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Droplet size and mor phology characterization for diesel spraysunder atmospheric
operating conditions

V.Stetsyuk*, J. E. Turnet, C. Crud, R. Pearson M. Gold’
! Centre for Automotive engineering, University of Brighton, UK
2 BP Formulated Products Technology, Pangbourne, UK

Abstract

The shape of microscopic fuel droplets may differ from the perféwrep affecting their external surface
area and thus the heat transfer with the surrounding gas. Hemeds a need for the characterization of droplet
shapes, and the estimation of external surface area, in order to enableetloprdent of physically accurate
mathematical models for the heating and evaporation of diesel fuel sprapses®nt ongoing work to autotna
ically identify and reconstruché morphology of fuel droplets, primarily focusing in thisdswn irregularly-
shaped, partially-deformed and oscillating droplets under atmospheric conditlenssed direct imaging tee
niques based on long-working distance microscopy and ultraspigbe video to conduct a detailed temporal
investigation of droplet morphologyVe applied purpose-built algorithms to extract droplet size, velocity, vo
ume and external surface area from the microscopic ultra-high-speedfnadess High resolution images of
oscillating droplets and a formation of a droplet form ligament, gptyefactors, volume as well as external
suface area are presented for 500 bar injection pressure in the nearregizhe(up to 0.7 mm from nozzle
exit) under atmospheric conditions. We observed a range of diffeyeict structures, including perfectly sphe
ical, non-spherical droplets and stretched ligaments. We found that fagetsl and ligamentsxceedingthe
size of thenozzle hole could be found at the end of injection. In order to estimapdetikmlume and external
surface area from two-dimensional droplet information, a discrete revolotithe droplet silhouette about its
major centroidal axis was used. Special attention was paid to the estimagictualferrors in the prediction of
volume and surface characteristics from a droplet silhouette. In additioa éstimation of droplet volume and
external surface area, the actual shape reconstruction in 3D coordinates faptetsilhouette was performed
in order to enable future numerical modelling studies of real droplets.

Keywords: Spray, atomization, dropletsorphology, imaging diagnostics

Introduction

It is typically considered that a primary anthropogenic source obritaupt pollutants is the combustion of
fossil fuel in different combustion devices. Main pollutants emitted feistnally all types of transportation and
electric power generation stations are nitrogen oxides, carbon monoxideneshbydrocarbons and soot. Iaje
tion system employed in internal combustion engines is a key elemgesion of current and future diesele
gines due to a number of reasons. The introduction of the ligeld inside a combustion chamber in a diesel
engine is performed separately from the supply of air, whichegadyrpresent in a cylinder. A typical diffusion
flame is formed and the combustion rate is governed by the mixinghenause the chemical reaction time is
very short, of the order of 2-5 ms. Since, fuel is introdunealliquid state, evaporation must take place before
efficient mixing can occur. The fuel injection is a complex proces$haadeen the subject of experimental and
theoretical investigation. The relationship between the combustion proaksseaspray parameters has been
investigated, e.g. by [1-6]. Experimental characterization, i.e. the diginbof droplets sizes, characterization
of individual droplets at the spray periphery, entire spray statistics of dieaglfermation were studied, e.g. by
a number of autho§-11]. The most traditional approaches to measure droplet sizes in spgeay syere based
on Phase Doppler Anemometry (PDA)/Phase Doppler Particle Analyzer (PDRRandl diffraction-based
granulometer [13]. An important drawback of these techniqueslislity to measure non-spherical droplets and
highly deformed liquid structures. As it has been demonstrated, highdynted droplets and irregular liquid
structures can be observed during injection processed$l4Direct imaging techniques are suitable tools that
can be used to capture all liquid structures with adequate spatial resolution. Higtiaredohg-working ds-
tance microscopic imaging, which belongs to direct imaging methodseleasproved to be a valuable tool in
understanding of droplets formation and breakup processes.

A detailed characterization of droplet morphology is necessary in ordevé&op appropriate computatio
al models. The modelling of droplet collision, evaporation and ligament evohatiprires experimental data of
sufficiently good quality. Two-dimensional images obtained bgguligh resolution microscopic imaging, in
principle, can provide detailed information about a range of liquid structdesever, the 2D images are
formed of individual projected areas 8D shapes. The same projected area can represent different liqaid stru
tures in object plane.



