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Abstract

The substitution of diesel by cleaner renewable fuels such as short-chain alcohols in dual-fuel
internal combustion engines is considered an attractive solution to reduce the pollutant emis-
sions from internal combustion engines. In this context, accurate and robust two-phase flow
models taking into account the real fuel thermodynamics are required to predict the phase
change and mixing processes when various fuels are injected in sub-transcritical conditions.
The present study proposes an efficient Real-Fluid model (RFM) based on a two-phase fully
compressible four-equation model under mechanical and thermal equilibrium assumptions and
closed by a thermodynamic equilibrium tabulation approach. Compared to previous research
limited to binary mixtures tabulation, the proposed tabulation approach can further handle
ternary mixtures using four-dimensional (4D) tables. In this article, the RFM model has been ap-
plied to compare the evaporation and mixing of n-dodecane droplets in single and bi-component
ambient. For the single component nitrogen ambient, the numerical results compare well with
recent experiments. Finally, n-dodecane droplets evaporation in a bi-component (nitrogen and
methanol) ambient relevant to dual-fuel engines have been explored using the Cubic Plus As-
sociation (CPA) equation of state. It was found that the initial presence of methanol in the
ambient strongly accelerates the mixing process.
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1. Introduction

The recent strict legislation related mainly to carbon dioxide (CO;) emissions poses a new
challenge finding alternative cleaner fuels to partially or totally substitute fossil fuels in internal
combustion engines (ICE). Dual-fuel internal combustion engines (DFICE) is one of the recent
promising solutions to diesel fuel combustion emissions. In DFICE, a primary fuel such as
natural gas or short-chain alcohols is utilized with a moderate amount of pilot diesel fuel acting
only as an ignition agent. A review of the different primary fuel injection strategies in dual
fuel engines can be found in [31]. Moreover, Several experimental studies [11, 16, 8] have
demonstrated the potential of employing primary alcohols such as methanol and ethanol as
primary fuels in DFICE to reduce the soot and NOx emissions.

Fuel evaporation and mixing are significant phenomena during the fuel injection in ICE, directly
impacting the combustion efficiency and resultant emissions. Indeed, several single or multi-
component liquid droplet evaporation models have been reported in the literature [6, 3, 19, 9].
However, these models predict the heat and mass transfer processes using correlations, which
may require further adjustments to consider the interaction and mixing between the pilot and
primary fuels in dual-fuel engines, which subsequently affect the heat transfer and vaporization
rates. Therefore, highly resolved numerical simulations relevant to dual-fuel conditions are
needed to quantify the interaction between the various fuels involved and serve as a reference
for the development and validation of droplet evaporation models. Besides, such simulations
offer an alternative for the cases that experimental techniques are not available.
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The multi-component two-phase flow involved in such engines may exhibit different thermody-
namic regimes based on the local pressure, temperature, and species composition compared
to the mixture’s critical point. Indeed, it can not be determined from a priori-analysis whether
the spatiotemporal evolution of the involved thermodynamic states is subcritical or supercriti-
cal during the entire fuel injection event. As a matter of fact, both subcritical and supercritical
regimes may exist simultaneously, as discussed by [5, 1]. Thereby, two-phase flow models
that can handle such multi-component mixtures accurately and robustly are required for further
development of DFICE.

Several two-phase flow models have been proposed in the literature in the framework of the
diffuse interface model (DIM) approach with transport equations ranging from four to seven de-
pending on the initial equilibrium assumptions [20, 7, 13, 15]. Among them, the four-equation
model has been employed for cavitation and spray simulations [4, 14] due to its high efficiency.
The main challenge in such models is estimating the phase change source term for the clas-
sical subcritical phase change and the ability to transit to a supercritical single-phase mixing
regime. Several researchers [1, 10, 18] have coupled the four-equation model with a vapor-
liquid equilibrium (VLE) solver to estimate the phase change source term. However, it has
been proved that the direct evaluation of the VLE calculation during the simulation is compu-
tationally demanding, especially when employing a complex real-fluid equation of state (EOS)
[1, 2]. Accordingly, a more robust and efficient tabulation approach could be one remedy to the
computationally demanding VLE solver.

