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Abstract
The present study aims at characterizing the atomizati@wedter jet which is injected at high velocity into still
air thanks to an industrial nozzle particularly used irgiation. The nozzle diameter is 4.36 mm and exit velocity
is about 25 m/s. The droplet size and velocity are analyzea iguble-pulsed shadowgraph imaging technique
using a Droplet Tracking Velocimetry (DTV) method and arenp@ared with optical probe measurements. A par-
ticular attention is paid to the calibration of the imagiygtem to define the measurement volume associated with
each droplet size and to improve the estimation of dropkahéiters. The results of the calibration procedure are
then used to estimate the size of non-spherical liquid fexgs Drop size distributions are obtained by image
processing as a function of the turbulent scales of the e@strflow, as well as Reynolds and Weber numbers.
Preliminary results show that log-normal distributiongegthe best fit to the experimentally observed drop size
distributions. Moreover the ratio of the Mass Median DiaenélMMD) over the Sauter Mean Diameter (SMD) is
found to be constant and equal to 1.2, which is in good agraeewi¢h previous studies, and yields to a relation
between the mean and the standard deviation of lognorntabdigons.

Introduction

Irrigation accounts for 70% of global water consumption. @g existing equipments, sprinkler irrigation
is one of the most widely spread systems, particularly inoar It consists in discharging a high velocity wa-
ter jet into still air, which disintegrates under the infleerof its own turbulence and aerodynamic forces. The
main drawback of this technique is that wind drift, evapi@m@br inadequate material design can result in a poor
uniformity of the water application, which can lead to a @ase of farming productivity, water losses (pudding
and streaming) and eventually negative impacts on farmémggb soil (erosion, soil leaching and compaction). To
reduce irrigation water losses and improve water use dffigigt is necessary to get a better knowledge of the
mechanism involved in the water jet break-up, from the noezit to the fully atomized spray.

At nozzle exit, ligaments are formed by the liquid turbulen&erodynamic effects are relatively small because
of the high density ratio of the studied jet ([1L].J14].[15]Further, liquid colum is distorted by the turbulent
large scales[([5].[10]). The influence of aerodynamic fericereases and eventually leads to the liquid column
fragmentation, with secondary atomization mechanismslwed. A review of experimental results for large jet
atomization, at high Reynolds and Weber number, can be fouf#. The resulting spray is then constituted of
relatively small droplets issued from bag break-up andshesak-up mechanisms, very large fragments coming
from the liquid column fragmentation and intermediate gfments. The presence of non spherical elements
and the large range of size of liquid elements in the sprapfiea a limit for experimental techniques. The main
advantage of imaging, besides being a non-intrusive tecienis to overcome these difficulties. However the main
drawbacks of imaging are the detection and the size estmafiunfocused droplets, as well as the determination
of the volume in which droplets are detected. The presenkwaions at providing a robust calibration procedure
to correct the apparent diameter of large droplets. Thedastof this paper describes the experimental method,
the calibration of the imaging system and eventually thenmnsggps of the image processing for droplet detection
and size estimation. Finally the method is applied on sprages and results are presented and compared with
optical probe measurements.

Experimental method

A shadowgraph technique is carried out using a double patss illumination (Litron Nd:YAG 132 mJ) and
a 12-bit2048 x 2048 pixel camera. The camera is equipped with a 105mm F2.8 DGarlaos (Sigma) and
captures images with a field-of-view 65 x 65mm. The time delay between two successive frameé$jss. The
flash duration is around 4ns, what is sufficiently short teZewater droplet motion. The distance between the
camera and the focal plane is 500mm. Image resolution ist&8ibpixels/mm. Data are collected at four axial
positions (respectively at 550, 660, 780 and 890 nozzle eliara from the nozzle exit) and several radial positions
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for covering the whole jet diameter. Each dataset is conposB00 image couples. Test conditions are reported
in Table 1. The field of view is large (65 mm wide) and some imaggas are not sufficiently lighted. It has been
necessary to apply a circular mask, which diamé&gy, .. is 55mm, to only analyse the central and lighted zone.
After masking, all background pixels have the maximum pixale (FIG[1). Droplet sizing and tracking are
eventually performed using Matlab Image Processing Too#tmal Dantec DynamicStudio software.

