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Abstract

Project code : MRG5680145

Project Title : Determination of Local Drop Size Distribution and Concentration of
Hollow-Cone Biodiesel Spray by Applying the Maximum Entropy

Reconstruction Technique on Laser-Diffraction Data

Researcher : Pisit YONGYINGSAKTHAVORN

E-mail Address: pisit.y@eng.kmutnb.ac.th, pisit_y@hotmail.com

Duration : 1 year

This research aims to determine local drop-size distribution and local volume
concentration of a hollow-cone biodiesel spray by using the maximum entropy (ME)
tomographic reconstruction on the laser diffraction data. There are two main parts of
work. First, an algorithm of the ME tomographic reconstruction for local volume
concentration is validated by using hollow-cone pressure swirl atomizers. Second,
biodiesel spray from such kind of atomizer is studied and compared with diesel spray,
the effects of biodiesel heating is also observed.

The results show that the algorithm works well. The local volume concentration
is found to be zero at the center core of the hollow-cone spray section, implying that
there are no drops. When applying the algorithm for biodiesel and diesel sprays at
temperature of 30°C, it is found that the biodiesel spray has coarser drops at region
between the center and the edge of the spray section due to its higher viscosity. While
the volume concentration tends to be lower at the outer region of spray section,
because of lower centrifugal force of flow and radial velocity of conical sheet. However,
the spray characteristics of biodiesel is closer to that of diesel spray when biodiesel is

heated up to 55°C.

Keywords: drop-size distribution, volume concentration, hollow-cone biodiesel spray,

ME tomographic reconstruction, laser diffraction technique
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3§Lauimflgaqﬂvl,éfgﬂwvwmuazmaaumUlﬁaLﬂsﬁLLuuawmmﬂs:m‘n%ﬁﬁ@T@maUL@&J

= r=| s 1 o U L= 6 'y Qs
W 9UTELANLA D I@Uﬂavl,ul,ﬂygﬂmmlﬂjmaaunumﬂmLLuuaummﬂszmw%mm
AT38NA29 (Hollow cone spray) @9numInagauinatanisaiwimnauaisisiaulnsd
gaq@ﬁ‘umﬂiﬁwuawmmﬂi:mw%ﬁw‘?@maUﬂmﬁdlﬂumuﬁmaulﬁ] WWarinlwnng
w”wmmﬂﬁﬂmsﬁﬁmmﬂé'mﬁ"’sU’?%Laﬂmﬂqaqmad Yongyingsakthavorn et al [19, 20]
a &/ a ° o o v @
ﬁmmaugizﬁmnmmu TagMINAFaUINARANIIF I WNAUNLRLTETRINAANITI8NE9
mﬁlxmmmﬂhUmmaaummgﬂﬁawamﬁmwwﬁu‘*ﬁwﬁaﬂ%mm o dunisla 9 Nle
° v  Aad o A A ' A &
ﬁnﬂﬂﬁmm@aummmauimflgdq@"l,@ LuaomnmmLaau"lmw:"luwmmﬂmagma
naniaaaIslsed uananiiIAaAINNAURYUIU (Pressure swirl atomizer) NilaulT
qumamﬂﬁmm (Industrial burners) gaulnajiduaidsdlszinnunindaansronads
E%Ws%'umﬂﬂﬂatzmn%ﬁm‘”@ﬂmmﬁm:gm‘hﬁ'@hnﬁlﬁwuﬁumemmﬁﬂwhﬁfu I3
Qma"’nwmwaamﬂssﬂuiaﬁLﬁnaﬁ"l,@i”mnﬁ”’gﬁ@mqm”umg‘mmmuwﬁm”@ﬂmUﬂmﬁaLflu
Tayafiinnudaylunsiamndsininwnsenndld

1.2 JanUszasnvadlasinig

LA EMINMINTTANLAIBIVINARLALRTAN T HTWTIUSHNAs o dumsisla g vos
a3 luladimarfianiinaalsuninniansionadd laaldinafiansdrwianauernis
Lauimflqaq@ﬁuﬁagamﬁmnﬂ']si’ﬂﬁaslfi%ﬂ'mﬁymmmaal,m

1.3 dyzlomifinnadnezlesy

1.3.1 mﬂﬁﬂmiﬁwmmﬂé'uﬁay?%'LauIﬂiﬂqaq@ﬁvlﬁw”@um‘*fw,ﬁammimzmaJ
AUBIVWIARLALAZANULTNTEIUTNNAT i Funikslag anunsals laanuamdsduuy
WINAANTILNA

1.3.2 M1W1307N1IATIAROUANNNADIVRIANNTUTITIUTINGT 1 druna
lag ﬁvlﬁmﬂmﬂﬁﬂmiﬁwmmﬂé'uﬁaﬂ?ﬁﬂﬂﬂiﬂgdg@

1.3.3 lddayaqmansuzvasmdiuladion o duniiilag Aleaniadania
sunywInLLUninanIunaninsldaiauninas munsanmufisanuuaneg
PBININTLINLAIVDIVUIAREALALANITNTWTIUTUNAT i dunisla g aelusisd

2
v = =

magamwﬂiﬂwﬁ@i 29O NUULITURIKNILAZLAILHIBE1NIN



UNnn 2

ad d @
VIE]‘]:}QVILT‘IH’J"]JEN

lwnuddsiazndningujinsiiunsiaguansussssdsdainimaiianis
LWAEILUUVBILES (laser diffraction technique) kazinafiansdiwianaualsdsiaunlnsd
LN (Maximum entropy tomographic reconstruction) LN EMINITNIZANLAIVDIVUNIAV D

