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Abstract

The present study investigates numerically the aerodynamic breakup of Diesel droplets for a wide range of ambient
pressures encountered in engineering applications relevant to oil burners and internal combustion engines. The
numerical model solves the Navier-Stokes equations coupled with the Volume of Fluid (VOF) methodology utilized
for capturing the interface between the liquid and the surrounding gas. An adaptive local grid refinement technique
is used to increase the accuracy of the numerical results around the interface. The Weber (We) numbers examined
are in the range of 14 to 279 which correspond to bag, multimode and sheet-thinning breakup regimes. Model
results are initially compared against published experimental data and show a good agreement in predicting the
drop deformation and the different breakup modes. The predicted breakup initiation times for all cases lie within the
theoretical limits given by empirical correlations based on the We number. Following the model validation, the effect
of density ratio on the breakup process is examined by varying the gas density (or equivalently the ambient
pressure), while the We number is kept almost constant equal to 270; ambient gas pressure varies from 1 up to
146bar and the corresponding density ratios (¢) range from 700 down to 5. Results indicate that the predicted
breakup mode of sheet-thinning remains unchanged for changing the density ratio. Useful information about the
instantaneous drag coefficient (Cd) and surface area as functions of the selected non-dimensional time is given. It
is shown that the density ratio is affecting the drag coefficient, in agreement with previous numerical studies.
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Introduction

Droplet motion, deformation and breakup are observed in a wide variety of engineering applications such as in the
injection systems of oil burners and internal combustion engines. Droplet deformation and subsequent breakup are
caused by aerodynamic forces exerted on the drop by the surrounding gas, while surface tension and viscosity of
the drop hinder deformation and tend to restore it to a spherical shape. The non-dimensional numbers that account
for these effects are the Weber (We), Ohnesorge (Oh) and Reynolds (Re) numbers as well as the density (¢) and
viscosity (N) ratios of the two phases [1]; the timescale used to non-dimensionalise the time is the shear breakup
timescale [2]. For low Oh numbers (Oh<0.1) the droplet breakup is mainly controlled by the We number and
according to [1] four different breakup regimes are observed as the We number increases. For We numbers in the
range of 11 up to 35 the bag breakup mode is encountered during which the drop deforms into a bag resembling
shape. As the We number is further increased up to 80, the multimode regime starts to appear which is essentially
a combination of the bag and sheet-thinning modes. In the sheet-thinning breakup mode (80<We<350) a sheet is
formed at the periphery of the drop, which eventually breaks into ligaments. The final breakup mode is called
catastrophic (We>350) and according to [1] is attributed to Rayleigh-Taylor and Kelvin-Helmholtz instabilities.

To the authors’ best knowledge, a limited number of publications exist in the open literature regarding the
experiments of droplet breakup utilizing Diesel as test fluid, which is the subject of the present work. The work of
[3] investigated the breakup of Diesel droplets for We numbers ranging from 14 up to 10000 and Oh number equal
to 0.027. They produced photographic sequences of the breakup process and measured the breakup time and
deformation. The series of works [4-6] have also examined Diesel fuel for conditions of We=56-532, Re=509-8088,
0Oh=0.038-0.065 and €=79-700, corresponding to three breakup regimes, i.e. bag, sheet-thinning and catastrophic.
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They generated photographs of the breakup process and presented graphs for the drop deformation and trajectory.
It was concluded that the breakup process in the three breakup regimes is independent of the Re number and it is
only a function of the We number for the range of Oh and € examined. The work of [7, 8] investigated the microscopic
(droplet scale) and macroscopic (spray scale) breakup characteristics of Diesel droplets by introducing mono-
dispersed droplets into a gas stream ejected from a nozzle. They examined We numbers from 4.3 up to 383 in three
breakup regimes (vibrational, bag and sheet-thinning) and produced images of the breakup process and graphs for
the droplet mean velocities and diameters.