ICLASS 215, 13" Triennial International Conference on Liquid Ataaiion and Spray Systems, Taind@aiwan August 2327, 2015

Traditionally, particle shape analgsare performed based on the assumption that particles are spherical. A

number of pixels representing a droplet shape can be determined and equiieateater is computed in a
straightforward manner. External surface area and volume of indivddojlets can then be computed analyt
cally [16]. The assumption of sphericity may not be valid for alraipgg conditions and injection phas&sir-

ing idle engine load, the injection pressure is low and high non-spheriogdétr are expected to be found. In
this work it is demonstrated that during droplet life time, the droplephabogy could be quite different due to
external forces acting on the droplet. Distribution of drop sizes in migspre fuel sprays is influenced by drag
forces due to droplets high velocity. Drop distortion andllagion result in dynamic change of drag coefficient,
which should be taken into account by numerical models.

Liquid spray droplet morphology was investigated by, e.g. I8T by using various criterions. Estimation of
droplet volume from 2D imaging techniques was outlined, e.g. &y HMn excellent overview of spray mea
urements technology is also given by [20]. At present, experimentalati&agine conditions for oscillating
droplet morphology and droplet formation from ligaments is partigulemited, which is crucial to estimating
of droplet breakup mechanisms. Therefore, the main goal of ésemqgrwork is to estimate morphology of bsci
lating droplets and ligaments during the end of injection by uss@ede revolution method, which wasgsu
gested by [16]. This approach relies on a principle of discrete revolutiom edagor centroidal axis of individ
al slices of a sliced object. In fact, discrete revolution method uses 2D intagesate 3D representation &f
two-dimensional object. The major centroidal axis is the axis, whictepdlsough the centre of gravity of an
object and about which moment inertia of the object is minimized. Fanglesigeometrical shape, such as a
long cylinder, which is represented as a rectangle with long sides on &i@simthe major centroidal axis is
along the longest side. The detailed description of this method can loeifidls].

The remaining paper is structured as follows: The next section outkpesimental setup, which was used
to investigate droplet morphology under atmospheric operating condifibes, main findings are outlined. The
paper ends with the summary of the main conclusions.

Experimental setup

The ultra-high-speed microscopy setup used by the authors at trerdityi of Brighton is described in [21],
hence only a brief description will be included here. The diesel liquid spragtigated under atmospherimneo
ditions was produced by a conventional 7-hole diesel fuel injectorl@ivith nominal nozzle diameter of
0.135 mm. The injector was mounted in an atmospheric chamber horig@etgdendicular to a light source and
a high speed camera (Figure 1). The illumination of the sprays was achigv@d00 joule xenon flashgun,
which delivered a 2 ms light pulse synchronized with a CCD camera. Ujnaspeed intensified CCBamera
SIM16 from Specialised Imaging Ltd. was used to capture 16 imageatat@ 200,000 frames per second. The
camera exposure was set to 500 ns. All images were taken at 1.0 msThBQlamera was equipped with a
long-distance microscope withnominal working distance of 95 mm and numerical aperture of 0P& can-
era was synchronized with an injection event via a programmable pulse genaijation pressure was 500
bar, which was representative of idle engine load. The injection duratioBOfass. The fuel was ordinadie-
sel fuel with no bio content BO. A conventional common-rail injectigsiesn was employed with a humber of
classical components.
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Figure 1: Experimental setup used to study droplet morphology under ph@ige conditions. SIM16 camera
was equipped withlong-working distance microscope. The field of view for the micrpsamas within 0.5 mm
from the injector nozzle.

Raw images were binarised by using a threshold method and projesdedzhericity parameter, estimated
volume as well as estimated external surface area were computed. The sphericitiepandnicd quantifies the
likeness between the droplet shape and the spherical shape, was computiadgatcBlaisot [18] as follows:
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where: Sp sphericity parameter (S 0 for spherical droplet),S, is area of the droplet images, is circular
surface of same area as droplet image centred on centred of grdkigydobplet image

(1)

Results and discussion

The accurate estimation of droplet volume and droplet external area by the diseofitéon method a-
quires accurate assessment of volume and surface area integrationntiadrare inherent to this method. The
integration errors are dependent on a number of slices, whicheatécusepresent a droplet and the diameter of
the droplet. It is convenient to use a computer generated perfectly sphetat dnd compute external surface
area and droplet volume by using the discrete revolution method. Iteaméhcompared with analytical sel
tion for the volume and surface area, which are knavgniori. Figure 2 shows eomputer generated image of a
circle with diameter of 100 pixels and the reconstructed 3D shfapé&ligital droplet’, which was performed by
using the discrete revolution method and 20 slices.