Several contributions related to tabulated thermodynamic closure have been presented in the
literature. Yi et al. [32] investigated n-dodecane droplets evaporation in transcritical conditions
using a three-dimensional uniform tabulation approach based on the VLE solver developed
by [1, 2] coupled with the Peng-Robinson (PR) EOS. Besides, Koukouvinis et al. [12] pro-
posed a tabulated thermodynamic approach based on logigP — T tables to investigate the
high pressure/temperature injection of n-dodecane in ECN spray A [33] conditions. However,
the previously mentioned research was limited to the tabulation of binary mixtures. Thereby,
further development of a tabulation approach capable of handling ternary mixtures as those
encountered in dual-fuel engines is needed.

The current work presents an extension of the binary version of the real-fluid model (RFM) [32]
to a ternary version capable of handling three-component mixtures based on four dimensional
(4D) tables generated by the IFPEN-Carnot thermodynamic library. The ternary version of the
RFM model closed by the tabulated Cubic Plus Association (CPA) EOS is applied to explore the
evaporation of n-dodecane droplets in a bi-component ambient (methanol+nitrogen) relevant to
dual-fuel engines.

The main aim is to investigate the impact of the methanol ambient concentration on the droplet
lifetime and evaporation rate compared to the single component ambient (nitrogen) case at
the same ambient pressures and temperatures. Moreover, quantify the effect of the different
solubilities of methanol and nitrogen on the droplet evaporation, especially at the high am-
bient pressures considered. Besides, the evaporation and mixing processes take place at a
subcritical or supercritical thermodynamic regime. The current work aims to investigate the
aforementioned points.

This paper is organized as follows. Section 2 describes the RFM model, including the set of
transport equations and the tabulation approach and thermodynamic ingredients. Section 3
firstly presents a comparison of the numerical results of n-dodecane droplet evaporation in a
pure nitrogen ambient with the experiments of [17]; secondly, n-dodecane droplet evaporation
in bi-component ambient at the same temperature and pressure conditions of [17] is discussed
for various methanol ambient concentrations. Finally, Section 4 presents the conclusions.
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2. The Real fluid model (RFM)

2.1 Governing equations

The two-phase flow model used in the current work is a four-equation homogeneous equilibrium
model (HEM), which is fully compressible and considers multi-component in both phases, under
the assumptions of thermal and mechanical equilibrium as follows,

g (1)
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where (7;;) is the viscous stress tensor. (p,u;, P, T, e) are the mixture’s density, velocity, pres-
sure, temperature and specific internal energy, respectively. (Y., h,,) are the mass fraction
and specific enthalpy of species m = {1, ..., N5}, respectively. The laminar contribution of the
thermal conductivity (\) and the dynamic viscosity (x) is computed by Chung et al. [21] corre-
lations. The laminar mass diffusion coefficient is estimated using a given Schmidt number as
(D =v/Sc).

2. Tabulated thermodynamic closure

The fully compressible multi-component two-phase flow system described above is closed by
a tabulated real-fluid equation of state (EOS) such as the Peng-Robinson (PR) EOS [23] or
the cubic plus association (CPA) EOS [24] adopting a thermodynamic equilibrium hypothesis.
Before the simulation, the multi-component vapor-liquid equilibrium table is generated using
the IFPEN-Carot thermodynamic library. The thermodynamic library performs the VLE calcu-
lation using a robust isothermal-isobaric (TP) flash [22] coupled to various real-fluid EOS, to
compute the thermodynamic equilibrium density, internal energy, fluid phase state and com-
position as well as necessary thermodynamic derivatives as heat capacity and sound speed
and the transport properties for each group of temperature, pressure and feed. The current
work employs a uniform tabulation approach based on a bijective look-up table linking (p, e)
and (7, P). The mixture’s density (p) and internal energy (e) are computed as (p = >, appp)
and (e = >, apppep/p), respectively; where (a,) denotes the phase volume fraction (p = !
is liquid phase and p = v is vapor phase). The inputs of the 3D or 4D tables for binary and
ternary mixtures, respectively are the temperature (T"), pressure (P) and species mass fraction
(Y, m = 1, Ns — 1, where N, is the total number of species). The Inverse-Distance Weight-
ing (IDW) method [26] is used for the interpolation of the tabulated quantities of the 3D and
4D tables. This method is based on the assumption that the value of the unsampled point is
the average weight of the known values in the neighborhood, and the weight is inversely pro-
portional to the distance between the prediction location and the sampled location. A general
form of finding an interpolated value (u) at a given point (z) based on samples u; = u(x;) for
i =1,.., N using IDW can be expressed as follows,

