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Abstract

Modern diesel injection systems operate in high injection pressures reaching 210 MPa. The combination of high
injection velocities and elevated cylinder pressure results in droplet atomization under high Weber numbers, typi-
cally We>100, which correspond to the shear and catastrophic breakup regimes. The primary atomization of the lig-
uid jet is modeled using the approach of Huh et al. [6]. The modeling of the secondary atomization is based on a
Boundary Layer stripping analysis for the shear atomization regime (§0<We<800) and on a combination of Bound-
ary Layer stripping and drop fragmentation analysis for the catastrophic atomization regime (800<We). The drop
fragmentation process is predicted from instability considerations on the surface of the liquid drop. A preliminary
model evaluation has been performed by comparing the computational results with experimental measurements from
isolated drops in shock tube experiments as well as with observations from fully developed diesel sprays.
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Introduction

Fuel sprays used in internal combustion engines are
produced in many different ways, depending on the
application and the requirements of each application.
There are three basic processes associated with all
methods of atomization: the internal flow in the nozzle,
the primary and the secondary atomization processes.
The spray structure and the characteristics of the spray
depend on the internal geometry of the nozzle, the in-
jection pressure and the pressure and temperature con-
ditions in the combustion chamber.

The internal flow in the nozzle can include flow
separation and reattachment and to the limit cavitation
phenomena that strongly enhance turbulence levels and
atomization. Additionally, the design of the nozzle has
a major effect on the structure of the spray and its prop-
erties. Multi-hole injector nozzles, such as those typi-
cally used for diesel applications, result in dense solid-
cone jets. The primary atomization of the spray depends
on the interaction of the jet structure with the ambient
gas, which leads to liquid fragmentation starting with
large ligaments close to the core of the jet that further
disintegrate into spherical droplets. Once spherical
drops are created, after primary atomization has been
completed, secondary atomization starts and its govern-
ing mechanisms are common for any type of spray [1].
It only depends on the initial droplet sizes, relative ve-
locity between the drop and ambient gas and the physi-
cal properties of the system (e.g., pressure, temperature,
viscosity, surface tension, etc.). These parameters de-
termine the breakup mechanism under which a droplet
will further disintegrate. Even though in a given spray a
certain mechanism may be dominant, it is most likely
that more than one mechanism will be relevant and they
all have to be modeled successfully.

Currently, the atomization process of diesel sprays
is commonly modeled using a wave growth or aerody-
namic theory that predicts spray parameters such as the
spray angle and the drop diameter. The surface wave
instability model proposed by Reitz [2], the Kelvin-
Helmbholtz/Rayleigh-Taylor (KHRT) Instability model
by Patterson and Reitz [3] and the Taylor Analogy
Breakup (TAB) model by O’Rourke and Amsden [4]
are widely used atomization models. However, the cou-
pling with the nozzle effects and the primary atomiza-
tion is largely unknown and is usually represented by
an arbitrary nozzle-dependent constant, which can vary
over a factor of 10 for different nozzles [5]. Recently, a
model considering both wave growth and turbulence
has been developed to provide coupling between the
flow inside the nozzle and the exterior atomization
process [6]. This model has been adopted here and is
briefly described later.

The main objective of this work is to study the
physical mechanisms governing secondary atomization,

particularly those encountered in diesel engine applica-
tions. It has been shown that the physical mechanisms
controlling breakup depend on the Weber number of the
drops created from primary atomization [1]. The high
injection pressures utilized in diesel sprays lead to at-
omization under high Weber number conditions. De-
pending on the conditions, the droplets can undergo
shear or catastrophic breakup. The physical mecha-
nisms leading to drop disintegration are described here
and they have been represented using a modeling ap-
proach that combines a boundary layer stripping as-
sumption in conjunction with a wave instability analy-
sis on the surface of the drop. The new models have
been implemented in the three dimensional code KIVA-
3V, typically used for internal combustion engine simu-
lations. The model validation has been performed by
comparing predictions first with observations of iso-
lated drops and, second, against measurements of typi-
cal diesel sprays used in engines.

