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Abstract Numerical simulations of turbulent flame kernel growths in monodisperse clouds of iso-octane liquid
droplets are conducted in conditions relevant to constant volume combustors. The simulations make use of a
low-Mach number Navier-Stokes solver and a thermodynamic pressure evolution model has been implemented
to reproduce the pressure variation that may be issued from either experiments or from a standard (i.e., analyti-
cal) compression law. Chemistry is described with a representative skeletal mechanism featuring 29 species and
48 elementary reaction steps. The computational results clearly confirm the enhancement of flame propagation
in constant volume combustion conditions. The impact of the droplet diameter on the turbulent flame develop-
ment is scrutinized for two distinct values of the Stokes number St equal to 0.1 and 1.0. Significant influence
on the flame dynamics is put into evidence. This is a direct outcome of the equivalence ratio and temperature
heterogeneities, which are themselves very sensitive to the choice of the Stokes number value. Then, small-scale
turbulence-scalar interactions (TSI) are studied by analyzing the fields of the scalar gradients and strain-rate.
Their dynamics is investigated for both non-reactive and reactive two-phase flows conditions. The TSI analysis is
performed on the basis of time evolution equations written for quantities that characterize the couplings between
the velocity gradient tensor and scalar gradients vectors. Special emphasis is placed on the possible influence of
mass exchange terms between the liquid and gaseous phases.

Keywords Turbulent combustion - Two-phase flow - Flame kernel growth - Constant volume combustion -
Turbulence-scalar interaction

1 Introduction

Constant-volume combustion (CVC) of fuel sprays appears as a standard combustion mode that is relevant for
a wide range of applications including not only conventional piston engines but also more recently developed
aeronautical engine concepts based on isochoric combustion and associated Humphrey cycle [1]. Each stage
involved in such two-phase flow combustion process deserves detailed investigations: dynamics of liquid droplets,
mixing between fuel and oxidizer, ignition, and turbulent flame propagation in inhomogeneous stratified media.
To this purpose, conducting direct numerical simulations (DNS) of turbulent flame kernel growth in fuel sprays
appears as an interesting way to analyze and understand these phenomena as well as their possible interactions.
Such numerical investigations may constructively complete experimental investigations and provide additional
insights onto the dynamics of the turbulent reactive flow at the smallest characteristic scales.

In this respect, the occurence of significant pressure variations is undoubtedly one of the most relevant speci-
ficities of CVC. The unburnt mixture is compressed and heated through the corresponding pressure evolution,
which may influence the turbulent flame development and structure as well as auto-ignition probabilities [2]. The
evaporation processes and subsequent mixing between fuel vapor and oxidizer may also be markedly altered. This
is however not easy to represent all these processes in DNS of flame kernel growth. The restricted size of DNS
computational domains is indeed not compatible with the resolution of the large-scale thermal and compositional
stratification observed in actual combustion chambers. Thus, as regards the heat released by chemical reactions,
such computations may lead to an unrealistic pressure rise.
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As far as a possible volumetric compression is concerned, a classical strategy to mimic its influence consists
in adding an artificial mass source term so as to regulate the pressure evolution by injecting (resp. removing)
mass to (resp. from) the computational domain [2,3,4]. In the present study, this strategy is extended to low-
Mach number flow solvers. In fact, it seems indeed better suited to discuss this specific issue within the low-Mach
number framework where the so-called thermodynamic component py(#) of the pressure field, which is associated
to volumetric compression, can be easily discriminated from its dynamic counterpart p;(x,1), the gradient of
which is involved in the Navier-Stokes equations. By considering the evolution equation of the corresponding
thermodynamic component py, the mechanism of pressure variation is scrutinized, leading to a computational
procedure that will not alter the local flow structures and asssociated dynamics.

In turbulent two-phase flows such as those considered herein, the Stokes number (St), which is presently
defined as the ratio between the particle relaxation time and the turbulence integral time scale, measures the abil-
ity of droplets to adapt to the carrier-phase velocity variations [5,6]. As previously pointed out in reference [7],
the value of this dimensionless quantity does not only characterize the possible particle clustering, it also influ-
ences the topology and segregation-rate of the composition field. In the present study, some emphasis is thus
placed on the impact of the Stokes number on the topology of the turbulent reactive two-phase flows. Especially,
the influence of St on the combustion regime, flame propagation, and turbulent reactive flow structure is ana-
lyzed. A representative skeletal mechanism is considered to represent chemical kinetics. Since a wide range of
characteristic length and time scales are involved in turbulent spray combustion, the consideration of multi-step
chemistry remains quite challenging to perform such DNS of turbulent reactive two-phase flows. Among the rel-
evant lenght scales are the integral length scale of the turbulence (/;), the Kolmogorov length scale (77;), the flame
thickness (0¢), and the droplet diameter (a). At this level, it is noteworthy that the description of the liquid-gas
interface may also require the resolution of scales much smaller than a. As depicted in Fig. 1, these various length
scales generally differ significantly from each others and simulations resolving directly all these scales with rep-
resentative molecular transport and chemistry models require tremendous computational resources and therefore
remain quite challenging.

Fig. 1: Illustration of the typical range of length scales involved in a droplet cloud combustion scenario.

In the present study, the typical size L of the computational domain is chosen to be approximately equal
to 10 times the integral length scale /;, while the typical size of the computational cell (i.e., the mesh resolu-
tion) is constrained according to the flame thickness ¢; and Kolmogorov length scale 7. The liquid phase is
represented within the discrete particle simulation (DPS) framework [7,8,9,10,11]. In comparaison with com-
putational strategies that resolve the boundary layers at the liquid-gas interfaces (e.g., [12]), such a framework
allows to scrutinize the influence of large-scale dispersion processes and associated Stokes number effects while
maintaining reasonable computational costs [7, 10, 13, 14]. It is however obvious that, due to the lack of resolution
at the droplet characteristic size, this computational strategy is not suited to recover certain combustion patterns,
such as those associated to single droplet combustion.

In turbulent reactive two-phase flows of practical interest, small-scale scalar mixing (i.e., mixing at the
molecular scales) is undoubtedly one of the key phenomena that requires to be modelled. Especially, in either
non-premixed or two-phase flow conditions, the associated modelling issues are crucial since mixing between
fuel and oxidizer at the molecular scales is a prerequisite before combustion occurs. Whatever the scalar is
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chemically-reactive (e.g., progress variable) or not (e.g., mixture fraction), its variance as well as the shape of its
probability density function (PDF) are indeed settled, to a large extent, by the scalar dissipation rate (SDR), see
for instance [15,16,17,18]. The SDR is the product of the scalar diffusivity with the square of the scalar gradient
norm [19,20,21] and, the studies reported in references [21,22,23,24,25,26] excepted, it is noteworthy that there
were quite few efforts directed towards its detailed analysis in turbulent reactive two-phase flows. Moreover, it
should be emphasized that most of the seldom studies that have been conducted in this direction were focused
on the direct effect of the additional source terms associated with the evaporation process, see for instance [23,
24,25]. However, considering previous orders of magnitude analyses as well as DNS investigations of the SDR
transport equation [27,28], one may expect that the SDR is also controlled to a large extent by the turbulence-
scalar interaction (TSI) contribution [27,29]. The corresponding TSI term is defined as the third-order correlation
between the velocity gradient and the small-scale scalar anisotropy tensor. A classical approach to analyzing this
contribution is to study the orientation of the scalar gradient in the eigenframe of the strain-rate tensor [30,31,
32]. In the present work, the kinematics of the orientation is studied under the influence of both evaporation and
combustion processes. As far as the evaporation processes are concerned, a previous analysis has concluded that
the direct influence of evaporation terms present in the mixture fraction SDR transport equation may be negligi-
ble [23]. This does not, however, preclude the possible influence of evaporation processes on scalar orientation
and associated TSI term in the SDR transport equation. The present study aims at scrutinizing this specific issue.
The corresponding analysis is conducted on the basis of a direct inspection of the orientation vector transport
equation. Such an equation has been recently considered to scrutinize the combustion of fully premixed reactants
in reference [33] but, to the best of the authors’” knowledge, this is the first time that such a numerical investigation
is conducted within the context of turbulent reactive two-phase flows.

The present manuscript is organized as follows, in section 2, some numerical and computational details are
provided, especially the strategy retained to handle the pressure evolution is presented. Section 3 is devoted
to the analysis of turbulent spray dispersion and evaporation in homogeneous isotropic turbulence (HIT). The
structure of the turbulent flames, as obtained from different spray and pressure evolution conditions, is discussed
in section 4. It is followed by section 5, which is concerned with turbulence-scalar interactions (TSI) in reactive
two-phase flows. Finally, conclusions and perspectives for future works are gathered in section 6.