ZEehs e (g, ) £0 for all i
(@) = { TN )
U, if d(xz,x;) =0 for some i

where w;(x) = 1/d(z,z;), x denotes an interpolated (arbitrary) point, z; is an interpolating
(known) point, d is the given distance from the known point z; to the unknown point z, N is the
total number of known points used in the interpolation.
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3. Results and discussion

The current study investigates the evaporation characteristics of an n-dodecane droplet in bi-
component ambient relevant to dual-fuel configuration using the newly developed ternary ver-
sion of the RFM model implemented in CONVERGE v.3 CFD code [25] used to carry out the
present simulations. The test case setup and ambient operating conditions are based on the
experimental work of [17], who performed a high-speed high-resolution microscopic visualiza-
tions of n-dodecane droplets at ambient temperatures and pressures higher than the critical
point for pure n-dodecane (transcritical conditions), where individual droplets are tracked at the
end of the injection event until they are completely vaporized. Firstly, the n-dodecane droplet
evaporation in single component ambient (nitrogen) is computed and compared with the exper-
iments of [17]. Secondly, the same test cases are computed with introducing methanol in the
ambient so that the ambient is a mixture of methanol and nitrogen, where the methanol ambient
concentration is increased progressively to investigate its impact on the droplet evaporation.

3.1 Test case setup

A 2D simulation setup was employed for an almost pure n-dodecane droplet with initial mass
fraction of (Yo, m,, = 0.9999999 and Yyo = 1077), initial diameter of (60 um) and initial tem-
perature of (363K). The droplet is initially moving with a velocity of (0.2m/s) in an quiescent
ambient filled with nitrogen. The detailed information of the simulated test cases is listed in
Table 1. The computational domain size in terms of the initial droplet diameter (D) is (16Dg,o
x 10Dg ) to reduce any interference from the boundaries. The mesh size in the far-field is
set to (16 um), which is reduced to (2 um) in the vicinity of the droplet. The boundaries of
the computational domain are treated as adiabatic walls. The numerical solution of the trans-
port equations is based on the PISO algorithm for pressure-velocity coupling. A second-order
central difference scheme with flux limiter is used for the spatial discretization of each equa-
tion. The time discretization is achieved by the second-order Crank-Nicolson scheme for the
momentum equation and the first-order Euler scheme for the rest of the equations. The time
step is automatically adjusted based on a maximum CFL number of 0.4 reaching a value in
the range of (107?/107'%). The carried out highly resolved simulations don’t employ a sub-
grid scale turbulence model for the relatively low Reynolds number of the simulated test cases.
It is worth to mention that the surface tension was assumed negligible in the current simula-
tions, since the ambient conditions are relatively higher than the n-dodecane critical point. The
appropriateness of the latter assumption will be investigated in the future work.

Table 1. Test cases operating conditions based on experiments of [17]

| Tame (K) Pamp (bar) Dy (um) Uao (m/s) Tao (K) Req

case 1 1200 106 60 0.2 363 7.4
case 2 1000 88 60 0.2 363 8.3

3.2 Droplet evaporation in single-component ambient validation

The RFM model thermodynamic closure for the n-dodecane/nitrogen (binary mixture) is based
on the PR-EOS, with thermodynamic table resolution in [P, T, Yc,,m,,] axes of [21,201,101]
points, respectively.

