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A B S T R A C T

Statistically planar premixed hydrogen/air flames with and without liquid water injection are numerically
investigated through Direct Numerical Simulations. The approach used for studying the interaction of the liquid
dispersed phase with the gaseous carrier phase is a hybrid Eulerian–Lagrangian scheme with two-way coupling.
The results show that the water injection acts to attenuate the differential diffusion effects arising from non-
unity Lewis number and thermal expansion effects, especially under stoichiometric conditions. Furthermore,
the size effect of the water droplets is considered by comparing the simulation results for two different initial
droplet diameters of the water mist. In a second series of simulations, the effect of preferential diffusion is
analysed in isolation. In these cases, the fuel has the same properties as hydrogen but a unity Lewis number.
It is observed that the combined action of preferential diffusion and turbulence-induced wrinkling acts to
increase the turbulent burning velocity in the regime considered here, while flame thickening acts to decrease
the turbulent flame area in the fuel-lean cases and as a consequence weakens the effectiveness of preferential
diffusion effects.
1. Introduction

The technique of injecting liquid water inside internal combustion
engines has already been implemented in the mid of last century (e.g.
Pratt & Whitney J57 engine and 1962 Oldsmobile Jetfire). The idea was
to increase the power output for short periods due to the increase of the
overall mass flow within the combustion chamber. However, in recent
years, the technique has been getting attention again due to other
side effects not considered in the past, like the decrease of maximum
combustion temperature and the related decrease of NO𝑥 production
and emission. Several recent numerical and experimental studies have
demonstrated the effectiveness of this technique on the efficiency gain
and reduction of emissions [1,2]. The study of the interaction of liquid
water with turbulent flames is also of paramount importance for safety
reasons, for example, in plant fire extinguishers [3]. The primary effects
of liquid water interaction with flames include:

• Cooling: This arises from the extraction of heat due to phase
change.

• Dilution: The increase in water vapour concentration results in a
decrease in the concentrations of fuel and oxidizer.

• Chemical effects: Previous analysis [4,5] has highlighted how
steam influences radical production and temperature distribution
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within the flame, thereby altering its structure. Furthermore,
water is a principal combustion product of many fuels and the
injection of steam into the system modifies the thermo-chemical
equilibrium state.

In this study, following [6], only the first two effects are consid-
ered, as the last one is deemed of secondary importance (for the
present configurations), primarily due to the low concentration of
steam resulting from droplet evaporation within the flame, as will
be demonstrated later. The focus in recent years is also to reduce or
eliminate carbon dioxide emissions. For this reason, much research is
now directed towards the combustion of carbon-free fuels, and the most
representative one is hydrogen. The challenge of hydrogen combustion
is particularly critical when a fuel-lean mixture is considered where the
effects related to preferential diffusion and intrinsic flame instabilities
become significant, for example, the thermo-diffusive instability, can
occur.

The strength of the thermo-diffusive effects increases with decreas-
ing characteristic Lewis number, which represents the ratio of the
thermal diffusivity to the mass diffusivity of the mixture, and the
flame becomes unconditionally unstable below the critical Lewis num-
ber. A number of previous analytical [7–10], experimental [11–13]
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and computational [14–23] studies focused on the effects of Lewis
number on several aspects of premixed turbulent combustion. It has
been found that the overall burning rate, rate of flame propagation
and the extent of flame wrinkling increase with decreasing Lewis
number. Moreover, the effects of thermal expansion and flame nor-
mal acceleration strengthen with decreasing Lewis number. This also
leads to the augmentation of turbulent velocity fluctuations induced by
thermal expansion in premixed flames with decreasing Lewis number.
All of these analyses have been carried out for single-phase gaseous
conventional turbulent premixed flames. In the literature, there are
experimental studies on the effect of liquid water injection on flames
with non-unity Lewis number [24,25]. Nevertheless, a detailed study
of the effect of preferential diffusion and the local effects of water
evaporation on the flame has not been carried out. Moreover, to date,
the interaction of water droplets with premixed flames with non-unity
characteristic Lewis number is yet to be numerically analysed in detail
although this information is fundamental to the physical understanding
of the effects of water injection on turbulent premixed H2-air flames.
The present work fills the aforementioned gap in the literature by
carrying out Direct Numerical Simulations (DNS) of the interaction of
water droplets with statistically planar premixed flames representing
H2-air combustion for different equivalence ratios, water loadings and
initial water droplet diameters. Moreover, the effects of differential
diffusion induced by non-unity Lewis number in hydrogen-air flames
are identified in this analysis by comparing the water droplet-flame
interaction between non-unity and unity Lewis number conditions. It
is noteworthy to state that the simulations conducted in this study do
not consider fuel-rich mixtures (i.e., 𝜙 > 1.0). Fuel-rich H2-air flames
can be characterized by an effective Lewis number greater than unity.
Such mixtures typically exhibit reduced flame speed enhancement and
flame surface wrinkling as well as the absence of thermo-diffusive in-
stabilities, potentially leading to less relevant operating conditions from
an engineering perspective. Furthermore, in practical contexts such as
gas turbines for power generation and the mitigation of accidental fire
propagation, lean conditions are typically more relevant, and therefore,
only fuel-lean H2-air flames are considered in this paper.

In the following section, the mathematical background will be pre-
sented, before Section 3 will show the simulation results, and Section 4
will present the conclusions of the present study.

