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In this work, we present a detailed implementation and validation of the droplet modeling framework
proposed by Dahms and Oefelein (2016) into the engine commercial CFD software CONVERGE using the
User Defined Function (UDF) interface. The model accounts for the nonlinear deformation and oscillation
experienced by liquid spray droplet injected into high pressure and temperature. Lagrangian spray simulations
of Engine Combustion Network (ECN) Spray A are performed. Model validation against standard experimental
measurements of liquid velocity, vapor mixture fraction is conducted. To perform more rigorous model
validation, new experimental measurements based on Diffused Back Illumination (DBI) are introduced. The
new measurements are processed for Projected Liquid Volume (PLV), which offers as close as possible one-
to-one model validation for liquid penetration while offering new insights into the spray physics. Comparison
with a One-D model based on adiabatic mixing theory by Siebers (1999) and Desantes et al. (2007) are
also conducted. Through these model validation exercises, it is shown that the new framework improves
liquid-phase penetration predictions, following a tendency for enhanced evaporation, compared to the standard
approach for both Reynolds Average Navier Stokes (RANS) and Large Eddy Simulation (LES). At the liquid
length, maximum mixture fraction values predicted by the new approach are in good agreement those of an
adiabatic mixing model. Qualitative analysis of the spray behaviors during the early stage of the injection
process reveals that the proposed framework predicts significant increase in droplet evaporation rate with
lower drop drag compared to the current standard approach.

1. Introduction

Liquid fuel injection in modern combustion systems is a multi-
physics process that involves many different nonlinear phenomena.
Two popular classes of approach can be utilized to model such com-
plex systems. In the first approach, the interface between liquid fuel
and the ambient gas is resolved using advanced techniques such as
volume-of-fluid (VOF) coupled with the level-set method (Tryggvason
et al.,, 2011). Given sufficient resolution, the method can theoreti-
cally resolve all associated phenomena such as primary and secondary
liquid breakups, droplets collision, coalescence. However, the main
drawback of such an approach, as with any high fidelity method,
is its expensive computational costs. Furthermore, modeling liquid
spray evaporation using VOF calculation is still a challenging task.
Another alternative and more computationally affordable method is
the Lagrangian-Eulerian framework. In this approach, liquid fuels are
modeled as stochastic Lagrangian particles while the gaseous flow
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field is solved in the traditional Eulerian formulation. Momentum and
heat/mass exchanges processes between the liquid and gas phases is
not resolved and have to be modeled. Momentum transfer between
liquid droplets and the carrier gas phase is realized through the drop
drag coefficient calculation. One of the most popular drop drag coeffi-
cient correlation is proposed by Amsden et al. (1989), which derived
from characteristics behavior of a perfectly spherical rigid sphere. The
heat and mass transfer processes between the liquid and gaseous flow
fields are simulated using evaporation models such as those proposed
by Ranz and Marshall (1952), Sirignano (1983) and Abramzon and
Sirignano (1989). Similar to the drag coefficient studies, these models
usually assume liquid drops are perfectly spherical. However, at re-
alistic engine conditions, fuel droplets are usually injected into high
pressure and temperature environment that sometime exceeds their
critical properties. One example of such condition is the Engine Com-
bustion Network (ECN) Spray A, where cold liquid n-dodecane (P =
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1500 bar, T = 363 K) is injected in a 900-K and 60-bar environment (En-
gine Combustion Network, 2021a). Under this condition, the liquid
spray experiences intense heat up that leads to rapidly diminishing
surface tension. Consequently, liquid fuel droplets experience highly
nonlinear deformation and oscillation, as observed during diesel-engine
relevant condition injection by Stetsyuk et al. (2015) and Crua et al.
(2017).

Therefore, traditional spherical droplet assumptions become ques-
tionable under engine relevant conditions. While there are existing
models that account for drop non-sphericity effect, their weaknesses
can sometime provide inaccurate simulation results. For example, Liu
et al. (1993) derived a drag coefficient correlation for highly distorted
drops. However, the model assumes distorted drops behave similarly
to sharp disks, leading to unrealistically high drop drag coefficient.
More recently, to capture the effect of non-sphericity on liquid droplet
evaporation, Tonini and Cossali (2013, 2014) derived an analytical
model to approximate the heat and mass transfer rate of both oblate
and prolate spheroidal drops. However, the model is only valid for fuel
drops in stagnant conditions. Using a similar theoretical framework as
Tonini and Cossali, Li and Zhang (2014) investigated the evaporation
rate of oblate spheroid under a range of Reynolds and Nusselt numbers
that are less than 100 and 14, respectively. Zubkov et al. (2017)
derived a model for heating and evaporation of non-spherical droplets.
The most significant assumption is that the droplet remains spheroidal
during evaporation, even though its parameters such as eccentricity are
allowed to change with time. Therefore, the models reviewed above,
in their current form, cannot yet be applied to realistic engine spray
simulations.

Recently, Dahms and Oefelein (2016) proposed a unified framework
to account for droplet non-sphericity effects in drop drag and evap-
oration formulation. The model is valid for both oblate and prolate
spheroids in a high-speed spray injection system. First, the transient
drop distortion and oscillation are modeled using the Taylor Anal-
ogy Breakup (TAB) model. Second, correlations proposed by Feng
and Michaelides for perfectly spherical viscous sphere are applied to
calculate the drag coefficient, Nusselt, and Sherwood numbers (Feng
and Michaelides, 2001a,b). Then, a regression formula, proposed by
Richter and Nikrityuk (2012), is applied to correct for droplet distortion
effect. Finally, because the Nusselt and Sherwood number is an area-
averaged value, an area correction term is applied to account for
the difference between a distorted drop and its perfectly spherical
counterpart that has the same equivalent radius. The model impact
was examined by simulating particle-laden flow in a model gas turbine
engine (Sommerfeld et al., 1992). The new approach herein is called
the Corrected Distortion (CD) model.

The current paper details our implementation and validation of
the Corrected Distortion model into the CONVERGE commercial CFD
package. It is, therefore, an extension of the work that was presented
by Dahms and Oefelein. However, in contrast to previous work, model
results are validated with high quality experimental measurements
under relevant engine conditions. The current work also focuses on
understanding the CD model’s impact on the heat and mass trans-
fer processes between the liquid spray and the ambient gases during
injection process. The organization of the paper is as follows. First,
particle governing equations and relevant formulas are given to il-
lustrate the difference between the current standard and Corrected
Distortion models. The model implementation is then described in
detail. Third, description of the numerical solver and validation case
is given. Finally, detailed comparisons between simulation results and
existing experimental measurements are given.