auMAUATAMUTNTY o dunibila 9

2.1 mﬂﬁﬂms’j’@mmummgm@@”’gﬂ%%ﬂﬂngﬂaLuumadLLaa

uTENuIaITuduaaJiuudsnna (Malvern Instruments Limited) 16 W e w1
ﬁlaﬂizﬁmﬁu Malvern Spraytec ﬁl‘*ﬁwqwﬁmaaaanwfﬁ (Lorenz-Mie Theory) lag
ﬁmsmwmiﬁ'ﬂmmaoumﬁmwﬁﬁﬁﬁgwmmﬁﬂ (small-angle forward refraction) @28
wenwileannsABILURYBILEY (diffraction) ﬁdmminiﬁ“@mmwadagmﬂﬁl"l,&iﬁuLLm
"L@Tazhagﬂﬁaa faﬁwﬁ'@maaﬁaﬂﬁzﬁuﬁﬁ fla n137aluuwlii (line-of-sight/path
measurement) mmmi’@mimzmﬂﬁ’maomm@maaagmﬂlml,uﬁﬁ (line-of-sight drop
size distribution) LazANNLTNTWIUUWKITA (line-of-sight concentration) i we'ls
F1N1IDTANIINITINLAIVAIIUIAVEIORNA B A1unala g (local drop size
distribution) wazANMTITUIEIUTNIAT 1 dunibsla 9 (local volume concentration) b6t

mm%’;aaﬁa Malvern Spraytec Usznauaie tataasialaa (Laser diode), LAWF
(Lens), A1AIITUNITNIZLIIVDILE (Light scattering detector) %oﬁ 31 2unInlalaa
(ring 1 — 31) WAz 1 AIATIVIUANRIVBILALTES (Beam power detector) (ring 0) @T&gﬂ‘ﬁ'
2-1 wnasifauaaduiairasdszinn HeNe (1-mw) Afgr90uINaWTINAL 670 nm
lasfauwraidurrgudnarsvasiaigasivinny 10 Hadiuas Lauafﬁslﬁﬂmauﬁ’?vﬁw{
(Fourier lens) d1aud 3 vuraliidanld Aa aua13lWAE 100 mm, 200 mm was 450
mm laga1u1I0IAIUIATBIBUNALALUTII 1.9 - 231.27 um, 3.8 - 462.54 pm Uz 8.56
—1,040.72 pm MUAGL BATINNIFNAIENY (Sampling rate/ data acquisition rate) §Ig@
fswsniald da 2500 Hz

%ﬁﬂﬂﬁﬁ'mummq@m’%iadﬁaf: Ao Lfiaap‘l,mmﬂﬁiauﬁmuﬁmm agmaﬁﬁmm@
Imy'a:’l,ﬁ;qmmaamim:lﬁwamaaﬁaﬂﬂ'j']agmﬂﬁﬁﬂﬂdw MlRrINTaLENLEZIUG
2030unAle laslaudW3iuT (Fourier lens) ﬁ]zﬁmﬁwﬁ'i’mLLaoﬁﬁguns:LﬁaﬁLmﬁuM
szawlilusuninlalaaidoaiu nmanszasdivessweeynaniansasilsdaunsn
A5 18a1N NN 929 B IANNTULEILUGIATIITUNITNILIIVBINES VI TinI1a
T wSslSunasaunsndualdanenserInua Ly (light transmission) 71 lda1nn13
AT UURINEINTINIUANAIVOILALTES (ring 0)



Malvern Spraytec M@AINNINTLNAIVBIVIIAREAETIUTNNAT T DN T W E 9

A % % [ %
I8¢ (spatial volume-based drop-size distribution) TINAMUTFUANBTNLANMULTUVDIUE

v
%

Nzl 39ia ld lugtaumslaisaiiias (discrete form) asds

I(6) = CxV(d) (2.1)
Scattering
) detector Beam power
Atomizer (ring 1-31) detector (ring 0)

spray
Beam focus and

Laser beam / pin hole
\‘/ Droplet Fourier lens
~
-~
-
~
Laser Diode

319 2-1 dutaznanvas Malvern Spraytec

laafl 1(0) Ao dranuduusINniziianaymanialduuaanTadunINIzIT I8 Iuas
a & 1a € & al Aa A @ A a o
losdinudTiosidugdnininnuusandyunszidarinussuwsuniunialalaatdoanu
C A Aarigun1IdIHIu899Un Tl (Instrument transfer function) V(d) Aa ANda&IL
\H9130107 (volume fraction) uaz d Aa LEUHIUGUEINAIVBIAYAA
#aNaN% Malvern Spraytec 81313030 1ANNTNTHIuLWIAT lelaaltngvas
eosuaudssasauns

T = e—(l.SCVLQ/D32) (2.2)

A A ! v o a |a . A Aaad
lasfl €, fia A1ANULTNTULTIUTUNAT (volume concentration) L Aaaanuanlwuuiitin
agl,mﬂgﬂdammﬁamama{ (optical path length) Q Aad1UszENTAWBINIINILIILRS

. . .. A @ . & a &
(light scattering efficiency) D;, A8 LEUNIABLINANILRNLVDITALNDT (Sauter mean

diameter) uaz T Ao ANRINIUVBILES (light transmission or transmittance)



2.2 MIFUIUNALINENINIINIZNAIVBITUIAa%MA W dunisla
MmN unAlANIINNIANININTZNLAIVBIVINADUNA Db AR
la 9 ldnnmsiamInzansdzesmazasewnmaliuwddi dymuuuiisonindynm
Inluns1Wn (tomographic problem) lunsdiuasn1TiaamdsgNIANNFUNIAT (K009
a : o A o o A s & v @ o
auyATIwIENINAT) A93UN 2-2 mansnmyiaissaTimilarasmihdasadldlasls
I a & o & & o <
e ingasialaaianseninyagudnanslddivevvasmuadidudimau N ass