Parameter Range
Nozzle diamete(d,,o.z1c) 4.36 mm
Exit velocity (ug) 22-26 m/s
Density ratio(pr /pc) 840

Reynolds numbefRe;, = pruodnozzie/ 1) 88,000 - 126,000

Weber numbe(Wer, = pruad,ozzie/o) 27,000 - 46,000

Ohnesorge nuUMbéOh = pur, /(pLdnoz=1c)*/?) [0.0017 - 0.0019

Table 1. Test conditions
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Figure 1. Exemple of spray image after masking

Calibration of the imaging system

Glass spheres were used for the calibration rather tham dwdplets to garantee a perfect reproductibility of
the measurements. Glass spheres diamégeenged from 0.3mm to 10mm, with a precisiorief—3pm. During
calibration experiments the camera and the light source pesitioned vertically, whereas the glass spheres were
placed on a glass slide on the optical axis. Images of the glalseres were taken for different distangdrom
the focal plane. A generic profile of pixel intensity valuegpresented (FIG] 2). Reference diametersan be
defined from a reference intensity. ; corresponding to a relative leviebn the profile:

iref = Umin + Ixh (1)

whereh is the height of the profilé = 4,42 — 9min; imaz COrresponds to image background (white) ang, to
the lower pixel value (dark).

Thereafter,D;_o59, Di—s50% and D;_-5y will respectively refer to diameters ac%, 50% et 75% level on
the intensity profile and we define the estimated diametehadalf-height diameteD,_5q¢,. Large objects
(do > 0.5mm) on the focal plane are correctly sized (FIG. 3), with a giznror less than 1%. However, a larger
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Figure 2. Generic profile observed for a transparent Figure 3. Ratio of the measured diameté;,_sq,
object to the real diameted,, at different defocus locations
from the focal plane, without correction
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Figure 4. Variation of objects contrast with normal-  Figure 5. Maximum Intensity gradient on objects’
ized distance from the focal plane border at different defocus locations from the focal
plane

error is encountered for the smallest glass sphelges (0.5mm), which is probably due to a lack of resolution in
image discretization process. When defocusing, objecheliers are more and more underestimated. The sizing
error is an increasing function ¢f| /d, and can reach up @%. This sizing error seems independent of the level
[ considered for the definition of the estimated diametertwbge been verified but is not reported here.

In order to limit sizing error, the classical method is toerjdefocused objects. Most of previous works
([7],[8]) have proposed criteria based on gradient andreshtvalues to eliminate out-of-focus droplets. These
methods lead to eliminate a number of droplets, especihélystmallest ones, and reduce drastically the mea-
surement volume since only objects very close to the focaighre detected. Contrast, defined by E. (2), is a
usual parameter to segregate the in-focus objects fromofefsteus ones’[9] when these objects are small enough
(do < 0.3mm). However, in the case of large objects, the contrast resratifigh values until a critical defocus
distance aiz| /d ~ 12, which depends linearly on object diametigr and drops abruptly further (FIGI 4).

imax - Zmzn
C=——-— 2
imaz + imin ( )
Pixel gradient on object border (FIGE. 5) is a better indicafdhe defocusing distance for large obje€ts [9]. A
common way to compute the gradient of pixel values is to ctvavimages with a filter (Roberts, Sobel, Deriche
operators, to name but a few). However, the result oftenmldgpen the filter characteristics. In our case, we only
need the maximum of gradient values on the borders of eaelctéetobject, which can be robustly computed as:

h

Gmaz =
K (Dj=759% — Di—25%)

®3)
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to the real diameted, at different defocus locations  (mm) as a function of object diameter
from the focal plane, after correction and segregation

where K is the number of pixels per unit length.

