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Abstract

The effects of droplet inertia on the reaction zone structure, overall burning rate, and flame surface area dur-
ing interaction of water droplets with a statistically planar turbulent premixed stoichiometric n-heptane-air
flame based on three-dimensional carrier phase Direct Numerical Simulations have been analysed. Different
initially mono-sized droplets are considered for this study in order to analyse the inertial effects for differ-
ent droplet sizes. Droplet inertia has been demonstrated to have an important influence on the extent of
evaporation of water droplets and water vapour concentration arising from evaporation within the flame.
It has been found that the residence time of droplets within the flame increases due to droplet inertia and
therefore the evaporation and the cooling effect associated with the extraction of latent heat are stronger for
inertial droplets than in the case of hypothetical inertialess droplets. The stronger cooling effects for inertial
droplets lead to smaller burned gas temperature and thicker flame than the corresponding cases with iner-
tialess droplets. The aforementioned cooling effect induced by latent heat of evaporation of water droplets
reduces the burning rate and the likelihood of obtaining high gradient magnitudes of reaction progress vari-
able and temperature within the flame for the cases with water droplets in comparison to the corresponding
purely gaseous turbulent premixed flames, and this tendency is stronger for inertial droplets. The stronger
cooling effect, along with the reduction of reactant concentrations within the flame due to greater extent of
evaporation for inertial droplets, gives rise to a smaller extent of flame area generation and overall burning
rate than in the corresponding cases with inertialess droplets. It has been found that water droplet inertia
acts to reduce the burning rate and the consumption rate of reactants per unit flame surface area during
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the interaction of water droplets with turbulent premixed flames within the parameter range analysed in this

paper.

© 2022 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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1. Introduction

Water injection in combustion systems has been
in use for a long time in car engines (e.g., BMW M4
GTS engine, WaterBoost system by Bosch) and gas
turbines [1]. The interaction of water droplets with
a flame is also important from the point of view
of fire suppression [2] and explosion mitigation [3].
The water droplet size distribution and the flame-
droplet interaction can have a significant influence
on the overall burning rate [3]. It has been demon-
strated that the interaction of water droplets with
the flame surface could potentially affect the tur-
bulence level within the flame brush and thereby
influence the turbulent burning velocity [4]. Pre-
vious fully resolved two-dimensional simulations
[5] demonstrated that in addition to the droplet
sizes, the distance between the droplets could also
affect the rate of flame propagation. The present
authors recently carried out three-dimensional car-
rier phase simple chemistry Direct Numerical Sim-
ulations (DNS) of the interaction of water droplets
with n-heptane-air turbulent premixed flames for
different turbulence intensities, droplet loading and
droplet diameters and revealed that the droplet size
affects the overall burning rate in a non-linear man-
ner [6]. They also revealed that the cooling effect
associated with the evaporation of droplets dom-
inates over the changes in the concentration of re-
actants in the gaseous phase [6]. The cooling effects
due to the presence of droplets induce weaker ther-
mal expansion effects and a smaller overall burn-
ing rate than in purely gaseous turbulent premixed
flames [6]. Numerical experiments were conducted
by Hasslberger et al. [6] to demonstrate the ef-
fects of latent heat on the overall burning rate and
turbulence level within the flame brush. Based on
this analysis, Hasslberger et al. [6] also proposed a
reduced-order model for the effects of cooling and
dilution induced by water droplets on the laminar
burning velocity by considering the time scales of
droplet evaporation and residence time within the
flame [6]. This analysis [6] suggests that the iner-
tial effects of the water droplets could potentially
play a key role in determining the overall burning
rate and turbulence burning velocity. It was dis-
cussed in several previous analytical [7-9], experi-
mental [10,11] and numerical [12] studies that the
inertia of fuel droplets could affect the gaseous
phase reacting mixture composition, and thereby
the overall burning rate in fuel droplet-laden mix-
tures. A recent carrier phase DNS analysis [12] of

