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Abstract

The present study deals with Large-Eddy Simulations (LES) of non-reacting fuel sprays in internal combustion
engine like conditions. The main objective is to investigate the influence of the grid size on droplet breakup and
evaporation in conjunction with the implicit LES method for the well defined reference case “Spray A”. A suf-
ficient agreement with the experimental results concerning liquid and vapor penetration was found for the two
highest mesh resolutions. The coarsest mesh could not capture the turbulent transition correctly and thus over-
predicted liquid and vapor penetration. Both investigated breakup models performed reasonable well, even though
differences in predicted droplet size were found. The differences in droplet size affect again the global spray
quantities (liquid/ vapor penetration). Hence, a further investigation and tuning of the breakup model parameter is
suggested for the chosen LES approach.

Introduction

Sprays have a fundamental role in internal combustion engine applications. As the automotive industry is
driven by the demand for lower emissions and higher fuel efficiency, fuel sprays become important in combustion
optimization. Particularly, a deeper understanding of the processes and phenomena related to the liquid—gas phase
interaction is crucial, as it is the first step in the mixture formation. Beside experimental studies, 3D flow simula-
tions offer a versatile tool to investigate these processes in detail. However, the methods and models used in such
simulations impose their own challenges, especially with an increasing degree of detail.

Traditionally, Computational Fluid Dynamic (CFD) simulations of turbulent flows have been carried out us-
ing the Reynolds-Averaged Navier-Stokes (RANS) approach. In RANS simulations all scales of turbulence are
modeled and the results can be seen as a time averaged description of the flow field. To simulate directly the large
scales of turbulence rather than model them gives a higher degree of detail and allows a more advanced analysis
of the physical problem. These so called Large Eddy Simulation (LES) are computationally significantly heavier,
but became affordable also for engineering applications with the recent progress in computational power. Whereas
LES still demands the modeling of the small, usually sub-grid, scales Direct Numerical Simulation (DNS) resolves
the whole turbulence spectrum directly and delivers therefore the most accurate results. However, the accuracy of
DNS comes with a very high computational cost and is therefore barely affordable for non-fundamental research.

The main computational concepts for spray simulations are the Lagrangian Particle Tracking (LPT) and the
Euler-Euler (E-E) method. Where the latter treats both the gaseous and liquid phase as continua, the LPT method
assumes the liquid phase as discreet particles. The E-E method is well suited for dense sprays as they occur in the
near nozzle region of typical fuel sprays, but becomes unpractical in more dilute spray regions where again the
LPT is better suited. As typical fuel sprays are characterized by a very short liquid core and fast atomization (i.e.
primary breakup) the sprays become quickly dilute and hence the LPT method is commonly used for fuel-spray
simulations.

In the present study spray simulations are carried out using the LES and LPT methods. As the LES method
in general demands a higher mesh resolution, the cell size may reach a critical limit for certain spray sub-models.
This study presents a comparison of two droplet breakup models for different mesh sizes. The investigate breakup
models are the Enhanced Taylor Analogy Break-up (ETAB) [} 2] and the Kelvin-Helmholtz Rayleigh-Taylor
(KHRT) [3]] model. The results are validated against the experimentally well investigated non-reacting “Spray A”
[4] test case as defined by the Engine Combustion Network (ECN). The background motivation for the study is
to explore the limitations, possibilities and challenges that come with the LPT method in high resolution LES.
Furthermore, the study lays a foundation for reacting spray simulations using the LES method, where the decrease
in cell size becomes even more important.
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Governing equations
Navier-Stokes equations

The equations solved to describe the flow field of the continuous gas phase are the compressible Navier-
Stokes (NS) equations. The set of equations describing the conservation of mass [T momentum [2] and energy [3]is
supplemented by transport equations for the species mass fractions of the gas composition. The equations read

dp | Opu;

ot oOr; Sm v
opui | O(pwng) 0 o 4

ot + Ox; B Ox; (=pbij +0i5) +S; @
oph o) _Op Op 0 (0T

where p, u;, h, T and p denote the density, velocity component in z; direction, enthalpy, temperature and pressure,
respectively. The heat conductivity is given by X and the viscous stress tensor in equation 2]is defined as
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where p is the dynamic viscosity of the fluid. Each equation contains a source term for mass (.5,,), momentum
(S;) and energy (.S},) that incorporates the interaction of the continuous (gas) with the dispersed (liquid) phase.

