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Abstract
Three-dimensional carrier-phase Direct Numerical Simulations (DNS), combined
with a Lagrangian representation of individual droplets, have been employed in
this parametric study to examine the physical effects of liquid water mist interacting with laminar and turbulent premixed stoichiometric n-heptane air flames.
Significant reductions of flame temperature and burning velocity have been observed in the presence of water droplets. In agreement with the laws governing
evaporation, a strongly non-linear influence of the droplet size on the overall
burning rate has been noted, whereas the influence of water loading is fairly
linear. Different regimes of droplet-flame interaction are known to exist and
this has been investigated by numerical experiments focusing on the influence
of the latent heat of vaporization. When using realistic fluid properties of water,
the cooling effect due to the enthalpy sink of evaporating droplets outweighs the
dilution effect due to the local release of steam. Under turbulent conditions, the
effectiveness of the droplets in reducing the overall burning rate changes owing
to the transient nature of the droplet-flame interaction. Furthermore, it was
found that the evaporating droplets significantly diminish the flame-generated
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turbulence and this leads to weaker turbulent wrinkling of the flame surface as
compared to gaseous premixed reference simulations without droplets. Based on
a comparison of the time scales representing droplet evaporation and the droplet
residence time within the flame, a reduced-order model is proposed to account
for both the cooling and dilution effects with respect to flame temperature and
laminar burning velocity.
Keywords: Direct Numerical Simulation, Water droplets, Droplet-flame
interaction, Flame-generated turbulence, Cooling and dilution effect

1. Introduction
The manipulation of combustion processes by liquid water injection has
a long tradition. A considerable number of applications or scenarios can be
mentioned, ranging from aircraft propulsion to automotive applications and
5

fire/explosion safety installations. As early as in the 1940s, the DB605D engine
of the Messerschmitt BF-109 aircraft used water/methanol injection for a power
boost of up to 40% during takeoff and climb. A well-known realization is Pratt
& Whitney’s J57 jet engine, featuring water injection for takeoff, as installed in
the B-52 bomber and KC-135 tanker. Another prominent example is the Rolls-
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Royce Pegasus engine, as installed in the Harrier vertical-takeoff-and-landing
aircraft.
Before being eventually banned in the 1980s, water/methanol injection was
also popular in Formula 1 turbo engines, but is still being applied in rallye (e.g.
Subaru WRX) and drag-racing. The most recent realization in volume-produced
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cars is BMW’s M4 GTS (from 431 to 500 HP and 550 to 600 Nm due to water
injection). Bosch also independently offers a system called WaterBoost, yielding
up to 5% increase in engine performance, 4% decrease in CO2 emissions and
13% improvement in fuel economy. Additional effects comprise a shifting of
the knocking limits and a reduction of temperature loads on the exhaust gas
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catalyst.
Based on experimental investigations of a swirl-stabilized premixed natural

2

gas burner, Lellek [1] estimated the potential of performance increase in gas turbine engines due to water injection to be about 30%. It has also been concluded
that the atomization characteristics of the water spray are of vital importance
25

in terms of pollutant formation (CO and NOx ), because of the influence of the
uniformity of water distribution and the occurrence of hot spots.
Fan et al. [2] added water droplets of 36.6 µm mean size to a premixed
methane-air flame in order to investigate the flame suppression effects using
a dedicated two-phase PIV technique. A particular focus was placed on the
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accurate quantification of the slip velocity between the liquid and gaseous phase,
which plays an important role in determining both the droplet evaporation rate
and residence time within the flame. The results showed that water droplets
reduce the flame speed substantially, especially at high strain rates.
The usage of water sprinklers to avoid or mitigate accidental flame prop-
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agation is widespread on offshore platforms, in nuclear reactors and in the
chemical/process industry. In case of high-speed flame propagation, i.e. explosions, aerodynamic breakup of droplets by impulsively accelerated flow or even
shock waves [3] is an important factor since this interaction heavily influences
the droplet size distribution and thus the overall burning rate [4]. Thomas [5]
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further summarized the chemical and physical processes relevant to explosion
mitigation by water sprays. It has been emphasized that the major suppression contribution comes from those droplets smaller than 50 µm and that an
accurate characterization of the generally poly-disperse spray is essential. In
practice, the effectiveness of water sprays also depends on the initial strength
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of the explosion. The droplet size distribution eventually interacting with the
flame can be very different to the unaffected size distribution corresponding
to a certain nozzle configuration. To be able to draw clear conclusions, monodisperse droplets are imposed in the present work but different droplet diameters
have been considered.

50

Another interesting aspect of combustion manipulation by water sprays is
related to turbulence generation by the spray itself. In this regard, water nozzles
typically installed on offshore platforms have been studied by Van Wingerden
3

and Wilkins [6]. Under adverse conditions, the flame speeds found in the presence of turbulence due to various types of nozzles were up to 2.3 times the
55

flame speeds without water sprays – which is in contrast to the original intention. The properties of the turbulence appear to be related to the dimensions
of the chamber in which the experiments were performed rather than the size
of the droplets (e.g. due to vortex shedding). In other applications like internal
combustion engines, this enhancement effect may as well be beneficial. The
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spray-induced turbulence increases the fuel consumption rate while the water
droplets are decreasing the flame temperature at the same time.
Zhang et al. [7] also reported on the enhancement effects on methane-air
explosions caused by the spraying of water into a sealed vessel. For the investigated Sauter mean diameters of 28.2 µm and 43.3 µm as well as various
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equivalence ratios, the maximum explosion overpressure, pressure rising rate
and flame propagation velocity increased considerably after spraying. Hence, it
would be worthwhile to separate the effects of (spray-induced) turbulence from
those of the water droplets themselves, as is done in the present work.
Using fully resolved two-dimensional simulations, Nicoli et al. [8] recently
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examined premixed flame dynamics in the presence of water mist. The droplet
inter-distance emerged to be a parameter requiring specific attention. For a
small droplet inter-distance, a sufficient amount of water (partially) quenches
the flame. For larger droplet inter-distance and suitable droplet size, a flame
speed enhancement has been observed which is attributed to Darrieus-Landau
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instability wrinkling the flame. Such a flame speed promotion in the presence
of water droplets is interpreted as a secondary non-linear enhancement of the
flame surface area.
Representing the worst-case combustion regime in terms of the pressure loads
on the containing structure, detonations propagating into water mist have been
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studied by Thomas et al. [9]. Stripping of a micro-mist from initially larger
droplets in the shock flow field enables energy loss from the wavefront in heating and vapourizing the micro-mist. Application of Shchelkin’s criterion to
the detonation quenching mechanism shows that a 20% energy loss from the
4

wavefront is required for quenching. According to Jarsalé et al. [10], a moderate
85