{ L™ v & A v Qs
Eﬂﬁ 2-2 MAWLEAINNTIAGIE Malvern Spraytec AanaanIInksvaIntnaailss

v = 1 EZ = 1 L { & v
lagnrinaauassilsdazginisousaanlatidn N 8 @agﬂﬁ 2-2 F3Usznaualy

o y&/ 1 v ] v
N-1 2JUAIBURS 1 LABNAT "iﬂ%']%“lla\‘i’mLL%’J%ﬁ“lJ%E]Qﬂﬂ"ll%ﬂ@l,a%&l’]ﬂ%gﬂa’]d"ﬂEl\‘iﬂuﬂ

damuIduaznadurguana1s O vadaimas mﬁm’éuﬁuﬁg@guﬁﬂma ™ FIURU
vy lWeadumnile y, Avavvasslss @T&gﬂﬁ' 2-3 lagszpziieszninigaiaudazyaiian
WAL ALEWHUAUENANVBIUFILALTDT

lun1ImINIINTENeaaIIMIaRaa t dunrila g azldinaian1sduinay
AUNINTZANLEITBIANMUTNLEINNI2591wuna3E (line-of-sight scattered light intensity
distribution) 7,(y,_; ) vulalea j" 28362039930 Anuduuaeninsz Feluuuda gine-
of-sight scattered light intensities) ﬁfﬂvlﬁmﬂmimmuﬁﬁmu N ﬂ%ﬂﬂ%ﬂﬁﬂ@y@“uaﬂal,ﬂiﬁ
Lﬁmr‘fm:gﬂﬁnml"ﬁﬁﬁmmﬂﬁummmLﬁuLLaaﬁmzL?}d ™ funila downilaniae
311817 (local scattered light intensities per unit path length) I(r., ) 31%2% N A1 Ut
laloatiu 9 anuduussinszissluunddfanusunniiuanuduuasfingzde o

dunila 9 vulalaajlag asd

1(y)=2>"LJ,(1), i=103N (2.3)
k=1



zﬂﬁ 2-3 MwnswlsntinaasiUsdoanduisunin

A A aa A @
laef L, Ao anusnaluuwidi Gemilaann

(2.4)

guNN (2.3) Lﬂuﬂtyﬁﬂﬂwoﬁwuiﬂiwﬂsﬂﬂﬂﬁag}'lugﬂmamwmﬂmuu@fﬁﬁﬁo
(first moment) Tagfl 1,(y,) ldanmsiauaz I(r) AodaudslinTueiazinnmisae
’?%‘Laﬂmﬂg\ﬁq@ (Maximum Entropy solution method) [19]

Tumsmeanutuusfinszdsdanisniasanue w duida 9 laoldas
L@%I‘Yliﬂi;!%!@ ANUTHLEINNIZB s anilantingauBIN LA r (ﬁlzgm%'ﬁﬂdwmﬁ
k™) 3zgnIuaminaduaania (microstates) AdsznaudpsuIn Z, uSanidawia ol

Wi (@9 1, (r, ) = 2,81 ) waninvaseaudslinnuenda

N
1,=>1,@r) (2.5)
k=1

-
.



J 1 [ ni A o 3 [ ] . .
Faagluztvesdiuisgania lasd Z Ae $1uiusinvesufian n3danga (combination)
289 Z, uRanlu N LTas fe

Z,!

J = szk!

C (2.7)

a 7 1 ad . Qs ] =3
Lauimflgﬂumulmglugﬂm 8988N130% (logarithm) BaIN1TIANFUVAS Z VRSN

11 N 1188 aNUINNITAI%h

AR N
S, =log—~ :—ZijlogZi (2.8)

[1z0 = Z,!

MNuulEITanTud (Lagrange’s method) vasaagnk (multiplier) % uaz B azle
WInTUaauLanfin (objective function) G, fa

N N N _
G, =5, +7J(szk —ij+2ﬂg{22@kzjk —Ij(yi)j (2.9)

k=1 k=1

i=l1

las I ldgnmudhiudaguainaiud (Lagrange multipliers) 3 3ntiuna1giga
L% = & v L o v
lawauwusaad G, 1isunl z, S99zldann1szesdiuds z, S N auns gariieas
ldfnavvasieulnilgigade

N
exp(2z BiLy j
=

2, =Z,— . (2.10)
Zexp(2z ,BU.Likj
k=1 =
wialuzivas i(r)
N
exp(2z ﬂijLikj
1(r)=1,—— (2.11)

Z eXp(Zi ﬂijLikj



| x> ad o S ~ A s .
A1 I(r) eunsaun lalaslraana3tudwimirvasdinud (Bevensee's Iterative
Algorithm) §aviemIN1INIzNBdIaITWIaTataMANd Ul r la9 InanuTnug

Ansz139 o dunibsla 9 uulalaans 31 lalaandunis r ldenule asaunsn (2.1)

2.3 MIFWIMNALINEMIAIAN T NT W TIUT N0 o dunilsla 9
AtnsdwisnaudinIsieulnsdgegaaansnianlinanududi o duni

lo 9 lddroguidoann laorialddn1989nIuuas (Transmittance) 813 NFagIu

AMURUWHDIVDIAUTUURIRAINIUAINN (7, ) FaanUTULaInawuwaInans (1,)

AIRNNT
T=_ (2.12)

=) 6 A6 = 1 = v
NJHVBILUHUIURNLUITRINNIDLVYUD Qluangﬂma
I, =1,e " (2.13)

H % a Q( v Q 1 %
Tasn K Aadndutsznniganiu uaz | duanudinuasnddkudinasnnued L
s‘ﬁommmLﬂmuaglugﬂ'ﬁﬂﬂlugﬂSuﬁmiwvl,@i”ﬁa

—_[K(s)ds

I, =1le" (2.14)

—InT = —ln[l—Lj = [K(s)ds (2.15)
1 L

0

laodn I, uaz I, 1uwd1n3alaa1n ring 0 vo9LAIada7a Malvern Spraytec 1w

a A & a \ o a % a )
ﬂim‘ﬂaLﬂiUNﬂ’J’]NﬁNu’]@i ﬁ’nﬂiﬂL"]JU%ﬁuﬂ’]ﬂiﬁlﬂuaﬂﬁmzmEl’Jﬂ‘IJmm’]‘J‘YI (23) VL@

o))}

3l

I?(yl.)=2iLikK(rk) i=10JN (2.16)

k=1
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{ (=] U { 1 { &
aun13f (2.16) iudywinedulnlunn@innedlugdvasaunisluwudnn
. A 75 A @ a a% A Aaa AN o o~
(first moment) lagfi K.(y,) fa mauﬁszammi@@ﬂau‘luumm “GD1ANNNTIA” LAY
A . a af% A o | & @ \ oA o o
K(r) fia ArdulszEninnsganau m dunila 9 uaudslainuainazdasrinnim
I@Ulﬁmﬂﬁﬂﬂ']sﬁ']mmﬂﬁbﬁ’;ﬂfi'ﬁ‘l,auimﬂgaqw”&ﬁmhamuéhﬁwﬁu alaen
L a QGI o 1 v 1 v v =) a o 1
sudszAndniiganin o dunidla 9 uad AU TuTwSIUTas m dunidla o

mmsnﬁwmm"lﬁmnaumi

_ 2D32,k_K(”k )