2. Particle governing equations
In this work, the Corrected Distortion model is implemented into the

existing Lagrangian—Eulerian framework within CONVERGE. Detailed
implementation and formulation of the overall framework is presented

in Senecal et al. (2007) and Richards et al. (2020a) and will not be
presented here for brevity purposes. We will, however, present the
particle governing equations to compare and contrast the differences
between the standard method and the Corrected Distortion model. Such
approach would enable the readers to adapt the CD model into their
CFD solver of choice.

The governing equation for particle motions can be written as
Richards et al. (2020a)
o 30 Uiy, M
dt  8py r
where v; is the drop velocity; p, and p, are the gas and liquid density,
respectively. U; is the drop-gas relative velocity and C, is the drop drag
coefficient.

Assuming incompressible liquid, the droplet mass transfer via evap-
oration can be described as Richards et al. (2020a)

dr, pP,D
dt ~ 2p,r,

B, Shy, )

where D is the mass diffusivity of liquid vapor in ambient gas. r, is the
droplet radius, with Sh, is its Sherwood number. The Spalding transfer
number B, is defined as

Y-y,

By = ——,
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where Y/" is the vapor fuel mass fraction at the drop’s surface, Y; is
the local ambient vapor mass fraction. The drop Reynolds number is

defined as
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with d,; is the drop diameter, y, is the ambient gas viscosity
Additionally, Y is determined from the expression
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The energy conservation equation is

_ dT, dm
Ade = Clm:;d—td - d_thuap’ (6)
where ¢, is the liquid specific heat, T, is the drop temperature, m, is
the drop mass, and H,,, is the latent heat of vaporization evaluated at
the drop temperature. The rate of heat conduction to the drop surface

(Q,) is given by the Ranz-Marshall correlation (Faeth, 1977)
_ Nugky(T, = T,)
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d
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where k, is the gas conductivity evaluated at 7 and Nu, is the Nusselt
number.

Furthermore, in the above equations, A, and d,, are the average drop
area and diameter, respectively; and m, = is an intermediate value of
the drop mass evaluated at the drop surface. They are given as

*2 2
a(ry+ry)

Ay = 5 (8a)
d,= e, (8b)
m; = Ep,n’ri‘ (8¢)

3
All the transport properties such as u,, k, are functions of the temper-
ature given by Amsden et al. (1989)

T, + 2T,
T
with the mass diffusivity (D) is also a function of 7', and has the form

T= ©)

p,D =1.293D,(T /273)"7", (10)

where D, and n, are experimentally-determined model constants.



T.M. Nguyen et al.

2.1. Current standard model

In Egs. (11)—(13), the liquid—gas coupling is modeled through the
drop drag coefficient (Cp), the Nusselt number (Nu,), and the Sher-
wood number (Sh,). A popular drag coefficient model is Liu et al.
(1993)

% 1, 2/3
R_ed<1+6Red >, Re < 1000 (11)

CDA,Sphere =

0.424, Re > 1000.

The Frossling correlation (Amsden et al., 1989) is a popular approach
to model the heat and mass transfer process. The Nusselt number in
this approach is given as

_ 1/2 4 173, In(1 + By)
Nuy; =(2+0.6Re/ " Pr )B—d, 12)
with the Sherwood number as
In(1+ B
Shy =@ +06Re 25!/ ML+ Bo) as)
By
where the drop Prandtl number (Pr,) has the form
uC,
Pry=—2, a4
AS
where the Schmidt number (Sc,) of the drop and has the form
Hg
Sc; = ——. 15
Ca D (15)

C, is the constant specific heat. 4 is the drop thermal conductivity and
should not be confused with the viscosity ratio 4 in Eqgs. (17) and (19).

There is currently no unified standard framework to account for
drop non-sphericity in both drag and evaporation model. Furthermore,
even when non-sphericity of droplet is considered, as in the case of
drag coefficient, the correlation is based on unrealistic assumption that
highly distorted drop will behave as a sharp disk. This assumption leads
to the following correlation (Liu et al., 1993)

Cp = Cp gpn(1 +2.632y), (16)

where y is the non-dimensional droplet distortion factor, as determined
by the TAB model (O’Rourke and Amsden, 1987). Motivated by the
limitation of the current approach, the following section presents a
new unified framework, as originally proposed by Dahms and Oefelein
(2016), that accounts for both deformation effects and variable droplet
viscosity in the model formulations as opposed to simple solid sphere
correlations.

2.2. Corrected distortion model

Fig. 1 shows the flow field around different spheroids characterized
by different distortion parameter (y) values. The ambient flow is from
left to right. When y is negative, a drop is classified as a prolate
spheroid, where its major axis is parallel to the flow direction, resulting
in reduced drag compared to a perfectly spherical drop with the same
equivalent radius. When y is positive, drop is classified as an oblate
spheroid, with its major axis being perpendicular to the flow direction,
resulting in increased drag compared to perfectly spherical drop with
the same equivalent radius.

The Corrected Distortion model is formulated to accurately capture
the correct physics illustrated in Fig. 1. To the best of the authors’
knowledge, this is the first time the model is applied for simulations
of trans-critical fuel injection process under relevant engine condition.

2.2.1. Model for viscous spherical drops
The drag coefficient for a viscous spherical droplet is Feng and
Michaelides (2001a)

2-1 42 .
Con = {TCD’,] +25Cpy (04235 < Re < 1000),

$Cpo+ 2Cp o (2 <4 £ 0035 < Re < 1000).

a7)

where 4 is the viscosity ratio between the liquid and gas (4 = 4,/u,).
Cpy Cp2>Cps.spn are the drag coefficients of bubble, 4 = 2 and solid
sphere. They are given as

48 2.21 2.14
Cppr=——1|1+ - = 18
PP Rey < \/Re, Re ) (182)
Cpy =17Re™?/3 (18b)
24 1., 2/3
Cpssph=—=—|1+=R . 18
D,s,sph Red < + 6 €d > ( C)

Note that Egs. (18c) and (11) have the same form, which means
the current standard approach only considers liquid droplets as solid
spheres with infinite viscosity. The Corrected Distortion model accounts
for finite viscosity effect of the liquid droplets, which is more physically
sound compared to the standard approach.