Droplet kinematics, mass and heat transfer
Following the LPT approach, the liquid phase is described by several equations for droplet motion, heat and
mass transfer. By defining the droplet Reynolds number
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and the droplet time scale
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the equation of motion reads
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where the subscript d denotes the droplet and g the gas phase quantities. The empirically determined values for the
drag coefficient C'p can be expressed by the relations
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The change in droplet position is than obtained from
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The mass transfer from liquid to gas phase is modeled according to the droplet vaporization correlation by Frossling
d
and hence the change in droplet mass can be expressed by % — ' ith the the evaporation time scale
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The heat transfer at the droplet surface is derived from the droplet energy balance and the Ranz-Marshall correla-
tions for Sherwood (Sh) and Nusselt (N u) number [55, (6] are applied in the equations for mass and heat transfer.

The implementation of the LPT method in OpenFOAM incorporates the parcel approach, which groups phys-
ically similar droplets into a parcel and reduces therefore the computational cost significantly.
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Droplet breakup

The advantages and disadvantages of droplet breakup modeling have been previously described by Vuorinen
et al. [7]], who proposed a simplified model to take into account the droplet breakup at lower Weber numbers. Here,
we however study some of the standard models in order to further investigate how the KHRT and the ETAB models
perform in implicit LES.

The KHRT model was first proposed by Reitz [3]] and is a combination of the Kelvin-Helmholtz (KH) wave
model and the assumption of occurring Rayleigh-Taylor (RT) instabilities at the droplet surface. The KH breakup
mechanism assumes the droplets to behave like a liquid jet injected into an incompressible gas environment. The
liquid surface is therefore subject to small perturbations that are amplified by the liquid—gas phase interaction which
leads to small droplets stripped off from the surface. Based on the perturbation growth rate Q2 7 and wavelength
Ak g abreakup time and droplet diameter can be determined. Reitz gives correlation obtained from curve-fits to
the analytical solution for the wavelength and growth rate and the breakup time is than given by

r
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where r denotes the radius of the initial droplets. The RT model is based on theoretical considerations on the
stability of liquid—gas interfaces that are accelerated in normal direction. Assuming a linear disturbance growth a
growth rate and wavelength can be determined. The breakup time is than obtained by the reciprocal of the growth
rate and a correction factor C.- to delay the breakup under certain conditions as
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Droplet breakup is encountered if dg > Agrr and 7ry is greater than the time of disturbance growth. Both
mechanisms, KH and RT, are implemented in a competing manner to determine the droplet breakup.
As the ETAB model is based on the TAB (Taylor Analogy Break-up) model proposed by O’Rourke and
Amsden [8], they both share the basic concept for calculating the breakup time. Following the Taylor Analogy, the

droplet distortion y = —x, where 7 is the droplet radius and z the deviation of the droplet equator, can be modeled

as a one dimensional, forced, damped, harmonic oscillator. Hence the equation of motion reads
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A solution to the equation [T0]leads to an expression for the distortion y and the droplets are assumed to breakup
if y exceeds unity and thus a breakup time can be calculated. In the original TAB model the radius of the child
droplets after breakup is based on an energy balance of the surface and oscillation energy of the parent droplet
and the surface and kinetic energy of the child droplet. The ETAB model [1} 2] is a modified version of the TAB
model, which aims to predict more realistic results for global spray parameters. Tanner therefor proposed a new
method for calculating the number and size of the child droplets after breakup, which assumes the rate of child
droplet generation to be proportional to the number of droplets. The proportional constant depends on the breakup
regime, which is characterized by the Weber number

2

We = La" (s ~a)” (11

o
In general the ETAB model computes a greater child radius and results therefor in a more realistic droplet size
distribution, especially in the dense spray region close to the nozzle orifice.