Figure 2: Example of computer generated image of a circle (left). Diameter of the circl® jExe)s. Reco-
structed 3D shape (right) was performed by using discrete revolutidrodnahd 20 slices. Note that for reeo
structed 3D shape, z-axis is always along droplet major axis.

Depending on a number of slices, the reconstructed shape can be the stimalléd or ‘serrated’ even
though, the resulting integration errors are weakly dependent amben of slices. In order to investigate the
relationship between the integration error and a droplet diameter, a sat afde<arried out on computemge
erated perfectly spherical droplets. The perfectly spherical droplets wereedbtigimevolving a computer ge
erated 2D circles. Figure 3 shows external surface area and computed vatymeational errors for a range of
computer generated perfectly spherical droplets by using discrete revoludibndmwith 5 slices. Figure 4
shows the same computational errors for the same range of comeunéeated droplets by using discreteorev
lution method with 10 slices. All integration errors were computed asvgillo

Va =V 100%
Va @)
£y = % -100%

& =

where: &, is volume integration errorg , is external surface area integration ermyis external surface

area computed analytically for a droplet of given sikeis external surface area computed by using discrete
revolution methodyV, andV, are analytically computed volume and estimated volume by discrete remolutio
method correspondingly.

Integration errors of external surface area are weakly dependent oplet dipe and asymptotically-
crease towards 5% value. The discrete revolution method tends to ovatedtientrue external surface area by
5% in worst case scenario if 5 slices are used to integrate the dropl&0 Blices, all integration errors were
below 5% for all droplet diameters. It should be noted that for a typical suimpy experiment, the scale factor
is 0.5-0.6 mm/piel. Therefore, a typical droplet would be in the range of-6(5b0 pixels. However, volume
integration errors are highly dependent on a number of slices as it caerbén Figures 3 and 4. Volumesdnt
gration errors for 10 slices were also below 5% in worst case scenariefdrbein this work, 10 slices were
used in post-processing of all experimental images. It should alsotée that higher number of slices can be
used if necessary. However, computational time significantly increaseseifabevoplets are analyzed at the
same time. Larger number of slices was also investigated and no signifigaovement in integration was

3
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found. Therefore, the minimum number of slices was chosen on a lhasiseptable integration errors and

computational time.
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Figure 3: Area (left) and volume (right) computational error (%) for a rangeawfputer generated perfectly
spherical droplets for 5 slices. Area and volume of droplets were computhitically and by using discrete

revolution method.
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Figure 4: Area (left) and volume (right) computational error (%) for a rangeosfiputer generated perfectly
spherical droplets for 10 slices. Area and volume of computer generafddtsiwere computed analytically and
by using discrete revolution method.

Figure 5 shows 16 enhanced flat-fielded images obtained using the 8IltvH-6igh speed camera. The i
jector nozzle is seen as a black region on top right: images obtained from the camera usually have very low
contrast ratio and binarisation is hardly possible. Intensified cameras armuslioknown for low signate-
noise ratio and images obtained with intensified cameras often need to beeenHarthis research, images
were enhanced by using downsampling by 2 and a median filtekevitiel of 3x3pixels. Image enhancing was
performed in order to binarise images by using a thresholding methedquality of the images significantly
increased when enhancing was applied.

At time 0 a large droplet with diameter of circa 194 um and a ligam&@#3ofim long are visible. The large
droplet slowly moves away from the injectmizzle, while ligament is shrinking with velocity of circa 2.27 m/s
(velocity vector is along the major axis of the shrinking ligament). Adiglament shrinks its shape changea to
dumbbell-like structure and eventually becomes nearly spherical ddapley 70 ps. In fact, it is hard to see at
time 0 whether the ligament is connected to the large droplet or is segaratesinall distance. Droplet shape
changes at tim@5 pus and resembles oblate spheroid and perhaps starts oscillating after tfésatite oscild-
tion can be seen as the deformation of the droplet shape).