The Sherwood formulation for viscous spherical droplets is defined
as Feng and Michaelides (2001b)

2-1 42 .
sh ={7Shb+m5h2, (0 < 1 <2;5< Re < 1000),
vis,sph

%Shz + %sm, sph, (2 <1< 00;5< Re < 1000),

19

where the Sherwood correlations for the bubble, intermediate viscosity,
and solid spheres are given as

Shy = 0.651Pe? (1,032 4 2R | () 6 OO1Red (202)
b= e \ Rey +21 T Reg+21)
Shy =0.64Pc%) (1 + O.233Re2‘287> +1.41 = 0.15Re?, (20b)

1/3

Shy gy = 0.852Pe

(1.0 + 0.233Re2‘287> +13-0.182Re)*,  (20c)

where the Peclet number for mass transfer is
Pegj, = ScyRey. @D

The Nusselt number, which accounts for the heat transfer process, has
the same functional form as ones presented in Egs. (19)-(20). However,
the Peclet number now is calculated based on the Prandtl number

Pey, = PryRe,. (22)

2.2.2. Correlation for viscous distorted drops

Further correlation between spherical and distorted drops is needed
to capture the correct physical behavior of distorted drops. Richter and
Nikrityuk (2012) derived a regression model that predicts 99.8 percent
of the variance of the drag coefficient, which has the form

20 (1 0.8 6.9 i e
021+ =—| — - —
Cp +R“d<dd> i VRed<dd)

= , 23)
Cr . 20 | 69
D,vis,sph 0.21 + Re, + \/E
where / is the drop’s spanwise length and has the form
1=2r,(1-C,y), (24)

where C, is one of the TAB modeling constant and has a value of
0.5 (O’Rourke and Amsden, 1987).

As the drops are distorted, their surface areas increase compared to
undistorted ones with the same equivalent radius. Richter and Nikri-
tyuk (2012) have identified the sphericity ¢ and the cross-wise spheric-
ity ¢, as the main geometric parameters that account for the variation
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(a) y=-1

(b) y=0

Fig. 1. Distorted drop classified by the distortion factor for (a) prolate spheroid, (b) spherical drops and (c) oblate spheroid.

Source: Reprinted from Richter and Nikrityuk (2012).

of Sherwood numbers due to drop distortion. Similar to Eq. (23), the
correlation of Sherwood number has the form

7.2
1/3 0.075 1735 2/3( ¢
1.76+0.55¢Scd VRe 97 +0.014Scd Re, <E>

Shyis.sph 176 + 0.555¢)* \/Rey +0.014Sc* R’/
(25)
where the sphericity is defined as
47rr§ 26
¢= Srfey’ (26)
and the cross-wise sphericity is
rq 2
=(=£). 27
¢ ( H ) (27)

In the above equations, Srfc, is the surface area and H is the half
length of the crosswise axis with respect to flow direction of the
deformed drop. The volume of these spheroids are

V= %n’ri = ;—171'LH2, (28)
with H as

3

-
H=14_-_Td (29)

where L = r;(1 — C,y). The surface area is then computed as

27rH2<1 + %tanh‘%e)), y>0,
Srfe,= (30)
2 L -1
2rH <l+msm (e)), y <0,
with the eccentricity e defined as
. 2
o1/l ( minCH. L) . (31)
max(H, L)

The correlation for the Sherwood number has the same form as in
Eq. (25) but with the Prandtl number being replaced by the Schmidt
number. However, unlike the drag coefficient, which implicitly includes
the surface area variation, Eq. (25) and its corresponding Nusselt
number formulation only compute the averaged-surface-area value.
Therefore, the final correction needs to take into account the increased
surface area of the distorted drop, which means

Sh Srfey
vis,sph Shs,sph ﬂdﬁ ’

dmy
dt

- dﬂ (32)

vis,nsph dt

where the term 42 is proportional to the left hand side of Eq. (2)

vis,sph

3. Numerical implementation

The previously described standard approach refers to a popular
framework implemented in many different codes (Som et al., 2012;
Desantes et al., 2019). This approach combines the drag coefficient
calculated by correlation from Liu et al. (1993) and the Frossling cor-
relation for droplet evaporation (Amsden et al., 1989). The Corrected

Distortion framework uses the combined approach for both drag and
evaporation of viscous spheroid described in the previous section. For
further clarity, Table 1 summarizes the implementation procedure for
both the standard and Corrected Distortion models.

For validation, simulations of ECN Spray A (Engine Combustion Net-
work, 2021a) are carried out using both the standard as well as the
proposed Corrected Distortion models. The standard model has been
used for many simulation using CONVERGE. It is widely accepted
that making adjustments to various parameters such as spray cone
angle, initial turbulence intensity, cell density, etc., will have some
influence on results and potentially confound the influence of the spray
model itself. Our approach is to fix model input parameters based upon
available experimental measurements such as initial conditions, spray
cone angle, as well as other accepted inputs for the standard model
from previous studies. For example, mesh sizes used in this study are
selected based on previous grid convergence studies for RANS (Senecal
et al., 2012) and LES (Senecal et al., 2014). In addition, we introduce a
more rigorous comparison of measured liquid penetration to simulation
results. In the past, either the experiment did not have a precise
definition, or the simulations were not processed using the same metric,
leading to incomplete conclusions. With commitment to use standard
inputs in both models as well as more detailed and quantitative com-
parison to experiment, our objective is to clearly reveal the effect of
the new Corrected Distortion model. Using such approach, we seek to
clarify the influence of specific model terms through control of other
experimental/modeling parameters.

A total of eight simulations have been performed using CONVERGE
3.0 CFD solver (Richards et al., 2020b). Two RANS simulations, one
with the standard models provided in CONVERGE and the other with
the Corrected Distortion model. Then, six LES simulations, with 3
realizations for each approach are performed. Table 2 shows the spray
modeling parameters used in both LES and RANS simulations. The
Rate of Injection (ROI) and injected droplet diameter are modeled
by injector characteristics described in Engine Combustion Network
(2021b). Turbulence is modeled using either standard k — ¢ for RANS
or Dynamic Structure for LES. The only other difference between the
LES and RANS simulations is the mesh resolution. For both turbulence
modeling approaches, fixed cell embedding and Adaptive Mesh Refine-
ment (AMR) are used to efficiently resolve the spray structure. The
fixed embedding zone is a 7 mm length cone centered on the injector,
with a first radius of 1 mm at the nozzle tip and a second radius of 2 mm
downstream. Table 3 shows the different base grid resolutions and AMR
strategies used for RANS or LES as well as some computational details.

4. Results and discussions

While Spray A has extensive experimental data for model validation,
one must recognize the difference in the initial/boundary conditions
of these experimental campaigns. For example, these experiments have
been performed at different institutions or with different serial numbers
of the same nominal injector. Therefore, in the following section, we
will list the injector serial number used in different experiments in
the figure captions, to emphasize the challenges of a true one-to-one
experimental and modeling comparison.
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Table 1

Comparison between implementation procedure between the standard and Corrected Distortion models. The Nusselt number has the same
formulation as the Sherwood number, but are functions of Prandtl number instead of Schmidt number.

Momentum transfer (Cp)

Mass transfer, (Sh,)

Heat transfer, (Nu,)

Std Corr. distortion Std Corr. distortion Std Corr. distortion
(1.) Spherical drop Eq. (11) Eq. (17) Eq. (13) Eq. (19) Eq. (12) Eq. (19)
(2.) Shape correction Eq. (16) Equ (23) N/A Eq. (25) N/A (25)
(3.) Area correction Implicit Implicit N/A Eq. (32) N/A Eq. (32)

Table 2
Spray modeling parameters used for both LES and RANS simulations. The abbreviation
CD corresponds to Corrected Distortion.