(2.17)
30,

v,k

A =) 1 A 6 o 1 - A 1 a a
lasf D, A AnsalafoTaines o dunwsla 9 uaz O AedUss@nFanwasnng
N32LIURILARY (mean light scattering efficiency) (gimauﬁmLﬂmﬁuvl,@”l,mmiﬁ'ﬂﬁau

wihit [20])
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= s
ICbUHUIDTINY

mu?aﬁ“ﬂﬁﬁi‘@qﬂizmﬁl,ﬁiammim:ﬁnmﬁmawm@%Umm:mmm]”m]”m%d
USu1as o dunsla g vasaidsdluladiarianinaalsumiwniansianard lasls
mﬂﬁﬂmiﬁwmmnﬁuﬁaU?ﬁaﬂmﬂgoq@ﬁuﬁagaﬁ"lﬁmﬂmﬁ@ﬁaﬁ%mnﬁymmumao
was lapanisiaansaudsaantaidusasdrunan fe (1) MINTIIFAUANNDNADY
maaﬁana%%waomﬂﬁﬂmsﬁﬁmmnﬁ‘uﬁaﬂ?%‘LauImﬂgaq@Lﬁiammwmﬁwﬁm%a
USunas w drunsisla g lagliidannuaunywiniuunindansianaid (Hollow-cone
pressure swirl atomizer) wﬁ”amﬁaﬁﬂmgmé’nwm:maomﬂssﬁ'}ﬁvlﬁmnﬁ"aﬁ@ﬂs:mwﬁt
Lae (2) msﬁnm«qmé’nwmwaomﬂiﬂﬂaamaLﬁ"aLﬂ%'ymﬁwﬁumﬂiﬁmadama
nmga@Naﬂs:wumﬂmmﬁ'wqmﬂgﬁmaa"luiaﬁl,sm

saiwitanluuniieznanafa aUnInimInanad mnagouiiiasdmfaniuuy
LAWNNTNARAINLRUNZEN LAZT18LE8aNTNARa92091ATIN1T398 T9tlsznaudas
1) mﬁ?mnaaumwgnﬁawaaﬁaﬂa%ﬁuLLazﬁﬂmqmﬁ'ﬂwmwaamﬂsﬁﬁ%ﬁaaﬁu WAz

=2 o A A = a @ & a
2) ﬂ’]iﬂﬂiﬂ’lﬂ‘maﬂﬂmw ﬂ\jaLﬂiﬂUIﬂ@Lsﬁa WaldSsuineunusLUTgU0IaLDa

3.1 auUnsainInanas
3U7 3-1 usasgUnininldluniinaaas laviigunsalnan de szuudaiiau
\TBLWEY LATBINBTAIUIANEA Malvern Spraytec LATWIRAANMNAUAYWIULLLRINGA
NIIENA
Nitrogen Pressure  Temperature

tank vessel control Malvern
Spraytec

XYZ

XYZ translation
translator
control box

Electronics interface
enclosure

Computer

517 3-1 aUnsainlslunimasas

U 9
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Tassaanldlusnisoiiiiniidaina Monarch AlEdwsuvwauigule
NAgaRIMNIIN (Oil Bumer Nozzle) lanfintihaanstunaiszfia PLP uazPL diuaadlu
31]"7'1' 3.2 vwapasradanltlunInasasizwia 2.25 GPH wiaunaaeudatalus lags
PNALFUAUAUENA198I308TATVBINIAA 0.420 mm §KATU PL Uaz 0.415 mm §1WIL
PLP (a137991 3-1) gﬂﬁ' 33 ugnIradauazsIndTEnauais g vasaiansasiiads
Usznaudan @ansad (filter) dadaa (locknut) UK lnanyuwIn (swirl disk) LazaInIa

(nozzle tip) lasfiuumavaiurnlnanywindszla 3-4

ﬂ“?'i 3-2 31JLL1J1J%1«L’]<§]@?(L‘1J‘§EJ“IJ§NWJ%@ Monarch 1@ € (Spray patterns) [21]

P ] & a o A
§17139N 3-1 "llu’l@]Lﬁuw’]uﬂuﬂﬂa’ldﬂﬂiﬂ‘ﬁ‘ﬂﬂdﬂ’sﬂ@]

#I12a mmméfumuquﬁﬂmaaa'%ﬂﬁ (mm)
PL 2.25 GPH 0.420
PLP 2.25 GPH 0.415

nozzle tip

swirl disc

locknut

filter

El]ﬁ 3-3 muﬂ?ﬂamjadmmmm@u%ummmuﬁu’m@m’sanma Monarch
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P38 @305
. 30°
40°
9 b 2 Ly
& —
g 3 | |
o ()
o l_o2s ]
785 Q7.5
PL PLP

zﬂﬁ' 3-4 urwlnanywIn (Swirl disc) 289%23a PL uaz PLP

o [ A Aa o p.qf v g’ ?; v A ? L
ARITLVAILRAINAROUN M LI u Tz nauay 111 unaLra waziinuwiula
AL R T@Uﬁ@)‘maw‘”ﬁ@”\‘iLLa@alu@lw*mﬁ 3-2 maammmaangﬂmsﬁ;agluﬁaﬂaﬂué’u
(Pressure vessel) LLaxgﬂﬁ@I@ﬂlﬁﬁ”’léﬁvluimwué”@ﬂmm”u (pressurized nitrogen) s
HIWIZULYIaLaTWIAAANNAURY Wt mmé’ﬂumsﬁagnmuqﬂﬂﬂl"ﬁ’néﬁvﬁu (Needle
valve) LNada LU TV IVBILARINATOL A bLIIA DOMANAVBIVDIARINAFDLEINNTD
mu@]u"l,@i”ﬁa BTANILANY NN AL TANINAIIWTEU (Heater and Temperature controller)
dunialunsiavesadsd (§2n Malvern Spraytec) aansainualdlaslizaniugu