Figure 6 shows computed volume and external surface area for iagatroplet. The volume and external
area were computed from time 50 ps (Fig. 5). No binarisation waibleolssfore time 50 gidue to refraction,
which had the same intensity as the background and hence, dropiettpervolume and external area could
not be estimated. Under room ambient conditions no evaporation takesapthbence, the estimated volume
must be constant. However, the discripancy in estimated volume reache&ig0%),(which can be linked to
image binarisation errors. External surface area increases reachimgumaat 70 ps (nearly spherical droplet)
and decreases aftéd us.

Figure 7 shows enhanced flat-fielded images of oscillating droplet of thieatnt diameter of 105 um
found at the end of injection. The most spherical shape of the drofdenis at the time of 15 ps in frame 4, for
which sphericity parameter is the lowgSt=0.052). The sphericity parameter for a droplet shown in Figure 7
and a droplet in Figure 5 is shown in Figure 8 as a function of time.

4
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"l 20 ps

40 ps

60 s

Figure 5. Enhanced flat-fielded images obtained from SIM16 ultra-high speed camages were enhanced
by using downsampling by 2 araimedian filter with kernel of 4x4 pixels. Equivalent diameter of alpear
spherical droplet formed at time TG is 34 um. Scale factor is 0.5%&/pix. Note that enhanced images were
downsampled and all pixel coordinates must be multiplied by 2 to cdmedownsampling. The ligament
shrinks with velocity of circ2.27m/s (velocity vector is along the major axis of the shrinkingrfignt). Fuel is
injected at 500 bar under room temperature and pressure ambient cendition
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time, 1S time, us
Figure 6: Computed volume (left) and external surface area (right) for a fordnopet, which is shown in §#
ure 5 by using discrete revolution method. Error bars showiti&¥gration errors. No binarisation was possible
before time 5Qusdue to refraction, which had the same intensity as the backgrodrtenoe, droplet perimeter
could not be estimated.

Computed volume and external surface area for a droplet showgureH is also shown in Figure 9. The
most spherical shape was used as a benchmark for analytical computatiduneod and external surface area.
The most spherical shape implies that the droplet projected area can be asednalytical computation of
droplet volume and surface area. Since, the reconstructed volume perfgrtheddiscrete revolution method is
not constant it can imply that there is a significant change in the stidpe droplet out of the measuring plane.
This assumption seems to be plausible, because the droplet is a 3D objesttidaites along all the coordinates,

5
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under the assumption of non-evaporating conditions. It is, therefqareaq that there is a need for dual camera
visualisation technique, e.g. for more accurate droplet shape, volumertate surea estimation and charaieter
zation of possible morphological errors in estimation of the ‘trdem@and the 'true’ surface area.
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Figure 7: Enhanced flat-fielded images of an oscillating droplet of the equivalent @éanfet05 pm found at
the end of injection. Time is plotted on the top of individual famages and shown in ps. Sphericity parameter
computed according to [18] is also shown under each frame imagendst spherical shape is found at the time
of 15 ps(S,=0.052). The absolute velocity of this droplet is circa 3 m/s. Fue]dsted at 500 bar under room
temperature and pressure ambient conditions.
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crete revolution method. Error bars show +5% integration errors. Sthaighs the volume and area computed
from the most spherical shape of the droplet for which the dropletaenivdiameter was used in analytical
evaluation of droplet volume and surface area.
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Conclusions
The present work focused on morphological analysis otldfasl droplets under primarily atmospheric
operating conditiondt was found that:

e Droplet oscillations can be significant and accurate prediction of the droplete@od external
surface area requires utilisation of double camera configuration.

e Large droplets with a diameter bigger than the injector nozzle hole camrbedf under atrss
pheric operating conditions. The large droplet was not analysed in details. Hoveesignificant
change in the shape of the large droplet was noticed.

e It was shown that it was possible to reconstruct the 3D shape otdsirad droplets by using the
discrete revolution method with maximum integration errors of 5% nstvease scenario.

¢ In high-speed video sequences at non-evaporating conditions, sphmieitgeter can in principle
be an indicator of change in droplet volume due toafutieasuring plane droplet oscillation.
However, this statements needs to be proved against more rigoqmersmental data undéetter
controlled operating conditions, e.g. by using a droplet generator angvéhcamera configar
tion.
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