2 Problem description
2.1 Computational model

The databases that have been generated within the course of the present study have been constructed with
Asphodele [34]. This reactive flow solver, the main features of which have been already presented elsewhere
— see for instance references [9,10,33,34,35,36] for further details — is based on a dilatable low-Mach number
framework. The pressure field is decomposed into the sum of a thermodynamic and a dynamic contribution. The
thermodynamic pressure po(f) is spatially uniform. The dynamic pressure p;(x,?) is much smaller than py(?):
it is of the order of the square of the Mach number compared to the thermodynamic contribution. The former
contribution py is relevant to the equation of state (EoS), while the gradient of p; explicitly appears in the RHS of
the momentum equation. Within such a low-Mach number framework, it is possible to perform the computations
at a constant thermodynamic pressure by holding py constant during the whole simulation time: py(#) = cst, as
previously done in references [33,36]. It is also possible to impose a given evolution for the thermodynamic pres-
sure component, i.e., dpo/dt, as further discussed below. Spatial derivatives are evaluated on regular meshes by
making use of high-order precision finite difference schemes while time integration is carried out with a minimal
storage third-order explicit Runge-Kutta scheme. The pressure-velocity coupling is handled within a standard
projection-correction framework but it is noteworthy that the numerical efficiency of the solver has been very
recently improved with the implementation of the HYPRE library [37]. Species mass fractions transport equations
are solved for all chemical species involved in the retained chemical scheme with the molecular transport repre-
sented thanks to mixture-averaged transport properties. Finally, chemical source terms «wy, are evaluated using the
Sundials CVODE solver [38].

The two phase-flows are handled within the particle-source in cell (PSI-cell) framework [39]. The carrier
gas phase is described from an Eulerian viewpoint based on the standard set of Navier-Stokes equations (NSE)
within the low Mach number framework described above. Conservation equations are considered for the mass
(i.e., density of the mixture p), momentum components (pu;), mass fraction of each chemical species (¥,), and
sensible enthalpy

P T
hs = Yahs,a = (Ya f Cp,ar(g)de) (1)
To
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with h,, and C,, the sensible enthalpy and constant pressure heat capacity of the ath species, respectively, and
To = 298.0 K a reference temperature.
Thus, in the gaseous phase, the corresponding set of conservation equations may be written as follows

%) 0 ,
a0 oy )= Qa)
J
dpu; 0 9 otij . :
% %(puiuj):—£+a—;+dpu[, fOrl: 1,...,3 (2b)
7 ! J
dphy, 8 dpo . 0q; Ou;
2 (phou;) = 220 - ; d 2
s o, (p ‘Mj) a Tor 6x, +T’6 + dpn, (2c)
opY, 0 i
o + 0_x] (pYQuj) = _6_xjj + Wy +dyy, fora=1,...,Ny, (2d)

where the substantial derivative of the pressure is involved in the RHS of the sensible enthalpy budget (i.e., Eq. 2¢),
while the spatial derivative of its dynamic component p; is present in the momentum transport equation (Eq. 2b).
In the above equation, the expression of the viscous stress tensor is

. Oup 2
7= p (a” $ 2 20m ) 3)

ax, " am 3%

where p denotes the viscosity of the mixture. The quantity J% = pY(,V" in the species mass fraction transport
equation (i.e., Eq. 2d) denotes the component in direction j of the mass ﬂux of chemical species «, the vector V¢
being the molecular diffusion velocity. The components of this diffusion velocity are determined from a Fickian
approximation

£ BYﬁ

Y,
pY(,V;y = —pD, 6_ + pY, Z Dﬁ (€]

with D, the molecular diffusion coefficient of species a. The second term in the RHS of Eq. 4 is a correction
that ensures the compatibility between the species mass fraction transport equation and the continuity equation
(i.e., total mass conservation). The heat flux term g; in Eq. 2c is determined from

or oh,
qj=—2f+ Z Ja_ (5)

with A the conductivity of the reactive mixture.
Finally, the above system is complemented with the perfect gas equation of state (EoS)

RT 1
po:%, I ©6)

where standard notations have been retained: R is the universal gas constant, M is the molecular weight of the
multi-component mixture, and M,, the one of the chemical species a.

There are also some source terms present in the above set of conservation equations. For instance, chemical
sources terms @, and wr do appear. The former corresponds to the production/destruction rate of chemical
species @ and the latter denotes the resulting heat release rate (HRR). In the present study, the combustion of
a primary reference fuel (PRF), iso-octane (CgH;s), is considered. Its chemistry is described with a skeletal
mechanism featuring 29 chemical species and 48 elementary reactions [40].

The other terms d dpui dp,“, and dpyn represent the mass, momentum, energy, and species mass fraction
sources that are assomated to droplet effects (momentum couplings and evaporation). The last contribution
(i-€., d,y,) is non-zero only if the chemical species @ corresponds to the chemical species present in the lig-
uid (i.e., CsHig). These various source terms are evaluated from the contributions of each liquid droplet through
a volumetric weighted average performed on each computational cell in a way similar to the one previously
described in reference [7].
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Liquid droplets are modeled as spherical particles within a Lagrangian framework. Their position (X), ve-
locity (V,), temperature (7;), and diameter (a) are computed from the following set of evolution equations:

dX,

Zfa 7

o Vi (7a)

dV, 1

d—d = — @(Xg,1) = V) (7b)
t Ty,

de 1 BTLV

—L = | T(Xgt) =Ty — ——— 7

7 TT,,( Xa, ) =Ty C,,(Xd,t)) (7¢0)

da? a?

- __* 7d

dt T, 7d)

where u, T, and C,, denote the velocity, temperature, and constant pressure heat capacity of the gas, which can
be determined from the characteristics of the gaseous mixture resolution according to the set of Navier-Stokes
transport equations (i.e., Eq. 2). The quantities By and L, denote the thermal transfer number and the latent
heat of evaporation, 7y, and 77, are the instantaneous kinetic and temperature relaxation time of each droplet,
respectively, while 7, denotes the characteristic time of evaporation. In practice, the kinetic relaxation time 7y,

may be evaluated from

paa’

- faer 8
Ve = 18CuX g, 1) ®

where pg is the liquid phase density, u(Xy, ?) the carrier phase viscosity, and C, = 1 + Res*?/6 is a correc-
tive coefficient that is introduced to vary the drag factor according to local droplet Reynolds number value
Req = palu(X,,t) — V4|/u. The heating and evaporation of droplets are modeled by Eq. 7c and Eq. 7d with
the temperature and evaporation relaxation times computed as

Pr pda2 B,
=— " R, — " 9
0T eNwe g S in(l+ By a)
2
.= Sc pua 1 9b)

7 4Sh, u In(l+B,)

where Sc and Pr are the Schmidt and Prandtl numbers, Sh, and Nu, denote the convective Sherwood and Nus-
selt numbers respectively, Rc, denotes the ratio of normalized heat capacities of liquid and gaseous phase. The
quantity B,, represents the normalized mass flux of liquid through the droplet surface, which is evaluated from
By = (Y;. = Yp(X4,0)/(1 = Y;), with Yr(Xy, 1) the fuel mass fraction in the vicinity of the droplets and Y7} its
value at the liquid-gas interface, which is deduced from the Clausius-Clapeyron saturation law.

Because of their small variations with respect to temperature, density (o;) and heat capacity of the liquid (C,,)
are considered as constant values. As regards the latent heat of vaporization, it is estimated from the following
expression:

T, —T )0.38

10
Tcr - Tb ( )

Lv,l = Lv,b(

where L, is a function of the temperature (7,) and pressure (P.,) at the critical point, and boiling temperature
(Tp). The values of these properties are gathered in Table 1.

Table 1: Liquid iso-octane properties

pr(kg/m®) — Cpi (KIkgK) — Per(ba)  Te, (K) T (K)
690.0 21228 257 5439 3724

The thermodynamic pressure variation models applied in the current study will be presented below. In prac-
tice, the corresponding pressure variations are processed through a supplementary source term r,,, which is added
to the right hand side (RHS) of the mass conservation equation (i.e., Eq. 2a). The corresponding quantity is an
additional space-independent artificial mass source term, which aims at regulating the thermodynamic pressure
variation. As emphasized above, within the low-Mach number framework, the pressure field p(x,#) can indeed
be split into a space-independent thermodynamic pressure field po(¢) plus a dynamic pressure field p;(x, t):

p(x,1) = po(t) + yuMaZ pi(x,1) + OMaw") (11)
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where vy, and Ma,, are the reference heat capacity ratio and Mach number. It is worth recalling that the temporal
variation of the pressure, which does appear in the RHS of the enthalpy conservation Eq. 2c, is zero in open
domains. From a more general viewpoint, see Appendix A, it can be explicitly derived and evaluated in any
volume vV from the multicomponent mixture EoS (Eq. 6):

a=Ny,

dpo lf dhy dY, . . Opu;
dpo _ 1 _ 1T T = (y = Dhyol p=t + 9T d, - =—||av, 2
v, (y=Dp— -+ ) [yreT = (y = D hsolp o YT\ +dp o, (12)
—_———— a=1
@ (I (111

In the above expression, v is the local heat capacity ratio, r = R/M (note that r, = R/M,) and the quantity
pdh/dt represents the sum of chemical heat release, heat transfer, and energy transfer induced by evaporation,
i.e., pdhy/dt = wr—0q;/dx; +dphé . Unsurprisingly, three possible thermodynamic pressure variation mechanisms
are found in the RHS of Eq. 12. The first (I) is related to pressure variation induced by the heat release, heat
transfer, and evaporation terms. The second (II) is associated with the variation of thermodynamic properties of
the mixture as a consequence of composition changes. Finally, the third and last contribution (III) reflects the
effects of density variation, associated to mass exchange between the two phases, volumetric expansion, etc.