AMILRAUANLUILA XYZ LAAUFILAUIVAIRN AR

& a a A A & A A o
azaawsJ@1mﬂsmQﬂmmluummazmaauwmuu,aaLmsﬁaimaamsaaua’m

[ J % 1 1 a a
Malvern Spraytec 4431 3-5 ﬁmﬁmmmaumuﬂuﬁﬂmwaommas‘mmu 10 mm USua9g

&a ¢ A A A A aA &
YDILRILALTASNREARLDAIRLUTILAROUNEHIUAD measurement volume TI9LLANTUAY
downstream 3NNNNINILINLVDIALBDIFYSE Laua??w“‘%m{ﬁl“ﬁﬁmmHWQIWﬂ°aLVi7ﬂ°u 200
mm mmsm"’mmmaaagl,ﬂ"mvl.@”l,wﬁaa 3.8 - 462.54 pm Im@miﬁﬁmugn@”\nﬂmmu
FLASH mode 1818130191961 data acquisition rate ldg4ga 2,500 Hz lagluniyiaudaz
A3920391WI8 R lan e 1INy 1,250 Hz M*’ﬁ’ms:ﬂ:L’Jmmaamnﬁuﬁaya 1 3%
PUILANINIUANTIA 1 A39 azﬁﬁagaﬁ'@mm 1250 o3 LN ANPA AR IVBINANT

70 lunmasasazeasmlsdazgnaniiudioszuugayinianiandiniad (vacuum

v ]
a s 1

system with filter) idaAsaginuaava¥I2a03zUN 3-5

@13719N 3-2 Qmauﬂ@moﬂamami{maﬂmmaamaavlmamaau

2

o o A a
ATFNLIG e Alra luladiaa

ATRANLA (-) 1.333 1.46 1.45
ANuna @30°C (mm?/s) 1 3.37 5.65
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3.2 MINAFEULT IR W LULLHHNNTNA R BIRLANZ TN

RIBUINVDINWIY AB mimaaaaummgnﬁawaaé’aﬂa%%maamﬂﬁﬂmi
ﬁwmmné’uﬁaﬂ?%'l,auimﬂgaq@Lﬁiammmﬁuim%aﬂ%mm ™ funila s lagande
aulstwinaanonalsuasldindusesnainasey wadafldas PL uaz PLP N3
@'m'q]aauwawugﬂﬁaaﬁawﬁ'ﬂiagaﬂaﬂuL“ﬁwﬁm%aﬂ%mm % GUAUIATINANIVBINHNG R
mﬂm‘I@ﬂmllm’%ﬁw‘i'@ﬂmﬂﬂaNmsLLam@im‘”\mﬁmwhf"ﬁ_lgluﬁ fo lifinoamusedly
VI UATINA LLazLﬁialﬁmsafmqﬂizaaﬁ@”\mdnﬁi‘wLﬂ%ﬁ@dﬁﬂﬂwmaauLﬁﬁaoﬁuLﬁ‘a
RILUULNWNIINARBY (Experimental Protocol) ﬁmmzau

2

nMsnagauLiladdulNann protocol AINANTUABAIY NTEIEAINEUTEIN 0

walla PLP iNadaingminamzassiliduuunnenailasldanududa (AP) asud 1
bar £19 13 bar lasldndasrnugl Nikon DSLR D7200 waft lauaaslugdf 3-6 laswudn
MIUANAIULL conical sheet TadmtlsdntnaanTenaMRin IWan IRl awnualss
RINAANITILAN (Solid-cone spray) Nuaad L3lwauis8as Poojitganont [22] WazriIde
fiduulay Lefebvre [23] nd1afia L3UW@HI9N Onion stage Tugd n) lug Tulip stage
A A ) & . ~ v ad o & o
luzd ) ialRuAMUAUUINTY conical sheet Hn1TuandIATuaIzl a) Liaauaun
o . ¥ . » L e
W uuazuInnindszunm 7 bar 3uld wudisdsdinnsnawiagai@un (Fully
developed spray) @alu3y 4) 9) uaz &) annwdeilisuisavesdunsionalle
o Y & \ a Aa ¢ A a & a v &
usagltuasiarasaadsinm (LS mninsaridsdaclureFuasvadialTasnizidslninm
sunaiannnaimeiivmalngiiunisnanvemidasidsd 3eldasdinindi naw
& a 4 & A A o o A
natuiiaNle aaaaunwnasadailsd nIalNeIU19TzasYaIRINARvaIRILTEIN1
> ] 3 l =3 a J { a 0/
PNNAAATNY 8819 15RAN NTIENAIAITIAAURNLSII M downstream BAIINATUAN

> . o A i 2 o , '
@1784 Conical sheet lunoa aaNAUlUIUN 3-6 9) 9) uaz &) Tad1UnIN sheet wan
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o . a [ [y o o A = <
a1 dunrea (primary breakup) 38USBELAR azagmaﬁnﬂﬂmﬂmoﬂ@"l,um 10 mm 27N
= v a o = = ' = A ' o a
lasunanardanuaalunaidunoalan agglafaunizos z = 10 mm WidanIda
1 6 Y (3 ai =3 a o s L% a o Rt v ad
wmﬁmﬂiﬂwmmmaﬂmuvl,ﬂmmumﬂmﬂﬂuﬂmimmmﬂaummmauimﬂgaq@
o & o [ ' =< v A o A
FIUFIALTTIUIA 10 mm V89 Malvern Spraytec GIELAANARINGET? 29ldaanIan
Jz81z z = 30 mm ¥199NKR2Aa PLP 2.5 GPH lagldanuawiasiisdivinny 10 bar b

nINeasay

2) AP = 10 bar 2) AP = 13 bar
gﬂ‘ﬁ' 3-6 NMINAIWIVBIRLLTHINNKAEA PLP 2.25 GPH
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a @ o ad v & R &
31]7] 3-7 LLa@NLLN%NGﬂ’]i?@IuLL%Q?ﬂ@QULLa@LNLGﬁaifﬂuq@ 10 mm NAwIaaRLU T

