Using the surface averaging introduced by Boger et al. [53], ⟨Q⟩s = ⟨Q|∇c|⟩/⟨|∇c|⟩, where
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⟨Q⟩ =
∫

QdV/V denotes the volume average of a general quantity Q, the left-hand side of
Equation (15) can be rewritten as:

Ωρ0S0
L,(ϕ)Ac = ⟨ρSd⟩s Ac (16)

By substituting the density-weighted Markstein relation (Equation (13)) under the assump-
tion of a constant Markstein length, the following expression is obtained, indicating that
the sign of (Ω − 1) depends on the product of the sign of the Markstein length and the sign
of the surface-averaged stretch rate:

Ω = 1 −L⟨K⟩s/S0
L,(ϕ). (17)

According to the definition of the Markstein length associated with the displacement speed
given in [18], L attains the values L = −0.31, −0.14 for ϕ = 0.8, 1.0, respectively, for
LeH2 < 1, whereas it remains larger than unity for LeH2 = 1, i.e., L = 0.34, 0.29 for ϕ = 0.8,
1.0, respectively. This explains the qualitative trends observed in Figure 6. A quantitative
assessment is complicated by the fact that Equation (17) is only valid for small stretch rates;
the Markstein length is not a constant (see, e.g., [51]) and is very sensitive to the definition
of the flame speed [18].

The influence of water on the normalized burning rate per unit area is nearly neg-
ligible, as evaporation remains minimal. However, as demonstrated in prior works by
the authors [1,3], significant cooling effects of water under substantial evaporation rates
can considerably impact Ω, leading to values much lower than unity for both hydrogen
and hydrocarbon combustion. Another factor for investigating the influence on flame
propagation characteristics is the flame area. Figure 7 illustrates the temporal evolution
of the flame area for cases with preferential diffusion on the left and without preferential
diffusion on the right. The trends of the normalized flame area are strongly correlated to
those of the normalized total burning rate profiles, highlighting its significant influence on
propagation speed.

Figure 7. Flame area normalized by the flame area when the turbulence is superimposed Ac/A0
⊥

versus the radius computed from the flame kernel volume rV . The blue continuous lines and markers
refer to the stoichiometric cases, while the red continuous lines and markers refer to the cases with
ϕ = 0.8. The continuous lines represent the cases without water addition, and the markers refer to
the cases with water addition. The different markers indicate the initial diameter of the droplets. On
the left, the fuel Lewis number is LeH2 < 1, while on the right it is LeH2 = 1.

Additionally, water evaporation marginally impacts the trend of flame area evolution,
resulting in diminished area generation due to the cooling effect, which mitigates flame
wrinkling induced by turbulence. Another noteworthy characteristic is observed in cases
where preferential diffusion is active, where the slope of the curves grows faster with the
radius than in the cases without preferential diffusion. In a spherical expanding flame
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configuration, area increase is influenced by two factors: flame outward expansion, evident
in the increase in radius based on volume, and flame surface wrinkling. The intensity of
the latter can be estimated by the ratio between the radius estimated from the volume and
the radius estimated from the flame area (rA = [Ac/(4π)]1/2); when this ratio substantially
exceeds unity, it suggests intense surface wrinkling.

Figure 8 illustrates the deviation of this ratio from unity. As anticipated, cases without
preferential diffusion generally exhibit slower growth compared to those with preferential
diffusion. However, it is noteworthy that the ratio rA/rV is higher for lean cases than for
stoichiometric cases when LeH2 = 1. This is due to the data being plotted over the radial
evolution rather than time, with the duration of flame–turbulence interaction being the
determining factor for flame wrinkling. Water influences the ratio rA/rV in a stronger way
in cases with preferential diffusion than in cases with LeH2 = 1.

Initial flame kernels are prone to quenching caused by curvature stretch effects and
turbulence. Water injection has the potential to further reduce the reaction rate, as found
by earlier studies [1,45]. Nevertheless, the present results suggest that due to the low
evaporation rate of water, water droplets are unlikely to affect the initial flame kernel
growth significantly and have a comparably small effect on the conditions for sustained
combustion. Nevertheless, for longer interaction times, water droplets are likely to have
the potential to reduce flame acceleration or turbulent flame speed for both the preferential
diffusion and equidiffusive cases, as has been observed in previous works [1,45].

Figure 8. Flame-area-based radius normalized by volume-based radius rA/rV versus the radius
computed from the flame kernel volume rV . The blue continuous lines and markers refer to the
stoichiometric cases, while the red continuous lines and markers refer to the cases with ϕ = 0.8. The
continuous lines represent the cases without water addition, and the markers refer to the cases with
water addition. The different markers indicate the initial diameter of the droplets. On the left, the
fuel Lewis number is LeH2 < 1, while on the right, LeH2 = 1.

5. Conclusions

In this study, direct numerical simulations of turbulent spherical expanding premixed
flames are conducted under varying equivalence ratios, water loading, and initial droplet
diameters. The simulations are conducted with and without preferential fuel diffusion
to elucidate the effects arising from this characteristic. The primary objective of this
study is to identify qualitative trends in the interaction between water, flame, turbulence,
and preferential diffusion, where the level of detail obtained through direct numerical
simulation goes beyond that obtained by existing experimental results. Initial observations
reveal that under non-adiabatic conditions and in the presence of preferential diffusion,
the temperature and progress variable fields exhibit subtle differences. Notably, cases
with preferential diffusion manifest regions with temperatures surpassing the adiabatic
temperature under the prescribed conditions. In this context, the burned gas temperature
of the system, the residence time within the flame, and the lifetime in the burned gas
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region of droplets are crucial parameters for determining the evaporation rate when the
initial droplet diameters are identical. However, in the configuration considered in this
study, the evaporation rate of water remains moderate, and the differences in propagation
characteristics are not significantly altered between cases with and without water addition.
Nevertheless, a reduction in total burning rate, flame area, and burning rate per unit area
is observed.

In the presence of preferential diffusion, the total burning rate increases with radius
much more rapidly compared to the thermodiffusively neutral (i.e., unity Lewis number)
cases. The burning rate per unit area exhibits a different response to flame stretching
depending on whether the condition of a non-unity Lewis number is considered or not.
In the former case, the burning rate increases with time and flame stretching, while in the
latter case, a slight decrease is observed. This phenomenon is linked to the differing sign
of the Markstein length. Additionally, the trend of the flame area varies between cases
with and without preferential diffusion, primarily due to flame wrinkling, which can be
estimated by the ratio of the radius computed with the flame area to the flame volume. The
maximum value of this quantity is attained for cases with preferential diffusion and an
equivalence ratio of 0.8.

While the present results suggest a weak influence of water droplets on the initial
growth of a spherical flame, further analyses will be necessary so that the current findings
can be validated and more comprehensive physical insights can be extracted in the presence
of detailed chemical and transport mechanisms. Alternatively, it might be of interest to
study the long-term interaction of the flame and the water, which will require considerably
larger computational domains and might limit the analysis to two-dimensional cases.
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