Based on this equation, different thermodynamic pressure evolution models can be proposed. On the one
hand, a constant pressure (CP) model may be recovered by setting

dpo
— =0. 13
dr e (13)
and the corresponding artificial mass source can be deduced from Eq. 12,
=N
1 ‘= dy, . Opu;
Nyl = ———— - T-(y-1h — +yrT d 14
ml |CP (,er)(v fq; [(7 - [yrd (7 ) S,(l]p dt yr ( /2 ax‘] (V ( )

and applied in the mass conservation Eq. 2a. It is worth noting that, for a combustion process, this artificial mass
source term should be negative so as to balance the pressure increment that is induced by the heat released by
chemical reactions.

On the other hand, a constant volume (CV) evolution model can be achieved by setting

titpley =0 (15)

In this respect, it is worth noting that, although the artificial mass injection is set to zero, the mass sources
issued from liquid evaporation (d,) are still considered for two-phase flow applications. Thus, the thermodynamic
pressure varies according to

a=Ny,

dY, . Opu
(Vf [( —1)p—+ Z [yreT l)hm]pW +7rT( , — 6xjf)]dﬂ/ (16)

a=1

dpo
dt |cv

Finally, an imposed pressure (PT) model may be designed to regulate the thermodynamic pressure in the
domain according to a prescribed pressure history. Under such conditions, the pressure variation may be denoted

dpo
dt lpr

a7

and the artificial source term is

mP(’)lPT =

L [dro
yrT | dt

a=N,
1 dh dy, . dpu;
T = (y = Dhsolp—2 + 9T |d d
My [(7 [yr (y = Dhsalp pra (p o, )] V]

(18)

Thanks to this model, simulations following a given pressure variation, e.g., an experimental pressure trace, can
be achieved.

a=1
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2.2 Computational setups

The database gathers several configurations, the main characteristics of which have been summarized in Table 2.
Simulations 3D_NR_CP_ST10 and 3D_NR_CP_STO1 correspond to three-dimensional non-reactive cases as-
sociated to two distinct initial values of the Stokes number St = 7y, /77 (i.e., two values of the initial droplet
diameter'). It is worth noting that the present definition of the Stokes number differs from the one considered
by Wang and Maxey [5], which is based on the Kolmogorov time scale. Simulations 3D_NR_CP_ST10 and
3D_NR_CP_STO1 are used to analyze the effects of droplet dispersion and evaporation. Computations labelled
2D_R_CP_ST10,2D_R_CV_ST10,2D_R_CP_STO01, and 2D_R_CV_STO01 correspond to two-dimensional sim-
ulations of two-phase flow flame kernel growths in HIT performed in either constant volume or constant pressure
conditions. They are performed to evaluate the impact of both the Stokes number St and pressure model on
the flame. Finally, the database also includes three-dimensional constant pressure computations of flame kernel
growths in HIT (3D_R_CP_ST10 and 3D_R_CP_STO01). The main objectives with these three-dimensional re-
active cases are (i) to assess the possible impact of three-dimensional effects and (ii) to proceed with a refined
analysis of turbulence-scalar interactions (TSI).

Table 2: Main characteristics of the numerical simulations. CP and CV denote constant pressure and constant
volume model, respectively (see Eq. 13 to Eq. 16).

L, (mm) Ny Stnumber  Reactive  Pressure Model

3D_NR_CP_ST10 4.000 256 1.0 No Cp
3D_NR_CP_STO01 4.000 256 0.1 No Cp
2D_R_CP_ST10 4.000 256 1.0 Yes Cp
2D_R_CV_ST10 4.000 256 1.0 Yes (0\%
2D_R_CP_STO1 4.000 256 0.1 Yes Cp
2D_R_CV_STO01 4.000 256 0.1 Yes (0\%
3D_R_CP_STI10 3.125 200 1.0 Yes Cp
3D_R_CP_STO1 3.125 200 0.1 Yes Cp

The computational domain dimension is the same in the three directions, i.e., Ly = Ly, = Ly, = L,,. Itis
approximately 10 times the integral length scale of the turbulence and it is discretized with N, = Ny, = N,, = N,
grid points along each direction, in such a manner the computational mesh resolution Ax = L, /N, is kept constant
and equal to 4x = 15.625 um for all simulations. The initial fluctuating velocity field of the gas carrier phase
is generated on the basis of the classical Rogallo’s procedure [41] according to a Passot-Pouquet spectrum [42].
A constant-energetics physical-space forced homogeneous isotropic turbulence (HIT) is maintained by resorting
to the procedure described in reference [43]. The present computations have been conducted with a Courant and
Fourier number values set to 0.1. The integration time step A4t is restricted by molecular diffusion and it is of the
order of 10™* ms. This leeds to high computational costs of around 490 CPU hours for a two-dimensional and
60,000 CPU hours for a three-dimensional reactive simulation performed on Intel Sandy Bridge E5-2680 cores.

Table 3: Initial flowfield characteristics (carrier phase)

To 700.0 K Initial temperature

Do 5.0-10° Pa Initial pressure

v 1.3-10° m?/s  Gas dynamic viscosity
Urms 1.5 m/s Velocity fluctuation RMS
Iy 0.300 mm Integral length scale

Mk 0.023 mm Kolmogorov length scale

€ 7790 m?/s’ Turbulence dissipation rate
T 0.200 ms Integral time scale

Tk 0.041 ms Kolmogorov time scale
Re, 27.0 Taylor Reynolds number
Rer 34.0 Turbulent Reynolds number

I The droplet diameter is approximately 6.1 um for cases associated to St = 1.0. It is approximately 1.9 um for those corresponding
to St = 0.1, the values of the kinetic and evaporation relaxation times are thus significantly smaller (i.e., 10 times smaller) than those
associated with simulations conducted at St = 1.0
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The liquid fuel is initialized as a mono-disperse spray of iso-octane droplets that is homogeneously distributed
in the gas. The initial droplet temperature is uniform and set equal to 7; =300 K. The total number of droplets in
the computational domain is determined in such a manner that the global, i.e., overall, fuel/air equivalence ratio
is around 0.9. In this respect, it is noteworthy that, consistently with the use of the DPS framework, the average
liquid volume fraction remains rather small: its maximum level corresponds to its initial value, which does not
exceed 0.01%. The iso-octane vapor concentration in the gas phase at the initial time is Yc,p,,(f = 0) = 0.026,
which corresponds to an equivalence ratio ® = 0.4. At this level, it should be emphasized that, from a practical
viewpoint, it is possible to proceed with the ignition of a mixture featuring a zero concentration of iso-octane
in the gas phase and, provided that a sufficient deposit of energy is considered, such an ignition procedure may
indeed be successful. However, it has been experienced that the required amount of energy is so large that the
homogeneity of the droplet distribution in the computational domain and the subsequent propagation of the
flame were significantly altered. Therefore, the initial fuel vapor concentration has been set to 0.026, a value
that corresponds to the lean limit of CgH¢-air flame propagation (i.e., @ = 0.4). In these conditions, successful
ignition can be reached even for a limited amount of energy deposit.

(a) 3D_NR_CP_ST10 (b) 3D_NR_CP_STO1
Fig. 2: Visualization of droplet clusters in the middle cut-plane after dispersion by the constant-energetics
physical-space forced HIT. Left: case 3D_NR_CP_ST10 (St = 1.0). Right: case 3D_NR_CP_STO01 (St = 0.1).

The computations are conducted according to the following procedure: in the first part of the simulation, only
a one-way momentum coupling is considered between the two phases (i.e., no heat and mass transfer): the liquid
particles disperse within a constant-energetics physical-space forced HIT. After about 10 integral time scales, the
averaged turbulent flowfield reaches its steady-state in terms of velocity statistics, droplet clustering, etc. The
main features of the corresponding flowfield are gathered in Table 3. In this respect, it is important to emphasize
that, for all computations of the present database, the characteristics of the turbulent flowfield are the same. The
computational grid size is about one half of the Kolmogorov length scale at this time, thus ensuring a satisfactory
level of resolution of the velocity field. The two-way coupling of mass, heat, and momentum are then activated
and the simulation is pursued without any forcing so as to simulate dispersion and evaporation of the droplet
cloud in a self-decaying HIT. Moreover, chemical reactions are activated in the two-dimensional computations
(2D_R_CP_ST10,2D_R_CV_ST10, 2D_R_CP_STO01, and 2D_R_CV_STO01) and in the three-dimensional sim-
ulations 3D_R_CP_ST10 and 3D_R_CP_STO01, see Table 2. These different cases indeed correspond to reactive
conditions for which a small flame kernel is initialized in the center of the computational domain. The generation
of this flame kernel follows the same procedure as the one previously described in reference [33].

3 Spray dispersion and evaporation

Based on simulations cases 3D_NR_CP_ST10 and 3D_NR_CP_STO01, a preliminary study of the dispersion and
evaporation processes can be conducted. As emphasized in the previous section, the only difference between
these two cases is related to the characteristic droplet size. In configuration 3D_NR_CP_ST10, the initial droplet
diameter is 6.1 ym while in case 3D_NR_CP_STO1 it is 1.9 um. As shown in Fig. 2, after being dispersed by
the same constant-energetics forced turbulence, very different droplet cloud topologies are obtained. This is a
direct consequence of the difference in the particle relaxation time. Droplet clouds featuring unity Stokes number
produce smaller clusters, i.e., higher local particle densities and larger droplet segregation levels, compared to the
other cases.
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Fig. 3: Time evolutions of the average and RMS values of the iso-octane mass fraction Yc,p,,. Solid line: case
3D_NR_CP_ST10, dashed line: case 3D_NR_CP_STO1. Left: normalized mean value. Right: normalized RMS.
First row: evolutions plotted versus time ¢ (physical units). Second row: evolutions plotted versus ¢/7, with 7, the
evaporation time scale evaluated from the initial characteristics of the two-phase flow.