Spray modeling parameters

Droplet type
Breakup model

Lagrangian parcel

MOD-KH-RT (Beale and Reitz, 1999; Senecal et al.,
2007)

Frossling (Amsden et al., 1987) or CD-Frossling
coupled model

No time counter (NTC) (Schmidt and Rutland,
2000)

Dynamic sphere (Liu et al., 1993) or CD model
O’Rourke (Amsden et al., 1987)

Vaporization
Droplet collision

Droplet drag
Droplet dispersion

Droplet diameter 89 pm
Nozzle diameter 90 pm
Cone angle 20
Discharge coefficient (Cd) 0.83
Velocity coefficient (CV) Dynamic
Injection duration 1.54 ms
Total mass injected (mg) 3.46
Table 3
Mesh characteristics for LES and RANS simulations.
RANS LES
Base grid [mm] 8 8
Fix embedding level 6 7
AMR embedding level 6 7
AMR criteria Velocity Velocity and temperature
Minimum gird resolution [mm] 0.125 0.0625
Maximum cell count 1 million 10 million
Initial subgrid tke (Engine 0.0005 0.0005

Combustion Network, 2021c¢;
Sphicas et al., 2017)

4.1. Overall vapor phase validation

Fig. 2 presents the vapor penetration for all cases. The vapor pene-
tration is defined as the farthest distance where the mixture fraction is
0.001 (Pickett et al., 2011). The LES results are in excellent agreement
with experimental measurement. The RANS results match the experi-
mental measurement very well during the early stage of the injection
process (t <= 0.4 ms), but under-predict during the later period. It is
noted that the vapor penetration prediction can be improved by ap-
plying Pope’s round jet correction for the RANS simulations (Desantes
et al., 2019).

Unless otherwise noted in the figure caption, for the remaining
figures in this work where either radial or axial profiles are shown,
the following rules are applied:

1. All profiles are time-averaged during the quasi-steady period
from 0.9-1.5 ms

2. For each model combination, all LES results are interpolated
onto a uniform grid, then ensemble- (realization-) averaged
across all three simulations.

Figs. 3 shows the comparison of the mixture fraction profile in the
transverse direction to the spray axis at x=25 mm for both simulations
and experimental measurements (Pickett et al., 2011; Meijer et al.,
2012). Because of the high degree of uncertainty in the region upstream
of 30 mm in the velocity measurements (Malbec et al., 2020), Fig. 4

shows the transverse profile comparison of the velocity at 30 mm
downstream of the injector.

Fig. 5 shows axial velocity and mixture fraction profiles at the
injector axis compared to experimental data for all simulations. Because
the quasi-steady requirement of time averaging, only data upstream of
40 mm is shown in these figures since the vapor jet passes 40 mm right
before 0.9 ms (cf. Fig. 2).

Regardless of the model combination, the simulations shows rea-
sonable agreement to the available experimental data for vapor phase
penetration, velocity and mixture fraction, similar to past work us-
ing CONVERGE such as Senecal et al. (2014). Having established
this baseline, we can focus on spray modeling differences introduced
with the new Corrected Distortion model. Both steady-state and early
transient spray behavior will be analyzed, mainly focus on the liquid
spray characteristics. In the next section, we will first compare the
Projected Liquid Volume results between simulations and experiments.
Emphasis will be placed on how to post-process the data for PLV to
define the liquid length and to elucidate additional insights into how
the liquid spray is behaving. Then, comparison between the CFD and a
1D evaporative spray model by Desantes et al. (2007) is presented in
the context of heat and mass transfer. Finally, qualitative examination
of physical spray characteristics during the early stage of the injection
process is presented.

4.2. Quasi-steady liquid spray behavior

4.2.1. Projected liquid volume and liquid penetration

While liquid-phase penetration is one of the most popular metrics
used in the literature for model validation, a thorough examination
shows that there are many uncertainties associated with such a basic
comparison. The first source of uncertainty is the experimental tech-
nique used to measure liquid penetration. Historically, Mie-scattering
has been the chosen approach (Siebers, 1998; Zhang et al., 1997). How-
ever, as detailed by Pickett et al. (2015), a light scattering technique is
sensitive to the orientation of the illumination source. Furthermore, the
complex relationship between the local liquid volume fraction and the
light scatter/extinction intensity creates additional uncertainty about
the accuracy of the measured liquid-phase penetration. Rather than
relying on arbitrary Mie-scattering setups and definitions, light extinc-
tion diagnostics are more quantitative because of the built in reference
intensity (Manin et al., 2012; Pickett et al., 2015). However, extinction
diagnostics at the diesel spray conditions of interest suffer from intense
beam-steering effects (on the order of 100 mrad Musculus and Pickett,
2005) due to refractive index gradients, which must be considered to
distinguish particles from beam steering. Westlye et al. (2017) recently
demonstrated that a Diffused Back Illumination (DBI) setup with an
engineered diffuser for adequate radiance may accommodate severe
beam steering in an imaging setup, thus providing accurate extinction
along the cross-stream direction.

For better comparison to simulations, the measured extinction may
be converted to Projected Liquid Volume (PLV) by applying Mie ex-
tinction theory and optical parameters such as collection angle and
wavelength (Pickett et al., 2015). Ultimately, these extinction-based
diagnostics can offer improved one-to-one comparisons between CFD
and optical diagnostics. The liquid spray experimental data from a DBI
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setup is published here for the first time using Spray A nozzle 210370.
Furthermore, use of PLV for more rigorous comparison to CFD predic-
tions in gasoline sprays has been demonstrated recently (Paredi et al.,
2020) and extended in this work for vaporizing diesel-like condition.
Therefore, PLV based method is the ECN recommended standard. The
readers are referred to Westlye et al. (2017) for a complete description

of the experimental setup, and to Engine Combustion Network (2021d)
for time-resolved two-dimensional image maps and maximum liquid
penetration at defined thresholds presented in this work.

One well-known issue with Mie extinction is that there remains a
strong dependency upon droplet size, requiring as assessment of droplet
size experimentally. While the droplet size in the vaporizing spray at
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the liquid length position is unknown, droplet sizing measurements
have been performed by Kastengren et al. using ultra-small angle x-Ray
scattering (SAXS) (Kastengren et al., 2017) in room-temperature Spray
A cases at positions that correspond to the liquid length. They found
that the spray quickly reaches terminal Sauter mean diameter (SMD)
of 1-2 pm within 2 mm downstream of the nozzle exit. The threshold
for PLV to define the liquid penetration is based on an optical thickness
value of 0.37. This value corresponds to the historical side-imaging
Mie-scattering intensity thresholds used to define liquid penetration
in a large dataset provided by Siebers (Siebers, 1998). For a constant
optical thickness value, Pickett et al. (2015) computed the path-length-
averaged LVF as a function of different droplet sizes. With an assumed
path-length of 1.4 mm based on spray thickness measurement at the
liquid length (Pickett et al., 2015), Fig. 6 shows how the PLV varies
as a function of droplet diameter when the optical thickness is held
constant at this target value of 0.37.