The temporal evolution of the normalized squared equivalent droplet diameter and the droplet
shape compared with the experimental images [17] can be seen in Figure 1 for case 1. The cal-
culated droplet diameter is the equivalent droplet diameter, since the droplet deforms through-
out its lifetime and is formulated in 2D as [d = (% > cells quceu)O'ﬂ, where «; is the cell liquid
volume fraction and V,; is the cell volume. Generally, a good qualitative agreement with the
experiments is achieved for the droplet shape at the different time instants (Figure 1b). More-
over, the droplet lifetime based on the simulation falls within the lifetime range estimated from
the published experimental video sequences (Figure 1a).
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Figure 1. (a) Temporal evolution of the dimensionless squared equivalent droplet diameter compared to the
droplet lifetime range estimated from the experimental video sequences [17], (b) Comparison of the gas volume
fraction (a4) from the simulation (left) with the experimental images [17] (right) at different time instants for case 1
(Pamp = 106bar, Toms = 1200K). The droplet moves from left to right.
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3.3 Droplet evaporation in bi-component ambient

In this section, the n-dodecane droplet is evaporating in bi-component ambient (Nitrogen, Na
and methanol, CH3;OH). The same operating temperature and pressure conditions in the
previous section are employed but with introducing methanol in the ambient with various ini-
tial concentrations. More precisely, the initial mass fraction of methanol in the ambient is
increased from 0.2 to 0.6 with an increment of 0.2 and the initial mass fraction of nitrogen
is accordingly (Yn, = 1 — Yom,om). The RFM model thermodynamic closure for the (n-
dodecane/nitrogen/methanol) ternary mixture is based on the CPA-EQS, with thermodynamic
table resolution in [P, T, Yoy, 1., YN, @xes is [21,201, 101, 101] points, respectively. Compared
to cubic EOS, the CPA EOS with its additional association term can be efficiently used to model
mixtures including hydrocarbons and polar compounds (methanol) [27]. The variation of the
methanol ambient concentration leads to a variation in the ambient density (p~,) and viscosity

(100) @and accordingly the Reynolds number |Re; = W] increases for the same initial
drop diameter and velocity as listed in Table 2.

Table 2. Impact of methanol ambient concentration on the Reynolds number at (Pams = 106 bar, Tams = 1200 K)

You,ot,amb \ Regq
0 7.4
0.2 9
04 10.3
0.6 11.9

The impact of the methanol ambient concentration on the temporal evolution of the normal-
ized squared equivalent droplet diameter and mean droplet temperature is depicted in Fig-
ure 2, where the mean droplet temperature is computed using a volume averaged formula as

[Td = M} . Areduction of the droplet lifetime and an increase in its evaporation rate

cells Xl V'CCH

with increasing the methanol ambient concentration can be observed (Figure 2a). The reduc-
tion in the droplet lifetime can be attributed to the relatively higher solubility of methanol in the
liquid phase than that of nitrogen. Indeed, Figure 3 shows that, for the case of (Ycon,on = 0.4),
the total mass fraction of methanol and nitrogen in the liquid phase is relatively higher than
that of nitrogen in the case of (Yom,om = 0), which is accompanied by a higher evaporation
rate of the n-dodecane droplet, as illustrated by the vaporous n-dodecane temporal evolution in
Figure 4. Besides, the increase of the Reynolds number (Table 2) enhances the mixing and the
evaporation processes leading to higher droplet evaporation rate and shorter lifetime as well as
relatively higher droplet deformation for the case of (Yor,on = 0.4) (see Figure 3).



ICLASS 2021, 15" Triennial International Conference on Liquid Atomization and Spray Systems, Edinburgh, UK, 29 Aug. - 2 Sept. 2021

12 700
—Yemon =0
1] —Yeomon = 02| [ 650 1
Yomon = 0.4 600 ]
0s ] —Yomon =06} —
' 550
= (o
= <
§ 0.6 r = 500
= S
450
0.4
400
0.2
350
0 . . . > . . . 300 . . . . . . .
0 01 02 03 04 05 06 07 08 0 01 02 03 04 05 06 07 08
t/d? (s/mm?) t/d? (s/mm?)
(a) (b)

Figure 2. (a) Numerical prediction of the temporal evolution of the normalized squared equivalent droplet diameter
and (b) mean droplet temperature for case 1 (Pams = 106 bar, Toums = 1200 K') with different initial methanol
ambient concentration.

