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Abstract

The interaction between a fuel droplet and a premixed laminar flame is investigated in this
study using a multi-fluid Diffuse-Interface approach. The influence of two parameters on the
reacting zone is examined: the equivalence ratio of the premixed laminar flame and the relative
velocity between the droplet and the stabilized flame front. After validating the equation of
state’s extension to temperature-dependent heat capacities, direct numerical simulations of
droplet-flame interaction are performed. The results are qualitatively analyzed, revealing a
significant influence of the operating conditions.
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1 Introduction

The combustion of sprays is characteristic of aeronautical gas turbines, leading to
intricate spray/combustion interactions. Liquid injection and atomization processes are
crucial as they determine the distribution of fuel vapor within a combustion chamber |1,

, 3], significantly impacting the flame regime, burner efficiency, and pollutant emissions
[1]. In such combustion chambers, liquid droplets of high inertia often cross the flame
front [5]. In order to understand the interactions between an evaporating fuel droplet

and a premixed flame, numerical simulations are mandatory.



Several approaches exist such as Direct Numerical Simulations (DNS) coupled with
Discrete Particle Simulation (DPS) [1, 5, 6]. The later method does not explicitly resolve
the liquid phase. Several approaches have been proposed in the literature to conduct
numerical simulation of fully eulerian two-phase flows. The method used in this study

falls within this category and in particular in Multi-Fluid methods |7, &].

The paper is structured as follows, (i) the methodology employed is described in Section 2
with the system of conservation equation, the thermodynamic closure and the phase-
transition solver. (ii) The results are given in Section 3 where the method is validated

on a canonical one dimensional flame and the study of droplet/flame interaction follows.

2 Methodology

This section presents the models for the simulation of compressible, reactive multi-
component flows in the AVBP solver [9, 10] from CERFACS. Initially, the system of
conservation equations is introduced. Subsequently, the non-ideal thermodynamic closure
and its extension for reactive flows are explained. Finally, the employed phase-transition

solver is described.

2.1 The 4-equation Homogeneous Relaxation Method

The 4-equation, or Homogeneous Relaxation Method, model [11] is employed to simulate
compressible reactive and multicomponent flows. This model assumes mechanical and
thermal equilibrium between phases in a computational cell, i.e., all components share
the same pressure, velocity, and temperature. Consequently, a single set of conservation
laws for mass, momentum, and energy is solved throughout the numerical domain,
regardless of the fluid state (liquid or gas). This model, which belongs to the multi-
fluid method |7, 8|, treats the interfacial area as a numerically diffused zone. Under
these assumptions, the 4-equation model considers a mono-component liquid (k = 1),
its associated vapor (k = 2), and a multi-component, non-condensable gas mixture

(k=1[3,...,N]), with N being the total number of species. The equilibrium conditions



lead to the following variable definitions,

(7 —1, Wk,

p=pk Yk,
v=1/p=31, Yivy,
e = Y0 Yeer,

where Y represents the mass fraction of species k, T' is the temperature, p is the
pressure, p is the density, and e is the internal energy. The resulting four equations,

with non-Euler right-hand side terms, are

9p _
0
aL:+V-<pu®u+pI> =F,+ V-(ur), (3)
OpE
i+ VA(pE +pu) = u- Fot Ve(ur ) = Veg, (4)
apY; . .

gtk + V- (pYi(u +v)) = Gep + Wy, (5)

where wu is the velocity vector and E is the total mixture energy (E = e + u?/2). The
right-hand side non-Euler term expressions are described in [12, 13]. The F, term
represents the surface tension force, modelled using the Continuum Surface Force of
Brackbill et al. [11], and reads F, = 0kV 2. The o parameter is the surface tension
coefficient, « is the curvature, computed using a color function [14], the liquid volume
fraction here z,. The average mixture viscosity and heat conductivity are based on
algebraic averages between the phases [12|. The source terms of Eq. (5) are denoted
W, for chemical reactions and w,; for phase transitions, detailed in Section 2.3. The
diffusion effect for each component k is accounted for by introducing the diffusion

velocity wvy.