]
a [

Nagri1991niada 30 mm lagvimMaiaaaunwizni () Lﬁlamm@@ﬁoﬂmﬂﬂ{J'wamao
wihdasdsd lasgadaudazaaranurinuawevaiaisas 10 mm iaﬂaﬁi'@vl,@”luum
Atzgnihandwimnauldlddays m druniisla g lagldviusniusznidudiouas
MUTN mmaumm‘luummenaamﬂsﬁmmsng"lﬁmﬂmsm%‘wﬁﬂuNaaaaﬁmﬁ

Atomizer

Malvern Laser beam
W =10 mm

z=30 mm i /

gﬂﬁ 3-7 WHNBHINITIAMIELFILALTAT 10 mm N1328s z = 30 mm

AMINTZAYAIVBIVWIARUAUAZA1AN AT NTULEIUTNAT tu Funsiela g vas
;uilyel Qﬂﬁflmmm"l,ei”ﬁrmmﬂﬁﬂmiﬁﬁmmﬂﬁuﬁaU?%‘Lauimflgaq@ aun laasulyly

Tuunn 2

lUN1IMINIINTEN LAV IVMIAREA Th Funkila g laldinaiansdwinay
o @ A ' o % A a aa 7
nuaudsiidudinminszansdivesanudnuaainazndsluuwiia (v, y) uulalaa
«th s a I A v A a FL AaAd o VLq/ o
" 29907032930 laaNaNUTULEINNTZITIlBUWIINNIA LANNITFUNHWITWIN N = 4
ansuunthaavasmlsdiduanugnihanlddumnsuiianidianuduuasnnizids m
N A ¥ . N 4 . .
duniila 9 denfaniignusn MNBUINANUTULFINNIZIEY B dunsla 9 de

ﬁ ] o 0/ a a o '

NI 8AN A wIMRININIZNE A RealTIdTINaT B dunisla g
(local volume-based drop-size distribution) an wqwﬁmaaaanwﬁﬁ (Lorenz-Mie Theory)

{ { é a w g { L 4 =
EuMIN (2.1) luund 2) Tsnuispitlalslusunsufninuiaiasdiaia Malvern Spraytec
Hodwrns lasmsiiud (Import) Taya local vadusinIzisunlalon 1-31 ldnacazUn
3-8 lagwuinassduniassnansesntnaasilsdldiduniionais uaziinisnszanuen

A . = " a &l PN .
Taﬂﬂ]uq(ﬂ'ﬁU@ﬂa%luﬁ')\‘]ﬂlaﬂﬁU@Tuq@LﬂﬂvLNLﬂu 12 VLN@]?@% aLﬂiﬂNTuq@maﬂ'ﬁU@‘ﬂlﬂm



17

J di di o 1 nl' % s 6 & [ Qs d'
INANLaLRaUG LRI 8N I AT LVBIRINAARLLTE TIREAAFDINLIWIAREALRALLUL
sainas o dunisla 9 (local Dyy) Tzl 3-9 lavwuransaiady Diy, dudrouns
o > A A o o & A, oa X oA A @
mu‘mmammuamq@‘ﬂmqﬂmwammmmﬂimmwmwaumaLaauaaﬂvl,ﬂmmau
AaN lagTanu e NASILARINUNIFAIAIY LEAIRIABINFUTTTANUINNIAT I

lé { v g 7 Qs v Q a W@ ] v
LWIUNY TINAN LahraaARaINUNIHYaIalsgninaansruduluiuisonawniin
% [19,20]

0.25 -
1 —— 0 mm
0.2 + --2--10 mm
! 20 mm
2015 + —--30 mm
5 J
=~ 8 W =10 mm, AP = 10 bars
01 Z =30 mm
] b
0.05 + ," \
11 '-‘
0: dox > e
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
D (pm)

7U7 3-8 mInnsivamensadiliings o duniile 9 vasmsdihdudny

(AP = 10 bar, z = 30 mm)

60 |
50 +
- 40 +
E ]
=. 4
S’ 4
[ 30
] i
20 + ——W10mm PLP_R
] AP=10 bars, z=30 mm
T W10mm PLP_L
AP=10 bars, z=30 mm
-40 -30 -20 -10 0 10 20 30 40
radius (mm)

7U7 3-9 wnansaadssainas o dunikila 9 (local D) vasmsdiheus

(PLP_R) wazanuse (PLP_L) (AP = 10 bar, z = 30 mm)
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frsuaaNuTNTs B duntila 9 wldnnmainafiamsiwimnauanls
o 4 @ A a% A aa - Aa v o fa P
nuendulszaninmiganauluuwddn K, (y,) AfenusunuiiuainIssmiusiaung
A A€ ) a &% A o . AV o
pasfoiuaundis aniuidrdudsz@niniganin wm drunisla 9 Kr) 1ldan
INARANIIFWIWNRLUIE W IAAANULTNTY T dunibala g anuauns (2.17)
{ [ a af% ° ' . .
3UN 3-10 ugasdrFuUIzANTA1Tganan o druniiala g (local extinction
coefficient, K(r)) laawudn K(r) Sarliviingudndunisasinasvasnindaaise
! a ' = v o A @ !
K(r) SFgegauiinmsznitsninaniuazzavsasnindasidsd Sauaasliiduiniinea

6 ' a g A A IS a .
mﬂsmml,mulumnmu NI 9NN UNITLANAILUY conical sheet

0.01 - —-W10mm PLP R
1 AP=10 bars, z=30 mm
0.008 L W10mm PLP_L
- ] AP=10 bars, z=30 mm
E ]
E 0.006 -
= 1
M 0.004
0.002 -
et ettt
-40 -30 -20 -10 0 10 20 30 40
radius (mm)

d o a Qf o 1 ?,’ kg
zﬂﬁ 3-10 mauﬂizammi@@ﬂﬁu o duniisla 9 vasmisdindruaan (PLP_R) uaz

eutne (PLP_L) (AP = 10 bar, z = 30 mm)