spherically expanding flames of n-heptane droplets
revealed that the droplet concentration within the
flame increases due to droplet inertia, which, in
turn, increases the gaseous phase equivalence ratio
and overall burning rate in agreement with previous
experimental findings by Lawes and Saat [11]. A
thorough understanding of the effects of droplet
inertia enables the development of high-fidelity
multiphase flow models, but this goal is made con-
siderably demanding in reacting flows because of
the influence of the inertial effects on the flame
propagation and burning rate. There is no straight-
forward way to assess the implications of accu-
rate representation of inertial effects on the flame
physics without a numerical experiment that con-
siders inertialess droplets (as a limiting physical
scenario) and compares the results for hypothet-
ical droplet cases with the corresponding results
with actual inertial droplets. This cannot be done
in experiments, but it is a standard numerical and
analytical technique to consider hypothetical con-
ditions to analyse a physical phenomenon in isola-
tion. The same approach was adopted previously
in Ref. [12] to analyse the inertial effects of fuel
droplets but to the best of the authors’ knowledge,
there is no analysis in the existing literature on
the roles of droplet inertia on the water droplet-
premixed flame interaction under turbulent condi-
tions. This paper addresses this gap in the existing
literature by carrying out numerical experiments
using carrier phase DNS involving hypothetical in-
ertialess droplets with the properties of water for
comparison of the combustion characteristics to
the corresponding cases involving interactions of
inertial water droplets with a stoichiometric turbu-
lent premixed n-heptane flame. In this respect, the
main objectives of the current analysis are: (a) to
demonstrate the effects of droplet inertia on flame
surface area and overall burning rate during the in-
teraction of water droplets with turbulent premixed
flames, and (b) to provide physical explanations for
the observed differences between inertial and iner-
tialess droplet cases.

2. Mathematical background and numerical
implementation

A modified single-step irreversible chemical re-
action [13], for which the activation energy and
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heat of combustion are taken to be functions of
the gaseous equivalence ratio, is considered for this
analysis for the purpose of the computational econ-
omy in the interest of an extensive parametric anal-
ysis (e.g. 3 different droplet diameters and two dif-
ferent turbulence intensities for both inertial and
inertialess droplets. Note, that Ref. [6] dealt only
with inertial droplets for a smaller range of tur-
bulence intensity than considered in this analysis).
It has been shown elsewhere [14] that this method-
ology captures the unstrained laminar burning ve-
locity Sy variation with gaseous phase equiva-
lence ratio ¢, obtained from detailed chemistry
simulations [15]. Moreover, this chemical mecha-
nism has also been shown elsewhere [6] to cap-
ture the laminar burning velocity Sy variation
with water vapour concentration Y5 in the un-
burned gas for the range of Y} encountered in
the current analysis. All gaseous species are as-
sumed to have Lewis numbers of unity and stan-
dard values are adopted for the ratio of specific
heats (y = 1.4) and Prandtl number (Pr = 0.70).
The spherical water droplets are assumed to in-
teract with an initially stoichiometric (i.e. ¢, =
1.0) n-heptane-air premixed flame. For the current
analysis, the gaseous phase is considered in terms
of an Eulerian formulation, whereas liquid water
droplets are individually tracked in a Lagrangian
sense. The quantities transported for each droplet
(subscript d is used for droplet quantities) are for-
mulated in the following manner [6,14,16,17]:

d¥y _podiy g0y deg g

a Mg = o Code T (1)
dT; _ TGq0)-Ty=B4Ly/C}

dr — T{IT

Here, X, iy, ay, Ty are the position vector, veloc-
ity vector, droplet diameter and temperature of in-
dividual droplets, i and 7" are gaseous phase veloc-
ity vector and temperature, respectively, L, is the la-
tent heat of vaporization, and relaxation timescales
for droplet velocity, t) diameter ¢/ and tempera-
ture 7] are given by: t¥ = pdaf,/(18Cuu); )=
(oad?/4w)(Sc/Sho)/log(1+B;)  and 1) =
(paay/61)(Pr/Nuc)[Ba/log (1 + Bo)IC,/C5,  re-
spectively. Here, p, is the droplet density, Sc stands
for the Schmidt number, CL denotes the specific

heat for the liquid phase, C, =1+ Ref/ 3 /6 is
the corrected drag coefficient, Re; is the droplet
Reynolds number, B, is the Spalding number, S/,
and Nu, are the corrected Sherwood and Nusselt
numbers, respectively, which are expressed as
[6,14,16,17]:
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where Y, is the water vapour mass fraction
Y, at the droplet surface. The partial pres-
sure of the water vapour at the droplet sur-
face pj is evaluated based on the Clausius—
Clapeyron equation [6,14,16,17]:  p}, = pres

exp(L,,/R[(l/Trjf.)—(1/T;)]) and Y$ = (1+

(We/Ww)[p(Xa, )/ P}y — 1]) ' where T,-f/ rep-
resents the boiling point of water at a pressure
Press T is assumed to be Ty, and W, and Wy
are the molecular weights of the gaseous mixture
and water vapour, respectively. In order to anal-
yse the influence of droplet inertia, hypothetical
simulations have been conducted for inertialess
droplets, which follow dx;/dt =i, and di,/dt
becomes irrelevant, but the rest of the expressions
in Eq. (1) are kept unchanged.