Both models include certain constants that are adjusted to match experimental droplet sizes and breakup rates.
These empirical constants are well tested in a vast amount of simulations, where the majority is based on the
RANS approach. RANS simulations are usually carried out with fairly large cell sizes (characteristic length of
about 500pm), e.g. [[1H3}19-11]] and the models received little testing with cell sizes suitable for LES as it was also
found by Bharadwaj and Rutland [[12]. For a detailed description of these constants it is referred to the original
publications by Reitz [3]] and Tanner [1]. In this study the model constants are set to their default value as listed in
Table[Mand[2l

Simulation setup and Geometry

The simulations in the present paper are carried out for the Spray A test conditions. The ambient gas density
and temperature for Spray A are 22.8 kg/m3 and 900 K, respectively. For the non-reacting setup the gas composi-
tion in the test vessel consists of 100% nitrogen. The injected fuel is n-dodecane (C12H26) in order to resemble a
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Table 1. KHRT model constants Table 2. ETAB model constants
BO Bl C"r CRT MSLimit WeLimit C/_L CQ WeCTit kl k? WeTransition
0.61 40 1 0.1 0.03 6 10 8 12 02 02 100

diesel-like fuel spray and the nominal injection pressure is 150 MPa. The nominal nozzle diameter of the injector is
90 pm, and the discharge coefficient was experimentally determined as 0.86, which leads to an averaged injection
velocity of approximately 590 m/s.

The simulations are carried out using the open source CFD tool box OpenFOAM [13]]. The simulation ap-
proach is based on a compressible flow solver with an implicit pressure treatment based on the PISO-algorithm.
The spatial accuracy of the code is formally 2nd order and an implicit, 2nd order accurate time integration is used.
The turbulence modeling approach is based on the assumption that the grid, or more precisely the numerical dis-
cretisation scheme, functions as an implicit low-pass filter and it is assumed that sub-filter scales will dissipate in
the same manner as the numerical scheme. Hence, the unresolved turbulence scales are not modeled explicitly,
which is commonly referred to as implicit or no-model LES [[14].

The geometry of the computational domain resembles the combustion vessel at the Sandia National Laboratory,
USA for which the experimental validation data are obtained. A fully hexahedral base mesh is used, which is
refined by a 2:1 cell-splitting approach in the spray region in order to obtain appropriate cell sizes for LES. Three
mesh sizes are simulated in this study, where the mesh with the highest refinement level leads to a minimum cell
size of 62.5 pum and approximately 4.6 million cells. The cell count for the intermediate and coarse mesh is 1.2
and 0.8 million. The computational meshes are shown in Figure [I] where the colors in the first sub-figures (a-c)
correspond to the refinement level and the sub-figure (d) shows a wireframe representation of the mesh. It shall be
noted that the figures show only the refinement regions. The coarsest refinement region (500 pm) extend to 52 mm
from the injection location and the 250 pm region to 50 mm for all meshes, where the length of the computational
domain in injection direction is 108 mm. In the meshes with a minimum cell size of 125 ym and 62.5 pm the finest
region extends to 25 mm, where in the 62.5 pm mesh the transition layer around the 62.5 ;sm region extends to 26
mm. The injection mass flow rate for the present simulations corresponds to the experimental profile measured at

Cell size
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(a) 250pm (b) 125pm (c) 62.5um (d) Wireframe

Figure 1. Refinement regions for the computational meshes with a minimum cell size of (a) 250 pum, (b) 125 um
and (c) 62.5 pym. Figure (d) shows a wireframe representation of the finest mesh.