decrease of detonation propagation velocity has been observed, whereas the detonation cell size increases significantly for ethylene-air detonations interacting
with small water droplets.
In the context of non-premixed hydrocarbon flames interacting with water
mist, further revealing research is available in the literature. Interactions of
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fine droplets of water and water/NaOH solutions with a steady non-premixed
laminar counterflow methane-air flame have been investigated experimentally
and numerically by Lazzarini et al. [11]. Inclusion of NaOH in water has been
shown to significantly enhance the fire suppression ability of water by complementing its thermal effects with chemical catalytic radical recombination effects
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of NaOH. Also, fine water mist has been found to be as effective as the now
banned gaseous fire suppressant Halon 1301. Arias et al. [12] presented a computational study on non-premixed flame extinction by water spray. A comparison
of various simulation cases of two-dimensional ethylene-air counterflow diffusion flames highlights the flame weakening characteristics due to aerodynamic
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stretch and heat loss due to water spray evaporation.
For general interest, it shall also be mentioned that further analysis on hydrogen flames interacting with water mist is available in the literature but these
contributions are not reviewed here due to the focus on hydrocarbon fuels.
Water is an exceptional substance in many ways. It is characterized by a
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very high gas-liquid density ratio as well as the highest specific heat and latent
heat of vaporization of all liquids (cf. Table 2). Particularly because of this last
property (and because it is readily available), water is utilized in internal combustion engines and gas turbine engines as an enthalpy sink to reduce the flame
temperature. The second main purpose is to boost temporarily the power out-
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put/thrust, as in aircraft propulsion, via an increased mass/volume flux through
the system. In turn, these advantages imply various consequences on fuel efficiency, emissions, component loads and so forth. From a point of view of the
underlying phenomena, physical effects and effects related to chemical kinetics
can generally be distinguished. In terms of the physical effects, the aforemen5
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tioned cooling effect due to droplet evaporation and the dilution/concentration
effect due to steam generation are particularly relevant in the context of this
work. As can be seen from the Arrhenius-type reaction rate expression in Eq. 2,
both the fuel and oxidizer concentration as well as the temperature are directly
affecting the local burning rate. Unlike strictly inert gases like helium, nitrogen
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or argon, steam is known to exhibit a non-vanishing chemical effect due to its
high third-body efficiency [13, 14]. However, the chemical effect is considered a
higher-order effect compared to the physical effects and thus is not investigated
in this work. Moreover, the low steam concentrations occurring within the flame
(as demonstrated later) justify this approach.
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The aforementioned experimental and numerical studies are mostly focused
on a global characterization of the combustion process, without a detailed view
on the local flame-turbulence-droplet interaction mechanisms. The present work
addresses this gap and attempts to isolate the different physical effects by means
of Direct Numerical Simulations (DNS). The computational setup represents an
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idealized configuration but is also relevant to the applications mentioned above.
Since the volatility of fuel droplets is much higher than of water droplets, significant pre-evaporation ahead of the flame occurs for fuel droplets, whereas
marginal pre-evaporation occurs for water droplets after injection into the combustion chamber. As a consequence, the water vapor concentration ahead of the
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flame is very low and the local situation (i.e. on the scale that can be captured
by the DNS domain) in terms of droplet-flame interaction is represented by the
idealized configuration consisting of a gaseous premixed flame interacting with
mono-disperse liquid water droplets.
The goals of this study are to improve the fundamental understanding of
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water droplet flame interaction in a turbulent environment, to isolate the different physical effects and, eventually, to exploit these observations in the sense
of a reduced-order modelling strategy.

6

2. Mathematical background
Although three-dimensional DNS with detailed chemistry are generally pos145

sible nowadays, e.g. [15, 16], they still remain extremely expensive for heavy
hydrocarbons (e.g. n-heptane). Also, an extensive parametric analysis as conducted in this study would be prohibitively expensive for detailed chemistry
based DNS (actually orders of magnitude higher in terms of CPU hours). As
this paper focuses on the physical effects of water flame interaction, a compu-
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tationally inexpensive modified single-step irreversible Arrhenius-type chemical
reaction has been adopted. Based on a mass balance, the chemical reaction can
be formulated in a generic manner as
Fuel + s Oxidizer −→ (1 + s) Products,

(1)

i.e. 1 unit of fuel + s units of oxidizer give rise to (1 + s) units of products,
where s is the stoichiometric mass ratio [17]. The chemical effect of steam is
155

assumed to be a higher order effect compared to the physical effect of steam.
Other complex phenomena in terms of chemical kinetics, like ignition, are also
not relevant to this study. Accordingly, the fuel reaction rate is given by the
Arrhenius-type expression
ω̇F = −ρB ∗ YF YO exp



−β(1 − T )
1 − α(1 − T )


,

(2)

based on the gas density ρ, normalized pre-exponential factor B ∗ , fuel mass frac160

tion YF , oxygen mass fraction YO , Zel’dovich number β, heat release related parameter α = τ /(1+τ ) and non-dimensional temperature T = (T̂ −T0 )/(Tad −T0 ),
where T̂ is the instantaneous dimensional temperature and Tad is the adiabatic
flame temperature. The unburned gas temperature is taken to be T0 = 300 K,
which yields a heat release parameter of τ = (Tad − T0 )/T0 = 6.54 in the case of
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stoichiometric n-heptane air combustion. To account for the generally inhomogeneous mixture distribution due to the localized release of steam (and therefore
localized reduction of fuel and oxygen mass fraction), the heat of combustion,
activation energy and Zel’dovich number are taken to be functions of the local

7

equivalence ratio according to the methodology proposed by Fernández-Tarrazo
170

et al. [18]. The chemical mechanism has been shown to compare favorably with
both experiments and detailed chemistry simulations for typical hydrocarbon-air
mixtures [18, 19].
The two-way coupled Euler-Lagrange approach adopted in this work essentially follows the pioneering work of Reveillon and Vervisch [20] and has been
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applied in many other recent studies on spray combustion [21, 22, 23, 24, 25].
The position, velocity, diameter and temperature of Lagrangian droplets (subscript d) are governed by
T̂ (~xd , t) − Td − Bd Lv /Cpg
d~xd
d~ud
~u(~xd , t) − ~ud da2d
a2d dTd
= ~ud ;
=
=
−
=
;
;
,
p
dt
dt
τdu
dt
τd dt
τdT
(3)
where Lv is the latent heat of vaporization, and τdu , τdp and τdT are the corresponding relaxation time scales:
τdu =

180

Cpl
ρd a2d
Sc
ρd a2d Pr
ρd a2d
Bd
; τdp =
; τdT =
.
18Cu µ
4µ Shc ln(1 + Bd )
6µ Nuc ln(1 + Bd ) Cpg

(4)

These expressions are depending on the droplet density ρd , Schmidt number
Sc, specific heat of the liquid phase Cpl , corrected drag coefficient Cu = 1 +
2/3

Red /6, droplet Reynolds number Red = ρ|~u(~xd , t)−~ud |ad /µ, Spalding number
s
s
), and corrected Sherwood and Nusselt numbers
− YW (~xd , t))/(1 − YW
Bd = (YW
s
Shc = Nuc = 2 + 0.555Red Sc/(1.232 + Red Sc4/3 )1/2 , where YW
is the value
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of the water mass fraction YW at the surface of the droplet. To evaluate the
Spalding number Bd , the Clausius-Clapeyron equation for the partial pressure
of the water vapour at the droplet surface psW is used according to
psW = pref exp



Lv
R



1
1
s − Ts
Tref
d



s
; YW
=



−1
Wg p(~xd , t)
1+
−
1
,
WW
psW
(5)

s
where R is the gas constant, Tref
is the boiling point of the water at pressure

pref and Tds is assumed to be Td . Wg and WW are the molecular weights of the
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gaseous mixture and water, respectively. The two-way coupling between liquid
and gaseous phases is realized via additional source terms in the gaseous phase

8

transport equations
∂(ρϕ) ∂(ρuj ϕ)
∂
+
=
∂t
∂xj
∂xj



∂ϕ∗
Rϕ
∂xj


+ ω̇ϕ + Ṡg + Ṡϕ ,

(6)

where ϕ = {1, ui , e, YF , YO , YW } and ϕ∗ = {1, ui , T̂ , YF , YO , YW } for the conservation equations of mass, momentum, energy and mass fractions, respec195

tively. The ω̇ϕ term corresponds to reaction rate, Ṡg stands for an appropriate
source/sink term in the gaseous phase (e.g. pressure forces in the momentum
equation) and
Ṡϕ = −

1 X d(md ϕd )
∆V
dt

(7)

d

is the source term due to droplet evaporation, which is tri-linearly interpolated
from the droplet sub-grid position ~xd to the eight surrounding grid points. Here,
200

∆V denotes the cell volume and md = ρd πa3d /6 denotes the droplet mass. Based
on the kinematic viscosity ν and appropriate Schmidt numbers σϕ corresponding
to ϕ, Rϕ = ρν/σϕ for ϕ = {1, ui , YF , YO , YW } and Rϕ = λ for ϕ = e. The Lewis
numbers of all species are assumed to be unity and all species in the gaseous
phase are taken to be perfect gases. Standard values are considered for the ratio
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of specific heats (γ = Cpg /Cvg = 1.4, where Cpg and Cvg are the gaseous specific
heats at constant pressure and volume, respectively) and Prandtl number (P r =
µCpg /λ = 0.7, where µ is the dynamic viscosity and λ is the thermal conductivity
of the gaseous phase).