2. Mathematical background and numerical implementation

In this work, 3𝐷 direct numerical simulations of statistically pla-
nar premixed turbulent hydrogen/air flames with liquid water in-
jection are performed. A finite-difference code SENGA+ is utilized
for 3𝐷 compressible reacting flows. The spatial discretization is im-
plemented through a high-order central-difference scheme, while the
explicit time advancement is accomplished through a third-order low-
storage Runge–Kutta method. The domain of the simulation is a par-
allelepiped of dimension 30𝛿𝑠𝑡 × 20𝛿𝑠𝑡 × 20𝛿𝑠𝑡 where 𝛿𝑠𝑡 is the thermal
flame thickness of the stoichiometric mixture, defined as:

𝛿𝑠𝑡 =
�̂�𝑎𝑑,(𝜙=1) − �̂�0
𝑚𝑎𝑥|∇�̂� |𝐿

(1)

Here �̂�0, �̂�𝑎𝑑,(𝜙=1) and �̂� are the unburned gas temperature, adiabatic
lame temperature for the stoichiometric mixture and the instanta-
eous dimensional temperature, respectively, while 𝑚𝑎𝑥|∇�̂� |𝐿 refers
o the maximum value of the magnitude of the temperature gradi-
nt under laminar conditions. A uniform Cartesian grid of dimension
84 × 256 × 256 is used for the discretization of the computational
omain, and it resolves 𝛿𝑠𝑡 using at least 10 points. The imposed
oundary conditions are non-reflective inflow–outflow in the direction
f mean flame propagation, and periodic in the transverse directions.
he initial thermo-chemical fields are derived from a 1D laminar
imulation employing the same chemical model, reactant concentra-

̂

2

ions, and unburned temperature 𝑇0 = 300 𝐾. Droplets are introduced
into the unburned gas region of the domain at random positions but
with a homogeneous distribution to avoid any artificial clustering,
and their initial temperature matches that of the unburned reactants.
The introduced water mist consists of monodispersed droplets, with
initial diameters of 𝑎𝑑∕𝛿𝑠𝑡 = 0.02 or 0.04, corresponding to about
10 − 20 μm. These values are commonly encountered in experimental
studies or technical applications documented in the literature [26–
28]. A schematic representation of the configuration setup is provided
in Fig. 1. This code and the present configuration have been used
in several previous studies [6,29,30]. The simulation method consid-
ering the liquid and gaseous phases is a hybrid Eulerian–Lagrangian
approach, and the interaction between the two phases is implemented
through a two-way coupling. The liquid particles are tracked along
their paths in the domain, and their evolution affects the gaseous
transport equations through coupling terms. The governing equations
for the liquid particles are the following:

𝑑�⃗�𝑑
𝑑𝑡

= 𝑢𝑑 ;
𝑑𝑢𝑑
𝑑𝑡

=
𝑢(�⃗�𝑑 , 𝑡) − 𝑢𝑑

𝜏𝑢𝑑
;

𝑑𝑎2𝑑
𝑑𝑡

= −
𝑎2𝑑
𝜏𝑝𝑑

;
𝑑𝑇𝑑
𝑑𝑡

=
�̂� (�⃗�𝑑 , 𝑡) − 𝑇𝑑 − 𝐵𝑑𝐿𝑣∕𝐶

𝑔
𝑝

𝜏𝑇𝑑
(2)

𝑢
𝑑 =

𝜌𝑑𝑎2𝑑
18𝐶𝑢𝜇

; 𝜏𝑝𝑑 =
𝜌𝑑𝑎2𝑑
4𝜇

𝑆𝑐
𝑆ℎ𝑐 𝑙𝑛(1 + 𝐵𝑑 )

;

𝜏𝑇𝑑 =
𝜌𝑑𝑎2𝑑
6𝜇

𝑃 𝑟
𝑁𝑢𝑐

𝐵𝑑
𝑙𝑛(1 + 𝐵𝑑 )

𝐶 𝑙
𝑝

𝐶𝑔
𝑝

(3)

Hence, equations are solved for the droplet position, velocity, temper-
ature and diameter (�⃗�𝑑 , 𝑢𝑑 , 𝑇𝑑 and 𝑎𝑑). Here, 𝐶𝑢 is a drag coefficient
correction computed from the relation 𝐶𝑢 = 1 + 𝑅𝑒2∕3𝑑 ∕6, where the
droplet Reynolds number 𝑅𝑒𝑑 is computed from the velocity difference
between the droplets and the surrounding gas. In Eq. (3), 𝑁𝑢𝑐 and
𝑆ℎ𝑐 represent the corrected Nusselt and Sherwood numbers and are
assumed to be identical. The Spalding number 𝐵𝑑 is computed by con-
sidering the equilibrium gaseous water concentration at the interface
using the Clausius–Clapeyron relation. The Prandtl and the Schmidt
numbers, 𝑃𝑟 and 𝑆𝑐, are taken to be 0.7. The gas phase balance
equations can be expressed with the following general form:

𝜕(𝜌𝜑)
𝜕𝑡

+
𝜕(𝜌𝑢𝑗𝜑)
𝜕𝑥𝑗

= 𝜕
𝜕𝑥𝑗

(

𝑅𝜑
𝜕𝜑∗

𝜕𝑥𝑗

)

+ �̇�𝜑 + �̇�𝑔 + �̇�𝜑 (4)

where the variable 𝜑 represents 𝜑 = {1, 𝑢𝑖, 𝑒, 𝑌𝐹 , 𝑌𝑂, 𝑌 𝑔
𝑊 } and 𝜑∗ = {1,

𝑢𝑖, 𝑇 , 𝑌𝐹 , 𝑌𝑂, 𝑌 𝑔
𝑊 }, for the mass, momentum, energy, fuel, oxidizer and

gaseous water rising from evaporation, respectively. The coefficient 𝑅𝜑
is the diffusion coefficient, �̇�𝜑 is the chemical source term, and �̇�𝑔 is
a general source/sink term. Finally, �̇�𝜑 is the term that describes the
coupling between the liquid and gaseous phases. The expression for this
term is provided by the following equation:

�̇�𝜑 = − 1
𝑉𝑐𝑒𝑙𝑙

∑ 𝑑(𝑚𝑑𝜑𝑑 )
𝑑𝑡

(5)

Here, the subscript 𝑑 denotes quantities related to droplets, where the
mass of each droplet (𝑚𝑑) is calculated assuming it to be a sphere
with uniform density and the diameter coming from the solution of
Eq. (2), while 𝑉𝑐𝑒𝑙𝑙 is the volume defined by the grid resolution. The
individual contributions from each droplet are distributed to neigh-
bouring grid points via trilinear interpolation of the source term. Given
that the droplets consist solely of water, there are no source terms in
the fuel and oxidizer equations, and mass conservation is maintained
by adjusting the mass fractions of non-transported species to ensure
∑

𝑌𝑘 = 1. More details on the methodology can be found in previous
works [6,29,30].