3 o 1 ot a As‘ ) 1 o 1 v v a
nniwihddulszEnsnisganan m Funhila g FwImAIANULTNTULT
U31as m dunsisla g (local volume concentration, C,) ldnaaszufl 3-11 laswuing
° A ' v o a a Vo @ ' o
mmemnmwaomﬂsﬁﬁmmmmeumaﬂsmmﬂmmnuguﬁ wLaInuAT K(r,)
LLadeﬁ%ﬂ@maamﬂw‘agiuﬁnmﬁ we et lIAMINANANNLT T W T IS A TR TAaY
1 1 v v a a 1 1 4 U =
170 mqaqmaammmwmuvmﬂimmaQs:mwmnmaLm:mawamm@mmﬂiﬁ
A & % i 2 A = oA A A |
134899 WAITULANAILUL conical sheet aaummmu"lﬂvl,@wmwnﬁsmmaagl,wml,m

(2

NTIUNRWBWIVIIALRNNINVWIALTIUATINA (1 = 4) B
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100 ——W10mm PLP_ R
90 1 AP=10 bars, z=30 mm
80 i W10mm PLP L
] AP=10 bars, z=30 mm
70 g—
60 +
_ 0
E 40 +
& ]
~ 30 -
- ]
v 20 +
10
f f ; f f 0 j\ f f T f f
-40 -30 -20 -10 0 10 20 30 40
radius (mm)

zﬂﬁ 3-11 UEAIAIANATUT W TIUTINGT o dunkila 9 vasamdsdindusa (PLP_R)

wazeusne (PLP_L) (AP = 10 bar, z = 30 mm)

INNNANITANRIUNAL G2 ﬂ’i%LauImﬂgoqaﬁm%’umﬂs%ﬁwd’mm TMERE)
mmmagﬂﬁé’aﬁ
1. waﬁ"l,@”mnmiﬁﬂmmm‘fuﬁam%%'l,auimflgaq@madmﬂsﬁﬁwﬁwfwua:
o A A v A o o A A o o ad A
AT ANINALALIRAAARAING aw&mgﬂuﬂﬂmuﬂ"lﬂuaaﬂasﬁmwmﬁswmm
=® L2 A L a 6 v 3 I3 a v
RUNIATILWILAY DIR1ANID M letTwa Ny nytvasatlsgninaanioiduluiwiae
AOWATN
2. INMNHANIINAREI NAHIAARLUTTWII91NRAIAA 2 = 30 mm MNUNTILNAL
A ) ~ v @ ¢ & X IS A
(hollow) #3aTa4iNde1MANATINAILaIRHINaamUTd Netoradunaiitasnian 1uia
PagusILaLTaIUwIa Ina nInTIenauwAiaaa e
dl v K Y o 1 o va
Anuan e a9lavinnsaanuuuninassding lasvinn1saauuiavadiatsaslwi
YUNALANRININLAN I@]ﬂl’ﬁuﬁgﬂﬂitﬁ 3x optical beam expander VNDAAUUIAYDILFILALTDS
89970 10 mm 3% 3.33 mm lagiiasaunlarinn1InaaastignWAIIFaIaILRILALTaS
1 & v Qs { 1 >
3.33 mm NABAINANIVDIRUIAARLUTINTZHE z = 10 mm ®1991NRI86 PL WazPLP
@w1a 2.25 GPH) lasltanuania 3 @1 Ao 7, 10 wae 13 bar WUIANNLTNT U ILFS
e ' Aaa a o = A a o o A
wwerasnaaId sl luuuidtasdanudunas (LaIFLAINNTZIRITINR D) 1NN
A ' =& v @ =& a v
ST HINININAILAST LY aINUN A AL THTIL T wUSI b downstream UBINITUANG?
. ai Aa = v v o A '
284 conical sheet YmazNUTNWATINA LA NUTUULFIRDENIN (AI3UN 3-12) LFAII
U ATINA B US U R IaRITaA MU TRV aIRLUTHRas NN wananREINLINNNT
LN AN NI LW LU IR LRI N T2 BIUS I A TINAIVaIRING ARSI DA NN NIt R
NAAINAIIEINITN0T U8 Ia TN T wNaNIIINNT IR AL TaIaINIAINANILHAN

7113 (air entrainment) NN IAROAVUIALANNNLIIEIW MARLTINILTI BLNUNAID D
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v @ & = @ A v a & o = &l
winaasiysd lapazliunatasadilannuaniAuuIndn 1He931naNuS1 1098789
&‘ ~ Q o v @ = U =3 ¥ H
gadulufia downstream aamsuandd linsavmaidnlinugnuanidnandiiuiass
navaIninaaalss o dUrI z = 10 mm ad lanauaNuITuLEINARlBUS I

a v 4 1 1 [ a < qq; q‘&/ 1 ]
fUSuadesunn Sianainheniuusinaweinsienaisiues nikinegiud1zad C,
lapvidlddamusdiian C, esunng nanfe AUSunmwnaavadnails measurement
volume %a8AN LEINNTZLIINNNTRDUUTDILEIUK LA Laa 1-31 azdddasuazana
° o & 4 4 a4 &Y e 2 o aX A
@1n3NaNIuEINnanzuNadliv09LA309 Malvern Spraytec 16 GelunsdifiinTas
Malvern Spraytec 22 ldduatu £,(D) aanunl# wazuaaddl C, = 0

Nn3UA 3-12 aziniuTnaununanidenuiduiuveseatesiidawalng

! Al A o o
ninwavedatwesindNduwia 3.33 mm T IR RINITINLNTIBNR99INNTT
o v o  aa A ! v ] o , et
dwrnnaudieifiaulnidgigaiianien ¢, Id lasusasdi C, = 0 NdwnIININGT9

v o & o ' <& Aa o -jl'd v A Y 6
winaaedslsd aannnIInassInInualunisahislaifenltusiamasawia 3.33
mm 7 ldINNNNTAAUUIAGIE 3x optical beam expander WNUAVUAAILANVBILATDINDIA

Malvern Spraytec Naw1a 10 mm

3.3 31088 8AN1INAR T IlATINATIY
v e a J %]
3.3.1 mmmﬁ]aaumwgﬂ@awaaaanawmmxﬁnmqmaﬂwmwaa
cd & o