the Sandia National Laboratory, USA [4]]. The present setup does not cover the direct simulation of atomization
processes by an explicit atomization model. Typical atomization models share the idea of injecting “blobs” of the
size of the nozzle hole that resemble the injection of a liquid core. Specific mechanisms are than used to strip-off
smaller droplets from these blobs or break them up. Since the cell sizes of the two finest meshes are close to or even
smaller than the nozzle hole diameter, the big “blobs” would violate some basic assumptions of the LPT approach
as the ratio of liquid to gas volume would be close to or even exceed unity. Hence, the atomization was accounted
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Table 3. Rosin-Rammler distribution parameter

Dmaz szn d n

18 um 1 pym 6 um 3

for by an Initial Droplet Size Distribution (IDSD) and the injection location can be considered to be downstream
from the original injector. Thus, also a bigger injector diameter of 450 um was applied and the actual injection
location for each droplet was determined by a box-sampling method. This method has been shown to work well for
LES spray simulations as e.g. in [7] A Rosin-Rammler IDSD with the parameter as listed in Table [3| was chosen
for all simulations. The IDSD parameter lead to an initial Sauter Mean Diameter (SMD) of approximately 6 pm.
The small initial SMD is an estimate considering the shifted injection location and increased injection diameter.
The high injection velocity and hence the low droplet relaxation time 74 (equation[3)) in combination with the small
cell sizes require a small time step which was set to dt = 2 - 10~%s for all simulations.

Results and Discussion
Spray visualization

The instantaneous spray vapor mass fraction is visualized in Figure [ by snapshots at time ¢ = 0.5 ms. For
each simulated mesh size instantaneous snapshots comparing the ETAB (left) and KHRT (right) model are shown.
As expected, the plots with an increased mesh resolution give a more detailed description of the flow field, where
the increase to a cell size of 125 um is already sufficient enough to indicate the entrainment of the surrounding gas.
Finally the 62.5 pm mesh is able to show growing Kelvin-Helmholtz waves at the vapor—ambient gas interface.
However, it is apparent that the results for the vapor mass fraction differ not only between the two breakup models,

C12H26
3

02

(a) 250pm (b) 125um (c) 62.5um

Figure 2. Instantaneous vapor mass fraction at time ¢ = 0.5 ms for three mesh sizes (250 pym, 125 pm and 62.5
pm) comparing the ETAB (left) and KHRT (right) breakup model.

but show also significant differences, especially in magnitude, with a decreasing cell size.

Liquid and vapor penetration

In the following global spray quantities are analyzed to further investigate these differences. As one of the two
essential quantities in non-reacting sprays, the liquid penetration over time for the six simulated cases is compared
to the experimental data obtained at the Sandia National Laboratory in Figure 3] In the present study, the liquid
penetration is defined as the maximum distance of 95% liquid mass to the injection location. As a first observation
it can be concluded that the mesh with a 250 um cell size is neither with the ETAB nor with the KHRT model
able to predict the liquid penetration correctly for the present simulation setup. The cell size is too large to model
the momentum transfer from liquid to gas phase correctly and to capture the turbulent motion of the flow. The
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situation improves significantly with a cell size of 125 pm in the main spray region, which leads in the case of
the ETAB model to an accurate prediction of the liquid penetration as it is also observed for the finest mesh. For
the KHRT model, the simulations with a 125 pm overshoot by approximately Smm and only the 62.5 ym mesh
delivers acceptable results. Figure 4] shows the vapor penetration for the simulated cases, which is defined as the
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Figure 3. Liquid penetration over time for the three mesh sizes comparing the ETAB and KHRT breakup model.

the maximum distance of 0.001 vapor mass fraction to the injection location. The results for the vapor penetration
are in a better agreement with the experimental data. However, the 250 pm cell size is still found to over-predict the
vapor penetration as the transition to a fully turbulent jet is not captured. It is also observed that for both breakup

models the 62.5 ym mesh under-predicts the vapor penetration.
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Figure 4. Vapor penetration over time for the three mesh sizes comparing the ETAB and KHRT breakup model.