The oscillation in extinction response with droplet diameter is a
complex response in Mie theory as the droplet diameter approaches
the 632-nm wavelength of the light. Utilizing the SAXS measurements
for SMD produces an expectation that the threshold PLV should be
defined somewhere between le-4 to 3e-4 mm?>liquid /mm>. However,
uncertainties are not specifically published for the SAXS measurements,
so it is unknown if the band could be even larger. In addition, as the
SAXS measurements apply to room temperature, non vaporizing sprays
(ambient density was fixed at the target Spray A condition) (Kastengren
et al., 2017), there is a strong expectation that vaporization will change
the droplet size distribution at the defined liquid length region. While
droplet size would be expected to get smaller at the point of final
vaporization, larger droplets may also be more prone to survive. We
will specifically investigate this phenomenon by examining the pre-
dicted SMD evolution as the spray approaches the liquid length for
the different simulations included in this work. While uncertainties
are significant, as stated above, we define the liquid penetration as
furthest axial distance where PLV is 2.0e—4 mm?>/iquid /mm?. This value
specifically corresponds to a droplet diameter of 1.6 pm, as seen from
Fig. 6. We reiterate that the PLV definition offers consistency between
experiment and simulations, and is superior to an upstream-mass-based
definition, even though this definition may have been traditionally
applied for liquid length.

The second source of uncertainty is the liquid penetration definition
in CFD. Fig. 7 shows the liquid-phase penetration length compared
to experimental measurements for both LES and RANS simulations.

The experimental liquid penetration is defined as the farthest axial
distance where PLV is less than 2.0e—4 mm?>liquid /mm?. Traditionally,
CFD researchers have employed a different definition. Liquid pene-
tration results in the past have been defined as the furthest distance
that contains a certain percentage of upstream liquid mass (Senecal
et al., 2014). Specifically, the solid and dotted line in Fig. 7 represent
results obtained by using the 97% and 99% of the liquid mass criteria,
respectively. Fig. 7 shows that the interpretation of how well the
simulations agree with experimental measurements depends arbitrarily
on the criteria one chose to define liquid penetration. Furthermore,
the criteria chosen here for validation (percentage of upstream mass)
does not hold any physical correlation associated with the experi-
mental extinction measurement processed for PLV. Note that other
metrics for comparison such as Liquid Volume Fraction rely on 3D
experimental data that does not exist, or there is a requirement for a
secondary element such as a defined path length that may be arbitrary
in definition experimentally (Pickett et al., 2015) or require additional
post-processing over that length in the simulation results to remove
local grid size dependencies. Extinction profiles that include simulation
droplet size dependencies are also possible (Magnotti and Genzale,
2015) but would make it impossible to compare to only liquid volume
along the integrated path.

The remainder of this section now focuses comparing the PLV and
consequently the liquid penetration for both simulations and experi-
mental measurements. It is defined as

PLV(x,2) = / " LV F(x.y. 2)dy. (33)
Voo

where LVF is the Liquid Volume Fraction. In CFD, LVF is the percentage

of liquid fuel volume contained within a single Eulerian (gas) cell

volume and y denotes any cross-stream direction. The result PLV maps

for both CFD and experiments are functions of both the axial direction

(x) and the other transverse direction (z).

Fig. 8 compares an instantaneous snapshot of the PLV results ob-
tained from CFD and experimental measurement. The solid blue iso-
contour marks the liquid boundary based on the PLV threshold of 2e-4
mm?liquid /mm?. The furthest axial distance of this iso-contour denotes
the liquid penetration length. Broken vertical lines mark the liquid
penetration location obtained from different methods. In Fig. 8(a),
the PLV is obtained by integrating LVF over the y direction. Because
of the fixed embedding and AMR employed in the computation, the
integration is first performed by integrating over all cells with unique
z and x coordinate. With this approach, we avoid the expensive 3D in-
terpolation step. Therefore, Fig. 8(a) represents the truly raw projected
characteristic of the liquid spray. One can immediately observed the
stochastic behavior of the liquid spray in LES simulations, where small
liquid droplets can be randomly separated from the main liquid core
and travel much further downstream. In this instance, a small cluster
of liquid volume can even be sufficiently large that their presence is
visible in the PLV map.

In this sense, the spatial resolution of the experiment compared
to the simulation must be considered. For example, the experimen-
tal data has an imaging pixel resolution of 0.1 mm, and a require-
ment to spatially resolve features would have an even larger sample
size (e.g. 0.2 mm for a Nyquist criteria). To make comparisons more
straightforward, the simulation resolution for PLV can be enlarged
to correspond to the experimental resolution. A coarsening operation
is especially important for LES simulations where the smallest cell
width (62.5 pm) is much smaller than experimental resolution. The raw
2D PLV results are therefore mapped/down-sampled onto a uniform
coarser mesh. In this case, the down-sample mesh has the same reso-
lution of the experimental data, or 0.1 mm. While the down-sampled
PLV map results in shorter liquid length compared to the raw method,
the liquid length position remains defined by a small liquid island,
even in a line-of-site (projected) integration, detached from the main
spray. Considering the significance of such fluctuations, particularly for
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LES compared to the temporally resolved and high-speed experimental
extinction imaging, the liquid penetration was also evaluated/defined
as the furthest distance where there is no break in connected PLV,
or a connected main core region. The liquid penetration with both
downsampling (DS) and connected main core (MC) yields a shorter
liquid length compared to other definitions.

Fig. 8 illustrates that care must be taken to when post-processing the
simulations. In the raw projection data, the effect of mismatched reso-
lution can locate the liquid penetration at an “island” of downstream
liquid. With either interpolating the raw 3D field before projection, or
the 2D projected field of the raw 3D data such as one employed in the
DS method, we can further reduce the mismatching effect. Using the
MC definition results in shorter liquid penetration while also offering
a consistent basis for comparison. However, one should also note that
this is not the experimental definition, but rather an effort to apply
different filtering techniques that enable us to establish a physically
consistent method for defining liquid penetration in the simulations. To
that end, Fig. 9 presents an overall comparison between different liquid
penetration profiles from the proposed methods. Only results from the
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Fig. 9. Transient liquid penetration profile for the standard modeling approach. Line
colors are the same as shown for the procedures in Fig. 8.

standard approach are presented here. Solid lines are the LES ensemble-
averaged results from three different realizations. Broken lines are the
RANS results. Solid lines with symbols are the experimental measure-
ments. There is no significant difference between the raw and down
sample method. Resorting to a “main-core” definition shortens liquid
penetration by 3 mm in the LES, 1 mm in the RANS, and 0.5 mm
in the experimental results. Regardless of the filtering techniques, the
standard model predicts much longer liquid penetration compared to
the experimental measurements. It should be restated that while the
PLV-based definition results in over-prediction in liquid penetration,
the simulations here are considered “well-validated” if the traditional
mass base definition is used, as shown in Fig. 7, but this is not consistent
with the experiment. To the best of the authors’ knowledge, there has
not been any PLV-based analysis for liquid penetration under Spray A
conditions in existing literature.