3. Computational method and setup
210

SENGA+, a three-dimensional compressible DNS code, is used for the present
numerical investigation, cf. e.g. [26, 27, 28]. It employs a tenth-order central
difference scheme for spatial discretisation for the internal grid points and the
order of differentiation decreases gradually to a one-sided second-order scheme
at the non-periodic boundaries. Explicit time advancement is implemented by a
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low-storage third-order Runge-Kutta scheme [29] and the non-periodic boundary
conditions are specified via the Navier-Stokes Characteristic Boundary Conditions (NSCBC) technique [30].
9

The canonical setup used for the present study is similar to several earlier
DNS analyses on fuel spray combustion [31, 32, 33, 34, 35]. Here, a premixed
220

and statistically planar stoichiometric n-heptane air flame is subjected to a
constant water droplet stream from the inlet. Such a scenario can be imagined
in both accidental explosions where the flame propagates towards a region below
a water sprinkler system as well as in (advanced) internal combustion engines
with separate fuel and water injection. A rectangular simulation domain of
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size 30δth × 20δth × 20δth has been considered for the present analysis, where
the thermal flame thickness of the unstretched gaseous laminar (subscript L)
stoichiometric premixed flame is given by
δth =

Tad − T0
max |∇T̂ |L

.

(8)

Note that the maximum flame temperature Tb usually remains below the adiabatic flame temperature Tad because of the enthalpy sink associated with
230

evaporating droplets. This domain is discretised using a Cartesian grid of size
384 × 256 × 256 points which ensures about 10 grid points within δth and is also
sufficiently fine to resolve the Kolmogorov length scale η. Partially non-reflecting
boundary conditions are imposed in x-direction, i.e. the mean direction of flame
propagation, while the y- and z-direction are considered to be periodic.
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All simulations are allowed to evolve for at least four chemical time scales
tchem = D0 /SL2 , with D0 being the unburned gas diffusivity, which corresponds
to about three initial eddy turn-over times tturb = L11 /u0 for the turbulence
intensity standard value of u0 /SL = 4. Hence, the simulation time of the current
analysis is comparable to a number of recent DNS analyses, e.g. [27, 28, 33, 21].
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To check upon their influence, key parameters defining the problem are varied in the following parametric analysis. Table 1 provides an overview of the
different cases in terms of the turbulence intensity u0 /SL , normalized droplet
diameter ad /δth , water mass fraction YW and latent heat of vaporization Lv
of the water droplets. In this context, the laminar burning velocity SL and
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the thermal flame thickness δth refer to the purely gaseous laminar premixed
stoichiometric n-heptane air flame without water droplets.
10

The normalized r.m.s. velocity fluctuation of u0 /SL = 4 is sufficiently different from laminar conditions (u0 /SL = 0) to examine the role of turbulence
(mainly via flame wrinkling and turbulent mixing) but also sufficiently low to
250

exclude additional complexities due to flame stretch effects (relating to strain
and curvature) which complicates the interpretation of the results at higher
turbulence intensities. Following a Batchelor-Townsend energy spectrum, homogeneous isotropic velocity fluctuations are obtained from a standard pseudospectral method [36] and superimposed on the steady laminar premixed flame
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solution to generate the initial condition. The normalized longitudinal integral
length scale of turbulence is specified to be L11 /δth = 2.5, i.e. the large-scale
integral eddies are contained eightfold in the span-wise directions. Turbulence
at the inlet is imposed consistently for these parameters.
The normalized droplet diameters of ad /δth = 0.02, 0.04 and 0.06 correspond
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to a range between 10 and 30 µm in dimensional terms and are thus comparable
to earlier experimental studies [11, 7, 2]. These mono-disperse droplets are
initially distributed uniformly in space throughout the y- and z-direction on the
unburned side of the flame, i.e. up to x/δth ≈ 10. Additionally, droplets are
continuously injected at the inlet boundary such that a constant water mass
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flux enters the domain. The ratio of the droplet to computational cell volume is
Vd /∆V ≈ 0.007, 0.057 and 0.191 for ad /δth = 0.02, 0.04 and 0.06, respectively,
thus justifying the sub-grid point source treatment of the evaporating droplets.
The ratio of droplet diameters to the Kolmogorov length scale is ad /η ≈ 0.1, 0.2
and 0.3 for ad /δth = 0.02, 0.04 and 0.06, respectively, for the highest turbulence

270

intensity of u0 /SL = 8 investigated here. Both these ratios are comparable to
several previous DNS analyses, e.g. [37, 38, 33, 21].
The quantity YW accounts for the water mass fraction in both phases, i.e.
g
l
YW = YW
+YW
= mW /(m0 +mW ) where m0 is the initial unburned gas mass in

the system before adding the liquid water droplets of mass mW . This quantity
275

is independent of the product water generated by the chemical reaction. The
normalized water loading mW /m0 = YW /(1 − YW ) is also used in experiments
to quantify the amount of water added to the system. The investigated values
11

u0 /SL

ad /δth

YW

Lv

Comment

4

-

0.0

-

gaseous premixed reference case

8

-

0.0

-

gaseous premixed reference case
droplet reference case

4

0.04

0.1

Lref
v

4

0.06

0.1

Lref
v

droplet size variation
droplet size variation

4

0.02

0.1

Lref
v

4

0.04

0.05

Lref
v

water loading variation
water loading variation

4

0.04

0.2

Lref
v

0

0.04

0.1

Lref
v

turbulence intensity variation
turbulence intensity variation

8

0.04

0.1

Lref
v

4

0.04

0.1

Lref
v /2

latent heat variation
latent heat variation
latent heat variation

4

0.04

0.1

Lref
v /4

4

0.04

0.1

Lref
v /8

Table 1: Case overview in terms of turbulence intensity u0 /SL , normalized droplet diameter
ad /δth , water mass fraction YW = mW /(m0 + mW ) and latent heat of vaporization Lv ;
Lref
v = 2258 kJ/kg is the latent heat of vaporization of water at boiling temperature.

of YW = 0.05, 0.1 and 0.2 lie in the technically relevant range and are also
comparable to earlier experimental studies [5, 10, 1].
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The variation of Lv can be seen as numerical experiments to demonstrate
the existence of different regimes of droplet flame interaction which are unlikely
to be reached with the realistic fluid properties of liquid water. This behaviour
is particularly controlled by the latent heat of vaporization which might be
altered by additives in technical applications. The corresponding value of water
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droplets (Lref
v = 2258 kJ/kg) is the highest of all liquids and around seven times
higher than the value of n-heptane fuel droplets (Lv = 315 kJ/kg).
It is possible to define two dimensions spanning a regime diagram when
complementing the above introduced quantities by the evaporation time scale
τv , the flame time scale τf (detailed in Sec. 4.4) and the mean separation distance

12
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between droplets,
r
δs =

3

V0
,
Nd

(9)

where V0 is the volume of the unburned part of the domain occupied by Nd
droplets. The ratio of evaporation and flame time scales τv /τf , also known as
the evaporation Damköhler number in spray combustion (fuel instead of water
droplets) and the ratio of the mean distance between droplets and the flame
295

thickness δs /δf together allow for different regimes of droplet flame interaction
to be distinguished:
1. “reduced enthalpy” regime characterized by slow evaporation (τv >> τf )
and high droplet density (δs << δf ), top left panel in Fig. 1;
2. “ineffective” regime characterized by slow evaporation (τv >> τf ) and low

300

droplet density (δs >> δf ), top right panel in Fig. 1;
3. “effective attenuation” regime characterized by fast evaporation (τv <<
τf ) and high droplet density (δs << δf ), bottom left panel in Fig. 1;
4. “inhomogeneously perturbed” regime characterized by fast evaporation
(τv << τf ) and low droplet density (δs >> δf ), bottom right panel in
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Fig. 1.
The names given to the different regimes aim to reflect the dominant mechanism. Further research, i.e. scaling considerations or a larger number of simulations, is necessary to establish the location of the boundaries between different
regimes, which represent smooth transition regions rather than abrupt changes
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of behaviour. Turbulence intensity is conceivable as a third dimension of the
diagram since it could be responsible for the shifting of regime boundaries, e.g.
via the influence of turbulent mixing.
For the conditional evaluation of statistics, it is convenient to define a unique
mapping within the flame by means of a reaction progress variable (oxygen-
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based here):
c=