Primary Atomization

The primary atomization model used in this study
is based on the work of Huh, Lee and Koo [6]. The
model considers the effects of both infinitesimal wave
growth on the jet surface and jet turbulence including
cavitation dynamics. Initial perturbations on the jet sur-
face are induced by the turbulent fluctuations in the jet,
originating from the shear stress along the nozzle wall
and possible cavitation effects. This approach over-
comes the inherent difficulty of wave growth models,
where the exponential wave growth rate becomes zero
at zero perturbation amplitude.

The model is based on two main assumptions:

(1) the length scale of turbulence is the dominant

length scale of atomization:

LA = C]L, = Csz (1)

where L, and L,, are the turbulence length scale and the
wavelength of surface perturbations respectively.
(i1)) The time scale of atomization is the linear sum
of the turbulence and wave growth time scales:

1= Csty + Cryy 2

where 7, is the turbulence time scale and 7, the wave
growth time scale that determines the exponential
growth rate. The empirical constants C; to C, are set to
2.0, 0.5, 1.2 and 0.5 respectively.

The initial turbulence length and time scale are cal-
culated using average quantities for the turbulent ki-
netic energy and energy dissipation rate. The resulting
turbulence length and time scale are given as a function
of the time and the initial turbulence conditions as:
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The wave growth timescale is approximated by ne-
glecting the surface tension and viscous effects and
maintaining only the aerodynamic destabilizing term:
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The liquid jet is represented in the form of compu-
tational parcels with breakup rate proportional to the
ratio of the atomization length and time scale:
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where the constant k; has been set to 0.5. The resulting
drop size is assumed to be equal to the atomization
length scale, L4, as calculated with equation (1). When
the reduced primary parcel reaches the size of the sec-
ondary drop, L,, the primary atomization process for
this parcel is assumed to be completed and the secon-
dary atomization model is engaged.

Drop Deformation and Aerodynamic Drag

In the time period between the end of the primary
atomization and prior to secondary breakup the drops
deform and reach an ellipsoidal shape, similar to that of
an oblate spheroid. Hsiang and Faeth [7] made experi-
ments over a wide range of conditions and concluded
that the maximum drop distortion can be given as:
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According to Aalburg et al. [8], the time required for a
drop to reach its maximum deformation is given by:
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The aerodynamic drag forces on a drop can be cal-
culated if the aerodynamic drag coefficient and the
cross-sectional area of the drop, normal to the flow, are
known. The cross-sectional area can be calculated
based on the maximum drop diameter, d,., since we as-
sume that deformed drops are oblate spheroids. The
aerodynamic drag coefficient can be estimated based on
the knowledge for drag coefficients for solid bodies of
similar shape. According to Clift et al. [9], when a fluid
sphere exhibits little internal circulation, either because
of high viscosity ratio or because of surface contami-
nants, the external flow is indistinguishable from that
around a solid sphere at the same Reynolds number.
Surface contaminants tend to eliminate internal circula-
tion and they exist in most systems of practical impor-
tance. Even if bubbles and drops are relatively free of
surfactants upon injection, internal circulation decays
rapidly as contaminant molecules accumulate at the
liquid-gas interface. Considering the fact that the liquid-
to-gas viscosity ratio in sprays is high, we can assume
that internal circulation is not a significant parameter
and rigid-body aerodynamic drag correlations can be
used. The deformation of oblate spheroids is described
by a single parameter, the aspect ratio, E. The aspect
ratio is defined as the ratio of the centerline height to
the equatorial diameter of the drop. The final drop de-
formation, observed when the drop reaches a steady-
state condition, is given by:

dmin
E :d— (12)
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The correlation adopted here (from Clift et al. [9])
for the drag coefficient of a liquid sphere (E=1), is:
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Cp=1.17, Re>133 (15)

For oblate spheroids with aspect ratio £=0.5, Clift et al.
suggest:

Cp =108.42 Re(—l.66+.395810g Re-0.03 log? Re) 40<Re<10*

(16)

The three equations describing drag for the sphere, the
disk and the spheroid are plotted in Figure 1. For inter-
mediate values of the aspect ratio, E, linear interpola-
tion will be used in the model. The Reynolds number in
the correlations for the disk and the spheroid is based
on the cross-sectional diameter, d...
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Figure 1: Aerodynamic Drag Coefficients of Sphere,
Spheroid and Disk.