Regarding the numerical modelling of droplet breakup, there are no studies (at least to the best of our knowledge)
that investigate the breakup of Diesel fuel droplets corresponding to a range of We and Oh numbers, which are of
practical interest. On the other hand, a few studies examine droplet breakup in Diesel engine conditions (i.e. low
density ratios) without referring to specific fluid, while there are also some studies which examined the effect of
density ratio on the breakup process. In [9] a front-tracking scheme in 2-D axisymmetric coordinates was used to
study the breakup of impulsively accelerated drops. They investigated Diesel engine conditions (density ratios 1.15
and 10) and provided maps in the We-Re plane for the breakup outcome. They found that by increasing the Re
number the critical We number, that separates the different breakup regimes, decreases. The work of [10] used the
Level-Set method in a 2-D axisymmetric domain to investigate the deformation of droplets at small Re numbers
(25-200) and density ratios (2-32); they found that for density ratios above 32 the boundaries of the breakup regimes
are almost unaffected by the density ratio. Furthermore, [11] simulated impulsively accelerated drops using a
moving mesh interface tracking scheme and found that the drag coefficient is not affected much by the density ratio
although it is larger than those of solid spheres at the same Re numbers. In [12] they used the Level Set method to
simulate in a 2-D axisymmetric domain the deformation and breakup of liquid drops under the effect of gas flow.
They performed three test simulations (free fall of droplet, bubble rising in liquid and droplet fall into a water pool)
in order to validate their model and following this, they investigated the effect of the non-dimensional parameters
(We, Re, Rerand €) on the breakup process. They concluded that the most influential parameter in droplet breakup
phenomena is the We number followed by the Re and Rey, while the change in the density ratio from 10 to 100 led
to alternation of the breakup mode. In [13] they studied droplet deformation and breakup on the bag and shear
breakup regimes using a 3-D VOF method. They made parametric studies with different We, Re and ¢ numbers
and identified 5 new breakup modes in the multimode breakup regime. Moreover, they proposed a new breakup
map in the Re-N/+/e plane and concluded that any breakup regime can be represented in the proposed map, without
any dependence on the We number. In the work of [14] they performed 3-D simulations of droplet breakup using a
variant of the Coupled Level Set-VOF (CLSVOF) method called S-CLSVOF in the interFOAM solver of the
OpenFOAM software package. They examined the sheet-thinning breakup regime under Diesel-like engine
conditions and found that the density ratio affects the shape and size of the fragments and also the recirculation
region of the gas flow.

To the author's best knowledge, the present work is the first one investigating the aerodynamic droplet breakup
mechanism of Diesel fuel droplets under conditions of practical interest. The gas pressure and density are increased
parametrically to cover a wide range of conditions, from atmospheric up to those corresponding to Diesel engine
conditions. The following sections include initially a short description of the numerical model and the computational
setup, followed by the CFD model validation against experimental data. After that, a parametric study is performed
for the effect of density ratio on the breakup phenomenon while the most important conclusions are summarized at
the end.

Numerical model and computational setup

The numerical model solves the Navier-Stokes equations coupled with the Volume of Fluid (VOF) [15] method for
capturing the interface between liquid and gas. Surface tension forces are included in the momentum equation by
using the Continuum Surface Stress (CSS) model of [16]. The CFD model has been validated and used for many
applications including the aerodynamic breakup of droplets with high density ratios as described in [17-20].

The simulations are performed in a 2-D axisymmetric domain with the commercial CFD tool ANSYS FLUENT v16
[21], along with various user defined functions (UDFs) for the implementation of the adaptive local grid refinement
[22] and the adaptive time-step for the implicit VOF solver. With the current grid resolution employed, drop radius
is resolved by 192 cells per Radius (cpR) with minimum cell size ranging from 0.48um up to 6.25um depending on
the droplet radius; systematic runs with 48, 96, 192 and 384cpR have revealed that the resolution of 192cpR is
adequate for achieving a grid independent solution.