YO,0 − YO
,
YO,0 − YO,b

(10)

which essentially compares the local mass fraction YO with the pre-flame composition YO,0 (corresponding to c = 0) and the chemical equilibrium YO,b (cor13

responding to c = 1). In this way, iso-contours of c can be used to indicate the
extent of the flame as in Fig. 1.
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Depending on the regime, different consequences on key flame characteristics such as flame surface area A, unstrained laminar burning velocity SL and
maximum flame temperature Tb can be expected. The latter two quantities are
directly linked as further discussed in Sec. 4.4. The least influence on the flame
is expected in regime (ii) where both the cooling and dilution effects are small.
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In regime (i), the cooling effect is dominant, leading to a non-negligible reduction of both burning velocity and flame temperature. However, the evaporation
of droplets, and therefore the reduction of exhaust gas temperature, continues
in the post-flame region which can be important in the context of emissions
prediction, particularly relating to the temperature-sensitive production rate of

330

NOx . A significant effect on burning velocity and flame temperature is to be
expected in regime (iii). Despite the fast evaporation, the water vapour is rather
homogeneously distributed within the flame due to the densely packed droplets,
unlike in regime (iv). Regime (iv) is the only one in which a non-negligible
influence on the flame surface area must be expected. Here, it is important to
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mention that the size of the water droplets in relation to the thickness of the
flame is not to the scale in Fig. 1. The investigated droplets are actually between one and two orders of magnitude smaller than the flame thickness. Hence,
it is not the droplets itself but the effective vapour cloud around them which
leads to additional wrinkling of the flame besides turbulence. Depending on the
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scenario, this can be either beneficial, e.g. in internal combustion engines, or
detrimental, e.g. in accidental explosions, as it affects the overall burning rate
represented by the effective turbulent burning velocity ST .

4. Results and discussion
4.1. Cooling and dilution effects on key flame characteristics
345

The free parameters of water addition, which are the droplet size ad /δth and
water loading YW , are varied in all of the following evaluations.

14

Figure 1: Schematic regime diagram of water droplet flame interaction. Separated by a mean
distance of δs , liquid water droplets are represented by black objects and the amount of
gaseous water, i.e. steam, is indicated by the intensity of the blue colour. The dashed red line
(c = 0) and the continuous red line (c = 1) are supposed to locate the flame of thickness δf
between the unburned and burned mixture. τv and τf denote the evaporation and flame time
scale, respectively. Expected trends of key flame characteristics, such as flame surface area
A, laminar burning velocity SL and maximum flame temperature Tb , are stated in a green
coloured font.
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Figure 2: Turbulent flame speed ST , normalized by the unstretched laminar burning velocity
SL of the stoichiometric premixed flame, depending on the initial droplet size ad /δth (left)
and water loading YW (right).

The first quantity of major interest is the turbulent burning velocity
R
ω̇ dV
V F
ST =
ρ0 A⊥ (YF,0 − YF,b )

(11)

as shown in Fig. 2, where ρ0 , A⊥ , YF,0 and YF,b are the unburned gas density,
projected flame area in the direction of mean flame propagation, fuel mass
350

fraction in the unburned and fully burned gases in the unstretched stoichiometric
gaseous premixed flame, respectively. If not explicitly stated otherwise, the
initial r.m.s. velocity fluctuation should be understood to be u0 /SL = 4 in all of
the turbulent cases considered. Decreasing ad /δth or increasing YW results in
a clear attenuation of ST as it is evident from the comparison of the black line
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representing the premixed case with the symbols representing the droplet cases
in Fig. 2.
Figures 3 and 4 show two different measures of flame surface area by volume
integration of the surface density function, i.e.
Z
A(c) =
|∇c|dV

(12)

V

and
Z
|∇T |dV,

A(T ) =
V

16

(13)
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based on the reaction progress variable c and normalized temperature T , respectively. The results from both definitions are identical for purely gaseous
premixed combustion at unity Lewis number (represented by the black lines in
Figs. 3 and 4), where c = T holds, but this is clearly not the case under the
influence of droplets (represented by symbols of the same kind in Figs. 3 and

365

4). Alternative definitions of flame surface area based on the fine-grained flame
surface density, i.e. based on non-unique iso-surfaces c = c∗ , have been shown to
be generally less robust for arbitrary regimes of combustion [16] and are therefore not used in the present study. Inspecting A(c), which is based on oxygen
concentration according to Eq. 10, the droplets lead to a consistent decrease
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of A(c) compared to the purely gaseous premixed flame. As elaborated in Sec.
4.2, the reason for this behaviour is connected to the dampening influence of
the evaporating droplets on the turbulent flow field. The turbulence is mainly
responsible for the wrinkling of the flame and therefore the general increase of
flame surface area over the time period investigated. In contrast, the droplets
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can even lead to an increase of A(T ), which is based on normalized temperature, and to non-monotonic behaviour in terms of droplet size in the time range
3 < t/tchem < 4. The three-dimensional visualization of c = 0.95 and T = 0.95
iso-contours shown in Fig. 5, taken shortly after the first droplets have penetrated through the flame, reveals that the slowly evaporating water droplets
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lead to insignificant steam release (i.e. minimal changes of local mixture composition and thus A(c)) within the flame but to considerable small-scale wrinkling
of the temperature field (i.e. local dimples increasing A(T )) due to the enthalpy
sink associated with them. This comparison suggests that the cooling effect
outweighs the dilution effect of liquid water droplets interacting with premixed

385

g
flames. Figure 6 shows the average steam mass fraction YW
(product water

excluded) in the flame region (0.01 < c < 0.99) for the droplet reference case
(initial u0 /SL = 4, ad /δth = 0.04, YW = 0.1) and for the small droplets (initial
u0 /SL = 4, ad /δth = 0.02, YW = 0.1). Even for the small droplets that are
evaporating the fastest, the steam mass fraction remains below 4% within the
390

g
l
flame which is clearly below the overall water loading of YW = YW
+ YW
= 0.1.
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Figure 3: Species concentration based flame surface area A(c), normalized by the projected
flame area in the direction of mean flame propagation A⊥ (which is also the initial flame
surface area for the planar flame A0 ), depending on the initial droplet size ad /δth (left) and
water loading YW (right).

Hence, it is assumed that the chemical effect due to water addition (which is
neglected in this work) is small due to the small added steam concentrations
within the flame. These observations hold for at least the parameter range considered and when using realistic fluid properties of water. The effects of varying
395

the volatility of the liquid droplets are described in Sec. 4.3.
The evolution of turbulent burning velocity ST and flame surface area A are
strongly linked as confirmed by the above evaluations. To isolate the different
effects of droplet flame interaction, it is useful to examine the amount of burning
per unit area of flame,
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R
ω̇c dV
.
Ω= R V
|∇c|dV
V

(14)

ST /SL
Ω
=
A/A⊥
ρ0 SL

(15)

Deviations of the ratio

from unity can be used to quantify the departure from the idealised behaviour
R
as postulated in Damköhler’s first hypothesis. Note that ST = V ω̇c dV /(ρ0 A⊥ )
and the flame area projected on the direction of mean flame propagation A⊥ is
identical to the initial flame surface area A0 for the statistically planar flame.
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Figure 4: Temperature based flame surface area A(T ), normalized by the projected flame area
in the direction of mean flame propagation A⊥ (which is also the initial flame surface area
for the planar flame A0 ), depending on the initial droplet size ad /δth (left) and water loading
YW (right).