Shear Breakup Regime

The shear breakup mechanism is dominant for We-
ber numbers ranging from 80-800 [10]. After the initial
deformation phase, the drop disintegration process in-
cludes an extensive system of ligaments protruding
from the periphery of the parent drop, with numerous
individual drops near the downstream end of the liga-
ments. It has been observed that drop sizes mainly de-
pend on the viscosity rather than on the surface tension
of the liquid phase [10]. A boundary layer stripping
approach has been adopted here to model this breakup
mechanism and the results show very good agreement
with observations from isolated drops in shock tubes.

The rate of disintegration is found by integrating
over the thickness of the liquid boundary layer to de-
termine the mass flux in the layer and by assuming that
this flux leaves the surface of the drop at its equator
[11]. A steady-state solution for the velocity profile is
sought, both in the air stream and inside the drop, as-
suming axisymmetric, incompressible flow. Based on
these assumptions, the boundary layer momentum inte-
gral equations for the gas are:
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Equating the shear stress in the gas layer to that in the
liquid layer at the interface, yields a third equation:
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The velocity distributions in the liquid and gas phases
can be derived using Blasius series analysis [12-14], but
this method results in a system of differential equations.
Assuming that the drop shape is similar to that of a
sphere, it can be shown that at the equator,
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The mass of fluid in the circumferential liquid layer
being swept along by the gas stream at a distance
x=nD/4 from the stagnation point is:
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where U., is the relative velocity of the drop.

The boundary layer stripping mechanism has been
evaluated by comparing the mass stripping rate with the
correlation given by Chou et al. [10]:

3 los(t/t*=3.5f
mp=0.4z%e[ | ﬂ, 15<t/t"<55. (22)

The correlation provides the mass rate of formation
of dispersed drops due to boundary layer stripping and
according to Chou et al. it provides a reasonably good
fit for the rate of removal of drop liquid from the parent
drop, except for the singular points at the beginning and
end of the period where drop mass is being removed. In
Figure 2 the comparison between the two methods is
shown. The conditions used for this comparison include



an initial droplet size of 20um, velocity of 200m/s, am-
bient pressure of 15bar and surface tension of 0.02N/m,
which results in a Weber number of 600. The compari-
son shows very good agreement with the correlation for
2.5<t/t'<4.5. The dimensionless time here refers to the
time from the beginning of the secondary atomization
process. It is interesting to note that experimental
measurements were available only for this time period
and the correlation has been developed based on that.
The initial conditions of the problem (such as velocity,
drop diameter and ambient pressure) have been varied
and a wide range of Weber numbers have been tested.
The agreement is excellent both for the shear breakup
regime (80<We<800), for which the correlation has
been originally developed, as well as for the catastro-
phic breakup regime (800<We), as explained in the
following section.
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Figure 2: Comparison of Boundary Layer Stripping
model (eq. 21) with experimental correlation (eq. 22
[10]), We=600.

Catastrophic Breakup Regime

The catastrophic breakup mechanism is typically
observed for Weber numbers larger than 800 and has
certain similarities with the shear breakup mechanism.
A boundary layer stripping mechanism is present, com-
bined with large waves on the surface of the drop. The
growth of instability coupled with the drop deformation
into a thin disk is sufficient to shatter the parent drop
into a cloud of fragments, which are still large com-
pared to the boundary layer thickness. The resulting
fragments further disintegrate through the boundary
layer stripping mechanism, thus accelerating the drop
disintegration into a fine mist of small droplets. These
two mechanisms were studied experimentally by
Ranger and Nicholls [11, 14].

A mechanism for fragmenting the liquid drop is
evident in the instability of the drop windward surface
that is observed as early as ' =0.4. Imbalance between
applied pressure, inertia and surface tension effects
results into instability of the accelerating interface.
Wavelengths of these disturbances are large compared
to the boundary layer thickness, so their growth is not

significantly influenced by the existence of the bound-
ary layer. An instability analysis based on the work
done by Fishburn will be presented here to model the
drop fragmentation process [13]. The process of drop
fragmentation combined with the boundary layer strip-
ping mechanism is schematically shown in Figure 3.
This approach is different from the KHRT model pro-
posed by Patterson and Reitz [3], who only consider
two different instability mechanisms and the fastest one
is selected to model the drop atomization, but do not
take into account the stripping from the drop bounda-
ries.
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Figure 3: Catastrophic breakup concept