Model validation

In order to evaluate the performance of the model the results are compared against the experimental data reported
in the publications of [3-5]; in all these works, Diesel fuel was used as test fluid, along with the continuous air jet
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experimental setup. In [3] the droplets were introduced to the air jet with a syringe and a needle ensuring that they
enter with almost zero initial velocity, while in [4] and [5] the droplets were introduced with a small initial velocity.
The We number of interest in [3] is 14, which corresponds to the bag breakup regime and the droplet diameter is
equal to 2.4mm. In [4] and [5] the examined We number ranges from 54 to 279, density ratios from 79 to 700 and
drop diameters 184um and 198um. The breakup modes observed in the experiments for these conditions were the
bag and sheet-thinning.

The simulated cases for the model validation are presented in Table 1. Case 1 corresponds to the experimental
study of [3], while cases 2-3 correspond to the experimental study of [4]. Cases 1-3 have a high density ratio equal
to 695 (Pg=1bar) and We numbers equal to 14, 54 and 254 respectively. Case 4 corresponds to the experiment of
[5] and have a small density ratio equal to 79 (Pg=9.2bar) and We number equal to 264. The Oh number for all
cases is less than 0.1 so its effect on the phenomenon is considered to be insignificant [1].

Table 1: Validation cases.

Case Pg (bar) Do (um) Ug (m/s) We Re Oh £ Breakup regime Ejg;:;:;i
1 1 2400 10 14 1540 0.027 695 Bag [3]
2 1 198 68 54 864 0.038 695 Multi-bag [4]
3 1 198 147 254 1867 0.038 695 Sheet-thinning [4]
4 9.2 184 52 264 5761 0.039 79 Sheet-thinning [5]

The temporal evolution of droplet shape and deformation for case 1 are presented in Figure 1 both for the simulation
(denoted with the VOF iso-value 0.5) and the experiment. The droplet initially deforms into an ellipsoid shape
(t=1.4trer) which results in an increase of cross-stream deformation and a decrease in the streamwise one. Following
that, a bag is formed (t=1.75trer) and the deformation in both axes increases with the eventual breakup occurring at
t=1.85trer. There is a good agreement between the simulation and the experiment as both predict bag breakup mode
and a similar evolution for the droplet shape and deformation. The breakup initiation occurs earlier in the simulation
at t=1.85trer instead of 2.93trer in the experiment. Nevertheless, the predicted breakup initiation time of t=1.85tref is
within the limits proposed in [23] and [24] (see Figure 5 of this section).
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Figure 1. Temporal evolution of a) droplet shape and b) deformation from the simulation of case 1 and the experiment of [3].

The temporal evolution of droplet shape for cases 2-4 is shown in Figure 2. The sheet-thinning breakup mode
predicted for cases 3 and 4 is in agreement with the experimental observations of [4] and [5] respectively.
Nevertheless, for case 2, the present simulations predict a multi-bag (multimode) breakup mode characterized by
a bag formed at the periphery of the droplet, while in the experiment of [4] a bag breakup was reported. The
predicted multimode breakup for the examined range of We and Oh numbers is in accordance with the results
reported in [25] and [1], which both report multimode breakup for the conditions of case 2. It should be mentioned
that case 2 has been also simulated in a 3-D domain (additional to the 2-D axisymmetric) and the qualitative
performance of this case, remained unchanged; the results of the 3-D simulation are not presented in this work.
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Figure 2. Temporal evolution of droplet shape for the cases 2, 3 and 4 (shown in a, b and c respectively).