Fig. 10 shows the liquid penetration comparison between all sim-
ulations results and experimental data. For consistency and clarity
purposes, only the down sample with main core method is shown here.
LES results are ensemble-averaged across three different realizations.
Compared to the penetration curves shown in Fig. 7, one can have
more confidence that the results are as close as possible to one-to-one
comparison.

While the liquid penetration results in Fig. 10 suggest that RANS
simulations are in better agreement with experimental measurements,
one should note that RANS simulations at 25 mm are producing wider
vapor mixture fraction profile with lower value at the centerline, as
shown in Fig. 3. Therefore, we need to further analyze the liquid
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spray behavior, both in the axial and transverse directions, for a more
complete picture. Fig. 11 shows the PLV transverse profile comparison
during the steady-state period in the region upstream of the liquid
length. Because of the high optical thickness concerns, which can
render the measurement inaccurate where optical thickness > 2, ex-
perimental PLV value larger than 7.5e—4 mm?/iq/mm? are not shown.
Consistent with the axial liquid length, we also define the liquid spray
width as the distance across the spray where PLV = 2e-4 mm?>/ig/mm?
as illustrated by the intersection between all the curves and the broken
horizontal line in Fig. 11. At an axial distance of 10 mm where the
experimental data are not affected by optical thickness concerns, the
RANS with CD model predicts more reasonable PLV magnitude and the
other cases predict much higher magnitude that leads to longer liquid
penetration prediction. Unfortunately, it under-predicts the liquid spray
width at both 8 and 10 mm. The remaining 3 simulations are in
reasonable agreement with the measurements at 8 mm.

Fig. 12(a) shows the PLV axial profile at the center of the spray.
While the same conclusion can be drawn from Fig. 11 with regards to
the magnitude differences, the PLV slopes in all RANS cases are much
steeper compared their LES counterparts. In fact, from the experimental
measurement, we define the region downstream of 9 mm, where the
PLV is less than 7.1e—4 mm?/ig/mm?, as the spray tip region. Shifting
the spray tip of all simulations results upstream, based on the same def-
inition, serendipitously indicate that LES results are in better agreement
with the measurement, as shown in Fig. 12(b). At least the shape of the
decline in PLV in the liquid length region looks more appropriate for
LES compared to RANS simulations. We will explore this shape in more
detail next.

As previously mentioned at the beginning of this section, there is
an uncertainty associated with the PLV experimental measurements
where a constant droplet size of 1.6 pm is assumed based on SAXS
measurement under cold, non-vaporizing conditions. To examine the
validity of this assumption, especially at the liquid length region, the
following section presents a predicted droplet size analysis for all sim-
ulation results, particularly in the liquid-length region. For all Eulerian
cells that contain spray particles, the SMD is computed based on the
formula.

Va
SMD=6— (34)

Ay
Where V,; and A, are the total volume and surface area of all droplets
found within an Eulerian cell, respectively. To consolidate statistics,
we also apply averaging along the radial direction for a given ax-
ial position. The radial-averaged SMD may be analyzed for different

simulations by plotting results during the quasi-steady period versus
the axial PLV profiles shown in Fig. 12(a) to examine any potential
PLV correlations with droplet size. The downstream region (> 5 mm)
approaching the liquid-length region is featured in Fig. 13. The symbols
denote the raw behavior, and the solid lines represent a 2nd order
polynomial curve fit. The following discussion examines the validity
and accuracy of droplet size correlation and its applicability toward
experimental diagnostics.

While LVF obviously decreases in a vaporizing flow, it is not a given
that SMD would decreases since small droplets in a distribution tends
to vaporize quicker. As observed from Fig. 13(a), the CFD predictions
show a monotonic decreasing behavior for PLV and SMD when ap-
proaching the liquid length. The simulations show a decline in SMD
from 3.0 um to final vaporization value of 0 pm, but with dependencies
upon the spray or turbulence model. The Corrected Distortion model
shows smaller droplet sizes for the same PLV, particularly, for the
LES simulations. While the experimental assumption of 1.6 pm falls
within the range of predicted SMD, a change in SMD has implications
towards interpretation of the experimental PLV, as discussed in Fig. 6.
As seen from Fig. 13(b), the simulations predict droplet sizes less
than 0.4 pm at the ECN-defined PLV threshold for the liquid length
regardless of the modeling approach. For a given turbulence model,
the standard approach tends to produce larger droplets compared to
its CD model counterpart due to its inability to completely evaporate
smaller droplets. Therefore, the standard approach tends to produce
small clusters of droplets that persist well after the defined liquid length
region as corroborated by Figs. 8-12(a).

Because droplet sizes vary in the simulation results compared to
the experimental assumed value, it is interesting to consider how the
experimental PLV would respond to different or evolving droplet sizes,
as shown in Fig. 14. Recall that the baseline assumption of 1.6 pm
is based on room-temperature SAXS measurements (Kastengren et al.,
2017). Therefore, regardless of the turbulence model, the standard ap-
proach over-predicts droplet sizes with SMD values larger than 1.5 pm
at 5 mm for evaporating conditions. In contrast, the CD model predicts
droplet sizes that are much smaller than the SAXS measurement. If the
trend of decreasing SMD while approaching the liquid length is real,
there is a potential for the correlations to address uncertainties in the
experiment. We can therefore consider expected changes in the PLV
profile with axial distance. A larger droplet size in upstream regions
(e.g., from 1.6 pm to 3.0 pm) increases the PLV. In fact, the direction
is towards that predicted in the simulations as seen in Fig. 12(a). If the
droplet SMD becomes very small at the liquid length as suggested by the
simulations, there would be an interesting decrease in PLV for droplets
that are larger than 0.5 pm or increase in PLV in the Rayleigh regime
if droplet size is smaller than 0.2 pm. In other words, there is potential
response to either increase or decrease the PLV at this region. However,
the experimental extinction profile does not show signs of increased
extinction, as related to a change in SMD in the Rayleigh regime rather
than decreased liquid volume. Therefore, it is unlikely for droplets that
are smaller than 0.5 pm to populate the regions upstream of the liquid
length, the PLV slope would incline upward as opposed to continuously
declining as predicted by the simulations. While uncertainties related
to SMD must be considered, the most likely path is that of a decreasing
PLV and droplet size. Such a path within SMD uncertainties is sketched
on the figure, but it is obvious that detailed experiments on SMD and
careful evaluation of simulations is needed in this region in the future.
One item to be addressed in the next section is the persistence of smaller
droplets if insufficient evaporation is predicted in the simulations.