For the present analysis, DNS of statis-
tically planar turbulent flames are carried
out for different initial values of the nor-
malised root-mean-square turbulent velocity
of u’/S,,(d)g:l) with a non-dimensional longitudi-
nal integral length-scale of L;/8y, = 2.5 where
Sy = (Tad(%zl) — %)/max}VﬂL is the thermal

flame thickness of the stoichiometric mixture
with T, Tad(¢g=l) and 7j being the instantaneous

dimensional temperature, stoichiometric adiabatic
flame temperature and unburned gas temper-
ature, respectively. The heat release parameter

T = (Tad(%:l) — T0>/T0 is taken to be 6.54, which

corresponds to an unburned gas temperature of
300K under atmospheric pressure because thermo-
chemical data for n-heptane is well-documented
for the atmospheric pressure. Moreover, in the
context of fire suppression and explosion miti-
gation, it is worth noting that usually accidents
occur as well at ambient conditions. Additional
simulations have been carried out also for fully
gaseous phase stoichiometric turbulent premixed
n-heptane-air flames for the sake of comparison
with the corresponding cases with water droplets.
A well-known DNS code SENGA+ [6,14,17],
which solves the conservation equations of mass,
momentum, energy and species in non dimen-
sional form has been used for the present analysis.
In SENGA+, high order finite difference (10"
order central difference for the internal grid
points with a gradual decrease in the order of
accuracy to a 2" order one-sided scheme at the
non-periodic boundaries) and Runge-Kutta (3¢
order low-storage) schemes are employed. For
this analysis, the simulation domain is taken to
be 308, x 208, x 208, which is discretised by a
uniform Cartesian grid of 384 x 256 x 256. This
grid ensures 10 grid points are kept within 8, and
the Kolmogorov length scale 7 is also resolved. The
long side of the simulation domain is aligned to the
mean direction of flame propagation (i.e. x direc-
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tion in this configuration) and boundaries in this
direction are taken to be partially non-reflecting,
which are specified using the Navier-Stokes Char-
acteristic Boundary Conditions technique. The
transverse boundaries in y and z directions are
considered to be periodic. Three different initially
mono-sized water droplets (i.e. a;/8;, = 0.02, 0.04
and 0.06, which correspond to a range of 10-
30um) have been considered for each turbulence
intensity for a water loading of Y; = 0.1 where
Yw =Y}, + Yy, = mw /(my +mg) is the mass
fraction of water (in both liquid (I)+gaseous (g)
phases) in the unburned gas (and thus indepen-
dent of the chemical reaction) with my being
the total amount of water injected in a combined
mass of air and fuel mixture given by my. The
parameters chosen for this analysis are represen-
tative of previous experiments [1,2]. The Stokes
number for the inertial droplets can be defined
as St =t /Ly = psddu'/(18C,uL1y)  (where
Ly /u is the turbulent time scale) and it remains
smaller than 0.14 (0.28) for the largest droplet
in the turbulent cases with u’/Sb(¢g:l) =4.0
(8.0).  Alternatively, the Stokes number
St = TpS§(¢g:1)/aro = pdaf,Sj(%:l)/(lSCuuaro)

can be calculated based on the chemical timescale
aro/Si(%:l) and the maximum value of St re-
mains smaller than 0.44 for the largest droplets
considered here where ar is the thermal diffusiv-
ity of the unburned gas. For the aforementioned
values of the Stokes number, there is a lag between
the droplet motion and the background fluid
motion due to the drag experienced by the inertial
droplets. The initial droplet number density py
varies between 1.14 < (pN)1/3(Sx, <341 in the
unburned gas depending on the value of @, consid-
ered here, and the liquid volume fraction remains
well below 0.02%. The ratio a,/n is 0.06, 0.12
and 0.18 (0.1, 0.2 and 0.3) for a,/3,, =0.02, 0.04
and 0.06, respectively for u’/Sb(%:l) = 4.0 (8.0),

and the mean normalised inter-droplet distance
sq/n ranges between 1.45 and 4.35. The ratio of
the initial droplet volume to the computational
cell volume V,;/ V. is 0.007, 0.057 and 0.191 for
ay/84 = 0.02, 0.04 and 0.06, respectively, which is
comparable to several previous analyses [6,17,18],
and justifies the point source assumption.