Turning now to the quantitative comparison between the simulations and the experiments, the experimental
measurements of [4] for the droplet deformation are initially provided as a function of the distance travelled along
the direction of the cross-stream droplet motion (the reader is referred to the relevant paper [4] for details on the
experimental setup). In the present 2-D axisymmetric approach, this secondary motion has been neglected. On the
other hand, a comparison can still be made based on the corresponding experimental time needed for the droplet
to travel along the cross-stream direction. This is estimated as t=(cross-stream distance)/Uq,0; it has been assumed
that the cross-stream velocity remains unchanged. The temporal variation of the droplet cross-stream deformation
is presented in Figure 3, for cases 2 and 3. As it can be seen, there is a very good agreement between the results
of the simulation and those of the experiment. Moreover, it is observed that the temporal variation of the deformation
for the two cases is similar, although the We numbers differ significantly (54 compared to 254). This reveals the
dimensionless character of the phenomenon when using the appropriate timescale.
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Figure 3. Drop deformation as function of non-dimensional time (cases 2-3 and experiment).

The temporal evolution of the non-dimensional droplet velocity (Uda/(Ug-Ud)) versus a modified time (t/(tref\/E)) for
all cases of Table 1 are compared against the experimental data of [24] in Figure 4; the axes have been non-
dimensionalised with the same fashion as in [24]. The dimensionless character of droplet velocity is confirmed for
all cases; only case 4 shows a small deviation from the experimental data but it can be attributed to its low density
ratio and high Re number, compared to those examined in the experimental data.
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Figure 4. Non-dimensional droplet velocity as function of modified time for cases 1-4 and the experiment of [24].

The predicted breakup initiation time as a function of the We number is presented in Figure 5 for all cases of Table
1 along with the correlations proposed in [23] and [24]. In all cases, the breakup initiation time lies within the
proposed limits and decreases with increasing We number. Cases 1-2 (bag and multi-bag breakup modes) give
breakup initiation times closer to the correlation of [24], while cases 3-4 are closer to the correlation of [23].
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Figure 5. Breakup initiation time as function of We number (simulation and predictions in [23] and [24]).

Parametric study

Following the model validation, the numerical model is utilized to study the effect of density ratio (or equivalently
the gas pressure) on the sheet-thinning breakup mode, for We numbers in the range of 265-279. The Oh number
is constant and equal to 0.039 while the density ratio varies from 5 up to 700 (gas pressure varies from 146 down
to 1bar). The cases examined are presented in Table 2. Cases 5 and 6 have the smallest density ratios equal to 5
and 10 respectively. Case 8 is identical to case 4 of the validation part and cases 9-11 correspond to the
experimental conditions of [5] (not presented in the validation part since case 4, with the lowest density ratio of 79,
is sufficient for validation purposes).

Table 2. Cases of parametric study.

Case Pg(bar) Do (um) Ug(m/s) We Re Ejtf)ﬁ:g:if;
5 146 184 13.2 270 21503 5 -
6 73 184 18.7 270 15205 10 -
7 24 184 32.4 270 9297 30 -
8 9.2 184 52 264 5761 79 [5]
9 6.4 184 62 265 4829 112[5]
10 37 184 82 266 3688 195][5]
11 1 184 159 279 1920 700 [5]

Starting from the breakup initiation time, this quantity slightly increases with the density ratio, being in the range of
0.45tref to 0.70trer. Regarding droplet deformation, the temporal evolution of liquid surface area (instead of the cross-
stream deformation presented so far) for all parametric cases is presented in Figure 6; this quantity is difficult to be
measured experimentally and plays a very important role in combustion systems. After a short non-deforming period
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(0.25trer), the liquid surface area starts to increase. Up to the point of breakup initiation the liquid surface is not
affected much by the density ratio while after that point a small deviation appears; nevertheless, the 2-D
axisymmetric solution is not reliable after the breakup initiation, since 3-D effects become important.
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Figure 6. Liquid surface area as function of non-dimensional time (cases 5-11).

Another important parameter especially for spray codes, based on Lagrangian approaches, is the drag coefficient
(Ca). In order to calculate the instantaneous drag coefficient, the momentum equation for the droplet motion is
employed:

4 dU(t) Ar(0)
3Do¢ dlt Afc(t) 1)

(Ug = Ui(®))?