In the present work, the chemistry description is based on a single-
step irreversible reaction, where the reaction rate is described through
a single-step Arrhenius type chemistry [31] with the pre-exponential
factors adjusted in a manner that the normalized laminar burning

velocity 𝑆𝐿,(𝜙)∕𝑆𝐿,(𝜙=1) variation with equivalence ratio 𝜙 obtained
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Fig. 1. Sketch of the computational domain and boundary conditions. The blue
dots represent the water droplets, whereas the coloured surface illustrates the flame,
generated via volume rendering of the temperature field.

from detailed chemistry is accurately captured for 0.5 < 𝜙 < 1, both
for the unity and non-unity Lewis number conditions separately. Even
though 3𝐷 DNS with detailed chemistry is possible in the present
day, simple chemistry allows for an extensive parametric study as it
is performed in the present work. Moreover, it was previously demon-
strated that the quantitative differences in terms of flame propagation
statistics obtained by the use of a single-step chemistry approach and
detailed chemistry are of the same order of magnitude as that of the
postprocessing of detailed chemistry DNS data [32,33]. These results
further justify the use of a single-step chemistry approach in the current
analysis. The turbulence is considered through the imposition of the
turbulent flow field with root mean square of velocity fluctuations
over laminar stoichiometric flame speed 𝑢′∕𝑆𝐿,(𝜙=1) = 4.0, and integral
length scale over unstretched stoichiometric thermal flame thickness
𝐿11∕𝛿𝑠𝑡 = 2.5. The parameters were chosen to reflect combustion in
the practically relevant thin reaction zones regime [34]. The choice
of 𝑢′∕𝑆𝐿,(𝜙=1) = 4 is made to ensure that turbulence does not entirely
disrupt the flame structure, but still wrinkles the flame and perturbs the
preheat zone. Simultaneously, selecting 𝐿11∕𝛿𝑠𝑡 = 2.5 aims to ensure the
natural development of turbulence structures within the computational
domain with respect to the use of periodic boundary conditions. At the
same time, it guarantees a sufficient number of independent samples for
averaging in the homogeneous directions. Together with the resolution
of the Kolmogorov scale and the flame structure, these parameters
enable DNS of all turbulent scales with adequate resolution and follow
the usual best practice guidelines. The turbulence is initialized by
superimposing it onto the laminar initial conditions and is sustained
through a turbulent inflow that has the same spectrum and parameters
of the initial turbulent flow field. At the time 𝑡 = 4.2 𝑡𝑐ℎ𝑒𝑚 quantities
are slowly varying with time and small fluctuations do not affect the
qualitative statements made in this work. As the introduction states,
differential diffusion of the fuel is expected to play an important role
in hydrogen/air combustion. In the context of this work, the Lewis
number of hydrogen is assumed to be 0.2851 and for all other species
(oxygen and water vapour) it is assumed to be unity. While this study
employs certain simplifying assumptions, particularly in the modelling
of droplets (e.g. uniform initial diameter mist, constant liquid phase
density), it is important to stress that the objective of this investigation
is not to replicate a practical technological application, but rather to
achieve a more profound comprehension of the fundamental physics
governing the interaction between liquid water and non-unity Lewis
number flames. Moreover, the methodology employed has been exten-
sively acknowledged in the academic literature [6,35–39], serving as
3

Table 1
Overview of the parametric study in terms of equivalence ratio 𝜙, overall water loading
𝑌 𝑜𝑣
𝑊 = 𝑌 𝑔

𝑊 + 𝑌 𝑙
𝑊 , normalized initial droplet diameter 𝑎𝑑∕𝛿𝑠𝑡, fuel Lewis number 𝐿𝑒𝐻2

,
turbulence intensity with respect to stoichiometric laminar burning velocity 𝑢′∕𝑆𝐿,(𝜙=1)
and with respect to the laminar burning velocity at the particular equivalence ratio
𝑢′∕𝑆𝐿,(𝜙) and turbulent integral length scale normalized by flame thickness 𝐿11∕𝛿𝑆𝐷𝐹 .

Case 𝜙 𝑌 𝑜𝑣
𝑊 𝑎𝑑∕𝛿𝑠𝑡 𝐿𝑒𝐻2

𝑢′∕𝑆𝐿,(𝜙=1) 𝑢′∕𝑆𝐿,(𝜙) 𝐿11∕𝛿𝑆𝐷𝐹

A 0.6 0.0 – 0.2851 4.0 7.3 1.20
B 0.8 0.0 – 0.2851 4.0 5.4 1.82
C 1.0 0.0 – 0.2851 4.0 4.0 2.50
D 0.6 0.1 0.04 0.2851 4.0 7.3 1.20
E 0.8 0.1 0.04 0.2851 4.0 5.4 1.82
F 1.0 0.1 0.04 0.2851 4.0 4.0 2.50
G 0.6 0.1 0.02 0.2851 4.0 7.3 1.20
H 0.8 0.1 0.02 0.2851 4.0 5.4 1.82
I 1.0 0.1 0.02 0.2851 4.0 4.0 2.50
J 0.6 0.0 – 1.0 4.0 11.8 1.01
K 0.8 0.0 – 1.0 4.0 6.3 1.80
L 1.0 0.0 – 1.0 4.0 4.0 2.50
M 0.6 0.1 0.04 1.0 4.0 11.8 1.01
N 0.8 0.1 0.04 1.0 4.0 6.3 1.80
O 1.0 0.1 0.04 1.0 4.0 4.0 2.50
P 0.6 0.1 0.02 1.0 4.0 11.8 1.01
Q 0.8 0.1 0.02 1.0 4.0 6.3 1.80
R 1.0 0.1 0.02 1.0 4.0 4.0 2.50

supplementary evidence for the validity of the present results. For the
subsequent discussion, the thickness of flame 𝛿𝑆𝐷𝐹 (here based on the
surface density function, 𝑆𝐷𝐹 = |∇𝑐|), and the density ratio 𝛾 will play
key roles, which are defined as:

𝛿𝑆𝐷𝐹 = 1
𝑚𝑎𝑥⟨|∇𝑐|⟩

(6)

𝛾 =
𝜌𝑢
𝜌𝑏

(7)

The symbol ⟨𝑄⟩ stands for the average conditional on the progress vari-
able 𝑐, which in this study is computed from the oxygen concentration:

𝑐 =
𝑌 0
𝑂 − 𝑌𝑂

𝑌 0
𝑂 − 𝑌 𝑏

𝑂

(8)

where the superscripts 0 and 𝑏 refer to unburned conditions and chem-
ical equilibrium, respectively.