After droplet clustering, the evaporation process is started. Evaporation and segregation processes impact
the evolutions of the mean value of fuel vapor mass fraction and the root-mean-square (RMS) of associated
fluctuations. Indeed, the averaged fuel concentration increases much faster in case 3D_NR_CP_STO01 compared
to case 3D_NR_CP_ST10 (see Fig. 3(a)), which confirms that much higher evaporation rate levels are reached
within the spray that features the smaller characteristic droplet diameter (3D_NR_CP_STO1). Moreover, a larger
RMS of the fuel vapor mass fraction is obtained from simulation 3D_NR_CP_ST10 as shown in Fig. 3(b). This
high segregation level also lasts over longer time in case 3D_NR_CP_ST10.

In this respect, it seems worth emphasizing again that the single-droplet characteristic evaporation time
is approximately ten times larger in case 3D_NR_CP_ST10 compared to case 3D_NR_CP_STO01, which un-
ambiguously explains why evaporation is much faster in case 3D_NR_CP_STO1. However, it is noteworthy
that, even once normalized by the single-droplet evaporation characteristic time 7,, which is about 0.2 ms for
3D_NR_CP_ST10 and 0.02 ms for 3D_NR_CP_STO1, these evolutions show that the droplet spray featuring a
unity St number (3D_NR_CP_ST10) still has a longer evaporation time and leads to a higher fuel vapor segre-
gation level. This is a direct outcome of droplet clustering, which leads to higher local fuel concentrations in the
gas, thus slowing down the evaporation process in case 3D_NR_CP_ST10 compared to case 3D_NR_CP_STO1.
This set of observations agrees well with conclusions previously drawn in the literature [7,8].

In addition to the mean value of fuel vapor concentration and RMS of associated fluctuations, the integral
characteristic length scale of the composition field may also significantly impact the subsequent turbulent com-
bustion process. Normalized energy spectra of the fluctuations of the composition field are reported in Fig. 4.
For the purpose of the present analysis, the composition field is followed with a scalar field £, which is defined
as a normalized fuel mass fraction, i.e., { = (YCme - Ygg’ﬁls) / (YCm;I-);m - Yé”;ﬁm). The associated characteristic
length scale I; can be deduced from the most energetic wave number (i.€., K,4,) of the fluctuating scalar energy
spectrum: Iy = 27/ K4y In fact, the determination of this characteristic length scale may raise some difficulties
since two local maximum can be identified during the early stages of the evaporation processes, see Fig. 4. The
largest one may be associated to the fluctuating velocity field (i.e., the integral length scale of turbulence), while
the second one corresponds to a characteristic dispersion length scale of the droplet cloud. Unsurprisingly, as
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Fig. 4: Spectral density of the energy of scalar fluctuations (normalized by the total energy) plotted versus the
wave number K (normalized by L,). Solid line: 3D_NR_CP_ST10. Dashed line: 3D_NR_CP_STOI.

evaporation proceeds, the impact of droplet dispersion is filtered out by the turbulence, and scalar spectra similar
to velocity spectra are finally achieved, as shown in Fig. 4(d).

The behaviour of the characteristic scalar length scale /; (not reported for the sake of conciseness) is such
that, except at the very early stages of the simulation, it remains larger in the droplet spray featuring the smallest
characteristic size (i.e., case 3D_NR_CP_STO01). However, this is in contrast with the behaviour observed when
the temporal range is restricted (for both conditions 3D_NR_CP_ST10 and 3D_NR_CP_STO1) to one single
characteristic evaporation time. In this case, the condition 3D_NR_CP_ST10, which is associated to larger droplet
size, leads to a larger length scale value ;. This behaviour can be explained as follows: at the beginning of the
evaporation process, [; is mainly controlled by the initial droplet distribution. For case 3D_NR_CP_ST10, as
the droplets are much clustered, see Fig. 2(a), the value of I, is mainly settled by the size of the corresponding
clusters. This is in contrast with case 3D_NR_CP_STO01 where droplets are almost homogeneously distributed. In
this case, I, is mainly controlled by the droplet characteristic size itself (i.e., the droplet diameter). This conclusion
is supported by the presence of a peak in the {-energy spectrum, which lies at a value that is almost the Nyquist
cut-off length scale K/K; = 128 = N,/2 and corresponds to the mesh resolution.

Before embarking on the description of the turbulent reactive two-phase flows cases, the possible turbulent
combustion regimes are discussed on the basis of a preliminary inspection of the present non-reactive evaporating
two-phase flows (i.e., cases 3D_NR_CP_STO1 and case 3D_NR_CP_ST10). This is a worthwhile discussion
since, as emphasized in the introduction section, single droplet combustion regime should be avoided as much as
possible because they cannot be handled properly within the standard DPS numerical framework. To this purpose,
the spray separation number Sj, is considered so as to characterize the possible two-phase flow flame patterns. This
dimensionless number may be defined as the ratio between the mean droplet spacing (6,,) and the diffusion flame
radius surrounding a single droplet in a quiescent oxidizer (6,7). Provided that the dilution level is sufficiently
high, the mean droplet spacing can be approximated from 6, = n~'/3, with n the droplet density (i.e., the number
of droplets per unit volume). In this respect, it should be emphasized that the product n'/® - 6, (which is 1/S,)
has been early considered in reference [44]. It is sometimes referred to as the Kerstein-Law parameter [45].
Based on the percolation theory, there exist two critical values of 1/S, that identify three possible combustion
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Fig. 5: PDFs of 1/S,. Solid line: 3D_NR_CP_ST10, dashed line: 3D_NR_CP_STO01, abscissa axis is in log scale.

regimes [46]. On the one hand, as long as 1/S,, does not exceed a first critical value approximately equal to 0.43,
the spray remains rather dispersed and droplets are expected to burn either individually or within small groups.
Such conditions correspond to isolated droplet or group combustion regimes. On the other hand, when 1/S,
exceeds another critical value (approximately equal to 0.77), group droplet combustion (and individual droplet
burning as its limiting case) is no longer possible, and the corresponding combustion mode is termed pocket
combustion regime. Finally, the combustion regimes between these two extreme conditions are referred to as
percolation combustion regimes. Considering the large variation of local droplet density that results from the
clustering induced by the turbulent flowfield, the value 1/S, = 6,7/6, is presently evaluated for each droplet. The
local droplet spacing d,, is calculated as the distance to the nearest neighboring droplet, and the individual flame
radius ¢, is determined from its standard expression [46] with the actual fuel mass fraction on the droplet surface.
The PDFs of 1/S, obtained for both cases 3D_NR_CP_ST10 and 3D_NR_CP_STOI at the beginning of the
evaporation phase are reported in Fig. 5. From these results, it can be concluded that either the group combustion
or the isolated droplet combustion regimes are quite unlikely to take place for the present set of conditions, which
brings further support to the use of the retained numerical strategy. The analysis of the corresponding turbulent
two-phase flow flames is the subject of the next section.

4 Turbulent two-phase flow flames

In this section, turbulent flame developments in sprays characterized by different Stokes number values are stud-
ied for two pressure variation models. Instantaneous snapshots of turbulent velocity, equivalence ratio, and flame
front issued from simulations 2D_R_CP_ST10, 2D_R_CV_ST10, 2D_R_CP_STO01, and 2D_R_CV_STO01 are
presented in Fig. 6. This figure provides an overview of the flame kernel growth development in the droplet
clouds. At the initial time, see the first row of Fig. 6, droplets have already been clustered by the forced HIT,
so that the sprays featuring a unity Stokes number form smaller clusters, which are located outside the instanta-
neous vortical structures. At time ¢ = 77, as shown in the second row of Fig. 6, for unity Stokes number value
simulations (2D_R_CP_ST10, 2D_R_CV_ST10), droplets start to interact with the flame front, thus altering its
propagation. Some local extinctions do appear because of large equivalence ratio variations. This is in contrast
with the simulations characterized by a smaller Stokes number value (2D_R_CP_STO01, 2D_R_CV_STO01), in
these cases, sprays have already been fully evaporated and flames propagate in nearly homogeneous gaseous
mixtures.

Although there are still some flame droplet direct interactions at this time in simulations featuring unity
Stokes number (2D_R_CP_ST10, 2D_R_CV_ST10), the resulting turbulent flames are mostly premixed flames.
This is confirmed from the inspection of the PDFs of normalized premixedness index? reported in Fig. 7.

From Fig. 7, it is clear that, even in simulations featuring the biggest droplets, the amount of diffusion com-
bustion remains relatively small at this time. In practice, the computation of the above index is conditioned to a
non-negligible value of the heat release rate, which is presently set to one percent of the corresponding maximum.
Attime ¢ = 377 and t = 4717, see the third and fourth rows of Fig. 6, all flame kernels go on expanding in the fresh
gas mixture. However, smaller propagation velocities and larger flame curvature levels are observed for situations
featuring a unity Stokes number (St=1.0) compared to cases with St=0.1. Finally, the flame kernel development
is faster with the CV model in comparison with the growth obtained with the CP model.

2 The retained definition of the premixedness index is provided in Appendix B.



Song Zhao et al.