2.2 The extended Noble-Abel Stiffened-Gas Equation of State

Each component follows the Noble-Abel Stiffened-Gas (NASG) equation of state (EoS)
[15]. This EoS is an improvement over the classic Stiffened-Gas EoS, accounting for

repulsive molecular effects.

For a component k, the NASG EoS with temperature-variable heat capacities [16] is



expressed as:
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where (), and C, are the constant pressure and constant volume heat capacities,
respectively; by, is the covolume; and p. x is a correction term to account for attraction
(both terms are present only in the liquid phase, i.e., k = 1). The reference energy is
denoted ;. All these EoS parameters are determined by the thermodynamic properties

of the fluid [16], not using the saturation curves [15, 17].

When using temperature-variable heat capacities, the mixture density p and internal
energy e can be derived from the intensive variables p and T'. However, the [ C, (T)dT
term in the energy equation of System (6) precludes explicit expressions for p and T'
from p and e. To address this issue, Boivin et al. [16] proposed a hybrid closure, stating
that the constant heat capacity assumption only fails at high temperatures, where the
liquid phase is no longer present. Heat capacities are assumed constant below a reference
temperature (T, = 700 K), a temperature sufficiently high to ensure a mono-phase
gaseous flow (far from the liquid saturation temperature). The hybrid closure posits that
the EoS is NASG with constant heat capacities below T, and the classic perfect gas
(PG) EoS above. The NASG EoS coefficients must be rederived to ensure C; continuity
at Tref, in order to use the Janaf tables implemented in the AVBP solver. Originally,
the NASG coefficients are derived from the NIST database [18]|, but the continuity
of the enthalpy at T, is not guaranteed due to the choice of reference temperature,
which is set to 7= 0 K in the AVBP solver. The NASG parameters used in this paper
are given in Table 1. The density p and the enthalpy h obtained with the NASG EoS
coupled with the previously described methodology is plotted against NIST database
curves 18] in Fig. 1, showing an accurate prediction in both liquid and gaseous states.
The temperature T, = 700 K is thus justified as it is far from the saturation point

(visible as a jump in thermodynamic quantities).



Table 1. NASG EoS parameters employed in this study, with v = C,/C,.

Species C, [Jkg 'K ¥ qJkg ! b [m?kg ] Do |Pal
0, 1005 1.349 —41783 0 0
H,0O 2023 1.295 —78 766 0 0
N, 1078 1.380 —18777 0 0
KERO LUCHE 2771 1.022 —754009 0 0
CcO 1090 1.374 —24 166 0 0
CO, 1079 1.212 —139174 0 0
C10H22,e 2386 1.216 —0.855 x 10 9.4 x 10~* 2.875 x 108
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Figure 1. Validation of the NASG parameters against the NIST database [15]. Profiles
of density and enthalpy against temperature at p = 1 bar.



2.3 Phase transition model

The phase transition occurs between the liquid phase (k = 1) and its vapor phase
(k = 2). The source terms apply exclusively to species 1 and 2 and are defined as:
wZLl = pV(QQ - gl)v

(7)

Wp2 = —PV(92 - 91),

where g; denotes the Gibbs free energy of phase k, and v is a function dependent on
the specific interfacial area, pressure, and temperature. This parameter represents
the relaxation rate of the mixture toward thermodynamic equilibrium. Within this
framework, an instantaneous relaxation of Gibbs free energies is assumed [19]. Finite-rate
models are also documented in the literature [20, 21|. Instead of directly solving Eq. (7),

the fast phase transition solver proposed by Chiapolino et al. [19] is utilized.