3. Results and discussion

In the results section, we will first present the effects of water
injection and the initial diameter of the water droplets on the character-
istics of hydrogen/air flame propagation. Next, the effect of preferential
diffusion will be isolated to understand how the flame-water interaction
is affected by this phenomenon.

3.1. Effects of initial diameter of water droplets

The DNS database is presented in Table 1, with the different param-
eters considered in this work. In this subsection, first the simulations
with hydrogen Lewis number 𝐿𝑒H2

= 0.2851 are considered (i.e. cases
A-I). The main effect of liquid water injection is the cooling due
to the evaporation of the droplets. The evaporation of liquid water
droplets mainly affects the temperature field, leaving the reaction
progress variable field relatively unaffected. It can be observed from
Fig. 2 that the iso-surfaces of the reaction progress variable and non-
dimensional temperature are considerably different. The surface related
to the reaction progress variable, the one on the left, presents wrinkling
only due to turbulence, while the iso-surface on the right, related to
non-dimensional temperature, shows small dimples where the droplets
evaporate and deform the iso-surface by extracting the latent heat
of evaporation. In the cases considered here, the differences between
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Fig. 2. Reaction progress variable (left) and non-dimensional temperature (right) iso-
surfaces with value 0.9 for both these quantities. The results are taken at 𝑡 = 1.0
𝑡𝑐ℎ𝑒𝑚.

temperature and progress variable are related to the heat extraction
due to water evaporation and the Lewis number, of hydrogen, which
is different from unity. A significant effect associated with Lewis num-
bers smaller than unity is the presence of local super-adiabatic spots
within the burned gas where the flame surface is convex towards the
reactants. This is a consequence of the faster focusing of fuel into the
reaction zone than the defocusing of heat out of the reaction zone. Just
the opposite combination gives rise to relatively low temperatures in
the regions of a given 𝑐 iso-surface where it is concave towards the
reactants. This behaviour is observed in all simulated cases considered
in this subsection because hydrogen is always diffusing faster than
temperature, air and water vapour.

Fig. 3 shows the distributions of non-dimensional temperature 𝑇 =
(�̂� − �̂�0)∕(�̂�𝑎𝑑,(𝜙) − �̂�0) and gaseous water concentration 𝑌 𝑔

𝑊 arising from
evaporation of injected water droplets in the 𝑥 − 𝑦 mid-plane of the
simulations with injection of water droplets with initial 𝑎𝑑∕𝛿𝑠𝑡 = 0.04
(i.e. large droplets within the parameter range considered here). In
these cases, the presence of the super-adiabatic temperature spots in
the burned gas are still observable because the evaporation effect is
not strong enough to decrease the temperature sufficiently. From the
right column of Fig. 3, it becomes clear that the evaporation effects
are substantial only in the stoichiometric and mildly lean cases. This is
because the mean burned gas temperature decreases with the equiva-
lence ratio, even though local super-adiabatic temperature zones exist,
as observable in Fig. 4 which shows the probability density function of
the non-dimensional temperature inside the reaction zone and burned
gas region of the flame. The weakening of thermal expansion effects
(reflected in a decrease in 𝛾 shown in Table 2) for a decrease in equiva-
lence ratio acts to reduce the mean velocity within the flame which also
increases the residence time of the droplets ahead of the reaction zone
and burned gas region. As the droplets quickly accelerate to the velocity
of the carrier phase, the average droplet velocity decreases with the
decrease of the equivalence ratio, as noted earlier by Hasslberger
et al. [40] for n-heptane flames. The well-known 𝑎2𝑑 law [41] indicates
that the evaporation rate follows a non-linear trend with respect to
the initial droplet diameter. For this reason, the expected effects from
the water evaporation in the cases with 𝑎𝑑∕𝛿𝑠𝑡 = 0.02 are substantially
stronger than for the cases with initial 𝑎𝑑∕𝛿𝑠𝑡 = 0.04. Fig. 5 shows the
distributions of temperature, and the water concentration arising from
the evaporation of injected water droplets in the 𝑥−𝑦 mid-plane for the
cases with initial 𝑎𝑑∕𝛿𝑠𝑡 = 0.02 (i.e. small droplets within the parameter
range considered here). It can be seen from Fig. 5 that in the burned
gas side, the gaseous water concentration arising from the evaporation
of water droplets (i.e. excluding water produced by chemical reaction)
reaches close to the imposed overall value of water in the stoichiometric
and mildly lean cases in contrast to the corresponding cases with initial
𝑎 ∕𝛿 = 0.04. This behaviour arises because of the enhancement of
4

𝑑 𝑠𝑡
Table 2
Density jump 𝛾 at different equivalence ratio 𝜙.
𝜙 𝛾

0.6 6.7
0.8 7.6
1.0 7.9

the evaporation rate with a decrease in the initial droplet diameter.
The rapid rate of evaporation induces a cooling effect as a result of
the extraction of latent heat and dilution of fuel concentration, which
is reflected in the reduced likelihood of the occurrence of the super-
adiabatic temperature pockets in the burned gas in the cases with initial
𝑎𝑑∕𝛿𝑠𝑡 = 0.02 in comparison to the corresponding cases with initial
𝑎𝑑∕𝛿𝑠𝑡 = 0.04. The average burned gas temperature has been found to be
mostly smaller than that in the cases with larger water droplets. Both
the extent of flame wrinkling and flame topology change as a result
of evaporation of water droplets. For example, a comparison between
Figs. 3 and 5 reveals that finger-like flame wrinkles seen for initial
𝑎𝑑∕𝛿𝑠𝑡 = 0.04 cases are much less apparent in the cases with initial
𝑎𝑑∕𝛿𝑠𝑡 = 0.02.