The generic governing equations for the carrier
phase can be expressed as [6,14,16,17]:

) 0] i ) 0
g d(ouig) _ 0 (p B
ot 3Xj 8xj

= wax.>+a‘)w+sw+sg
J
3)

Here, ¢ ={l,ue Yp, Yo, Y;} and ¢ =
{1,u;, T, Y, Yo, Yj3} for the conservation equa-
tions of mass, momentum, energy, and mass
fractions, respectively. In Eq. (3), R, = pv/o, for
o={lu,Yr, Yo, Y5} and R, =21 for p=e,

respectively, where e = fTT y CydT + uu;/2 is the

specific stagnation internal energy with 7., and
Cy being the reference temperature and specific
heat at constant volume, respectively. The @, term
in Eq. (3) refers to reaction rate, Sg stands for
an appropriate source/sink term in the gaseous
phase (e.g. pressure forces in the momentum
equation) and S, = —(1/ Vi) Sad(mapq)/dt is
the appropriate term due to droplet evaporation
and is responsible for two-way coupling where
mq = pa(1/6)wa’ is the droplet mass. Other
variables are v, kinematic viscosity, A, thermal con-
ductivity and o, an appropriate Schmidt number
corresponding to ¢.

The extent of the completion of the chem-
ical reaction can be quantified with the help
of a reaction progress variable ¢, which in-
creases monotonically from 0 in the unburned
gas to 1.0 in the fully burned gas. The reaction
progress variable ¢ is defined here based on oxy-
gen mass fraction, Yy and mixture fraction, § =
(Yr = Yo/s+ Yoo /5)/(Yreo + Yooo/s) in the fol-
lowing manner [6,14,16,17]:

e Yooo(l =) — Yo
YODO(I - é) - max(ov {é.\'f - g}/SX[)YOOO

where Yy, = 0.233 is the oxygen mass fraction in
air and Yro = 1.0 is the fuel mass fraction in the
pure fuel stream. For n-heptane, C;Hyg, s = 3.52 is
the stoichiometric mass ratio of oxidiser to fuel and
Yr, = 0.0621 and &, = 0.0621 are the correspond-
ing stoichiometric fuel mass fraction and mixture
fraction, respectively.

A standard pseudo-spectral method has been
used to initialise turbulent velocity fluctuations by
an incompressible homogeneous isotropic velocity
field. The flame-turbulence interaction takes place
under decaying turbulence and statistics are taken
at 3.0t pem = 3.00{T0/S§(¢g=1). Note that 7., =
0.815Ly;/u’ and 1.63L;, /u’ for initial ”//Sb(¢,,=1) =
4.0 and 8.0 cases, respectively. This simulation
time remains comparable to several previous anal-
yses [6,17,18] and by this time both the volume-
integrated burning rate and flame surface area
reached a quasi-stationary state and were not
changing appreciably with time for the cases con-
sidered here (see [6] exemplarily for inertial droplet
cases).

“)

3. Results and discussion

The distributions of non-dimensional temper-
ature T = (T — %)/(Ed((ﬁq:l) — Tp) and the mass

fraction of the evaporated water vapour in the
gaseous phase (excluding the product water mass
fraction) Y} in the central midplane along with
the droplets residing in that plane at the time when
statistics are extracted, are presented in Fig. 1 for
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Fig. 1. Distribution of T (1 row) and Y}, (2" row) (white lines show ¢ = 0.1, 0.5 and 0.9 contours from left to right)
and on the central x — y mid-plane for flames with initial ’ /Sh( e=1) = 4.0 for inertial (13 column) and inertialess (2nd

column) droplet cases with initial a;/8y = 0.04 at ¢/t ., = 4. Pink dots show the droplets residing on the plane (not to

the scale).

both inertial and inertialess droplets. The three-
dimensional instantaneous views of ¢ = 0.95 and
T = 0.95 iso-surfaces for a representative case with
inertial particles are shown in Fig. 2. It can be seen
from Fig. 2 that the ¢ =0.95 and T = 0.95 iso-
surfaces are not coincident with each other, and
T = 0.95 occurs in the downstream of ¢ = 0.95 in
the mean flow direction. Therefore, the droplet den-
sity behind ¢ = 0.95 isosurface is greater than that
in the case of the 7" = 0.95 iso-surface.

It can be seen from Figs. 1 and 2 that the wa-
ter droplets do not evaporate completely within the
flame due to high latent heat of water (~ 7.16 times
of the latent heat of n-heptane). Even for the small-
est droplet size, where the evaporation is the high-
est, the maximum value of ¥};, remains below 0.1
within the flame (i.e. 0.01 < ¢ < 0.99) despite the
water loading of the unburned gas of Yy =0.1
[6]. Therefore, water injection does not significantly
affect the chemical processes within the flame for
the cases considered here. Due to the slow evapo-
ration, water droplets do not significantly deform
the reaction progress variable ¢ iso-surfaces, but
they distort the non-dimensional temperature 7'
iso-surfaces due to the extraction of the latent heat

of evaporation [6] (cf. Fig. 2). This behaviour, which
also holds for initial #'/S, b(p=1) = 8.0 cases, is simi-