The initial growth rate of a small amplitude sinu-
soidal disturbance on an accelerating gas-liquid inter-
face is given as [16]:

1/2
n=n, exp{kG -K? ij t, (23)
PL

where G is the surface acceleration and k the
wavenumber. The surface acceleration can be estimated
as:

2
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The wavenumber k=kg maximizing the expression

kG - k* pi (25)
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is used to calculate the wavelength, As=2n/ks. The ini-
tial amplitude of the disturbance, 7,, is given by:

v, D,
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The dimensionless time, t/¢", required for a bubble to
penetrate into the liquid drop is assumed to be equal to
the drop fragmentation time and is determined from:
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if the difference in the square brackets is positive, oth-
erwise:
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where b=1.6, based on [11]. The diameter of the result-
ing drop fragments, Dy is assumed to be equal to the
wavelength As. Drop fragments created with this
mechanism are subject to boundary layer stripping, as
described in the previous section, thus accelerating the
disintegration process.

Evaluation of Computational Models

The experimental data of Habchi et al. [17] have
been used to evaluate the model and compare against
diesel spray measurements. Their experimental appara-
tus consists of a high-pressure, high-temperature, con-
stant volume cell. The injector used is a common rail
unit with electronic control that can supply fuel pres-
sure of 20-150 MPa. The injector was fitted with a sin-
gle-hole tip with the hole on the axis of the injector.
Spray penetrations for three different injection pres-
sures were measured with a Mie scattering technique.
In Figure 4 a comparison of spray tip penetration for
injection pressures of 40, 80 and 150 MPa is shown,
with very good agreement with experimental measure-
ments. The ambient pressure was set to 3 MPa and the
temperature to 400K. The model was initialized by in-
jecting blobs with diameter equal to the nozzle diameter
(200pum), in order to represent the liquid core of the
spray. The constant k;, controlling the primary breakup
rate, was set to 0.5 in order to obtain an atomization
rate that results in spray tip penetration in agreement
with the experimental measurements. This value has
been held constant throughout the injection pressure
sweep, showing that the tip penetration scales with in-
jection pressure.

Droplet size measurements are not reported in [17];
however, in Figure 5 the average droplet sizes resulting
from the primary atomization as well as the average
Weber numbers, computed at the beginning of the sec-
ondary atomization process, are presented for each one
of the three injection pressures. It appears that the aver-
age Weber number increases with injection pressure,
even though the droplet size does not change signifi-

cantly; this can be explained from the higher droplet
velocity. In Figure 6 the distribution of the initial We-
ber numbers for the three injection pressure cases is
shown. It appears that for injection pressure of 40 and
80 MPa all the drops undergo secondary atomization
according to the shear breakup mechanism. As the in-
jection pressure increases to 150 MPa a portion of the
drops has We>800 and atomizes according to the catas-
trophic breakup mechanism. It is expected that the
catastrophic breakup regime becomes more important
for higher injection and cylinder pressures.
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Figure 4: Experimental [17] and CFD-predicted tip
penetration for P;,=40, 80, 150 MPa.

Conclusions
A comprehensive model for the primary and sec-
ondary atomization of liquid sprays under high injec-



tion pressures has been developed. The primary atomi-
zation modeling is based on previous work by Huh et
al. [6], assuming a turbulence induced wave growth
process resulting in the disintegration of the liquid core.
The secondary atomization has been divided in two
regimes, namely the shear and the catastrophic breakup
regime. In the shear breakup regime a boundary layer
stripping model has been used, based on experimental
observations of Chou et al. [10]. The catastrophic at-
omization process is modeled using an instability ana-
lysis that leads to drop fragmentation. Subsequently, the
resulting fragments disintegrate following the same
boundary layer stripping mechanism encountered in
shear breakup. A preliminary model validation has been
performed by comparing the model predictions with
experimental measurements of isolated drops and fully-
developed non-evaporating diesel sprays. Further vali-
dation is essential in order to demonstrate the capabili-
ties of the model.
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Figure 5: Average Weber number and initial droplet
diameter for Py,=40, 80, 150 MPa.
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Figure 6: Distribution of Weber number for P;,=40,
80, 150 MPa, CFD predictions.
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