In this study, in order to keep a sufficient number of droplets propose to correct the estimated diameter
thanks to our calibration dataset. The correction is baseexperimental correlation betweéh_s, /dy and
gradient indicator parameter Gl (Ef (4)) which was propdsg Koh et al. [7] as an in-focus criterion for large
objects @y > 0.3mm):

D;_
Gl = K l_5o%h* Gmaax )

where K is the number of pixels per unit length.

Two criteria are employed to reject very defocused dropfeteir contrast or their Gl value are respectively
below a threshold contrast or lower than a predetermineiti Vialue. Results of sizing after correction are repre-
sented in FIG.J6. For small droplet&(< 0.5mm), it can be observed that the diameters are slightly ovienastd.
However the correction seems particularly robust sincé §i@ing error never exceed$s.

Statigtical corrections

In our algorithm, a droplet will be detected if its contrastlédts GI parameter are respectively greater than
fixed thresholds. These two limit values determine a measemévolume, which is found to vary linearly with
droplet diameter for small droplets and to reach a constngevor the largest ones (FIG. 7). It can be linked with
the fact that small droplet detection is controlled by themsity threshold and large droplets detection bydGte
parameter. Moreover, it is found that, if no criterion is b for droplets discrimination, measurement volume
is proportional to droplet diameter and detection is ontyited by the contrast drop (FIG] 4). The dependance
between measurement volumes and object sizes introdudetistical bias and has to be taken into account in
estimations of size distributions and droplet concerdretj which is done in our algorithm by dividing, in size
histograms, each number of dropléfsin size class by the corresponding measurement volume.

Moreover, droplets across mask image border are rejecteidhvintroduces also a bias since large droplets
have statiscally more chance to touch mask border than sme$. To offset this effect, each size clads
weighted with a correction factor, calulated from the ptabty P for a droplet of diameted; to touch the border
of a circular mask of diametdD,,, ,x:

P = (Dpask — d;) di/DTQTLaSk )
Droplet detection and sizing in spray images

Each droplet is firstly detected and then isolated from itsoaunding by a mask. Most often this is done
using a global threshold on intensity values. However théthod leads to bad detections when droplets with
different contrast values are overlapping or when drofhlat® several local minima in their intensity profile (large
droplets). Moreover, if the threshold level is too high, antner of defocused droplets will not be detected. On the
contrary if the threshold value is too low the backgroundsaaian lead to false positive events. To improve this
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first detection step a technique based on wavelet transfasiéen employed([1]). Once droplets are localized,
a local analysis of intensity profiles is performed both tpasate partially overlapping droplets and to determine
droplet contrast, intensity gradient and contours. TheldtadiameterD 4 is usually calculated from the areh

of the droplet shape as{[2]):

Dy = \/g (6)

However this expression is not relevant in the case of noersgdl droplets. Instead, the volume of a non
spherical droplet is estimated using a method proposed bgDet al.[[3]. The droplet shape is divided into slices
perpendicularly to its principal axis of inertia (FIQ. 8)aéh slice is supposed cylindrical and the droplet volume
V is calculated as the sum of each slice volume. Finally theldtaliameteDy, is defined as:

py = /& @
T

Major Axis

Strip

Particle
Silhouette

Figure 8. Volume reconstruction with cylindrical slices (Daves et[al)

Results

An optical probe is used for comparison with our imaging noeasients. The probe tip is sensitive to the
index of refraction and gives a different signal when it isgunded by air or by water. The liquid volume fraction
is determined from the proportion of time where the probéstip the watet ;, over the total time, +t¢ (Eq. (8)).
Moreover, droplets velocity can be measured from the rige of the optical probe signal. Optical probes have
already been used for experimental studies on irrigaticemjats and have shown satisfactory results [6].

tr
pr— 8
[r——— (8)

wherets andty, are respectively the time where the probe tip is in air andatew

Void ratio
The liquid volume fraction is obtained from our image prieg as :