Figure 5: Instantaneous realization of the droplet reference case (initial u0 /SL = 4, ad /δth =
0.04, YW = 0.1): Three-dimensional gray iso-contours of c = 0.95 (left) and T = 0.95 (right)
at t/tchem = 1.1. The colour of the not-to-the-scale droplets indicates the instantaneous
normalized droplet diameter ad /δth .
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Figure 6: Average steam mass fraction YW
(product water excluded) in the flame region

(0.01 < c < 0.99) for the droplet reference case (initial u0 /SL = 4, ad /δth = 0.04, YW = 0.1)
and for the small droplets (initial u0 /SL = 4, ad /δth = 0.02, YW = 0.1).
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The results shown in Fig. 7 indicate a maximum reduction of Ω of about 30% for
the smallest droplets considered (purple symbols representing droplets of initial
size ad /δth = 0.02) compared to the purely gaseous premixed case (represented
by the black line). The reduction effect apparently decreases considerably over
the simulated time period and possible explanations are discussed in Sec. 4.2,
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which focuses on the intricate role of turbulence. To demonstrate the behaviour
of Ω with respect to droplet size ad /δth and overall water loading YW , horizontal
lines in Fig. 7 indicate a hypothetical linear scaling. The minimum value of Ω for
the droplet reference case (initial u0 /SL = 4, ad /δth = 0.04, YW = 0.1) is used
as a base for the comparison. As might be expected, the water loading shows a

415

fairly linear influence, whereas the droplet size shows a non-linear influence due
to its quadratic influence on the law governing evaporation (cf. Eq. 18).
Another quantity of key interest is the flame thickness. Figure 8 presents
the temporal evolution of the mean thickness defined as
V0.1<c<0.9
δf = R
|∇c|dV
V

(16)

in relation to the thermal flame thickness δth of the unstretched laminar stoi420

chiometric premixed flame. The trends of flame thickness are opposite to the
trends of Ω which can already be understood by analogy to the definition of
20
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Figure 7: Normalized amount of burning per unit area of flame Ω/(ρ0 SL ), depending on the
initial droplet size ad /δth (left) and water loading YW (right); Horizontal lines indicate a
hypothetical linear scaling using the droplet reference case (initial u0 /SL = 4, ad /δth = 0.04,
YW = 0.1) as a base for comparison.

the Zel’dovich flame thickness δZ = D0 /SL . The somewhat arbitrary threshold values (0.1 < c < 0.9) for flame volume calculation are adequate for the
comparison of the relative influences of ad and YW . Nevertheless, an alterna425

tive view on flame thickness is presented in Fig. 9 based on the surface density
function |∇c| [39, 22] conditional on reaction progress variable c for a particular point in time. Considering the definition of the thermal flame thickness
(Eq. 8), it is not surprising that the maximum value of the normalized equivalent quantity |∇c|δth is close to unity for the purely gaseous premixed reference
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case (represented by the black line in Fig. 9) and consequently lower for the
thicker flames that are affected by droplets (represented by symbols in Fig. 9).
The maximum of |∇c| is found at c ≈ 0.6 in all cases. It is also worth noting
that the surface density function is closely related to the scalar dissipation rate
Dc |∇c|2 [40] and generalized flame surface density Σgen = h|∇c|i [41], where h·i
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indicates an appropriate averaging/filtering operation. These quantities are of
central importance to the associated modelling concepts. It can be concluded
that the results of different flame thickness definitions are generally consistent
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Figure 8: Mean flame thickness δf , normalized by the thermal flame thickness δth of the unstretched laminar stoichiometric premixed flame, depending on the initial droplet size ad /δth
(left) and water loading YW (right).

and both views complement each other: the transient nature of the interaction
is reflected by the evolution of δf (Fig. 8), whereas additional information can
440

be extracted from the conditional surface density function (Fig. 9).
Since the burning velocity is strongly affected by the temperature distribution within the flame, it is worthwhile to examine the probability density
function of the normalized temperature T in the flame region (0.01 < c < 0.99),
as shown by Fig. 10. Compared to the gaseous premixed reference case (black
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line in Fig. 10), the droplet case PDFs (blue, red and purple lines in Fig. 10)
are wider and their maximum on the burned gas side is shifted to smaller values
of T . In this way, the cooling effect within the flame due to droplet evaporation can be quantified. Mainly depending on their size, the evaporation of
droplets and reduction of exhaust gas temperature continue in the post-flame
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region. It is also important in globally unsteady flame propagation, like accidental explosions, where the thermal expansion of the burned gases is a major
driver determining the overall velocity of flame propagation. Hence, the streamwise variation of the span-wise averaged normalized temperature T is shown in
Fig. 11 for the given parameter range. The maximum normalized temperature
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Figure 9: Surface density function |∇c|, normalized by the thermal flame thickness δth of
the unstretched laminar stoichiometric premixed flame, conditional on reaction progress c at
t/tchem = 3, depending on the initial droplet size ad /δth (left) and water loading YW (right).
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within the flame, i.e. where the kink in the averaged temperature profile appears
(best visible for the smallest droplets of initial size ad /δth = 0.02, represented
by purple symbols in Fig. 11, at x/δth ≈ 20), is denoted as Tb in the following
and the observed values are in agreement with the peaks of the PDFs of T on
the burned gas side in Fig. 10. The computational domain is not long enough to
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observe the final steady-state temperature after full evaporation of all droplets.
A reduced-order modelling strategy for a-priori predictions of Tb in the presence
of water droplets is developed in Sec. 4.4.
4.2. Role of turbulence
The droplets and the turbulence are coupled to each other in a non-trivial
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way. The droplets are not only transported by the turbulent flow but also
have an effect on it as well as on the flame. A related phenomenon is called
turbophoresis [42, 43] and describes the tendency for particles or droplets to
migrate in the direction of decreasing local turbulence level. Once the initially
homogeneous turbulence field and the flame start to adapt to each other, a
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non-homogeneous turbulence field evolves. Due to their relatively small Stokes
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Figure 10: PDFs of the normalized temperature T in the flame region (0.01 < c < 0.99, but
only the burned gas side is shown here) at t/tchem = 3, depending on the initial droplet size
ad /δth (left) and water loading YW (right).
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Figure 11: Variation of the span-wise averaged normalized temperature T in mean flow direction x at t/tchem = 4, depending on the initial droplet size ad /δth (left) and water loading
YW (right).
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1

number (ratio of particle relaxation time scale to characteristic time scale of the
flow), the water droplets investigated here mostly follow the turbulent fluid motion. Nevertheless, particle/droplet clustering [44, 45] occurs as demonstrated
by the comparison of the solution for two different points in time shown in Fig.
475

12. At an early stage (t/tchem = 1.6; top panels in Fig. 12), the droplets represented by not-to-the-scale black dots are still rather homogeneously distributed,
whereas appreciable clustering can be discerned at a later stage of the simulation
(t/tchem = 4.1; bottom panels in Fig. 12) in the unburned part of the domain,
i.e. where T ≈ 0. Compared to non-clustered particles, coherent clusters show a
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stronger tendency to occur in regions of high strain and low vorticity according
to Baker et al. [46]. The impact of droplets on the overall burning rate considerably decreases between these two points in time as indicated by the evolution
of Ω in Fig. 7 (note the discrepancy between the black line representing the
premixed case and the symbols representing the droplet cases). The transient
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nature of the problem and the uniformity of droplet distribution in the fresh gas
facing the flame may be factors related to this observation. Also note the localized enthalpy defects (characterized by local occurrences of T < 1 in the hot
g
exhaust gas) as well as the inhomogeneous distribution of YW
(product water

excluded) due to the localized steam release at the location of the evaporating
490

droplets which can be clearly recognized in Fig. 12.
To elaborate further on the role of turbulence, the spatial variation of the
p
r.m.s. velocity fluctuation u0 = 2k/3 with stream-wise distance is depicted in
Fig. 13, where the turbulent kinetic energy is given by
k=


1 0 0
u1 u1 + u02 u02 + u03 u03 .
2

(17)