Fig. 6 shows the quantitative differences between the cases by
means of the temporal evolution of the gaseous water vapour concen-
tration arising from droplet evaporation averaged within the flame.
The trend is monotonic with respect to the equivalence ratio, i.e.
the stoichiometric case has the highest concentration followed by the
mildly lean and strongly lean cases, as higher flame temperature acts
to increase the level of evaporation of the injected droplets. Moreover,
a substantial increase in gaseous water concentration with the decrease
in droplet diameter can be observed from Fig. 6. In the cases with the
smaller droplets, the gaseous water concentration reaches the overall
water concentration 𝑌 𝑜𝑣

𝑊 considered for the 𝜙 = 1.0 case, as demon-
strated already in Fig. 5. In the cases with the larger droplets, the
water vapour concentration remains always below 20% of the imposed
overall water concentration. The decrease observed in gaseous water
concentration within the flame for the case with 𝜙 = 1 and 𝑎𝑑∕𝛿𝑠𝑡 =
0.02 is attributed to the displacement of the flame brush position
induced by turbulence. This phenomenon arises due to the significantly
longer evaporation timescale compared to the turbulent and chemical
timescales. However, this effect is not evident for other equivalence
ratios, as the flame moves towards the outlet where higher water con-
centration is present, as depicted in Fig. 5. An essential characteristic of
the flame is its thickness, which is strongly affected by the temperature
of the burned gas. An increase in flame thickness makes the flame less
susceptible to wrinkling as discussed in literature [42–44].

Fig. 7 shows the temporal evolution of the flame thickness compared
to the cases without water injection. In all the simulations, the flame
thickens with water injection, and this intensifies with an increase in
evaporation intensity for small droplets. The temporal evolution of
𝛿𝑆𝐷𝐹 ∕𝛿𝑠𝑡 suggests that the gaseous water concentration continues to
grow for both lean cases since the flame thickness continues to grow
also at later times of the simulation. At the same time, the steam
concentration reaches a plateau in the stoichiometric case with small
water droplets. In addition to the flame thickness the water injection
affects the overall burning rate, which is quantified by the turbulent
burning velocity 𝑆𝑇 = ∫ �̇�𝑐𝑑𝑉 ∕𝜌𝑢𝐴0 where �̇�𝑐 is the reaction rate of
reaction progress variable, 𝜌𝑢 is the unburned gas density and 𝐴0 is
the projected flame area in the direction of mean flame propagation.
The burning velocity is determined by two factors, namely, the flame
surface area and 𝛺, which is the reactant consumption rate per unit
flame area under turbulent conditions normalized by the corresponding
value under laminar conditions. The quantity 𝛺 is defined as:

𝛺 =
𝑆𝑇 𝐴0 (9)
𝑆𝐿,(𝜙) 𝐴𝑐
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Fig. 3. The distributions of non-dimensional temperature (left), and gaseous water concentration arising from the evaporation of injected water droplets (right) in the 𝑥 − 𝑦
mid-plane at 𝑡 = 4.2 𝑡𝑐ℎ𝑒𝑚. From top to bottom, the equivalence ratio is 𝜙 = 1.0, 0.8 and 0.6. The initial droplet size is 𝑎𝑑∕𝛿𝑠𝑡 = 0.04 in all cases. The pink dots represent the water
droplets (not to the scale). The white curves represent contours of 𝑐 = 0.1, 0.5, 0.9 (left to right).

Fig. 4. Probability density function of the non-dimensional temperature inside the hot region of the flame (0.7 ≤ 𝑐 ≤ 0.99) with initial 𝑎𝑑∕𝛿𝑠𝑡 = 0.04 (left) and with initial 𝑎𝑑∕𝛿𝑠𝑡 = 0.02
(right) at 𝑡 = 4.2 𝑡𝑐ℎ𝑒𝑚. The continuous lines are related to the cases without water injection, and the symbols are related to those with water droplets injection.
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Fig. 5. The distributions of non-dimensional temperature (left), and gaseous water concentration arising from the evaporation of injected water droplets (right) in the 𝑥 − 𝑦
mid-plane at 𝑡 = 4.2 𝑡𝑐ℎ𝑒𝑚. From top to bottom, the equivalence ratio is 𝜙 = 1.0, 0.8 and 0.6. The initial droplet size is 𝑎𝑑∕𝛿𝑠𝑡 = 0.02 in all cases. The pink dots represent the water
droplets (not to the scale). The white curves represent contours of 𝑐 = 0.1, 0.5, 0.9 (left to right).

Fig. 6. Time evolution of gaseous water concentration inside the flame (0.1 ≤ 𝑐 ≤ 0.9) with 𝑎𝑑∕𝛿𝑠𝑡 = 0.04 (left) and with 𝑎𝑑∕𝛿𝑠𝑡 = 0.02 (right).
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Fig. 7. Time evolution of the normalized flame thickness 𝛿𝑆𝐷𝐹 ∕𝛿𝑠𝑡 with initial 𝑎𝑑∕𝛿𝑠𝑡 = 0.04 (left) and with initial 𝑎𝑑∕𝛿𝑠𝑡 = 0.02 (right). The continuous lines are related to the
ases without water injection, and the symbols are related to those with water droplets injection.
Fig. 8. Time evolution of the normalized turbulent burning velocity 𝑆𝑇 ∕𝑆𝐿,(𝜙) with initial 𝑎𝑑∕𝛿𝑠𝑡 = 0.04 (left) and with initial 𝑎𝑑∕𝛿𝑠𝑡 = 0.02 (right). The continuous lines are related
o the cases without water injection, and the symbols are related to those with water droplets injection.
Fig. 9. Time evolution of the normalized flame area 𝐴𝑐∕𝐴0 with initial 𝑎𝑑∕𝛿𝑠𝑡 = 0.04 (left) and with initial 𝑎𝑑∕𝛿𝑠𝑡 = 0.02 (right). The continuous lines are related to the cases
ithout water injection, and the symbols are related to those with water droplets injection.
i
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he symbol 𝐴𝑐 stands for the flame area evaluated based on the 𝑆𝐷𝐹 :

