
ILASS – Europe 2010, 23rd Annual Conference on Liquid Atomization and Spray Systems, Brno, Czech Republic, September 2010

An extension of dynamic droplet deformation models to secondary atomization

F.-O. Bartz∗, R. Schmehl†, R. Koch and H.-J. Bauer
Institut für Thermische Strömungsmaschinen

Karlsruher Institut für Technologie (KIT)
Karlsruhe, Germany

†Faculty of Aerospace Engineering
Delft University of Technology

Delft, The Netherlands

Abstract
A detailed model for secondary atomization of liquid droplets by aerodynamic forces is presented. As an empir-
ical extension of dynamic droplet deformation models, it accounts for variations of the relative velocity between
droplet and gas phase during the deformation and breakup process and describes the characteristic features of
different breakup mechanisms (deformation kinetics, aerodynamics and product properties). The new model is
validated against two experiments: an existing single-droplet test-case and the spray in the premixing duct of a
Lean Premix Prevaporize (LPP) research combustor.

Introduction
The fuel preparation in aero engine combustors, as in many other two-phase flow applications, is characterized

by a strong interaction of the spray with a complex gas flow field. The droplets are subjected to a spectrum of
relative velocity fluctuations. When these exceed a certainthreshold, deformation and secondary breakup set in.
Droplet breakup is governed by several distinctive mechanisms - bag, multimode and shear breakup (terminology
of Hsiang and Faeth [1])-, depending on the intensity of the aerodynamic forces. In many application scenarios,
the time scale of deformation and breakup is comparable to orlarger than the characteristic scales of the flow
fluctuations, i.e. the relative velocity varies during the deformation and breakup process. In these cases, the
deformation and breakup process and, consequently, the properties of secondary fragments do not depend on
instantaneous local flow situations but on the variation of aerodynamic forces during the disintegration process.
The temporal evolution of aerodynamic loading of droplets in complex flow fields, e.g. for a droplet in a premixing
module of a combustor, differs significantly from the loading in a shocktube or the quasi-steady loading. Secondary
atomization models which do not take into account the relative velocity fluctuations can strongly mispredict the
resulting droplet trajectories, sizes and velocities.
The presented model takes into account the temporal evolution of the aerodynamic loading of the droplet and
resolves the various processes occurring during droplet breakup as close to reality as possible, improving the
prediction of droplet trajectories, sizes and velocities in complex flow fields.

Droplet breakup model
The proposed extension is based on the dynamic droplet deformation models NLTAB and NM as described by

Schmehl [2], [5]. The NLTAB-model is a nonlinear variant of the TAB-model [3] and is based on the experimental
observation that the droplet deformation in air flows can be represented by spheroidal (oblate and prolate) shapes.
The NM-model is based on linear Normal Mode Analysis and is capable to describe arbitrary shape variations in
the limit of small amplitudes. The stability limit is expressed by critical deformations

yc = 1.8 (NLTAB-model) αc = −1 (NM-model) (1)

wherey denotes the non-dimensional transverse deformation of a droplet andα denotes the non-dimensional in-
dentation of the stagnation point. The choice of breakup mechanism is based on the Weber number at the end of
the deformation phase, i.e. when the critical deformation is reached.
The temporal evolution of droplet deformation and breakup is depicted in Figure 1 for impulsive aerodynamic
loading, with the premise that the relative velocity remains approximately constant during the disintegration pro-
cess. The non-dimensional time,T , is defined as the ratio of the time,t, and the characteristic deformation time,
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Figure 1. Temporal evolution of droplet deformation and breakup for impulsive aerodynamic loading [5]

t∗ =
√

ρd/ρ (D0/vrel). The stages of droplet deformation and breakup are limited by the non-dimensional char-
acteristic times of the minimal thickness of the disc shapeddropletTmin, the start of the breakup processTi and
the end of the breakup processTb. These curves are functions of the Weber and Ohnesorge number. The regions
where breakup processes occur are marked by shading.
Transverse distortion and flattening of the droplet occur inthe deformation phase,T < Tmin, which is described
by the above mentioned dynamic deformation models. Since the deformation and breakup processes forT > Tmin

can not be described by the dynamic deformation models, the further description of these processes is represented
empirically. The formation of the characteristic fluid structures is strongly affected by the breakup mechanism.
ForTmin < T < Ti thickening of the disc shaped droplet occurs due to bag formation in the bag breakup-regime,
bump, bag and plume formation in the bag-plume regime and ligament formation at the droplet equator in the
plume-shear and shear-breakup regime. Starting atTi and ending atTb, the breakup process consists of vari-
ous sub-processes, like the continued formation of characteristic fluid structures (bag, ring, plume, etc.) and the
subsequent disintegration of these structures generatingsecondary fragments.

The modeling of the kinetics of these subprocesses, of the mass re-distribution between the fluid structures
and of the final size and velocity distributions of the fragments is based on experimental data and correlations.

Model validation and results
The model is validated using a basic experimental test-casefrom literature in which a single droplet is exposed

to a cross-flow air stream. The calculated secondary droplettrajectories and diameter distributions are compared to
measurement data for different breakup mechanisms. Furthermore, to demonstrate the performance and accuracy
of the new model in a complex test case, the fuel preparation process in the premix duct of a LPP research combus-
tor is computed and compared to detailed high resolution PDAdata. This flow configuration is characterized by
intensive aerodynamic interaction of a fuel sheet and a contracting air flow in a highly inhomogeneous atomization
zone [4].
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