Fig. 6: Turbulent flame kernel growths in droplet sprays. Four rows corresponding (from top to bottom) to four
distinct times ¢ = 0.0, 77, 3.0 - 77 and 4.0 - 77; four columns corresponding (from left to right) to simula-

tions 2D_R_CP_ST10, 2D_R_CV_ST10, 2D_R_CP_STO01, and 2D_R_CV_STO1. The flowfield is colored by

the equivalence ratio and the flame front is visualized by the heat release rate.
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Fig. 7: PDFs of the premixedness index issued from the two-dimensional reactive simulations at time ¢ = 7.

The influence of (i) spray characteristic Stokes number and (ii) thermodynamic pressure variation on the
flame propagation are quantified by considering the temporal evolution of its characteristic radius as evaluated
from the area occupied by burnt gases. This area allows to estimate the flame radius in laminar cases or an
equivalent flame radius corresponding to a spherical flame (i.e., circular in two dimensions) featuring the same
amount of burnt gases in turbulent cases. This evolution is plotted together with the PDF of the flame front local
displacement speed in Fig. 8. The time evolution of this equivalent radius reflects the average consumption flame
speed S.. The burnt gas condition has been determined from ¢ > 0.9 with ¢ the progress variable. In the present
study, this variable is evaluated from ¢ = Y,/ YS9, with Y, the sum of the mass fractions of carbon monoxide and

dioxide, i.e., ¥, = Yco, + Yco and Y¢? the corresponding value at equilibrium. It seems worth emphasizing that
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the flame front displacement speed reported in Fig. 8(b) has been evaluated on the isoline ¢

= 0.05 from the
following expression
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Considering the dependency of the composition at chemical equilibrium on the pressure p, temperature 7, and
chemical species mass fraction Y, the substantial derivative of Y:? can be expanded as follows
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Fig. 8: Left: temporal evolution of the equivalent radius, right: PDF of local flame displacement speed at t =
277=0.4 ms normalized by the reference laminar flame speed S ‘Z =1.19 m/s.

The internal structure of local flame front and the way it may be altered by the droplet cloud and turbulence
in either CP or CV conditions is now inspected. In this respect, it seems worth recalling that the computational
mesh has been designed in such a manner that Ax is of the order of 10 m, which allows for a satisfactory level of
resolution of the flame thickness. Scatterplots of the magnitude of the corresponding progress variable gradient
|[Vc| are plotted versus the progress variable ¢ in Fig. 9 together with the corresponding conditional averages.
These scatterplots show that the turbulent flames associated to sprays featuring unity Stokes number are much
more dispersed, thus revealing that their inner structures is significantly altered compared to those associated to
smaller droplets (St=0.1). In addition to this, consistently with the results obtained for the flame displacement
speed, CV simulations are found to lead to thinner flames, i.e., larger progress variable gradients inside the flame.

The total derivatives of the primitive variables that remain in the expression of S, are directly saved from
the computations, while the partial derivatives of Y;? with respect to p, T, and Y; can be deduced from chem-
ical equilibrium computations. Thus, the flame displacement speed is fully determined. The results reported in
Fig. 8(a) undoubtedly confirms that, in situations featuring a smaller droplet size (or a constant volume model),
the flame kernels development is faster than in cases associated to larger droplets (or constant pressure model).
The same conclusion can be drawn from the inspection of the local flame displacement speed PDFs gathered in
Fig. 8(b).

The influence of the Stokes number can be readily explained: sprays with St=1 are associated with higher
segregation levels. Moreover, as shown in section 3, they also display smaller characteristic length scale of fluc-
tuations /s compared to computations performed with St=0.1. Thus, during the early stages of the flame kernel
development, the corresponding variations of local equivalence ratio can lead to flame extinction, as it has been
shown above in the second row of Fig. 6.

In CV conditions, the enhancement of flame propagation results from the increase of the unburnt gases tem-
perature, which is a direct consequence of the compression induced by the production of (light) burnt gas within
the constant volume. The time evolution of the thermodynamic pressure component and fresh reactants tem-
perature has been reported in Fig. 10. It can be seen that, as an outcome of the heat losses induced by liquid
evaporation, both CP and CV computations first exhibit a pressure (and a temperature) drop. In this respect, it is
noteworthy that the simulations conducted with smaller droplets (2D_R_CP_ST01 and 2D_R_CV_STO01) display
a faster decrease. Then, as the flame kernels develop, the heat released by chemical reactions leads to an increase
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Fig. 9: Scatterplots of the magnitude of the progress variable gradient versus the progress variable at time ¢ = 277.
Red curves corresponds to conditional averages <|Vc| |c>
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Fig. 10: Temporal variation of thermodynamic pressure and averaged fresh gas temperature from flame kernel
growth simulations with different pressure model.

of po and to an associated increase of enthalpy (i.e., temperature) of the fresh reactants. This is in contrast with
the CP model, for which py is set constant: heat release by chemical reactions cannot affect the fresh reactant
temperature, thus leading to a smaller flame propagation velocity compared to CV conditions.

Configurations 3D_R_CP_ST10 and 3D_R_CP_STO1 correspond to three-dimensional computations of flame
kernel growth in droplet clouds featuring St=0.1 and St=1.0. Figure 11 displays a snapshot of the turbulent re-
active two-phase flows obtained at time ¢ = 77. At this time, the evaporation processes are finalized in case
3D_R_CP_STOI and they are in their final stage in case 3D_R_CP_ST10. The corresponding premixedness in-
dex, local flame displacement speed, and flame internal structure statistics are reported in Fig. 12. In comparison
with two-dimensional computations discussed above, there is now almost no diffusive combustion as indicated by
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Fig. 11: Snapshots of the three-dimensional simulations of the turbulent flame kernel growth obtained at f = 77. In
the tridimensional visualisations (a,b), the flame front is put into evidence with the iso-surface ¢ = 0.5 colored by
the local HRR. The blue surface is an iso-contours of the Q-criterion (Q = 5x 10% s72) colored by the equivalence
ratio. Colored contours of the HRR in a cut-plane are provided in (c) and (d).

the PDFs of premixedness index in Fig. 12(a). The PDFs of the flame displacement speed reported in Fig. 12(b) is
quite similar to those obtained in the corresponding two-dimensional cases (Fig. 8). Finally, the flame inner struc-
tures issued from the three-dimensional simulations seems to be less influenced by the Stokes number compared
to their two-dimensional couterparts, see Fig. 9(a) and 9(c). Considering that more sampling points are available
from the three-dimensional computations, three-dimensional turbulence leads to enhanced flame curvature and
scalar mixing, the observed differences remain quite reasonable. In the next section, the corresponding set of
three-dimensional data will be used to analyze in more details the processes of turbulence-scalar interactions in
reactive two-phase flows.

5 Small-scale turbulence-scalar interactions

The database is now used to scrutinize the turbulence-scalar interaction (TSI) in reactive two-phase flows. The
TSI term denotes one of the leading-order source terms that appears in the scalar dissipation rate (SDR) transport
equation. It is defined as the third-order correlation between the velocity gradient and the small-scale scalar
anisotropy tensor. It should be emphasized that, with only of few exceptions, e.g. [12,23,47], the impact of either
the evaporation or the combined action of evaporation and chemical reactions on scalar mixing and associated
TSI term has been quite seldom studied in the literature. This is in sharp contrast with the amount of turbulence-
scalar interaction studies conducted with fully premixed reactants. The most significant conclusions drawn from
these studies have been gathered in a book chapter by Chakraborty et al. [28]. They are also summarized in
review papers by Lipatnikov [48] and by Sabelnikov and Lipatnikov [49]. Considering the difficulties associated
to the simultaneous characterization of the velocity and scalar fields at the smallest scales of turbulent reactive
flows, most of these studies were based on DNS data (e.g., [50]) but some of them also rely on experimental
investigations. For instance, turbulence-scalar interactions have been studied in premixed flames stabilized on
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Fig. 12: PDFs of the premixedness index (a), PDFs of the flame displacement speed (b), and scatterplots of the
magnitude of the progress variable gradient plotted versus the progress variable (c,d) at time ¢t = 77 for the
three-dimensional reactive simulations.

a bluff body by Hartung et al. [51]. It has been followed by the investigation of turbulent premixed Bunsen
burner flames conducted by Steinberg et al. [52]. In the latter, by following individual turbulent structures in
a Lagrangian manner, it has been shown that the flame affects the scalar alignment through the rotation of the
structures as they approach the flame front®. The influence of combustion on principal strain-rate magnitudes has
been also investigated in reference [55]. In this respect, the conclusions that were drawn from these studies [52,
55] have been recently confirmed through the inspection of data [33].

Let us consider for instance a scalar quantity ¢ that is bounded between zero and unity, e.g., a mixture fraction
or progress variable. Denoting by g, = Ve its local gradient and D its molecular diffusivity, the TSI term writes

i=3
(TSD) = -2pDg! - S - g, = 2pDIg, P (-nl - S - n,) = 2pDig, [— /liﬁi,i] 1)
i=1

where n, is the unit vector associated to the scalar gradient direction, i.e., B, = g,/I8,|. The quantity 4; denotes

the i eigenvalue of the strain-rate tensor § = (Vu + VuT) /2 and m,, is the projection of n, on the eigenframe of
S, which is evaluated from
Tpi = Ry - €; = |n,l le;] cos(6;) = cos(6;) 22)

with e; the i unit eigenvector of S and 6; the angle between the scalar gradient 8, and eigenvector e;. It is
noteworthy that, by convention, the principal strain-rates values (or eigenvalues) are sorted in descending order
such that 1; > A, > A3. The corresponding eigenvectors are associated to the most extensive (e;), intermediate
(e2), and compressive (e3) principal directions. Clearly, the sign of the TSI is given by the normalized TSI term,
ie., —ng -8 - n,, and it is thus settled by the orientation of scalar gradient in the eigenframe, 7, and eigenvalues
A;. According to Eq. 21, its magnitude does also involve the SDR level N, = D| gwlz.