𝑐 = ∫ |∇𝑐|𝑑𝑉 (10)

Moreover, the normalized flame surface area 𝐴𝑐∕𝐴0 provides the
easure of flame wrinkling. A value of 𝛺 = 1.0 indicates that the
7

g

ncrease of the burning rate due to chemical reaction occurs solely
ue to the augmentation of the flame surface area, which is often
eferred to as Damköhler’s first hypothesis [45,46]. However, 𝛺 >

is obtained for flames with characteristic Lewis numbers smaller
han unity. The effects of water droplet injection on the evolution of
𝑇 ∕𝑆𝐿,(𝜙) are shown in Fig. 8. The general effect is a decrease in the
rowth of 𝑆 ∕𝑆 with the injection of liquid water droplets. When
𝑇 𝐿,(𝜙)



Fuel 373 (2024) 132314R. Concetti et al.
Fig. 10. Time evolution of burning rate per unit area 𝛺 with initial 𝑎𝑑∕𝛿𝑠𝑡 = 0.04 (left) and with initial 𝑎𝑑∕𝛿𝑠𝑡 = 0.02 (right). The continuous lines are related to the cases without
water injection, and the symbols are related to those with water droplets injection.
Fig. 11. The distributions of non-dimensional temperature (left), and gaseous water concentration arising from the evaporation of injected water droplets (right) in the 𝑥 − 𝑦
mid-plane at 𝑡 = 4.2 𝑡𝑐ℎ𝑒𝑚. From top to bottom, the equivalence ratio is 𝜙 = 1.0, 0.8 and 0.6. The initial droplet size is 𝑎𝑑∕𝛿𝑠𝑡 = 0.04 in all cases. The pink dots represent the water
droplets (not to the scale). The white curves represent contours of 𝑐 = 0.1, 0.5, 0.9 (left to right).
the evaporation intensifies, the growth of 𝑆𝑇 ∕𝑆𝐿,(𝜙) is strongly affected
and a non-monotonic temporal evolution is observed for some cases.
To understand the temporal evolution of 𝑆𝑇 ∕𝑆𝐿,(𝜙) in response to water
droplet injection, the temporal evolutions of 𝐴𝑐∕𝐴0 and 𝛺 are shown in
Figs. 9 and 10, respectively for both water droplet sizes and the cases
8

without water injection. It can be seen from Fig. 9 that the flame surface
area is not strongly affected for the larger water droplets, because the
evaporation rate is not high enough. The flame surface area for the
cases with small water droplet injection is considerably lower than that
without water injection. However, the difference is substantial only for
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Fig. 12. Probability density function of the non-dimensional temperature inside the hot region of the flame (0.7 ≤ 𝑐 ≤ 0.99) with 𝐿𝑒H2
≠ 1 (left) and with 𝐿𝑒H2

= 1 (right) at 𝑡 = 4.2
𝑡𝑐ℎ𝑒𝑚. The continuous lines are related to the cases without water injection, and the symbols are related to those with initial droplet diameter 𝑎𝑑∕𝛿𝑠𝑡 = 0.04.
Fig. 13. Time evolution of normalized turbulent burning velocity 𝑆𝑇 ∕𝑆𝐿,(𝜙) with 𝐿𝑒H2
≠ 1 (left) and with 𝐿𝑒H2

= 1 (right). The continuous lines are related to the cases without
ater injection, and the symbols are related to those with initial droplet diameter 𝑎𝑑∕𝛿𝑠𝑡 = 0.04.
Fig. 14. Time evolution of the normalized flame area 𝐴𝑐∕𝐴0 with 𝐿𝑒H2
≠ 1 (left), and with 𝐿𝑒H2

= 1 (right). The continuous lines are related to the cases without water injection,
and the symbols are related to those with initial droplet diameter 𝑎𝑑∕𝛿𝑠𝑡 = 0.04.
the stoichiometric and the mildly lean cases, while for the strongly lean
case, it can only be discerned at later times. Note that the reaction
progress variable, i.e. the quantity through which the surface area is
calculated, is not directly affected by the water evaporation. Similar
results were obtained by Hasslberger et al. [40] for n-heptane/air
flames with water injection. A comparison of Figs. 8 and 9 reveals that
9

the temporal evolution of 𝐴𝑐∕𝐴0 is not sufficient to explain the non-
monotonic trend of 𝑆𝑇 ∕𝑆𝐿,(𝜙) evolution, as observed in Fig. 8. It can be
seen from Fig. 10 that 𝛺 is not strongly affected by injection of large
water droplets but some deviations of the trends, between the cases
with water and without, are visible for all equivalence ratios. However,
𝛺 values for small water droplet cases are significantly different from
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Fig. 15. Time evolution of burning rate per unit area 𝛺 with 𝐿𝑒H2
≠ 1 (left), and 𝐿𝑒H2

= 1 (right). The continuous lines are related to the cases without water injection, and the
symbols are related to those with initial droplet diameter 𝑎𝑑∕𝛿𝑠𝑡 = 0.04.
t
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the purely gaseous cases without water injection. In the stoichiometric
case with small water droplets, 𝛺 assumes a value much smaller than
unity, thus demonstrating that this mechanism is responsible for the
decay of 𝑆𝑇 ∕𝑆𝐿,(𝜙) with time under this condition. The above results
indicate that the cooling effects induced by the evaporation of water
droplets, as a result of latent heat extraction (major effect) and dilution
of fuel concentration (minor effect) within the flame, act to thicken
the flame and reduce the burned gas temperature. The combination of
reduced burned gas temperature and thicker flame acts to reduce the
extent of flame wrinkling and makes the flame more prone to partial
quenching. It is also interesting to note the presence of non-monotonic
behaviour of 𝛺 and 𝐴𝑐∕𝐴0 with the equivalence ratio. This is a result of
the competition between the ratio of root-mean-square (rms) value of
turbulent velocity to actual laminar flame speed 𝑢′∕𝑆𝐿,(𝜙), normalized
wrinkling length scale 𝐿11∕𝛿𝑆𝐷𝐹 and effects of preferential diffusion,
which will be discussed in more detail in the next subsection.