The phenomenon of the initial increase of the droplet size can also be observed in Figure 2a.
This phenomenon is classically attributed to the initial thermal expansion of the liquid droplet,
as revealed in previous studies [28]. In addition, the current results show a relatively higher
augmentation in the droplet size with increasing the methanol ambient concentration. This
behavior can be related to the higher solubility of methanol in the liquid phase compared to
nitrogen (see Figure 3), leading to a higher initial increase in the droplet size.
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Figure 3. Temporal evolution of nitrogen and methanol mass fractions in the liquid phase for Yo r,0m,ams = 0 (left)
and Yo rs0m,amb = 0.4 (right) for case 1 (Pams = 106 bar, Tums = 1200 K'). The droplet moves from left to right.

Moreover, Figure 2b shows that the mean droplet temperature keeps rising until the end of the
droplet lifetime without reaching constant temperature (wet-bulb temperature) for the various
methanol ambient concentrations considered. This behavior has been observed in previous
research [29, 30] when the ambient pressure is relatively high or supercritical with respect
to the pure fuel critical point. It has been attributed to the simultaneous occurrence of the
heating up and vaporization process due to the relatively low latent heat contrary to the low-
pressure conditions, where the droplet heating process takes place almost separately from the
vaporization process.
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Besides, Figure 2b shows that at the end of the droplet lifetime, the mean droplet temper-
ature reaches almost the same value independently of the methanol ambient concentration.
However, the mean droplet temperature is relatively increasing for higher methanol ambient
concentrations, which indicates a variation in the thermodynamic path followed by the droplet
during the evaporation process.
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Figure 4. Temporal evolution of vaporous n-dodecance mass fraction with various methanol ambient concentration
for case 1 (Pympy = 106 bar, Tyumy = 1200 K). The droplet moves from left to right.

For case 2 (Py, = 88bar, T,y = 1000 K'), similar trends as case 1 were observed for the
impact of the methanol ambient concentration on the droplet lifetime and evaporation rate. In
order to summarize the obtained results, an average evaporation rate constant (k) was esti-
mated as the slope of the almost linear part of the non-dimensional squared droplet diameter
temporal evolution curve in the range ((d/dy)?> = 0.2 — 0.8), using the least-squares linear fit-
ting method and the intersection of the fitting line with the abscissa is regarded as the total
evaporation time (¢). Figure 5 shows that for a constant methanol ambient concentration,
the reduction of the ambient pressure and temperature is accompanied by a decrease in the
estimated evaporation rate constant and an increase in the droplet lifetime.
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Figure 5. (a) Evaporation rate constant and (b) Normalized evaporation lifetime variation with ambient methanol
concentration at different ambient temperature and pressure.

o

Finally, it is worth noting that, for all the test cases considered, the n-dodecane droplet initially
in single liquid-phase state transits to a two-phase thermodynamic state for most of its lifetime,
even if the ambient conditions considered are higher than the critical point of pure n-dodecane.
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4. Conclusions

The current work presented an extension of the RFM model [32] to handle ternary mixtures
relevant to dual-fuel conditions, based on 4D tables generated by the IFPEN-Carnot thermo-
dynamic library. The model has been applied to investigate n-dodecane droplet evaporation in
bi-component ambient (nitrogen+methanol) using the CPA EOS. The main findings are:

1- The considered moving n-dodecane droplets exhibit a higher evaporation rate and a shorter
lifetime as the methanol ambient concentration increases.

2- The ambient gas solubility in the liquid phase cannot be neglected due to its significant
impact on the droplet evaporation as demonstrated by the current study, especially at the high
ambient pressures considered.

3- The extended tabulated thermodynamic approach to ternary mixtures has proved to be an
efficient remedy to the direct evaluation of costly phase equilibrium solver during the simulation.
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