(Dv.
T:ZL SMG ), ©

whereN; is the number of droplets in the size clasdy ; is the value at the center of the bin and YM the
corresponding measurement volume determined by calioras VM = DVM; * (7D2 ., /4). Results (FIGLD
and FIG[9) show a good agreement between the two measurésehntques for the two distances considered.
The vertical and horizontal profiles obtained with the agtfirobe are quite identical, which suggests that the flow
is more or less axisymmetrical. Experimentally more drtsplge found below the jet axis than above it when
gravity effects become playing a role. However in these gptiee spray is very dilute and these droplets do not
seem to be very representative of the flow.
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Figure 9. Comparaison of liquid volume fraction measurementaiat(left) and at890 (right) nozzle diameters
from the nozzle exit; the first two datasets correspond talprobe measurements (respectively on a horizontal
then a vertical jet diameter), the last dataset is obtaiyezlib imaging method
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Figure 10. Experimental droplet size distributions obtained for eliénti¥ e, and Rer, numbers and different
distances from the nozzle

Droplet sizing

Volumetric drop size distributions for all test conditioae represented on FIG.]10 for distances frf
to 1010 nozzle diameters from the nozzle. The same tendancy is\daséor all the experimental conditions
(FIG.[I0). The lognormal law (EJ_{]10)) is found to providesaygood fit to experimental distributions (FIG]11),
better than the root normal distribution proposedlby [12br&bver, this lognormal law is only parametrized by
the Mass Median Diameter since standard deviation of thelmli§ion is related to the ratio of the Mass Median
Diameter over the Sauter Mean Diameter (SMD) by Eqgl (11).s Thtio is found constant and equal t@
(FIG.[12), which is in good agreement with previous studj&g]j.

! [In(D/MMD))?
MMD
5q =2In (—SMD) (12)
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MMD = 1.2*SMD

SMD (mm)

Figure 12. Median Mass Diameter (MMD) as a
function of Sauter Mean Diameter (SMD), for the
same experimental conditions as in HIG. 10

tributions reported in FIG. 10

Velocities

Radial velocity profiles at 780 and 890 nozzle diameters fittemozzle are reported in FIG]13 and in HIG. 13.
Good agreement is found between the two methods and the sadeicies are observed. The maximum velocity
is found on the jet axis and decreased radially (15m/s ovedi@®eters) as the spray becomes more dilute. It
can also be noticed that the boundary of the mixing layer tyeached and that more radial positions would be
necessary to get a complete velocity profile.

Optical probe accuracy for velocity estimation is about 1884l is represented by errorbars on the plots.
Moreover, optical probe measurements tend to overestitaage velocities, what could explain the differences
observed near the jet axis in FIG]13. The differences oleskfar from the spray axis are attributed to a lack of
events in these dilute regions since experimental datdnéset radial positions are not always well converged.

25 25

A Optical probe 1
20 A

o

Optical probe 2
DTV

U, (m/s)

-10 0
T/dnozzle

10 20 30 -10 0

T/dnozzle

10

Figure 13. Comparaison of liquid velocity (magnitude) &0 (left) and at890 (right) nozzle diameters from the
nozzle exit; the first two datasets corresponds to optica#b@measurements (respectively on a horizontal then a
vertical jet diameter), the last dataset is obtained by maging method

Summary and Conclusions

An image processing technique has been developed to takadobunt the dependance of the measurement
volumes on droplets diameter as well as corrections of tpargnt diameter of unfocused droplets. The technique
has then been applied on an irrigation water jet and has hemessfully compared with optical probe measure-
ments for liquid volume fraction and droplets velocity plesiat two distances from the nozzle. Results show that
volumetric drop size distributions have the same shape andbe correctly represented by a lognormal distribu-
tion. Moreover the ratio of the Sauter diameter (SMD) over thass Median Diameter (MMD) is found to be

7



12" |CLASS 2012 Shadowgraphy investigations of high speed water jet atomization into till air

constant and equal tb2, which is in good agreement with previous studies, and gitdda relation between the
mean and the standard deviation of the lognormal distogti

The validation of the axisymmetric assumption is in progrbg getting volume flux distribution using a
mechanical patternation technique.
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