4.2.2. Vapor-liquid equilibrium

To investigate the heat and mass transfer effect of the new modeling
framework, this section presents a comparison between the current CFD
approach and the assumption of adiabatic mixing and vapor-liquid
equilibrium (VLE) vaporization. The equations for VLE applied to a
1D spray model with mixture of ambient gas and liquid are covered
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by Desantes et al. (2007). The basic hypothesis is that if mixing In each Eulerian cell, we define the total mixture fraction as:
drives vaporization, the liquid penetration will be the location where a mp +my
> v

saturated vapor condition exists and all liquid fuel is completely evap- Yy = my tmp +m,’ (35)
orated (Siebers, 1999), but there will also be substantial vaporization ’ ’

in VLE mixtures upstream of the liquid length. For the current Spray A and the fuel vapor fraction as:

condition, the saturated vapor mixture fraction value is 0.345. Because Y fogio = My (36)
ratio ’

the model is constructed based on a steady-state assumption, the CFD mpytmy,

results presented below are realization- and time-averaged with the where m;;,m 7> Mg are the respective mass of the liquid fuel, vapor fuel,

same time-averaging period as the results shown in Figs. 12(a)-13. and ambient gas. Fig. 15(a) shows an example of the time-averaged



T.M. Nguyen et al.

«10° Experimental PLV f(droplet size)
— 25 1 1 I 1 1 I
NE assumed droplet diameter
S —3.0
S 2 —20 .
g_ 1.6 um
= —1.0
“"E 15 05 -1
E ........ 02
21 likely path .
% (decreasing droplet size)
c
T 05 “
‘8' ECN threshold
O 0 s

8 9 10 11 12 13 14 15
Axial Distance [mm]

Fig. 14. Effect of different SMD assumptions on experimentally measured PLV axial
profile.

axial slice of the total mixture fraction. Right outside of the nozzle,
the total mixture fraction is close to one due to presence of liquid
fuel. Fig. 15(b) shows a transverse mixture fraction profile comparison
between the standard approach and CD model for the RANS simulation.
For both simulations, there are leaner mixture found at the spray center
compared to the spray edges, which is unphysical. Due to its enhanced
evaporation characteristic, the CD model predicts richer mixture at the
jet center compared to the standard approach, thus partially alleviating
the issue. As we move further downstream, the CD model’s enhanced
evaporation gives better agreement with experimental data in PLV and
liquid penetration predictions, as shown in Figs. 10-11.

To compare CFD to VLE mixtures, one approach is to plot the profile
along the centerline of the spray, as illustrated by the broken horizontal
line on Fig. 15(a). In this approach, the spray would naturally transi-
tion from a two-phase mixture to a pure vapor mixture as we move
downstream from the nozzle exit and pass the liquid length, similar
to the analysis performed by Desantes et al. (2007). Fig. 16 shows a
comparison between the centerline CFD results and the VLE solution.
The vertical dashed lines (Yf = 0.345) mark the boundary between two
different zones. The left zone denotes VLE mixtures with both liquid
and vapor. The right zone marks the vapor-phase region, where at VLE,
all of the liquid fuel has completely evaporated.

As shown in Fig. 16, the predicted mixture becomes saturated less
than 2 mm downstream of the injector. If applied to a 1D model, it
means the liquid penetrates up until only 2 mm. Obviously, this is a
misleading observation created by nuances of the predicted mixture
fraction distribution in the near-field of the injector. Fig. 15(b) shows
total mixture fraction radial profile at 4 mm downstream from the
injector for RANS simulations. At the center of the jet, the simulation
predicts a saturated mixture value, and curiously, a richer mixture at
the spray periphery. This behavior is rather unphysical, as experimental
measurements show a richer mixture at the center of the jet (Pickett
et al,, 2014). The phenomenon, which causes more parcels to con-
centrate around the liquid spray periphery, demonstrates a current
weaknesses of the current Lagrangian simulation approach. While the
Corrected Distortion model somewhat alleviates this issue, as it pre-
dicts richer centerline mixture compared to the standard approach
(Fig. 15(b)), more in-depth research addressing this problem should be
conducted in the future.

To mitigate the false interpretation of an upstream saturated mix-
ture (or even lower mixture fraction) far from the liquid length region,
one can arbitrarily mark the upstream region (e.g: x < 8 mm) where the
mixture fraction is below the theoretical saturated value by a different
marker. Such an attempt is shown in Figs. 16(c)-16(d), where the

upstream region with mixture fraction less than the saturated mixture
fraction is marked by the star symbol while the rest of the profiles
are indicated by a circle symbol. For general clarity and purposes of
interpretation of vaporization in the liquid length region, we focus on
Figs. 16(e)-16(f), where the star symbols from Figs. 16(c)-16(d) are
removed. Comparing Figs. 16(a) to 16(e) to 16(b) to 16(f), CFD results
generally show higher vapor production than VLE in the region 2 mm
from the injector, where the mixture fraction value is larger than 0.7.
There is slightly incomplete vaporization (Y f,,,, < 1.0) at mixture
fractions value lower than saturated mixture fraction. Note that the CFD
vaporization terms are not dictated by any direct relation to VLE, so it
is easily possible to have vaporization that departs from the VLE curve.
Note that the VLE formulations are developed for strictly adiabatic
mixing and do not include any heat transfer effect caused by turbulence
or stagnation phenomena.

A general observation is that the CD model generates more vapor-
ization for a given mixture fraction compared to the standard model.
While the shorter liquid penetration and smaller droplet size for the
CD model have been demonstrated above, the comparison at the same
mixture fraction affirms that the enhanced vaporization is a major
characteristic of the model. Even with enhanced vaporization, however,
the CD model does not predict complete vaporization at mean mixture
fractions lower than saturated mixture fraction. One important distinc-
tion is that the symbols shown are for the mean mixture fraction, but
the distribution shown in the shaded region fluctuates over a range of
mixture fraction, and it may include instantaneous mixtures that are
more fuel rich than the saturated mixture fraction, which can slow
vaporization. The shaded region also suggests that it might be possible,
at some random time instance, to have nearly complete vaporization
even if the mixture value is slightly higher than theoretical saturated
vapor value (Z > 0.345). This observation is a theoretical violation
of VLE. A possible explanation is that the CFD is predicting higher
mixture temperature compared to adiabatic mixing law, as the current
heat/mass transfer model in either the Frossling vaporization (standard
approach) and Corrected Distortion model does not explicitly enforce
VLE behavior. Future research designed to address this question is
currently planned.