3.2. Preferential diffusion effects

The important effects of preferential diffusion are isolated by com-
paring the results of non-unity 𝐿𝑒H2

simulations with the corresponding
simulations with 𝐿𝑒H2

= 1.0. Table 1 shows the parameters for the
simulations with unity Lewis number (cases J-R) without droplets and
for both droplet sizes. The strength of preferential diffusion effects
can be expressed with the help of an effective Lewis number 𝐿𝑒𝑒𝑓𝑓
which describes the overall mass diffusion behaviour of the mixture
and can be calculated through the Bechtold–Matalon formula, which is
an equivalence ratio weighted average of the fuel and oxidizer Lewis
number, which for lean mixtures reads [47]:

𝐿𝑒𝑒𝑓𝑓 = 1 +
(𝐿𝑒𝑂2

− 1) + (𝐿𝑒H2
− 1)𝐴

1 + 𝐴
;

𝐴 = 1 + 𝛽( 1
𝜙

− 1).
(11)

Eq. (11) depends on the Zeldovich number 𝛽, that in our case is
5.0 [48]. The effective Lewis numbers for cases A-I are given in Table 3
as a function of the equivalence ratio, while for cases J-R the effective
Lewis number is identical to unity.

A qualitative assessment of the distinct behaviour of the flame
when preferential diffusion is disabled is evident in Fig. 11 for the
large water droplets (i.e. cases M-O), illustrating the non-dimensional
temperature fields (left) and gaseous water concentration (right). In
all three cases, there are no super-adiabatic regions, indicating that
the maximum normalized temperature remains unity. Additionally, the
temperature fields exhibit reduced levels of stratification and higher ho-
mogeneity compared to cases with preferential diffusion. Furthermore,
10

these flames reveal reduced wrinkling of the flame surface and a lower
Table 3
Effective Lewis number 𝐿𝑒𝑒𝑓𝑓 at different equivalence
ratio 𝜙, for the present thermo-chemistry.
𝜙 𝐿𝑒𝑒𝑓𝑓
0.6 0.42
0.8 0.51
1.0 0.64

evaporation rate, particularly evident in lean cases compared to the
corresponding simulations with 𝐿𝑒H2

≠ 1. A quantitative validation of
the absence of super-adiabatic regions, especially under lean conditions
when the Lewis number is 1.0, is provided in Fig. 12, where non-
dimensional temperature PDFs are presented for cases with non-unity
Lewis numbers on the left and unity Lewis numbers on the right. From
the PDFs in Fig. 12, it is evident that the peak of probability in the
distribution is higher in the cases with 𝐿𝑒H2

= 1 than the cases with
preferential diffusion, suggesting a lower temperature stratification.
Moreover, those peaks are always at a position of 𝑇 ≤ 1. Furthermore,
he absence of a tail in the region 𝑇 > 1 confirms the absence of super-

adiabatic regions when preferential diffusion is absent. However, the
effect of evaporation of liquid water droplets is qualitatively similar
for non-unity and unity Lewis number conditions. The peaks of the
non-dimensional temperature PDF move towards cooler regions and the
distributions become broader in the cases with water injection due to
the thermal stratification caused by the local cooling obtained by the
evaporation of the droplets. This can be deduced from the decrease of
the magnitude of PDFs, which suggests an increase of its width because
the PDF integrates to unity to satisfy the normalization constraint.
The presence of preferential diffusion also influences the evolution
of the turbulent burning velocity. Fig. 13 shows the evolution of the
turbulent burning velocity for the cases with non-unity Lewis number
on the left and for the unity Lewis number on the right. The temporal
increase of the turbulent burning velocity when the preferential fuel
diffusion is switched off has a smaller slope than in the cases with
𝐿𝑒H2

≠ 1, which clearly underlines the preferential diffusion effects for
cases A-I, which are characterized by 𝐿𝑒𝑒𝑓𝑓 < 1. Furthermore, without
preferential diffusion, 𝑆𝑇 ∕𝑆𝐿,(𝜙) monotonically increases with 𝜙. The
toichiometric case reaches the highest value, followed by the slightly
ean and strongly lean cases, respectively for the unity Lewis number
ondition. The strongly lean case, in particular, has an almost constant
alue of 𝑆𝑇 ∕𝑆𝐿,(𝜙) for 𝐿𝑒H2

= 1. Referring to Table 1 it becomes clear
that the flame wrinkling is dominated by the small ratio of normalized
integral length scale 𝐿11∕𝛿𝑆𝐷𝐹 (which is smallest and of the order of
unity for the cases with 𝜙 = 0.6) rather than the ratio of rms turbulent
velocity to actual laminar flame speed 𝑢′∕𝑆 (which is highest for
𝐿,(𝜙)
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Fig. 16. The distributions of non-dimensional temperature (left), and gaseous water concentration arising from the evaporation of injected water droplets (right) in the 𝑥 − 𝑦
mid-plane at 𝑡 = 4.2 𝑡𝑐ℎ𝑒𝑚. From top to bottom, the equivalence ratio is 𝜙 = 1.0, 0.8 and 0.6. The initial droplet size is 𝑎𝑑∕𝛿𝑠𝑡 = 0.02 in all cases. The pink dots represent the water
droplets (not to the scale). The white curves represent contours of 𝑐 = 0.1, 0.5, 0.9 (left to right).
the cases with 𝜙 = 0.6). For the cases with 𝐿𝑒H2
≠ 1, 𝐿𝑒𝑒𝑓𝑓 grows

with 𝜙 and the effects of preferential diffusion thus become less intense.
However, preferential diffusion needs a wrinkled flame in order to
become effective. As can be seen from Fig. 14, the 𝜙 = 0.6 flames are
characterized by a small amount of wrinkling. Hence, despite the small
effective Lewis number for cases A,D,G, preferential diffusion effects
are not pronounced. By contrast, the flame is much more effectively
wrinkled for cases B,E,H with 𝜙 = 0.8 which enhances preferential
diffusion effects and ultimately leads to larger values of 𝑆𝑇 ∕𝑆𝐿,(𝜙) and
𝐴𝑐∕𝐴0 for the 𝜙 = 0.8 compared to the 𝜙 = 1.0 case in contrast to
cases J-O with 𝐿𝑒H2