lar for both inertialess and inertial droplets. A com-
parison between T and Y}, fields of inertial and in-
ertialess particles reveals that the inertial droplets
show clustering in the unburned gas (i.e. 7 = 0),
whereas no such clustering is observed for the in-
ertialess droplets. This is consistent with previous
findings [19] that inertial particles tend to cluster
in the high strain rate and low vorticity regions.
This behavior can be confirmed from Fig. 3 which
shows the distribution of the coherent structure
function FCS = Q/E with Q = (QijQij — S,]S,j)/Z
and £ = (Q,]Q,J + S,]S,])/Z, where S,‘j and Q,‘j are
the rate of strain tensor and rate of rotation ten-
sor, respectively. Accordingly, Frs takes values of
—1 and +1 for pure straining and pure rotation,
respectively, and is exemplarily shown for the case
with initial U [ Sppe=1) = 4.0 and a,/8, = 0.04 but
the same qualitative behaviour was observed for
other cases.

It can be discerned from Y} fields in Fig. | that
higher particle density, and a greater probability
of obtaining high Y} values in the burned gas are
obtained for the inertialess particles. This can be
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Fig. 2. Instantaneous views of ¢ = 0.95 (1 row) and T = 0.95 (2nd row) iso-surfaces (shown in grey) seen from the
burned gas side for initial values of v/ /Sh( be=1) = 4.0, ay/8s = 0.04, and Yy = 0.1 for inertial particles at 7/¢.ep, = 2.1.

The colour of not-to-the-scale droplets indicates the instantaneous values of a; /8.

0 5 10 15 20 25 30
x/o‘"l

Fig. 3. Distribution of the coherent structure function Fgg (values of —1 and +1 corresponding to pure strain and
pure rotation, respectively) on the central x — y mid-plane for inertial droplet cases with initial a,/8y = 0.04 and ini-
tial o/ /Sb(¢g=1) = 4.0. Pink dots show the droplets residing on the plane (not to the scale). White lines show ¢ = 0.1, 0.5

and 0.9 contours from left to right.

the unity Lewis number, adiabatic low-Mach num-
ber condition, ¢ = T is maintained for the gaseous
premixed flame but it is not valid for droplet cases.
However, the variation of ¢ with x/8, remains
qualitatively similar to that of T'.

substantiated from the variations of Y_f,', and T

with x/8,; shown in Fig. 4 where Q represents the
ensemble-averaged values of the samples of a gen-
eral quantity Q over the homogeneous directions
(i.e. y and z directions in this configuration). Under



J. Hasslberger et al. | Proceedings of the Combustion Institute 39 (2023) 2575-2586 2581

0.1 .

0.08 |-
|§§0.06 -
0.04 |-
0.02 -

0.8 -
0.6 -
0.4 -
0.2

&~

0 s L .

x/ést

0:~I | | | | I I N B I
0 5 10 15 20 25 0 5 10 15 20 25

$/5st

Fig. 4. Variations ofﬁ (1* row) and T (2nd row) at ¢/t e = 4, with x/8,, for initial "‘//Sb(¢g:1) = 4.0 (1% column) and

8.0 (2nd column) cases with inertial (markers) and inertialess (solid line) droplet cases with initial a; /8, = 0.02 (purple),
0.04 (red), 0.06 (blue) and purely premixed conditions (black solid line). The locations corresponding to ¢ = 0.05 and
¢ = 0.95 are shown by green and black vertical lines, respectively. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 4 shows that the maximum 7 value in the
cases with liquid water injection with both iner-
tial and inertialess droplets remain smaller than
the maximum value of T (i.e. T &~ 1.0) for the
gaseous premixed flame case. This drop in the
maximum values of 7 for the droplet cases takes
place due to the smaller reactant concentrations
in the unburned gas in comparison to that in the
gaseous premixed flame, and also due to the cool-
ing effect resulting from latent heat extraction of
water droplets in the burned gas, with the later
effect dominating over the former for the cases
considered here [6]. This behaviour is particularly
strong for smaller droplets (e.g. initial a,/5,, = 0.02
cases) due to their greater likelihood of evapora-
tion, whereas the maximum value of 7 for the large
droplet cases (e.g. initial a,;/8; = 0.06 cases) re-
main comparable to (but slightly smaller than) the
corresponding value in the gaseous premixed flame
case due to their smaller extent of evaporation. Re-
calling that Y} does not include the product wa-
ter mass fraction, it can be seen from Fig. 4 that
Y,y values in the region given by 0.1 <¢ < 0.9
for inertialess particles remain mostly smaller than
that for inertial particles. By contrast, Y} values
in the region given by ¢ > 0.9 for inertialess par-
ticles remain greater than that for inertial parti-
cles. The smaller (greater) values of Y}, within the
region given by 0.1 <¢ < 0.9 (¢ > 0.9) for iner-
tialess particles are indicative of the lower parti-
cle density (therefore less evaporation of droplets)
within the flame and higher particle density (con-
sequently relatively higher amount of evaporated
water vapour) in the burned gas. It has been found