Droplet diameter and evaporation

As for the cases with equal mesh sizes only the breakup model was changed, an analysis of the droplet diameter
is done. Therefore the Sauter Mean Diameter (SMD) calculated in 0.2 mm intervals along the injection normal
direction z is plotted in Figure 5] For the ETAB model a constant SMD ~ 0.35.m along the z-direction is found
for all mesh sizes. Contrary to the ETAB model the KHRT model has not only significantly higher values for the
SMD, but also differences depending on the mesh size. Where for the meshes with a cell size of 250 and 125 pym
an almost constant SMD of approximately 1.5 pm is observed, the mesh with the minimum cell size of 62.5 pym
predicts a lower SMD of approximately 1.1 pm. In order to further analyze the under-predicted vapor penetration,

6



12" ICLASS 2012 A High Resolution Study of Non-Reacting Fuel Sprays using iLES

2.0
— 250 pm
- - 125 pm
15 | 62.5 pm | X
. . 1
g g !
= = !
= | e :
= =
©n ©n :
0-5 A .. L. l 0.5 — 250 ym : R
N ot gt T e ,~\,‘| - - 125 um \
f 1 V ‘ """ 62.5 pm Dii :
005 5 10 15 20 005 5 0 15 20
7z [mm] 7z [mm]
(a) ETAB (b) KHRT

Figure 5. Sauter Mean Diameter (SMD) in 0.2 mm intervals along injection normal direction z for the three mesh
sizes and two breakup models at time ¢ = 0.5ms.

the vapor mass fraction along the spray-centerline is plotted in Figure[6] For the simulations with the ETAB model,
the vapor mass fraction behaves as expected from the SMD data. An initial increase of the vapor mass fraction
along the centerline is observed until the maximum liquid penetration is reached, followed by a decrease. The
decrease stems from the increasing turbulent motion and hence the spread in radial direction, as it is also seen in
Figure [2| The results for the KHRT model are significantly different, as for all three mesh sizes a steep rise is
observed close to the injection location. The maximum value of this initial rise is consistently increasing with the
mesh resolution and is suspected to be attributed to pressure fluctuations in combination with the larger droplet
sizes. These pressure fluctuations, may result in a higher evaporation rate in the near nozzle region and hence
reduce the vapor penetration. However, within the scope of this study it was not possible to analyze this behavior
in detail as an accurate modeling of the near nozzle region in combination with an advanced pressure treatment
would be necessary to further investigate these phenomena.
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Figure 6. Vapor mass fraction along the injection normal direction z for the three mesh sizes and two breakup
models at time ¢ = 0.5ms.

Conclusions

In the present study simulations using the LES method for the Spray A test case were carried out. A comparison
of two breakup models on three mesh resolutions was made. It was found that a mesh size of 250 pum is not
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sufficient enough to resolve the transition towards the fully turbulent motion of the spray for the given simulation
setup. However, simulations with a mesh resolution of 125 pm showed already reasonable results.

A further increase in resolution led to a better prediction of the liquid penetration but revealed possible limits
of the given simulation approach as unphysical pressure fluctuations in combination with larger droplets might
cause a higher evaporation rate in the near nozzle region. Hence, an improvement for further studies could be a
more accurate modeling of the injection process and an improved pressure treatment, especially concerning the
high injection velocities.

Keeping in mind that the default breakup model parameter, as they were used in the present study, were
obtained for specific spray conditions and mainly tuned with respect to RANS simulations an adjustment might
further improve the results. Also the simplified breakup model recently proposed by Vuorinen et al. [7] is expected
to improve the results significantly as it was shown to model consistently the sensitivity of breakup rate to Stokes
number St. Since Stokes number (St ~ dg?) and the evaporation time scale (7, ~ d4?) show both the same pro-
portionality to the square of the droplet diameter, further improvements in evaporation rate and vapor penetration
are expected with this breakup model.
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