The geometrical analysis of the scalar orientation has concentrated a large amount of work over the last
recent years. In standard (i.e., incompressible and homogeneous) turbulence, the scalar gradient is known to
be mostly aligned with the compression principal direction ez, see for instance [31,56,57], and this leads the

3 A similar behaviour was also put into evidence in the theoretical work of Gonzalez and Paranthoén [53,54], which was devoted
to the effects variable mass density on the kinematics of scalar gradient.
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Fig. 13: PDFs of the normalized TSI terms (left), orientation of the scalar gradient in the eigenframe of the
strain-rate tensor (middle), and eigenvalues of the strain-rate tensor (right) issued from non-reactive simulations
at different times. Solid line: 3D_NR_CP_ST10, dashed line: 3D_NR_CP_STO1.

TSI to be positive, it increases the SDR. However, as far as turbulent reactive two-phase flows are concerned,
the question of the possible influence of evaporation combined with combustion remains mostly unanswered.
Therefore, the evolution of the scalar gradient orientation is presently scrutinized during the evaporation stage
and some attention is also subsequently paid to the possible influence of combustion-induced thermal expansion.

In a first step of the analysis, attention is focused on the sole influence of the evaporation process. As discussed
in the previous section, the distributions of equivalence ratio and temperature in the fresh reactants drive to a large
extent the evolution of the turbulent reative flow. The following analysis is therefore aimed at analyzing the turbu-
lent scalar mixing during the evaporation process on the basis of the three-dimensional cases 3D_NR_CP_ST10
and 3D_NR_CP_STO1. The scalar under consideration is a normalized value of the ratio yco = Yc/Yo with Y¢
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and Yo the mass fractions of C and O atoms, respectively*. It is defined as follows

_ Yco/yco,st = (¥co/YCO,5t)min
(vco/yco,s)max = (o /Yo, st)min

(23)

where yco s = 8Mc/(25Mop). It is should be emphasized that £ is not a passive scalar in the presence of the
evaporation process since there is a source of carbon atoms in the gaseous phase.

PDFs of the normalized TSI term, scalar gradient orientation, and eigenvalues of the strain-rate tensor are
reported for different simulation times in Fig. 13. At the very beginning of the evaporation process (see Fig. 13(a)),
there is no striking difference in the normalized TSI terms issued from both configurations featuring different
Stokes numbers. The obtained results do not exhibit any special or preferential alignment of the scalar gradient in
the eigenframe. The PDFs of strain-rate eigenvalues issued from both simulations are also almost identical. Since
both databases are based on the same initial turbulent flowfield, these results are quite reasonable. However, at
t = 0.577, although the eigenvalues remains almost identical, as it can be seen in the third column of Fig. 13(b),
the normalized TSI associated to case 3D_NR_CP_STO1 becomes larger than the one of case 3D_NR_CP_ST10.
The preferential alignment between the scalar gradient and the compression direction e3 is more significant in
case 3D_NR_CP_STO1 than in case 3D_NR_CP_ST10. Thus, the normalized TSI, which is the sum of the square
of m; weighted by the eigenvalue A;, shows a higher probability to be positive in case 3D_NR_CP_STO1. Finally,
attime ¢t = 77 (Fig. 13(c)), the differences in the PDFs of scalar gradient alignments are significantly lessened (see
the second column of Fig. 13(c)), the normalized TSI terms issued from both simulation cases tend to recover
some similarity.
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Fig. 14: Temporal evolution of the averaged normalized TSI term (a) and orientation of the scalar gradient in the
strain-rate eigenframe (b). Solid line: 3D_NR_CP_ST10, dashed line: 3D_NR_CP_STO1.

From the evolution reported in Fig. 13, one may ascribe the observed differences to the evolution of the align-
ment that takes place the during the evaporation process. A similar conclusion can be drawn from Fig. 14, which
displays the temporal evolution of the volume-averaged values of the normalized TSI and alignment components.
It is clear that the averaged TSI increases faster in case 3D_NR_CP_STOI1, which is consistent with the evolu-
tion observed for the alignment vector 7. The evolution discussed above motivates a detailed inspection of the
kinematics of the scalar gradient alignment in the strain-rate eigenframe. Therefore, a transport equation of 7 is
considered. The details of its derivation are provided in Appendix C, and the resulting form can be written as

%:—’]R+']S+’IW+GR+WN (24)
In this equation, TR = u-V 7 denotes the transport term, TS = —R” (I - nnT) Sn = [(’ﬁTAﬁ) I- A]ﬁcorresponds
to the effects of the strain-rate tensor, TW = —R” (n X w) /2 refers to the contribution associated to vorticity, and

GR = |g”' (I -7 ) R"V (D£/Dr) (25)

is the contribution relevant to the evolution of the scalar field itself, i.e., molecular diffusion and production-
destruction term induced by evaporation (or combustion processes if a reactive scalar is considered). Finally, the

4 Once normalized by its value at stoichiometry, i.e., Yco,s:> the carbon atom to oxygen atom mass fractions ratio, i.e., yco/yco, s
can be thought as the equivalence ratio.
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rotation of the eigenframe itself contributes to the variation of the alignments, and the corresponding term is
denoted WN. In the above expressions, I is the identity matrix, A denotes the diagonal matrix made up of the
three eigenvalues of S, i.e A = diag(4;, A2, 43), and R is the eigenmatrix of S with R = [e;|es|es].

(ms™")

i
ary
%
2% Temts g
e T2 e T
Ly - i il e, S
T R e ) v v
21 ¥
Aty v (Dfi,/Dt) |
6l ¢ (Dny/Dt) |
oIy e— (Dfiy/Dt) |
v L L L L
0.0 0.2 0.4 0.6 0.8 1.0
t/TT
(a) Temporal evolution D (n)/Dt
6
4,
2,
0
2,
4,
G,
8,
0.0 02 0.4 06 0.8 1.0
t/T'[

(c) Budget of Dn, /Dt

(ms™h)

—-0—--0—--0---0--_.-_4'

S 0 D e NN DO N = D

04

t/TT

(d) Budget of Dn3/Dt

6
al

ol

0

ol

al

6 = (TS (GRs)

sl —e (TW3;)  ¢—¢ (WNy)
0.0 0.2 04 0.6 0.8 1.0

t/mr

Fig. 15: Temporal evolution of the transport equations for the three components of the orientation vector 7, i.e., the
projection of the scalar gradient in the eigenframe of the strain-rate tensor, as given by Eq. 24. Solid line: case

3D_NR_CP_ST10, dashed line: case 3D_NR_CP_STO1.

Equation 24 has been scrutinized in its averaged form for both 3D_NR_CP_ST10 and 3D_NR_CP_STO1

cases. The corresponding budgets are displayed in Fig. 15. The substantial derivatives of the three components
of the orientation vector are reported in Fig. 15(a). The corresponding evolution is consistent with Fig. 14(b) and
confirms that the 3D_NR_CP_STO1 case displays a much faster evolution towards e; than 3D_NR_CP_ST10,
especially at the early stages of the evaporation process. Then, the evolutions of the various terms present in
the averaged budgets of each component of the alignment vector are plotted in Fig. 15(b)-15(d)’. From the
corresponding results, the following set of conclusions can be drawn:

1. In the two cases, it is found that the contribution (TS;) is negative, while (TISs) is positive. The corresponding
evolutions are also similar in both cases and the strain-rate term TS seems to be the most important term in
the scalar gradient orientation evolution towards the compression direction e3.

. The contribution of the vorticity (TW) is less important than the one of the strain-rate and it seems to oppose

to the alignment with the direction of compression (i.e., e3). Instead, it drives the scalar gradient towards
an alignment with the extension direction (e;). Moreover, the term (TW) appears to be larger in simulation
3D_NR_CP_STO1 compared to 3D_NR_CP_ST10. This may be an outcome of the clustering effects, which
are observed when varying the Stokes number value: liquid particles better follow the high-vorticity regions
in case 3D_NR_CP_STOI.

5 The transport term TR is sufficiently small to be discarded from the present analysis.
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3. The term GR is far from negligible, especially during the evaporation process. Its averaged contribution tends
to drive the scalar gradient towards an alignment with the extension direction (e;) whatever the evaporation
process is proceeding or not. The resulting effects is thus opposite to those of strain. It is noteworthy that in
simulation 3D_NR_CP_STO1, the droplets evaporate until time ¢ = 0.177 is reached, and there is a strong
decay of GR during this period. This confirms that droplets evaporation pilots the alignments towards e; or,
at least, prevents the scalar to be aligned with the compression direction. This behaviour is fully consistent
with the conclusions that were previously drawn in reference [12].

4. Tt is more difficult to conclude as regards the impact of term WN, which represents the effects of the rotation
of the eigenframe of S. This term is rather large only during the early stage of the evaporation process.
Moreover, in case 3D_NR_CP_STO1, the sign of this contribution even changes at the end of the evaporation
process. As a consequence, the resulting impact of this term is quite difficult to assess.
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3D_R_CP_ST10, dashed line: case 3D_R_CP_STOI.