that the number of droplets within the zone given
by 0.1 <¢<0.9 is —9.65%, 6.21% and 15.77%
(16.16%, 44.75% and 55.56%) smaller for inertia-
less droplets than in the corresponding inertial
droplet cases for initial a,;/8;; = 0.02, 0.04 and 0.06
cases with u’/S,)(%:l) =4.0 (8.0). In statistically
planar flames, the mean flow is directed from the
unburned gas side to the burned gas side of the
flame brush. In the case of inertialess droplets,
there is no lag between the droplet and fluid ve-
locity and as a result, the inertialess droplets more
readily pass through the flame with a small resi-
dence time within the flame and thereby undergo
less evaporation in this region before reaching the
burned gas. The higher residence time of inertial
droplets within the flame in comparison to iner-
tialess droplets is particularly prevalent for larger
droplets and higher turbulence intensity because of
higher Stokes number. This effect of droplet inertia
is also consistent with previous analytical [7-9] and
numerical [12] findings and experimental postula-
tion [10,11] involving fuel droplets. The increased
likelihood of evaporation of inertialess droplets in
the burned gas region reduces the probability of
finding a lower value of 7 within the flame (i.e.,
0.1 < ¢ <0.9) in comparison to that in the case
of corresponding inertial droplets. This tendency
is most prominent for the smallest droplets and
weakens with increasing @, /8, which can be sub-
stantiated from the probability density functions
(PDFs) of T for 0.7 < ¢ < 0.99 shown in Fig. 5.
In order to demonstrate the influence of the cool-
ing effects induced by the evaporation of water
droplets on the flame structure, the mean values of
W¢ X 85t/ (,oOSb( ¢g=1)) (with py being the unburned
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Fig. 5. PDFsof T in the region corresponding to 0.7 < ¢ < 0.99 at t /e, = 3. Initial u’/Sb(¢g:1) = 4.0 (1*" column) and

8.0 (2nd column) cases with inertial (markers) and inertialess (solid line) droplet cases with initial a; /8y, = 0.02 (purple),
0.04 (red), 0.06 (blue) and purely premixed conditions (black solid line). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

gas density) and |V¢| x 8 conditional upon ¢ are
shown in Fig. 6 for both inertial and inertialess par-
ticles where @, is the reaction rate of ¢, and is ex-
pressed as [20,21]: &, = —&,0/[ Yot (1 — &,)] for
S = gst and W, = _@0/[Y000(1 - S)] for E > E&t
where @ is the reaction rate of O,. It is worth not-
ing that the mean values of reaction rate magni-
tudes of fuel and oxidiser (i.e. |or| and |wg|) show
qualitatively similar behaviour as that of . and
thus are not explicitly shown here. Fig. 6 shows that
the peak value of @, for the droplet cases decreases
in comparison to the corresponding value in the
gaseous premixed flame, and this reduction of the
peak mean value of @, is the strongest for the small-
est droplets considered here.

The faster evaporation for smaller water
droplets reduces the mass fractions of fuel and
oxidiser in the reactants and also acts to reduce
the temperature due to extraction of the (large)
latent heat. It was demonstrated by Hasslberger
et al. [6] that the cooling effects induced by the
extraction of latent heat dominate over the reduc-
tion in mass fractions of fuel and oxidiser. The
reduction in @, with an increase in Yy is indicative
of the reduction of the burning velocity with
an increase in water droplet loading, which was
demonstrated and explained by a reduced-order
model by Hasslberger et al. [6], and thus is not
repeated here (but see Fig. 8 later). The inverse of
the peak mean value of |Vc¢| can be considered to
be a measure of the flame-front thickness [22] (i.e.
8§ ~ 1/max{|Vc|} where {Q} is the mean value of
a general quantity of Q conditional upon ¢), and
it can be seen that the peak mean value of |V¢| is
smaller for the water droplet cases in comparison
to the corresponding premixed flame cases for
both inertial and inertialess particles. This suggests
that the flames with water droplets are thicker than
the purely gaseous premixed flame, which is con-
sistent with smaller laminar burning velocity for
water loading than the unstrained laminar burning
velocity of a stoichiometric premixed laminar

flame (i.e. Sby”’ < Sb(¢g:1) = Sby(”;ffl)) because the
=
flame thickness scales as & ~ @70/ Sp(py=1)- This

flame thickening is the strongest for the smallest

droplets because of a decreasing trend of S: " with
decreasing a; /8 [6], as a result of stronger cooling
effects owing to a higher evaporation rate in the
case of smaller droplets.