= 1, where the effective Lewis number is unity. In
other words, the evolution of 𝐴𝑐 is mainly determined by turbulence-
induced wrinkling, while preferential diffusion acts only to amplify
this phenomenon. Finally, the analysis performed earlier on 𝛺 and
𝐴𝑐 is now repeated for the cases with 𝐿𝑒H2

= 1 and compared with
that for the cases with 𝐿𝑒H2

≠ 1, to better understand the different
trends observed in Fig. 13. From Damköhler’s first hypothesis and the
results of previous studies [45,46,49], we expect that in the absence of
preferential diffusion (i.e. 𝐿𝑒H2

= 1) the value of 𝛺 should be around
unity. Fig. 15 confirms the previous hypothesis, at least approximately
for the cases with 𝜙 = 1.0 and 0.8. In both cases, the value of 𝛺
fluctuates around unity over the course of the simulations. In the cases
J,O with 𝜙 = 0.6, 𝛺 stabilizes at 0.8 instead of 1.0. This behaviour arises
11
because the leanest case is prone to partial quenching of the flame due
to stretch effects when 𝐿𝑒H2

= 1 at this equivalence ratio.
The effects of water evaporation when 𝐿𝑒H2

= 1 are slightly weaker
compared to the corresponding cases with 𝐿𝑒H2

≠ 1, in particular for
the most fuel lean case considered here. This can again be explained
by the preferential diffusion effects potentially leading to the presence
of super-adiabatic temperature regions. These regions amplify the heat
flux from the gaseous phase to the liquid phase, thereby enhancing the
evaporation rate. However, they also induce an increase in the droplet’s
velocity due to enhanced thermal expansion, subsequently diminishing
the potential residence time within the burned gas region. These two
opposing influences result in a faster evaporation of the droplets in
comparison to that in the corresponding 𝐿𝑒H2

= 1.0 cases with the same
𝜙. The more pronounced impact of increased heat flux overshadows the
effects on droplet residence time, especially given its inherently shorter
duration compared to the average lifetime of droplets in the scenarios
under consideration. As a result, the impact of liquid water injection
is weaker in the unity Lewis number cases than in the non-unity Lewis
number cases. For completeness, the analysis regarding the effects of
preferential diffusion is repeated for the small water droplets (cases P-
R). Fig. 16 shows the non-dimensional temperature and concentration
of gaseous water resulting only from evaporation, presented on the
left and right sides respectively, for cases characterized by unity Lewis
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Fig. 17. Probability density function of the non-dimensional temperature inside the hot region of the flame (0.7 ≤ 𝑐 ≤ 0.99) with 𝐿𝑒H2
≠ 1 (left) and with 𝐿𝑒H2

= 1 (right) at 𝑡 = 4.2
𝑡𝑐ℎ𝑒𝑚. The continuous lines are related to the cases without water injection, and the symbols are related to those with initial droplet diameter 𝑎𝑑∕𝛿𝑠𝑡 = 0.02.
number and initial water droplet diameters of 𝑎𝑑∕𝛿𝑠𝑡 = 0.02. Fig. 16
confirms that the absence of super-adiabatic regions in cases with-
out preferential diffusion substantially impacts evaporation, surpassing
the influence of other factors such as flow acceleration. The general
behaviour observed in Fig. 16 is very similar to Fig. 11 with higher
amounts of water vapour observed for the smaller droplets. The effects
of evaporation can be further assessed through PDFs of temperature,
as shown in Fig. 17. By comparing the right part of Fig. 17 with
Fig. 12 for small and large droplets respectively, it can be seen that the
effects of preferential diffusion are qualitatively similar in both cases,
but somewhat more pronounced for the small droplets due to stronger
evaporation.

4. Conclusions

The effects of liquid water injection on the combustion characteris-
tics of statistically planar hydrogen/air premixed turbulent flames have
been analysed in the present work based on a series of carrier-phase
DNS. The following conclusions can be drawn:

• The non-unity Lewis number effects are most prominent in the
mildly fuel-lean case (i.e. 𝜙 = 0.8) and are less significant for the
strongly lean cases (i.e. 𝜙 = 0.6) because thicker flames in these
cases act to reduce the extent of wrinkling compared to the mildly
fuel-lean cases.

• The evaporation characteristics are highly dependent on the ini-
tial size of the water droplets, which has consequences for the
technical application of water injection.

• Water injection tends to attenuate the effects of differential dif-
fusion arising from non-unity Lewis number. This attenuation
is particularly strong for small water droplets due to their high
evaporation rate.

• The water injection effects on the flame surface area have been
found to be negligible for the strongly fuel-lean cases but are more
intense in the mildly fuel-lean and stoichiometric cases.

• The reactant consumption rate per unit flame area decreases with
increasing water evaporation intensity due to the cooling effect.

• The evolution of burning rate per unit area and flame area
are strongly affected by the water injection in the absence of
preferential diffusion.

• Further, the absence of preferential diffusion indirectly affects
the interaction between the flame and the liquid phase. This is
a consequence of the maximum burned gas temperature reached
in the system which in turn affects the evaporation rate within
the flame.
12
The above findings indicate that increased wrinkling results in stronger
preferential diffusion effects and an increased turbulent burning ve-
locity. Consequently, the cooling mechanism within the system (e.g.
water droplet evaporation) inhibits or counteracts certain characteristic
phenomena of hydrogen combustion, such as the growth of burning
rate per unit area and enhancement of flame surface area. Conversely,
deactivating preferential diffusion in a numerical experiment yields
a less wrinkled flame with a decreased burning rate per unit area.
Moreover, the liquid water evaporation decreases due to the lower
maximum temperature attained by the system for the unity Lewis
number simulations.

While the qualitative analysis reported in this work offers valuable
insights into the general behaviour and is underlined by sound physical
arguments, quantitative results may be influenced to some extent by the
simplifying assumptions adopted. Consequently, further analysis with a
more detailed description of chemistry and transport will be desirable
to confirm the present findings and additionally to analyse the effect of
water injection on NO𝑥 emissions which are known to be temperature
sensitive.
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