3 Results

3.1 Validation of the implemented hybrid thermodynamic clo-

sure — Kerosene surrogate laminar pre-mixed flame

A one-dimensional, freely propagating pre-mixed flame is examined using fuel closely
related to the targeted aeronautical engines applications. The chemical mechanism
employed is the well-known two-step kerosene BFER model [22], which includes 6 + 1
species, with the liquid C,,H,, added. The initial conditions are specified in Table 2,
at atmospheric pressure. A small amount of liquid kerosene C,oHy, , is uniformly
distributed throughout the domain. The species KERO LUCHE represents the vapor
phase associated with the liquid C;yHy,.

Table 2. Initial conditions for the one-dimensionnal free-propagating C,,H,,—Air
pre-mixed flame.

Variable T [K|] w[ms™'| Yc u,, Ykero LuCHE Yeo, Yco Yo, Yu,0 v,
Fresh gases 298 0319  1x 10 5775 x 102 0 0 2.20 x 107! 0 1=y
Burnt gases 2217 25 1x 1078 0 17331070 5.015x 1073 2482 x 102 7416x 102 1— Y'Y,

The resulting solution is depicted in Fig. 2 and is compared with results obtained from

the AVBP solver using the perfect gas EoS. The two sets of simulation results are



superimposed, and no jump on the temperature/heat realease curve appears at T,

thereby validating the implementation.
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Figure 2. Free-propagating kerosene flame. Temperature, species and heat release
profiles for both equations of state: NASG without and PG with markers.

3.2 Droplet/laminar flame front interaction

In this section, the interaction of an evaporating fuel droplet with a laminar premixed
flame is investigated. The numerical framework, validated in the previous subsection
is employed. The results are analyzed qualitatively. The laminar premixed flame
equivalence ratio, as well as the relative velocity between the fuel droplet and the flame
front, (u* = uy/S; where uy is the droplet initial velocity and S is the laminar flame

speed), are the two parameters of this study.

3.2.1 Configuration

The computational domain, as depicted in Fig. 3, comprises a [4.5 mm X 2.5 mm]|
two-dimensional region constructed with 537 x 10? triangular elements. The boundary
conditions, as detailed in [23], consist of a non-reflecting inlet on the left, a non-reflecting
outlet on the right, both extended to NASG EoS [13], and two symmetries on the
top and bottom boundaries. The chemistry is described using the 2-step mechanism,
validated above, and reported in [22], encompassing 6 + 1 species and 2 reactions. A
third-order Galerkin scheme in space and time, TTGC [24], is applied. Additionally,
the Localized Artificial Diffusion (LAD) method, as described in [25], is employed. The

surface tension coefficient for n-decane is set at ¢ = 24 x 1072 N.m~!.

The gaseous
mixture is injected at the flame front velocity. A liquid n-decane droplet of diameter
d = 80 nm is placed in front of the reacting zone, after the establishment of the purely

gaseous premixed flame. The composition of the gaseous premixed flame, for each



equivalence ratio, is determined considering the thermodynamic equilibrium condition

with Cantera [20] for this chemical mechanism.
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Figure 3. Schematic of the configuration.

3.2.2 Influence of the premixed flame equivalence ratio

A droplet with a velocity equal to 10 times the premixed flame velocity is considered
for two equivalence ratios, ¢ = 0.7 and ¢ = 1.3. For each initial equivalence ratio, the

temperature and heat release solutions are presented in Fig. 4.
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Figure 4. Influence of the equivalence ratio of the premixed flame. Left: ¢ = 0.7, right:
¢ = 1.3. The top half of each figure represents the temperature field and the bottom
half represents the heat release field. For the case initially at ¢ = 0.7, iso-contours of
¢ = 0.7 and ¢ = 1 are shown. The red iso-contour represents the liquid volume fraction

The behavior differs between the two cases: for ¢ = 0.7, a non-zero mass fraction of

O, (Yo,) is observed in the burnt gases zone. Consequently, the interaction of the