In a second step of the analysis, the possible impact of the flame is now studied by considering reactive
simulations 3D_R_CP_ST10 and 3D_R_CP_STO1. Attention is focused on the results obtained at time t = 77 =
0.2 ms, as previously shown in Fig. 3, at this time, the end of the evaporation process has been reached for
case 3D_R_CP_STO1, and evaporation is almost finalized in case 3D_R_CP_ST10. The scalar & can thus be
considered as a passive scalar. The PDF of the TSI term, orientation components, and eigenvalues of S obtained
in the fresh reactants are provided in Fig. 16(a). The obtained results are almost identical to those associated to the
non-reactive simulations, see Fig. 13(c): the flame kernel does not significantly alter the scalar and velocity fields
in the fresh reactants. However, this conclusion does not hold for the PDF of the same quantities obtained in the
burnt gases, which are reported in Fig. 16(b). Especially, the PDF of the orientations obtained in the burnt gases
significantly differ from one case to another case, which may be ascribed to differences in the flame structure.
Moreover, in comparison to those obtained in fresh reactants, the PDF of TSI and eigenvalues are much narrower
as a consequence of the temperature (and resulting viscosity) increase, which significantly alters the turbulence
kinetic energy. The influence of chemical reactions on the TSI term are further analyzed by computing conditional
averages for different progress variable levels across the flame, as shown in Fig. 16(c).

The profiles of the conditional TSI has a parabolic shape with a minimum value obtained for ¢ approximately
equal to 0.5 in case 3D_R_CP_ST10, and equal to 0.4 in case 3D_R_CP_STO1. It is noteworthy that the values
of the normalized TSI obtained in case 3D_R_CP_STO1 are mostly negative and significantly smaller than those
obtained in case 3D_R_CP_ST10. This suggests that, inside the flame, the reactive flowfield topology favors the
decay of the scalar gradient norm instead of enhancing it. The conditional averages of the orientations obtained
in case 3D_R_CP_ST10, which are depicted with solid lines in the second column of Fig. 16(c), are relatively
stable, while their counterparts obtained for case 3D_R_CP_STO1 display stronger variations. Within the range
0.2 < ¢ < 0.6, an alignment of the scalar gradient with ey is favored in case 3D_R_CP_STO1, whereas the scalar
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gradient preferentially aligns with direction e3 in case 3D_R_CP_ST10. These differences in the behaviour of the
orientation vector explain those observed at the level of the normalized TSI term.

The budget of the orientation vector transport equation, Eq. 24, is analyzed and the corresponding results are
reported in Fig. 17. The substantial derivative displayed in Fig. 17(a) confirms the tendency that was observed in
Fig. 16(c). The budgets for each component of the orientation vector are plotted in the next three sub-figures. It
seems that the effects of the turbulent flowfield, i.e., terms TS and TW, remain relatively stable across the flame:
the strain ('IS) tends to drive the alignment towards e3, while the vorticity (TW) acts to favor an alignment with
e1. The behaviour of the term associated to scalar transport, i.e., GR, is more oscillatory. It is generally larger in
case 3D_R_CP_STO1 compared to the case 3D_R_CP_ST10, especially in the vicinity of the burnt gases. The
impact of the rotation of the eigenframe WN displays a similar behaviour across the flame. It is more significant
in case 3D_R_CP_STO1 in the ranges 0.1 < ¢ < 0.3 and 0.5 < ¢ < 0.8, where WN is the dominant term of the
budget and explains the change of alignment from e3 to e; and then e from to e3. Such a behaviour is similar to
the one recently reported for fully premixed conditions by Zhao et al. [33].
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Fig. 18: Conditional averages at time t = 77 of the turbulence-reactive scalar interactions (a) and alignments of
the reactive scalar gradient in the eigenframe of the strain-rate tensor (b). Solid line: 3D_R_CP_ST10, dashed
line: 3D_R_CP_STOI1.

The above analysis has been focused on the dynamics of the gradient of a passive scalar ¢ that follows the
fuel-air equivalence ratio variations. It would be also interesting to take a closer look at the interaction between a
reactive scalar and the turbulent flowfield. To this end, we consider the progress variable c. Conditional averages
of the normalized TSI term and alignments between the progress variable gradient and the eigenvectors of S are
reported in Fig. 18. Compared to the behaviour of the passive scalar, see Fig. 16(c), the variation of both the
TSI and alignments are more pronounced for the reactive scalar, especially in the case 3D_R_CP_ST10. The
reactive scalar gradient is less preferentially aligned with the compression direction e; and more preferentially
aligned with the extensive direction e; in the flame, which leads to a negative TSI contribution in both cases
3D_R_CP_STO1 and 3D_R_CP_ST10. Such a rotation of the orientation vector in the vicinity of the flame has
been previously reported in experimental and numerical studies conducted under different conditions [29,58,52,
26]. To assess the physical processes that are responsible for this change of orientation, the budget of the vector
nis considered in Fig. 19. In contrast to the passive scalar behaviour that has been discussed above, WN is found
to be the leading-order term while the other contributions (TS, TW, and GR) remains relatively stable and small
in comparison to this contribution.

The cross-scalar dissipation rate, which is defined as Nee = DVE - Ve = DIVE]| |Vc|(ng - n.), is also an
essential ingredient in the modelling of stratified or partially premixed turbulent flames [18,59,60,61,62,63].
The influence of the mixture fraction gradient on laminar flames has been early documented, e.g., [64,65] and,
from a general viewpoint, this may lead to a strong correlation between the two scalar quantities and associated
gradients®. Thus, the cross-scalar dissipation rate cannot be simply deduced from the dissipation rates of both
scalar and a modelled transport equation should be considered. In this respect, the DNS investigation conducted
by Malkeson and Chakraborty in reference [63] confirmed that the cross scalar turbulence interaction (CSTI) term

6 One may however expect that the corresponding correlation is decreased for sufficiently large values of the velocity fluctuations
RMS normalized by the laminar flame velocity S 2.
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Fig. 19: Conditional averages at time ¢ = 77 of the substantial derivative of the alignments of the progress variable
gradient in the eigenframe of the strain-rate tensor across the flame front (a), and budgets of its transport equation
(Eq. 24) (b,c,d). Solid line: 3D_R_CP_ST10, dashed line: 3D_R_CP_STO1.

is a leading order term in the cross scalar dissipation rate transport equation. The corresponding term is inspected
below for the cases of turbulent spray flames 3D_R_CP_ST10 and 3D_R_CP_STO1.

Before proceeding with this analysis, the possible correlations between the reactive and passive scalars de-
serve further discussions. In this respect, it should be emphasized that strong correlations between the reactive
scalar ¢ and the passive scalar & as well as in the magnitude of their gradients (|V£| and |V¢|) have been reported
in a very recent study of the cross-dissipation rate in turbulent reactive two-phase flow [47]. One may therefore
expect that the analysis of the alignment between their gradients, ng - n, may also bring some interesting and
useful insights into the behaviour of the cross scalar dissipation rate. The alignment characteristics indeed settles
the sign of the cross-dissipation rate.

Conditional averages of ng - n. are presented in Fig. 20(b) for different values of the progress variable. It is
worth noting that, within the flame (0.2 < ¢ < 0.6), the two vectors are almost perfectly aligned (ng - n. = —1),
especially in case 3D_R_CP_STO1. Since the orientations of V¢ and Vc in the strain-rate eigenframe are quite
similar in this progress variable range, as indicated by Fig. 16(c) and 18(b), such an alignment between the two
vectors could have been anticipated. Moreover, such a conclusion is fully consistent with the PDFs of n; - i, that
were previously reported by Malkeson and Chakraborty in reference [63].

Finally, the cross scalar turbulence interaction (CSTI) term is analyzed in its normalized form, —ngT -S-n., see
Fig. 20(a). One can see that this term remains relatively small and approximately constant across the flame in case
3D_R_CP_ST10, whereas it reaches a rather large (and positive) value within the flame in case 3D_R_CP_STO1.
By expanding the CSTI term as follows: —ng” - S - n, = — ij TgiAinc;, one can see that this larger variation
of the CSTI term in case 3D_R_CP_STO1 (compared to case 3D_R_CP_ST10) can be explained by the larger
variations of the orientations observed across the flame in case 3D_R_CP_STO1 for both the passive and the
reactive scalar gradients.
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the gradients of the reactive scalar ¢ and the non-reactive scalar & (b). Solid line: 3D_R_CP_ST10, dashed line:
3D_R_CP_STOI.

6 Discussion and conclusions

In this manuscript, turbulent combustion of a liquid spray is studied in constant volume conditions on the basis
of a new set of computational data. Concerning the droplet dispersion and evaporation processes, the influence
of the spray Stokes number is emphasized by considering the differences that are observed on the topology of the
droplet clusters and the resulting scalar fields. The temporal evolutions of the energy spectra of the composition
fluctuations are compared and analyzed for two distinct values of the Stokes number St. The impact of this spray
Stokes number St on the turbulent flame development is also investigated by considering flame kernel growth
simulations. The turbulent flames propagate faster in the spray characterized by a smaller Stoke number because
of its faster evaporation and less segregated composition field. The flame kernel growth enhancement that may
be induced by the consideration of a confined setup is highlighted thanks to a specific pressure variation model.
This behaviour may be readily explained by the coupling existing between the heat released by the flame and the
resulting fresh reactant temperature increase, which is induced by the uniform thermodynamic pressure increase.
Further studies can be envisioned from this point, for instance by using the imposed pressure model (i.e., the PT
model) so as to reproduce experimental pressure trace for future studies of flame propagation and/or auto-ignition.