It is generally known that homogeneous isotropic turbulence, as imposed at the
495

domain inlet, decays monotonically in space. In contrast, Fig. 13 shows a nonmonotonic decrease of turbulence intensity with stream-wise distance. Since the
flame constitutes the only element different to the idealized scenario of decaying turbulence, the local increase of u0 and therefore globally non-monotonic
decay, must be due to the flame. To indicate the strong correlation between
25
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the turbulent flame brush, characterized by ∂c/∂x > 0, and the local increase
of u0 , the spatial distributions of the span-wise averaged reaction progress variable c are presented in Fig. 13 as continuous lines. This general trend is the
same for all cases but the local increase of u0 around the mean position of the
flame (x/δth ≈ 13), which is generated by the flame itself, shows clear differ-
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ences. One might assume that the cooling effect of droplets (corresponding cases
represented by coloured symbols in Fig. 13) leads to lower kinematic viscosities
compared to the purely gaseous premixed reference flame (black symbols in Fig.
13), and thus higher turbulence intensities, but this is apparently not a dominant effect here. Instead, the local peak due to flame-generated turbulence is
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attenuated depending on the droplet size and water loading. It is known from
numerical [47, 48, 49] and experimental [50] studies that the relative strength of
flame-generated turbulence depends on the strength of heat release (determined
by density ratio, turbulence intensity and characteristic Lewis number). The
density ratio drops via the local release of steam and the cooling effect (Fig. 10)
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of water droplets which explains the significant reduction of flame-generated
turbulence and subsequently wrinkling of the flame (Fig. 3). The smaller the
initial droplet size or the higher the water loading, the stronger this dampening
effect becomes as it is evident from the comparison of the droplet cases represented by coloured symbols with the premixed case represented by the black
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symbols in Fig. 13.
Additional observations on the influence of turbulence intensity are facilitated by Fig. 14 which shows the temporal evolution of Ω (Eq. 14) and the
PDFs of T in the flame region (0.01 < c < 0.99) for varying turbulence intensity u0 /SL as indicated by the different colours. In terms of droplet parameters,
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only the standard values, i.e. ad /δth = 0.04 and YW = 0.1, are utilized here.
For the highest value of turbulence intensity (initial u0 /SL = 8; purple colour),
the amount of burning per unit area of flame Ω is highly irregular over time,
partly due to additional phenomena like flame stretch effects (which are not at
the focus of this work). Apart from very few exceptions, the Ω values of the

530

droplet cases (represented by symbols in Fig. 14) are consistently lower than of
26

Figure 12: Instantaneous realizations of the droplet reference case (initial u0 /SL = 4, ad /δth =
0.04, YW = 0.1): Mid-plane slices of normalized temperature T (left panels) and steam
g
mass fraction YW
(product water excluded; right panels) at t/tchem = 1.6 (top panels) and

t/tchem = 4.1 (bottom panels). The magenta lines correspond to c = 0.5 and c = 0.9,
respectively. Black dots representing the droplets are not to the scale.

the corresponding purely gaseous premixed cases (represented by lines in Fig.
14) at the same initial turbulence intensity (i.e. same colour). This discrepancy
is most clear for the laminar case (u0 /SL = 0; blue colour), where Ω = ρ0 SL
holds in the absence of water droplets, and this is masked increasingly by ele535

vated turbulence intensities. A comparison of the PDFs of T in Fig. 14, as used
previously to quantify the cooling effect, reveals that turbulent mixing of the
local enthalpy defects in the vicinity of the droplets leads to a somewhat wider
probability distribution of temperature values within the flame.
4.3. Volatility of water

540

Water is characterized by the highest specific heat and latent heat of vaporization of all liquids as well as a very high gas-liquid density ratio. This avoids
significant pre-evaporation ahead of the flame and ensures that mainly the hot
27
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Figure 13: Variation of the r.m.s. velocity fluctuation u0 (symbols), normalized by the unstretched laminar burning velocity SL of the stoichiometric premixed flame, and span-wise
averaged reaction progress variable c (continuous lines) in mean flow direction x at t/tchem = 3,
depending on the initial droplet size ad /δth (left) and water loading YW (right).
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Figure 14: Normalized amount of burning per unit area of flame Ω/(ρ0 SL ) (left) and PDFs of
the normalized temperature T (right) in the flame region (0.01 < c < 0.99, but only the burned
gas side is shown here) at t/tchem = 3, for different initial levels of r.m.s. velocity fluctuation
u0 , normalized by the unstretched laminar burning velocity SL of the stoichiometric premixed
flame; ad /δth = 0.04 and YW = 0.1 in all droplet cases.
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1

exhaust gas is cooled. At the same time, the relatively slow evaporation allows
only for a limited influence on the flame itself. These conditions are quite differ545

ent to those encountered in the field of spray combustion, where fuel is initially
supplied in the liquid phase. The liquid droplet properties of n-heptane and
water are compared in Table 2.
Since the evaporation behaviour is strongly influenced by the latent heat of
vaporization Lv , this quantity is varied here from the realistic value correspond-
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ref
ing to water Lref
v down to an eightfold smaller value of Lv /8 as a numerical

experiment. The value Lref
v /8 is somewhat smaller than the realistic value corresponding to n-heptane. Inspecting the corresponding evolution of Ω (Eq. 14)
shown in Fig. 15, it can be assumed that the dilution effect becomes increasingly
important in relation to the cooling effect when the latent heat is lowered. In
555

these cases, a considerable amount of steam is released within the flame due
to faster evaporation. Hence, in order to conserve mass, the mass fractions of
oxidizer and fuel need to locally decrease and consequently the burning velocity
decreases. Furthermore, the species concentration based flame surface area A(c)
as shown in Fig. 15 is increased by about 50% for the smallest latent heat value

560

(Lref
v /8; orange symbols) compared to the purely gaseous premixed reference
case (black line), before this is increasingly compensated by the strong dampening effect of evaporating droplets on the flame-generated turbulence (cf. Sec.
4.2). It is assumed that the droplet-induced flame wrinkling occurs on a comparatively narrow range of length scales determined by the effective size of the

565

vapour cloud surrounding the individual droplets (considerably larger than the
size of the droplets itself), as opposed to the broad-band flame wrinkling due to
turbulence. Relating to the regime classification as introduced earlier (Fig. 1),
the most extreme case (Lv = Lref
v /8) can certainly be assigned to regime (iv),
“inhomogeneously perturbed”, whereas the case with realistic fluid properties

570

(Lv = Lref
v ) can be assigned to either regime (i) or (ii), “reduced enthalpy” or
“ineffective”, depending on how the boundary between both regimes is defined.
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Figure 15: Normalized amount of burning per unit area of flame Ω/(ρ0 SL ) (left) and normalized flame surface area A(c)/A0 (right), depending on the latent heat of vaporization Lv ;
ad /δth = 0.04 and YW = 0.1 in all droplet cases.

n-heptane

water

Unit

Density

684.0

999.9

kg/m3

Molecular mass

100.0

18.02

g/mol

Latent heat of vaporization (at boiling temperature)

315.0

2258.0

kJ/kg

Specific heat at constant pressure

2296.45

4181.0

J/kg/K

Table 2: Comparison of liquid droplet properties of n-heptane and water.
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4.4. Reduced-order modelling
The purpose of this section is to devise a reduced-order model for the cooling and dilution effects of water droplets interacting with premixed (turbulent)
575

flames, primarily to support the understanding of the complex droplet-flame
interaction process. After additional fine-tuning with respect to the influence of
turbulence (as discussed at the end of this section), the model can potentially
replace the need for computationally expensive high-fidelity simulations. The
model predictions can eventually be assessed by the DNS database established
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in this work.
Based on the observations from the parametric analysis, the central idea
underlying the model is a comparison of the time scales representing evaporation
and the flame. Only if the evaporation is sufficiently fast compared to the
residence time within the flame, the droplet interaction is significantly affecting
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the flame structure. First of all, the evaporation time scale τv can be devised
from the well-known (diameter)2 -law which assumes steady-state evaporation
and constant fluid properties:
τv =

a2d



−1
8λg
ln(1 + BT )
= a2d /Kv ,
Cpg ρd

(18)

where Kv is the evaporation constant. This relation can be extended for increased heat and mass transfer due to convective flow around the droplets, e.g.
590

by incorporating the well-established correlation of Ranz and Marshall [51]:
τv =

a2d





8λg
1/2
ln(1 + BT ) 1 + 0.3Red Pr1/3
g
g
C p ρd

−1
,

(19)

where Red = |~u(~xd , t) − ~ud |ad /ν = urel ad /ν is based on the relative velocity urel
between both phases. In the absence of prior information about the flow, it may
be justified in some cases to calculate the droplet Reynolds number as Red =
u0 ad /ν using the imposed turbulence intensity, but this is discarded here because
595

of the small Stokes number of the droplets. Nevertheless, it is worth mentioning
this possibility since it provides a link between u0 and τv which can be useful
for future scaling considerations on the role of turbulent mixing. Equation 19
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seems to be sufficiently accurate for the time scale estimation required here.
Further, the heat transfer Spalding number
BT =
600