4.3. Early spray behavior

The previous section qualitatively examines how the Corrected
Distortion model affects spray behavior during the quasi-steady period.
The CD model, however, also predicts significantly different spray
behavior during the early stage of the injection process compared to
the standard framework. The following section present a qualitative
comparison of the spray characteristics during the early stage of the
injection.

Fig. 17 shows transient comparison between the experimental PLV
measurements and projected view of the Lagrangian parcels for all sim-
ulations during the early stage of injection. The droplets are painted by
their temperature. For both RANS and LES using the standard approach,
a mushroom-shaped droplet cloud forms around the liquid jet heads
starting as early as 25 microseconds. This mushroom-shape cloud is
populated by heated droplets, which have diminishing surface tension
compared to colder upstream droplets, resulting in them being highly
distorted. The Corrected Distortion framework, on the other hand,
does not produce such behavior, which is consistent with experimental
observations. Furthermore, the jet head in the Corrected Distortion
model results are much hotter compared to the standard approach, thus
illustrating the enhanced evaporation effect of the new model.

While the characteristic trend of having enhanced evaporation from
the Corrected Distortion model are well captured in Fig. 17, the mush-
room cloud is not as noticeable for LES compared to the RANS simula-
tions. To provide further clarity on this behavior, two different sets of
simulations were performed, one for RANS with a smaller cone angle of
15° and one for LES with a larger cone angle of 25°. In the RANS cases,
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Fig. 16. Comparison of two-phase mixture fraction characteristics

the mushroom shape still appears for the standard approach despite
using a smaller cone angle. For the LES cases, the mushroom shape
becomes more visible for the standard models. Therefore, the Corrected
Distortion model produces more realistic early spray behavior across
different cone angle values. For brevity purposes, the results for these

additional simulations are shown in Fig. 20 in Appendix.
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(f) RANS vapor fuel ratio profiles.

0
1

for all CFD simulations and vapor-liquid equilibrium theory.

Fig. 18 illustrates the CD model effect of enhanced evaporation for
highly distorted oblate spheroid (y > 0) that is found surrounding the
spray head in Fig. 17. In this figure, the y-axis is the drop mass transfer
ratio, obtained by normalizing the Sherwood number calculated from
the Corrected Distortion model (Eq. (25)) with the Sherwood number
calculated by the Frossling correlation (Eq. (13)). One can conclude
from Eq. (30) that a droplet with the maximum distortion factor
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Fig. 17.

has only more than a 20% surface area compared to its spherical
counterpart with the same equivalent radius. However, as indicated by
Fig. 18, it has more than 3 times the evaporation rate compared to the
equivalent undisturbed drop.

Fig. 19 shows the normalized drag coefficient comparison between
the standard and Corrected Distortion models as a function of the
distortion factor at an instance in time during the quasi-steady state
(r > 1 ms). The coefficient is normalized by the baseline drag coefficient
(Eq. (11)). For a highly distorted drop with the same distortion factor,
the Corrected Distortion model predicts significantly lower drop drag
compared to the standard approach. Furthermore, scattering of the data
in the Corrected Distortion results illustrates finite viscosity effect, as
opposed to the standard approach where the drag remains the same
regardless of the drop’s thermodynamic state.
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Early transient spray behavior.

4.4. Discussion on RANS vs. LES

Due to experimental capability at the time, previous works usually
validate their simulation against experimental measurements in the
vapor phase (Senecal et al., 2014; Kaario et al., 2020). However, the
main shortcomings of vapor phase validation is that the measurements
are only trustworthy much further downstream of the two-phase liquid
region (e.g: 10 mm downstream of the liquid length). In this work,
we can examine our liquid simulation results in details because of
the new DBI experimental capability that is also augmented by our
understanding of adiabatic mixing theory. Through such activity, it
is very clear that there are substantial differences between RANS and
LES. With the help of the CD model, RANS were able to agree with
the PLV measurement in term of magnitude. However, as pointed
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out by Figs. 11-12(a), the liquid jet in RANS decreases much faster
in both axial and radial direction than observed in the experiment.
From the same figures, regardless of the spray model, LES always
overpredict PLV magnitude but produce more reasonable evaporation
rate at the liquid length region. One possible explanation lies in the
implementation and numerical setup. In this work, the minimum cell
size in LES is half of its RANS counterpart. The spray coupling in
CONVERGE uses nearest node kernel, where the exchanges between
the two phases occur at the cell center regardless of the parcel position
relative to the cell center. Results from such implementation are highly
affected by mesh dependency issue, where the number of parcels per
cell size is important (Schmidt and Bedford, 2018). From a formulation
perspective, RANS is time-averaged, so its results are limited by the
integral length scale of the problem and not the variation in cell size.
While other researchers such as Garg et al. (2007) have demonstrated
that introducing a polynomial interpolation scheme to the implementa-
tion reduces the mesh dependency issue, such approach will not likely
results in a substantial change for RANS. However, interpolation to
drop locations will be more significant for LES since the spatial filter
size is the cell size itself. While a mesh dependency study has been
carried out by Senecal et al. (2014), the lack of liquid phase comparison
renders their results inconclusive in lieu of the new findings presented
in this work. Future study, which is unfortunately outside of the scope
of this work, should be carried out utilizing the same analysis presented
here to provide additional insight.

5. Conclusions
The Corrected Distortion model, as presented in this work, provides

a new framework toward more accurate mixture prediction that is
crucial for Lagrangian engine spray simulations. By capturing more

realistic physics of highly distorted droplets, the new models predict
enhanced evaporation while predicting lower drop drag compared to
the standard approach. The new model results provide as good or bet-
ter agreement with the experimental measurements of vapor mixture
fraction, liquid velocities, liquid and vapor penetrations compared to
the standard framework. The new modeling framework also results
in better agreement with the One-D adiabatic mixing theory. While
simulations of standard configuration such as Spray A do not hold
any novelty, thorough analysis using the Projected Liquid Volume re-
veals an inconsistency. Specifically, the RANS simulations with the CD
model agrees quite well with experimental data upstream but predict
an over-mixed flow field downstream that diminishes the enhanced
evaporation. In contrary, LES predicts better mixing field downstream,
but with too much liquid upstream. While the CD model results are
encouraging, especially with regards to drop drag and vaporization,
there is definitely a need for an even better evaporation model. There
is also a need to have a better understanding of the jet evolution
in the near-field two-phase region with a transition to the far field.
Variability in break up model constant, spray cone distribution, finite
drop conductivity should be systematically examined. Applicability of
the Corrected Distortion model for gasoline direct injection via ECN
Spray G is currently under investigation.
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A.1. Early PLV behavior

See Fig. 20.
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