In a second step of the analysis, turbulence-scalar interactions are studied for various droplet cloud com-
bustion scenarios. Especially, the impact of the St number on the variation of the non-reactive scalar gradient
orientation is inspected for different cases featuring both evaporation and combustion. To the best of the authors’
knowledge, this is the first time that the alignment of the scalar gradient in the strain-rate tensor eigenframe is
analysed through a direct inspection of the alignment transport equation in such conditions (i.e., with evaporation
and combustion). The contributions of the strain, vorticity, scalar transport, and rotation of the strain-rate tensor
eigenframe are quantified. In a first step of the analysis, it is found that the evaporation process tends to delay
the alignment of the scalar gradient with the principal direction of compression es. In reactive cases, provided
that the fresh reactants are considered, the standard and preferred alignment of the non-reactive scalar gradient
V¢ with e3 as well as the behaviour of the TSI term do not seem to be altered by the flame kernel development.
This is in contrast with the results obtained inside the flame and on the burnt gas side, which display significant
departures from the behaviour observed in standard non-reactive and incompressible turbulence, especially in the
cases featuring the smallest value of the Stokes number.

Such effects are more pronounced when a reactive scalar is under consideration. In fact, for sufficiently small
values of the Karlovitz number, the evolution of the alignment that is observed across the turbulent premixed
flame can be explained by the influence of the local premixed flame structure [27]. Indeed, as long as the turbulent
kinetic energy remains moderate enough, the local strain-tensor is almost dominated by the thermal expansion
effect and the local laminar flame structure imposes a strong correlation between the velocity and reactive scalar
gradients. This leads to a preferential alignment of the scalar gradient with the principal direction of extension
e1. Moreover, as far as the alignment vector is concerned, the rotation of the eigenframe has been recently shown
to be essential in piloting the evolution of the orientation of the reactive scalar across a turbulent premixed flame
brush [33].
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As shown in Fig. 12, the alignment with e; is more pronounced in 3D_R_CP_STO1 than in 3D_R_CP_ST10
because the local flame is less perturbed by the two-phase flows processes in the conditions St=0.1. Indeed, in
contrast to the flamelet regime of turbulent premixed combustion, it is quite less obvious to define a relevant local
one-dimensional picture (featuring well-defined boundary conditions), from which the correlation between the
scalar and velocity gradient can be estimated. Moreover, it should be acknowledged that the particle-source in
cell (PSI) representation that is retained in the present study cannot provide all the details of the scalar-velocity
interactions that takes place in the direct vicinity of the liquid-gas interface. Complementary numerical studies
including the resolution of the liquid/gas boundary layer effects should therefore be performed to assess our
understanding of the behaviour observed in reactive two-phase flows. This will be the subject of our future works.
A first step in this direction has been reported in reference [12] but it is now necessary to take into account the
effect of chemical reaction. Finally, it should be acknowledged that the present analysis has been conducted for
moderate values of the turbulent Reynolds number. The corresponding values are relevant to Laboratory flames
and practical devices operating at moderate levels of turbulence. It is however clear that some conclusions of the
present study might be modified for higher Reynolds numbers and this offers an interesting direction for future
complementary analyses.
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Appendix A: Thermodynamic pressure variation with artificial mass sources and chemical heat release

The thermodynamic pressure evolution is deduced from the analysis of the normalized EoS together with a
non-dimensional form of the NSE featuring an artificial mass source term r,, see Eq. 2 in section 2. Since
Asphodele resolves the non-dimensional form of NSE, the thermodynamic pressure evolution is considered
within the corresponding non-dimensional framework:
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In the above equations, variables with superscript (*) are normalized quantities, and the subscript (;.r) and ()
denote either normalization (reference) parameters or values of physical quantities taken at infinity. The quan-
tities that are reported at the end of each line (in brackets) correspond to values that are used to normalize the
corresponding equations. A standard normalization procedure for low-Mach conditions is retained:
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and the normalized EoS can be written as follows
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On the one hand, the derivative analysis of Eq. 28a gives
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On the other hand, the derivative of the sensible enthalpy definition (i.e., Eq. 28b) reads
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Using Eq. 30 and considering r*/C;; = (y—1)/v, Eq. 29 becomes
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where dh? /dt* must be further expanded using the energy conservation Eq 26¢, because it includes a pressure
derivative in its RHS. Then, we define p*di; /dt* = w}. 8q /(9x + MaZ (Yoo — l)T’fau+ /Bx +d, — d,jh’;,
where it is noteworthy that the second term, which is assocmted to the dissipation funct10n can be neglected
within the low Mach number framework.

The governing equation of pressure can be expressed as
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For the sake of simplicity, the super/subscript for normalized (*) and leading order (°) are no longer consid-
ered in the above expression. It is worth noting that, this equation is valid everywhere in the calculation domain.
However, due to the spatial uniformity of the thermodynamic pressure, an averaged form of this equation over a
volume V is preferred so as to avoid numerical difficulties. Finally, the thermodynamic pressure evolution will
be determined from
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Appendix B: Evaluation of the premixedness index

The premixedness index is evaluated from the generalized definition introduced in reference [66]:

1 V¢ VO)
Sy 2 Yo (35)
& 2( Vil Vol

where V, denotes the molecular diffusion velocity of species @. The above expression can also be written as
follows: &, = (1 + np - np) /2 and, since Fickian diffusion has been assumed, the unit vector ny, which gives
the diffusion fluxes direction, may be expressed from the species mass fraction isolines: n, = VY, /|VY,|. This
allows to relate the premixedness index &, to the Takeno index Grp = VYr - VY [67]:
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In one-dimensional flame structures described with single-step chemistry, the above index is zero in non-premixed
conditions while it is unity in premixed conditions [67]. In contrast to the standard definition of reference [67],
which was based on single-step chemistry, Yr and Yy do not presently correspond to the mass fractions of fuel
and oxidizer. The definition has been indeed generalized herein by considering the mass fractions of unburnt
carbon and oxygen atoms

- @#C0,,H,0 &Y . @#C0,,H,0 &Y -
F = MK as> 1O = MK a
(3 (3
Appendix C: Derivation of transport equations of scalar alignments
For a scalar field &(x, ¢) the transport equation of which can be written as
0 1
6—f+u-V§:—V-(pDV§)+w5 (38)
o ¢

with D the diffusion coefficient of the scalar and @, the source term, the transport equation for its gradient g = V&
can be obtained
%——S —1 X w + V(RHS;) 39)
D~ 87 2¢ ¢
where § is the strain tensor, w is the vorticity and RHS; = V - (0DV&)/p + @, denotes the right hand side (RHS)
of the transport equation of the scalar. Then, the transport equation for its norm direction vector n = g/|g| can be

deduced from Eq. (39)

Dn 1 Dg 1 IN
— = —IN—==-INSn— - IN (nx w) + —V(RHS;) (40)
Dt~ |gl”" Dr 2 lg| ¢
where the matrix Z/V is defined as follows
IN=1-nn" 41)

with I the identity matrix.
The projection of n in the eigenframe of S can be characterized with the vector

fll n-e;
n=|i|=|n-e|=R"n (42)
fl3 n-es
with R is the eigenmatrix of §
R = [e|]esles] (43)

where e; are the eigenvectors of S corresponding to eigenvalues A; with a descending order, i.e., 4; > 1, > 3.
Finally, the transport equation for 7 can be achieved
Dn_ DRR'n) _ pr 0 DR"

— = +—n
Dt Dt Dt Dt

1 RT DR”
=—RTINSn— =RTIN (n x w) + N V(RHS;) + —n
2 gl Dt
—~~T
S __ RT I—"nn RT
=@ An)1-A|7- 5 (nxw)+ %RTV(RHSQ + =5 (44)




28 Song Zhao et al.

where A is the diagonal matrix based on the eigenvalues of S,

41
A= A . (45)
A3
Since we have ;
n=>"he;, (46)
=1
the last term in Eq. (44) can be expanded as follows
DRT —~
n=Wn A7
Dt

where the anti-symmetric tensor ‘W denotes the rate of rotation of the principal axes

De;
ij = Ft . ej . (48)
In fact, this tensor can be evaluated from the transport equation of the strain-rate tensor in eigenframe (D(RTSR)/ D),
it reads ,
De; I-6;( 1 1| - Du Du
W= e = &0+~ |R V(—)+(v(—)) R 49
0= pr Y A=A 4Ty Dt Dt i “49)

where ¢;; is the Kronecker delta tensor and the substantial derivative of the velocity is given by

Du 1
E:;(—Vp+v~‘r+f). (50)

In summary, the transport equation for the projection of n in the eigenframe of the strain-tensor reads:

3
Dii 3
o = Z/l/fli - /11 ﬁl + ’IWI + ﬁzwlz + fl3(W13 + (GR)[ (51a)
Dr (4"
’4;
Dii 3
D"tz = DI 43 = da |y + TW, + 2y Wy + 3 Was + (GR), (51b)
=1
’4;
Dii 3
Dn: = Z /l/fli - /13 ﬁ3 + TW3 + ﬁ1W31 + flz"W:;z + (GR); (510)
=1

where the vector TW and GR are defined as

R’ (r-7n")
W=->-(nxw, GR= TRTV(RHSQ : (52)
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