The flame thickening with increasing droplet
size weakens and the peak mean value of |V¢|
for initial a,/8; = 0.04 and 0.06 remain compa-
rable (but slightly smaller) than the correspond-
ing value in the gaseous premixed flame case.
Fig. 6 reveals that the droplet inertia does not
have a major influence on the mean variations of
W, X 851/(pOSb(¢g:1)) and |Vc¢| x 8, but the mean

values of these quantities for inertialess droplets
are slightly greater than those for inertial droplets.
This is a consequence of a combination of smaller
droplet number and smaller residence time within
the flame for inertialess droplets and therefore the
cooling effect associated with evaporation is rel-
atively weaker in the inertialess droplets than in
the case of inertial droplets. Although droplet in-
ertia does not have a major influence on the re-
sults shown in Fig. 6, the droplet inertia plays
a relatively more prominent role for the volume-
integrated quantities (e.g. flame surface area and
volume-integrated fuel reaction rate).

The values of the normalised flame surface
area A./Ao and Ar /Ay for both the premixed and
droplet cases are shown in Fig. 7 where the areas
A, and A7 are given by the volume-integrals 4, =
JyIVeldV and Ay = [, [VT|dV and A, is the
flame surface area for the planar unstrained lami-
nar premixed flame which, under the unity Lewis
number condition, equals to Ay = fV |Ve|pdV =
fV IVT | dV. Fig. 7 shows that A. values for the
inertial droplet cases remain smaller than the cor-
responding value for the gaseous premixed flame
cases, and the reduction of the flame surface area
increases with decreasing a,/3y;.

It can be seen from Fig. 7 that values of A, for
the inertialess particles assume higher values than
those in the case of inertial particles and for ini-
tial a; /85 = 0.04 and 0.06 cases, 4. values remain
comparable to the gaseous premixed flame values
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Fig. 6. Variations of @, X 85/p0S, b(de=1) (1% row and 3™ row for the magnified view for the peak values) and |Ve| x 8y

(2nd row and 4" row for the magnified view for the peak values) conditional on c¢ at ¢/t,, = 3. Initial u'/ Sb(¢g:1 )=

4.0 (1% column) and 8.0 (2nd column) cases with inertial (markers) and inertialess (solid line) droplet cases with initial
ay/8st = 0.02 (purple), 0.04 (red), 0.06 (blue) and purely premixed conditions (black solid line). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

but A4, in the initial a,/8; = 0.02 inertialess case
remains slightly smaller than the premixed flame
surface area. An increase in A4, for inertialess par-
ticles in comparison to inertial particles is consis-
tent with the |V¢| variation shown in Fig. 6 but dif-
ferences in A, between inertial and inertialess par-
ticles remain greater than the differences in mean
values of |Ve|. As A, is defined as A. = [}, |VeldV,
itis not only | V¢| but also the flame volume that af-
fects 4, values. This suggests that the samples with
high values of |Vc| are more frequent in the in-
ertialess droplet cases than in the case of inertial
droplets.

Fig. 7 also shows that A7 for the inertial droplet
case with initial a,/8;, = 0.06 assumes higher val-
ues than the corresponding value for the gaseous

premixed flame case for which 4, = A7 due to the
unity Lewis number assumption. However, A1 for
the inertial droplet case with initial a,/8,, = 0.02
remain marginally smaller than the corresponding
value for the premixed flame. The Ar values for
the inertial droplet case with initial a,/8;, = 0.04
is almost the same as that of the gaseous pre-
mixed flame value. The cases with inertialess par-
ticles exhibit a higher value of A7 than that in the
cases of the inertialess particles. It has already been
demonstrated that a higher rate of evaporation
for the smaller droplets acts to reduce the burned
gas temperature (see Fig. 5), and this leads to a
smaller magnitude of |VT'| with decreasing a, /8.
The smaller values of |VT| within the flame for
initial a,/8,, = 0.02 cases are principally responsi-
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u'/ Sb(%:l) = 4.0 (1*' column) and 8.0 (2nd column) cases with inertial (markers) and inertialess (solid line) droplet cases

with initial a,; /8 = 0.02 (purple), 0.04 (red), 0.06 (blue) and purely premixed conditions (black solid line). (For interpre-
tation of the references to color in this figure legend, the reader is referred to the web version of this article.)

ble for smaller value of A7 than that in the pre-
mixed flame. By contrast, large droplets (e.g. initial
ay/8y = 0.06 cases) pass through the flame before
the completion of their evaporation in the burned
gas and induce additional temperature gradient in
the burned gas. Moreover, the water droplets in-
duce additional wrinkling of 7 isosurfaces due to
the extraction of latent heat (see Fig. 2). This gives
rise to a higher value of A7 in the initial a,/8y, =

0.06 cases than that in the premixed flame. The ef-
fects of smaller values of |VT| within the flame
and the temperature gradient within the burned
gas along with droplet-induced T iso-surface wrin-
kling cancel each other for the inertial droplets with
initial a,/8, = 0.04 and thus in this case 47 re-
mains comparable to that of the premixed flame.
The combination of the smaller extent of evapo-
ration and smaller residence time acts to increase
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|VT| within the flame for the cases with inertialess
droplets in comparison to the cases with inertial
droplets.