Cpg (T∞ − Td )
Cpg (Tad − Tds )
≈
,
Lv
Lv

(20)

is used instead of the mass transfer Spalding number Bd of Sec. 2, because the
former can be better estimated without knowing the flow. In case of steadystate evaporation (as underlying the (diameter)2 -law), either of the two transfer
numbers can be used to calculate the evaporation constant Kv . The choice
of the ambient temperature T∞ ≈ Tad is not too sensitive due to the ln(1 +
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BT )-influence in Eqs. 18 and 19. Td ≈ Tds is a standard assumption, because
the droplets are first heated up until they reach the saturation temperature
Tds . Subsequently, the heat flux from the surrounding hot gas to the droplet
is taken up by the phase change and the droplet temperature remains fairly
constant. Following common practice for first order estimations of adiabatic
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flame temperature, the temperature-averaged value of Cpg is based on the excess
species N2 which is also barely affected by the chemical reaction.
The simple model for the maximum flame temperature T̂bdroplets , based on the
comparison of evaporation and flame time scales, accounting for both dilution
and cooling effect of water droplets, eventually reads
dilution effect

T̂bdroplets
615

cooling effect

z
}|
{ z
}|
{
HYF,0 [1 − min (τf /τv ; 1) YW ] Lv min (τf /τv ; 1) YW
= T0 +
−
Cpg
Cpg

(21)

which reduces to
T̂bpremixed = T0 +

HYF,0
≡ Tad
Cpg

(22)

for stoichiometric combustion of n-heptane and air without water addition (YW =
0). The flame time scale τf is defined as the residence time of droplets within
the flame which has to account for thermal expansion and the droplet slip velocity. Accordingly, the residence time scale is approximated as δth /((uu + ub )/2 −
620

urel ) ≈ δth /((uu + uu (1 + τ ))/2 − uu ) = δth /(uu τ /2), since the slip velocity urel
is on the order of the unburned velocity uu = SL for the conditions investigated
and since only the corresponding quantities of the gaseous premixed reference
32

case are known a-priori. Important time scales during flame-droplet interactions
have also been discussed by Wang et al. [52]. Although the latent heat of vapor625

ization of water (Lv = 2.258 MJ/kg) is clearly smaller than the heating value
of n-heptane (H = 44.7 MJ/kg), this can be compensated with respect to the
cooling effect by the fact that the water mass fraction YW can be clearly larger
than the initial stoichiometric fuel mass fraction of YF,0 = 0.0622. In the limit of
complete droplet evaporation within the flame, i.e. representing the maximum
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dilution effect, the fuel mass fraction is lowered to YF = YF,0 (1 − YW ) because
YF,0 = mF /m0 , YF = mF /(m0 + mW ) and YW = mW /(m0 + mW ). Assuming
g
that the steam mass fraction can be described by YW
≈ min (τf /τv ; 1) YW , the

minimum-function in Eq. 21 assures the correct asymptotic behaviour in this
limiting case.
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The last step is to relate the maximum flame temperature T̂bdroplets to the
laminar burning velocity SLdroplets under the influence of droplets. In accordance with the present thermo-chemistry (Eq. 2), for which the dimensional
fuel reaction rate magnitude reads

ω̇F ∝ ρ̂BYF YO exp

−Eac
RT̂


,

an expression for the laminar burning velocity can be devised as
s


B YO,0
−Eac
exp
SL = 2 αT0
1 + τ β3
RT̂b
640

(23)

(24)

following the theory of high activation energy asymptotics [53]. Here, ρ̂, B, Eac ,
R and αT0 denote the dimensional density, pre-exponential factor, activation
energy, gas constant and thermal diffusivity of the unburned gas, respectively.
Based on an Arrhenius-like expression, Eq. 24 reflects the fact that the chemical
reaction is dominated by the highest temperature T̂b within the flame. It can be

645

g
seen in Fig. 12 that the steam concentration YW
at the leading edge of the flame

(as indicated by the purple iso-contours of c) is approximately zero and therefore
the oxygen concentration YO,0 on the unburned side of the flame is practically
identical in the premixed reference case and the droplet cases. In case of small
values of Lv (in contrast to the very high value corresponding to water) which
33
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leads to pre-evaporation ahead of the flame, it may be questioned whether YO,0
in Eq. 24 remains approximately independent of the droplets. The Zel’dovich
number β = Eac (T̂b − T0 )/(RT̂b2 ) and heat release parameter τ = (T̂b − T0 )/T0
incorporate additional temperature-related terms:
v
!3
u


 
u
RT̂b2
−Eac
T0
YO,0
t
exp
SL = 2 αT0 B
T̂b (T̂b − T0 )3 Eac
RT̂b
which yields the simplified temperature-related proportionality
s

 s


T̂b5
−Eac
−Eac
exp
≈ exp
T̂b
SL ∝
(T̂b − T0 )3
RT̂b
RT̂b
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since T̂b >> T0 . From Eq. 26, one obtains
v
!#
"
u
u
T̂bdroplets
SLdroplets
1
1
Eac
t
=
exp
−
R
SLpremixed
T̂bpremixed
T̂bdroplets
T̂bpremixed

(25)

(26)

(27)

for the ratio of laminar burning velocities for purely gaseous premixed conditions
and under the influence of droplets. The values corresponding to the gaseous
premixed reference case are taken for the activation energy Eac and gas constant
R.
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Quantitative results from the model equations and the corresponding DNSbased measurements are summarized in Table 3. The maximum normalized
flame temperature Tbdroplets = (T̂bdroplets − T0 )/(Tad − T0 ), as predicted by Eq.
21, can be readily compared to the most probable value of T on the burned
gas side in the DNS as obtained from the PDFs of T in Fig. 10. The burn-
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ing velocity reduction factor SLdroplets /SLpremixed , as predicted by Eq. 27, shall
be compared to the discrepancy between the black line representing the premixed reference case and the symbols representing the droplet cases in Fig.
7, i.e. (SLdroplets /SLpremixed )DNS ≈ min(Ωdroplets /Ωpremixed ). From the comparison in Table 3, it can be concluded that the model works reasonably well for
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the conditions examined. In particular, the trends with respect to droplet size
ad /δth and water loading YW are correctly captured by the model. However, the
model overestimates the burning velocity suppression effect for ad /δth = 0.02 –
34

Case

Tbdroplets

SLdroplets /SLpremixed

ad /δth

YW

Comment

DNS

Model

DNS

Model

0.04

0.1

droplet reference case

0.96

0.97

0.91

0.91

0.06

0.1

droplet size variation

0.97

0.98

0.96

0.95

0.02

0.1

droplet size variation

0.90

0.90

0.74

0.68

0.04

0.05

water loading variation

0.97

0.98

0.96

0.95

0.04

0.2

water loading variation

0.92

0.95

0.80

0.82

Table 3: DNS-based measurements and reduced-order model predictions of the maximum
normalized flame temperature Tbdroplets = (T̂bdroplets − T0 )/(Tad − T0 ) and burning velocity
droplets
premixed
reduction factor SL
/SL
, depending on the initial droplet size ad /δth and water

loading YW ; initial u0 /SL = 4 in all cases.

