ZHEJIANG  PURDUE
UNIVERSITY UNIVERSITY

Spatial-temporal measurement of fragments and ligaments
In secondary atomization via high-speed DIH

Longchao Yao °, Xuecheng Wu 2, Jun Chen ®, Paul E. Sojka °, Yingchun Wu 2

2 State Key Laboratory of Clean Energy Utilization, Zhejiang University, Hangzhou, 310027 China
bSchool of Mechanical Engineering, Purdue University, West Lafayette 47907 USA

Presenter: Yingchun Wu 7 August, 2018



Background ceu

ES Sk

Liquid atomization has wide applications in liquid fuel combustion, agriculture spray, food
processing, etc. Secondary atomization determines the final size and velocity.
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Motivation e

B Quantify 3D fragments and ligaments and their evolution in during secondary

atomization.
®m In bag and multi-mode (bag-stamen)

1 Undeformed breakup

drop .

(i)  Establish onset of secondary

: Smaller droplets  Larger droplets atomization
U pan cake generated generated ¢ Two stages: bag rupture and rim
\ stage \ disintegration

\ . .

\ Bag ( | \ * Droplet size and velocity are

(i1) growth Bag bursting Bag fragmentation Ring breakup important parameters

\ . .
.o RS * Complicated 3D rim
- o o ::‘:;:. 2
- o 0 “n::::": IOgZ/lO do
=0 O~yenyle Weber number: We=—-,
©° 9 ®e 'on:" O
(ii1) o0 Sog0 o
00s2e° . . .
(iv) o ¢ . — 9as density u, — relative velocity

—
—
—

e

Phys. Fluids 26, 072103 (2014) do — drop diameter o — surface tension
3



Experimental setup
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m A tilted illumination to reduce overlap
m Use the bag burst point as start of time
t, and origin of coordinates.

Frame rate: 20 kHz
Ethanol drop, o= 0.0244N/m,
o, = 1.177kg/m* d, = 2.34 £ 0.02mm

We = 11, bag breakup, We = 25 for
multi-mode breakup in experiments 4



Method: Digital in-line holography (DIH) i

Recording

Particles 2 * .
P Iy =|Ey+Ey| =1+ 1 + E Ey + E)E,
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Back propagation along depth position (z) 5
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Method: Particle extraction ifﬁ‘{!ﬁ

Extend edge by dilation,

variance of gradient in this
area as z focus criteria
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Method: Ligament extraction BE i S MAFE
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Steps to extract ligaments and fragments

4.25

Helical spring demonstration

Obtain edge and skeleton

Determine local section in the red box

Locate z position of local section as an individual particle
. : L 7

Stitch local sections to be an entire ligament
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Results: Calibration — A
14
Spring calibration 1192
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®m Diameter error is about =1 pixel
m Raw z location error is about +10 pixel
m Robust local linear regression is applied to smooth the z position and remove outlier.



Results: Ligament extraction

Removed outliers
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Results: Ligament evolution ngﬁﬁ

Rim/ligaments are reconstructed and 3D visualized during Sms after bag burst (15
selected frames)
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Results: Fragment extraction cey
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A magnifying lens is used for droplets
at bag burst

Bag burst:

B Small droplets (< 30um)

B 3.64X (5.5um pixel size)

B  Within ~0.5ms after tip burst.
B Higher velocity (up to 9m/s)

Bag fragmentation:

B Larger droplets (50-300um)
B 11X (20um pixel size)

B 0.5-4ms after tip burst.

B Lower velocity (< 5m/s)

Rim breakup:
B Even larger droplets (may be >500um)
B Not detailed in our study 11
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Results: Fragment size ced
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Results: Fragment evolution

m Droplets move faster at bag burst, slower at bag
fragmentation. Even negative velocities appear because of
back propagation of the bag wall.

m Velocity shows strong relevance to time and weak relevance

to diameter. The time span is too short for droplet acceleration > |

with drag force. Initial velocity plays a more important role.

m Higher magnification is able to detect more smaller droplets
but include less larger droplets. Lower magnification exclude
droplets smaller than 50um. Thus there 1s a diameter gap.
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Results: Ligament-fragment volume
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Ligament and fragment volume is
relatively stable before rim breakup.
Rim/ligament volume transfers to
fragments after rim breakup.

Total volume of about the initial
volume despite fluctuation caused
by uncertainty
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Results: Multi-branch ligaments e

y (mm)

15 F

hologram

20 F

10

15

20

x (mm)

B Ligament criteria: Major axis length > 2mm,
aspect ratio > 5 or solidity < 0.5
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Measurement of multi-branch ligament is an improvement. 15



Results: Multi-branch ligaments E-gi%
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Results: Multi-branch ligaments o
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Conclusions —

1. 3D morphology and evolution of rims and ligaments in bag and multi-mode breakup i1s
measured using an automatic algorithm.

2. With a small tilted angle, overlap problem is to some extent avoided.

3. Time-resolved size and velocity of fragments are analyzed by using two magnification
for different stages.

4. Volumes of rim/ligament and secondary droplets add up to nearly 100%, despite some
fluctuation caused by measurement uncertainty.

5. Analytical work 1s expected to explain the interesting results (e.g. multi-modal size
distribution and back-propagation of fragments) in the future.
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