The effects of droplet inertia on w., |Ve|, A, and
Ar (see Figs. 6 and 7) also affect the overall burn-
ing rate and the consumption rate of reactants per
unit flame surface area, which are demonstrated in
Fig. 8 where the variations of normalised fuel con-
sumption rate Q = [, |wp|dV/(pyYg, Ay) and nor-
malised reactants consumption rate per unit area

S = Jy V(005 (gy-1)Ac) are shown for differ-

ent droplet sizes for both inertial and inertialess
particles. Fig. 8 shows that Q and S decrease with
decreasing a, /8, for both inertial and inertialess
particles, which is a consequence of small @, values
for small droplets (see Fig. 6). However, this cooling
effect is weaker for inertialess droplets and there-
fore Q values for these cases are greater than those
in the case of inertial droplets.

The adverse effects of water loading on the
burning rate for the cases considered here can also
be substantiated from the values of S. A value
of S = 1.0 indicates that the consumption rate of
reactants per unit flame surface area remains the
same as that of the laminar premixed flame. It can
be seen from Fig. 8 that S remains almost equal to
unity for the turbulent premixed flames, which is
indicative of the validity of Damkdhler’s first hy-
pothesis [14,23], and the reasons for the validity of
Damkohler’s first hypothesis for statistically planar
turbulent premixed flames with unity Lewis num-
ber are discussed elsewhere [24] and thus are not re-
peated here. By contrast, S remains mostly smaller
than unity for all droplet cases which is indicative of
the smaller consumption rate of fuel than in the un-
stretched laminar premixed flame and therefore ad-
verse effects of water loading on the burning rate in
the cases considered here. Because of the stronger
cooling effects for smaller droplets, the value of S
decreases with decreasing a, /8. As the cooling ef-
fects are weaker for inertialess droplets, S assumes
higher values for inertialess droplets than for iner-
tial droplets.

This suggests that the reduction of the overall
burning rate [, |op|dV (and also [, @.dV) with
increasing water droplet diameter takes place at a
higher proportion than that of the reduction in
flame surface area 4, and the droplet inertia aug-
ments in this reduction in the burning rate. This
suggests that the proper modelling of droplet in-
ertia is important not only for multiphase aspects
of the premixed flame-water droplet interaction but
also is necessary for the purpose of capturing the
correct flame structure for water droplet interaction
with premixed flames.

4. Conclusions

The influence of water droplet inertia on the
reaction zone structure, burned gas temperature,

flame surface area and overall burning rate has
been investigated for statistically planar stoichio-
metric n-heptane-air flames interacting with mono-
sized water droplets using three-dimensional car-
rier phase DNS. Different initially mono-disperse
droplet sizes have been considered for inertial and
hypothetical inertialess liquid water droplets to
isolate the effects of droplet inertia. It has been
found that the cases with inertial droplets exhibit
a higher residence time and greater extent of evap-
oration within the flame than those with inertia-
less droplets. This gives rise to the higher number
density of droplets within the flame for the iner-
tial droplet cases than in the corresponding iner-
tialess droplet cases where the fluid velocity carries
them from the unburned to the burned gas side with
a short residence time. The higher number den-
sity of inertial droplets within the flame induces a
greater extent of droplet-induced cooling than in
the corresponding inertialess droplet cases, which
leads to a thicker flame-front for inertial droplet
cases than in the corresponding inertialess droplet
cases. This also induces higher values of reactive
scalar gradient within the flame and consequently
greater flame surface area for inertialess droplets
than in the case of inertial droplets. The combina-
tion of the cooling effect induced by the extraction
of latent heat of water droplets (primary effect) and
the reduction in reactant concentrations in the un-
burned gas (secondary effect) induce smaller over-
all burning rate and reactant consumption rate per
unit flame surface area in the water droplet cases
than in the gaseous premixed flame. However, this
effect is weaker for inertialess droplets than for
inertial droplets owing to the longer residence of
inertial droplets within the flame. Therefore, in-
ertial effects of droplets need to be properly ad-
dressed for the accurate modelling of both the two-
phase nature of the flow field and the flame struc-
ture in the water spray interaction with premixed
flames.
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