8



evaporating fuel with this zone generates a second flame front, characterized by a lower
heat release, located at the ¢ = 1 iso-contour (Fig. 4 bottom left). This topology is
reminiscent of diffusion flames. Conversely, for ¢ = 1.3, no oxidizer is present in the
burnt gases zone, causing the reaction to cease. It is also noteworthy that the passage
of the evaporating droplet significantly affects the flame front for the ¢ = 0.7 case;
the flame front is deformed and exhibits a higher heat release compared to the purely
gaseous premixed case (Q = 2 x 10° W.m™3.s7!). The reaction in the burnt gases is
evident in Fig. 5 (left): the O, mass fraction in the burnt gases, between the ¢ = 1
iso-contour and the droplet, is zero. Additionally, the Takeno flame index (blue —
non-premixed) evidences this diffusion mode in the burnt gases. Finally, the iso-contours
of liquid volume fraction z, = 0.3 (in red) in Fig. 5 exhibit a higher evaporation rate for

the ¢ = 0.7 case as the contour zone is smaller.

x1073
T
1

0.1
Y02 [_]

Figure 5. Influence of the equivalence ratio of the premixed flame. Left: ¢ = 0.7,
right: ¢ = 1.3. The top half of each figure represents the vapor fuel mass fraction and
the bottom half represents the oxidizer mass fraction. For the case initially at ¢ = 0.7,
iso-contours of ¢ = 0.7 and ¢ = 1 are shown. The red iso-contour represents the liquid
volume fraction (z; = 0.3).

3.2.3 Influence of the relative velocity of the droplet to the flame front

For the case ¢ = 0.7, a droplet with the same velocity as the flame front (u* = 1) is

placed in front of the reacting zone. The global topologies of the temperature and the



heat release field are retrieved, the temperature and heat release solutions are presented
in Fig. 6. The same observation regarding a second heat release in the burnt gases zone
can be made: a high temperature zone is exhibited on the ¢ = 1 iso-contour. However,
as pointed out by the liquid volume fraction iso-contour (z; = 0.3), the droplet does not

cross the flame front due to its initial velocity.

T [K]
300 700 1100 1500 1900 2300

Figure 6. Influence of the relative velocity of the droplet to the premixed flame for
¢ = 0.7. (a) The top half represents the temperature field and the bottom half represents
the heat release field. (b) The top half represents the Takeno flame index and the bottom
half represents the O, species mass fraction field. Iso-contours of ¢ = 0.7 and ¢ =1 are
shown. The red iso-contour represents the liquid volume fraction (z, = 0.3).

Two instantaneous fields of liquid volume fraction (z,) are shown in Fig. 7. An iso-
contour of @ =2 x 10° W.m™3 is also shown, which corresponds to the initial premixed
flame heat release. It means that for the case at u* = 1, the droplet is almost completely
vaporized before crossing the flame front. However, for the u* = 10 case, the droplet
crosses the flame front before being completely vaporized. For the latter case, the flame
front retrieves the initial premixed value while the droplet finishes vaporizing in the

burnt gases.
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Figure 7. Influence of the relative velocity of the droplet to the premixed flame for
¢ = 0.7. Liquid volume fraction z, fields with Q = 2 x 10 W.m™? iso-contours (white
lines).

4 Conclusions and future works

The extension of the NASG equation of state (EoS) [15] to temperature-dependent
heat capacities [16] has been implemented and validated within the AVBP solver.
The interactions between droplets and flames have demonstrated significantly different
behaviors when varying the following parameters: the premixed flame equivalence ratio
¢ and the relative velocity u* between the fuel droplet and the initial premixed flame
front. Physical insights were obtained: when the premixed flame equivalence ratio ¢ is
less than 1, a diffusion flame is present in the burnt gases zone. This phenomenon is
naturally absent when ¢ is greater than 1. For droplets with an initial velocity greater
than the flame front, the droplet traverses the reacting zone and continues to evaporate
in the burnt gases zone; the reacting zone then relaxes towards the initial purely gaseous
premixed flame configuration. Conversely, when the droplet’s velocity matches that of
the flame front, the droplet nearly completely vaporizes before crossing the reaction
zone. These encouraging results indicate that the method captures physical phenomena
accurately and can be applied to future, more complex cases and more detailed DNS

studies.
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