a case which results in strong deviations from the gaseous premixed reference
conditions. This behaviour could be connected to the usage of a-priori available
675

reference quantities like Tad in Eq. 20 and δth as required for τf in Eq. 21. Hence,
the proposed reduced-order model can be interpreted as a linear perturbation
approach whose validity depends on the deviation from the reference state. The
model is not intended to predict the quenching limit with respect to water addition. Further uncertainty is related to the estimation of the slip velocity urel
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(generally depending on the droplet size), which affects both the evaporation
rate and the droplet residence time within the flame. It is also worth noting that
the inlet and initial turbulence are characterized by the turbulence intensity according to u0 /SL , where SL = SLpremixed refers to the laminar burning velocity
of the stoichiometric premixed flame without water droplets. In case of water
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droplet interaction, the turbulence intensity according to u0 /SLdroplets increases,
since SLdroplets < SLpremixed . Hence, the relative importance of turbulence increases to a certain degree but this effect is counteracted by the dampening of
flame-generated turbulence as discussed in Sec. 4.2.
A reduced-order model is necessarily a simplification of the complex real
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physics. For the conditions examined, the effect of turbulence on the evapora-

35

Ωdroplets /Ωpremixed

Case
u0 /SL

ad /δth

YW

Comment

min

mean

4

0.04

0.1

droplet reference case

0.9117

0.9508

4

0.06

0.1

droplet size variation

0.9602

0.9768

4

0.02

0.1

droplet size variation

0.7424

0.8324

4

0.04

0.05

water loading variation

0.9592

0.9780

4

0.04

0.2

water loading variation

0.7997

0.8768

0

0.04

0.1

droplet reference case

0.9024

0.9293

0

0.06

0.1

droplet size variation

0.9528

0.9673

0

0.02

0.1

droplet size variation

0.7072

0.7611

0

0.04

0.05

water loading variation

0.9543

0.9678

0

0.04

0.2

water loading variation

0.7682

0.8231

Table 4: DNS-based statistics of the burning rate reduction factor Ωdroplets /Ωpremixed , depending on the turbulence intensity u0 /SL , initial droplet size ad /δth and water loading YW .

tion rate is limited due to the combination of comparably small droplets and
moderate turbulence intensities. This is demonstrated by the comparison of the
burning rate statistics between the turbulent and the corresponding laminar
cases, cf. Table 4, showing consistent but limited differences. The burning rate
695

reduction by droplets is somewhat stronger, i.e. the values of Ωdroplets /Ωpremixed
are consistently lower, in the laminar cases. There is no impediment in replacing the current evaporation law, Eq. 19, when elevated turbulence levels and/or
larger droplet diameters are investigated. Independent of that, the base formulation of the model remains. There are different possibilities to account for
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the effect of turbulence on evaporation rates as reviewed by Birouk and Gökalp
[54].The effect of turbulence may also be reflected via the flame time scale τf ,
i.e. the residence time of droplets within the flame. Another possibility would be
to incorporate the eddy turn-over time tturb = L11 /u0 as a third characteristic
time scale, such that the role of turbulent mixing (less dominant here but more
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important in technical applications) is also reflected in the model.
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The Flamelet Generated Manifold (FGM) method [55] coupled with Artificially Thickened Flame (ATF) is a well-established modelling technique for
the mean reaction rate term in the context of Large Eddy Simulations (LES)
including premixed, partially-premixed, diffusion and spray flames. In the con710

text of FGM for spray combustion [56, 57, 58, 59, 60], one needs to solve for
the transport equations for Favre-averaged/filtered values of a suitably defined
reacting scalar YRPV (e.g. a combination of mass fractions of major species) and
mixture fraction ξ, which take the following generic form [60]:
"
#

∂(ρ̄ψ̃) ∂(ρ̄ψ̃ũj )
E
∂
µ̄
µt
∂ ψ̃
+
+ ω̇ ψ + Ṡ ψ , (28)
=
FE
+ (1 − Φ)
∂t
∂xj
∂xj
Scψ
Sct,ψ ∂xj
F
where ψ = {YRPV , ξ}, ũj is the j th component of velocity, µ̄ is the mean viscosity,
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µt is the eddy viscosity, Scψ is the Schmidt number of ψ, Sct,ψ is the turbulent
Schmidt number associated with ψ, F is the flame thickening factor, Φ is the
flame sensor and E is the efficiency function. The source term ω̇ ψ originates
only for YRPV and it is identically zero for ξ. The term Ṡ ψ arises due to two-way
coupling between Eulerian and Lagrangian phases. The efficiency function E is
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a function of ∆ SL /αT0 and u0∆ /SL [61, 62], where u0∆ is the sub-grid velocity
fluctuation and ∆ is the filter width. This suggests that the estimation of SL
plays a key role in the estimation of E, which is fundamentally important for the
solution of Eq. 28, and thus can have pivotal importance in the fidelity of the
FGM-ATM based modelling of premixed turbulent combustion in the presence
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of water droplets. Further discussion on this modelling is beyond the scope of
this paper and will form the basis of further investigation.

5. Concluding remarks
Based on two-way coupled Euler-Lagrange discretization, carrier-phase DNS
have been conducted in this work to shed light on the complex interaction of
730

liquid water droplets and premixed hydrocarbon flames in a turbulent environment. An extensive parametric analysis (variation of droplet size, overall water
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loading, turbulence intensity and latent heat of vaporization) revealed several
insights into the underlying phenomena:
• Reductions of flame temperature and laminar burning velocity can be ob735

served in the considered parameter range. The trends of flame thickness
are opposite to the trends of burning velocity. According to the laws governing evaporation, a strongly non-linear influence of the droplet size has
been observed, whereas the influence of water loading is fairly linear. This
circumstance is particularly relevant to the design of engine applications or
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safety-related mitigation measures (e.g. involving aerodynamic breakup).
• Using realistic fluid properties of water, the cooling effect due to the enthalpy sink of evaporating droplets outweighs the dilution effect due to
the local release of steam. The residence time of water droplets in the
flame zone is a determining factor in this context.
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• It is observed that turbulence plays an intricate role. First, droplet clustering, i.e. non-uniformity, in the unburned mixture facing the flame may
potentially decrease the effectiveness of the droplets in reducing the overall burning rate as compared to laminar conditions. Second, the flamegenerated turbulence is significantly diminished by the evaporating droplets
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and this has an additional effect on the turbulent burning velocity which is,
to a large extent, determined by turbulent wrinkling of the flame surface.
Turbulent mixing (of the localized enthalpy defect) can also be discerned
from the probability distributions of temperature within the flame, thus
underpinning the need for three-dimensional DNS for this kind of analysis.
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• Different regimes of water droplet flame interaction can be distinguished
based on the ratio of evaporation to flame time scales on the one hand
and the ratio of mean droplet separation distance to flame thickness on the
other hand. Owing to their low volatility, i.e. high latent heat of vaporization, realistic water droplets show a strong preference for a particular
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regime. By lowering the latent heat, the existence of a different regime has
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been demonstrated. In such a case, the dilution effect gains in importance
which leads to a significant perturbation of the flame surface.
• A simple model has been proposed to account for both the cooling and
dilution effects with respect to flame temperature and laminar burning
765

velocity. The underlying idea is based on a comparison of the time scales
representing droplet evaporation and the droplet residence time within
the flame. The model can be used for preliminary estimations and may
be further qualified for computationally more efficient approaches, like
LES or RANS, where the interaction of individual droplets with the flame
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cannot be resolved explicitly.
To continue the work on this topic, a great variety of additional investigations are conceivable, e.g. on heterogeneous droplet size distributions (closer
to technical applications), lean/rich equivalence ratios (thicker flames implying
increased residence time of droplets within the flame) or different types of fuel

775

like hydrogen (additional complexities due to flame instabilities in non-unity
Lewis number flames). Regarding the regime diagram, it would be worthwhile
to identify the boundaries between different regimes by scaling considerations
or a larger number of simulations. To validate the simplified chemistry and to
investigate the effects of water droplets on emissions, it will be necessary to re-

780

peat selected cases (due to high computational costs) using a detailed chemical
reaction mechanism.
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