The temporal evolution of drag coefficient is presented in Figure 7a for selected cases. These are: case 6 with e=10
(representative case for low density ratios), case 9 with =112 (representative case for moderate density ratios) and
case 11 with e=700 (representative case for high density ratios). The drag coefficient starts from a value close to
0.4, which is the drag coefficient of solid spheres with Re number in the range 2000-20000 [26], and increases with
time reaching values close to 1.17, which is the drag coefficient of solid disks with Re number greater than 100 [26].
In addition, it is observed that the overall drag coefficient increases with decreasing density ratio. This trend can be
explained by examining each term of eq. (1) separately: Dois the same for all cases, Aro/ At is almost constant in
all cases due to similar droplet shape and the term Uq is small compared to Ug for high We numbers so it can be
ignored. Therefore, the ratio &/Ug=pi/(0gUq%) appearing in the equation, which is constant for constant We number,
results in making the term dU,(t)/dt for droplet acceleration the one that is the most influential among all, when
changing the density ratio. The droplet acceleration is larger for lower density ratios (relatively lighter drops
accelerate faster) thus making the drag coefficient higher as well. This is in agreement with the numerical study of
[14] in which they state that generally, a lower density ratio results in a larger drag coefficient.

Due to the short duration of the phenomenon, it is interesting to examine the time-averaged drag coefficient for
each case (calculated as the area under the curve of Figure 7a divided by the breakup time). This is shown as a
function of the Re number in Figure 7b. The drag coefficient for all cases lies within the one of disk (purple dotted
line) and the one of sphere (blue line) as taken from [26]. Again, we notice the same trend for the drag coefficient
which increases with decreasing density ratio.
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Figure 7. a) Temporal evolution of drag coefficient and b) time-averaged drag coefficient as function of Re (cases 1-11).
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Finally, a closer inspection of the breakup initiation time, reveals that decreasing the density ratio results in a
decrease of the breakup initiation time (35% for the lower density ratio examined). To account for this effect, the
breakup initiation time proposed in [19] can be multiplied by the factor 1/(1 + £%%) which approaches unity for
large density ratios.

Conclusions

In the present study the aerodynamic breakup of Diesel droplets under various density ratios was numerically
investigated. The CFD model was initially validated against published experimental data for Diesel fuel and
conditions of We numbers from 14 up to 264 and density ratios from 79 up to 695. The predicted breakup regimes
of bag and sheet-thinning as well as the temporal evolution of drop deformation are in close agreement with the
experimental data. In one case the model predicts multi-bag breakup regime instead of bag as suggested by the
experiments, but this is in accordance with the relevant experimental data. The dimensionless character of droplet
velocity was confirmed for all the validation cases and also the breakup initiation times lie within the limits given by
the experiments.

The parametric study performed for the density ratio (or equivalently the gas pressure) in the range of 5-700 has
shown that the breakup regime and the temporal variation of the surface area of drop remain unaffected by the
change in density ratio. On the other hand, the drag coefficient showed a decreasing trend with increasing density
ratio in agreement with previous numerical studies. Finally, a correction factor has been proposed for the equation
of breakup initiation time that accounts for the effect of density ratio.
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Nomenclature

Roman symbols U Velocity [m/s]

A Area [m?] We Weber number [-] We = p,UZ; ,Do/0
Cd Drag coefficient [-] Greek symbols

D Droplet diameter [m] € Density ratio [-] £ = p;/pg

N Viscosity ratio [-] N = /14 v Dynamic viscosity [kg/(s-m)]
P Pressure [bar] P Density [kg/m?3]

Oh Ohnesorge number [-] Oh = p;\/p;0D, Subscripts

Re Reynolds number [-] Re = pgUye0Do/ g 0 Initial

Rej Reynolds number for liquid [-] Re; = pyUye10Do/ty | Frontal

S Surface [m?] g Gas phase

t Time [s] | Liquid phase

tref Shear breakup timescale [s] t,..; = (Do/Ug0)Ve rel Relative
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