CIRIRTIR SIS TR LS

nwistluduuandiaguazad 2 Usznns fe 1) 1ieaIgauANNEaITaI8R

AA =) o L= v =Y § v v a =)
ﬂaiﬁmaamﬂuﬂmsmmmﬂaumm%‘l,auImfIgoq@Lﬁammmmmumaﬂsmm o
drunsla g I@sll%ﬁ”’sﬁ@mmon”umgmmmuwﬁm”@ﬂnfmma LA 2) LINBAN®E
Qmé’nwmwaamﬂﬁﬁwﬁ"l,@i”ﬁnﬂﬁ'aﬁ@ﬂmu@”umgmuummﬁ"n@?'@mu ANad lagluaIn
U s a& ) 1 a g/
°uaommmaaaumwgﬂ@Emlaoaaﬂaiﬁm:m:mmumsﬁﬂmqmaﬂum:madmﬂiﬁm
tﬂl v o A [-% 1
Aldanniaaasnan
Ao g9 o o o a A A A

TITUIURIUBLITRIAG 2 T5ha Ao PLP az PL Naau1a 2.25 GPH lun1s
NARIA1Y Malvern Spraytec LLa:miﬁwmmﬂéﬁJﬁasﬁ%'Laquiflgaq@Lﬁ'ammsmzmy
AUBIVWIARLALAZANTNTHTIUTUNAT i Funiisla g azlvnaaunilawnunnad

o o ') = 9 o ) v & 2 o ' @
Iuirdenaunin tssudlsiaimasnlaiowialanad (3.33 mm) Tndsduwnslunsia
nuauwly @”&Lm@ﬂugﬂﬁ 3-13 fa ¥Mauuntinaatlsgvnsanmiaa z = 10, 20, 30
6 d % > 6 a oq:

LAY 40 mm lAURLNWLEILALTAIIINAINAIIVAIRINAARIUTTNEIVaUATIAS 3.33 mm
=2 ° o o o = v @ & A & o
FI9TINNNITIALN LIA LA LIV IR A ARLUTE LI N AU TT VA NN RN I TONNNANT LI
Alanaunriing auawdanls da 7, 10 waz 13 bar laudlTanlUN1INAAIATNATIIVIN
3-3
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n) PLP 2.25 GPH, AP =7 bar 9) PL 2.25 GPH, AP =7 bar

f) PLP 2.25 GPH, AP =10 bar 3) PL2.25 GPH, AP =10 bar

9) PLP 2.25 GPH, AP =13 bar %) PL 2.25 GPH, AP =13 bar
gﬂﬁ 3-12 mwmidaaLLaaLaLsnaﬁ?muﬁoﬂmamﬂiﬁ(ﬁ'aﬁ@ PLP uaz PL, z = 10 mm)
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Atomizer

| ]
\\ / Malvern Laser beam
_— 3.33 mm

—

10 -

20-

30-

40
y A R — >
0 10 20 30 40 mm

317 3-13 WNLEINTIA6Y Malvern Spraytec szl z = 10, 20, 30 WAz 40 mm

@137149% 3-3 L‘fiau"lﬂum‘sm NAIVDIITWRIWLIN

VBILART

Wida AP (bar) | z (mm) y (mm)
neaxay

7 uaz 13 10 0, 3.33, 6.66, 9.99

10 0, 3.33, 6.66, 9.99

20 0, 3.33, 6.66, 9.99, 13.32, 16.65, 19.98
PL 2.25 GPH 0, 3.33, 6.66, 9.99, 13.32, 16.65, 19.98,
10 %0 23.31, 26.64

0, 3.33, 6.66, 9.99, 13.32, 16.65, 19.98,
9 0 23.31, 26.64, 29.97, 33.3, 36.63
7 use 13 10 0, 3.33, 6.66, 9.99
10 0, 3.33, 6.66, 9.99
20 0, 3.33, 6.66, 9.99, 13.32, 16.65, 19.98

PLP 2.25
GPH 10 30

0, 3.33, 6.66, 9.99, 13.32, 16.65, 19.98,
23.31, 26.64

0, 3.33, 6.66, 9.99, 13.32, 16.65, 19.98,
23.31, 26.64, 29.97, 33.3, 36.63

40

3.3.2 msﬁﬂmqma‘”ﬂwmwaamﬂiﬂuiaﬁwﬁaLﬁ@Lﬂ?ﬂULﬁﬁUﬂ”ﬂﬁLﬂm‘maa
=
ALTR
Aa o 1 A:i a o 6 di = [ a d' 2
mm'cnmlumuwaaammqﬂs:mﬂLwaﬂﬂmqmanmmwaamﬂsﬂuiammaﬂ@
mﬂﬁ'aﬁ@ﬂ’nm”uﬁymmmuwﬁwé’@maﬂﬂmau,a:ﬁwmsm%wLﬁyuﬁ'ual,ﬂssfmaaﬁl,sﬁa

‘nuﬁaﬁﬂmwamzﬂumﬂmﬂﬁwqmﬂgﬁm BGVLUI@@Q‘I.LGIJEI
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Tumsnanessnit ’L’Eﬁﬂﬁ%"lﬂﬂﬁbﬁﬂLLa:ﬁm”uﬁLsﬁamaauﬁuﬁﬁ@mmﬁumu
WmssAnnTIENaNTRalisn fa PLP 1wa 2.25 GPH lagyinmsiafianuauaa 7, 10
w8z 13 bar lagfinnuaunia 7 uaz 13 bar azvinssauuninaamyssn z = 10 mm
fFMSUANNARAR 10 bar 9zvn1Tiafiszes z = 10, 20, W8z 30 mm qm%gﬁﬁﬂﬁumm:
NARBITNAILANAILTATINANTE I@ﬂuia&ma%gnmamﬁqm%qﬁ 30°C Wag

55°C mmzﬁﬁm”uammzi'@ﬁqmﬁgﬁ 30°C g@m’mﬁ 3-4

A A . a
®17149N 3-4 13 auﬂﬂumm@amm BINTURIUNITDY

vosna | Wi .
o waa AP (par) | z (mm) y (mm)
NasaL (°C)
10 0, 3.33, 6.66, 9.99
PLP 20 0, 3.33, 6.66, 9.99, 13.32, 16.65
Tula- 30 uag 10
- 2.25 0, 3.33, 6.66, 9.99, 13.32, 16.65, 19.98,
ALTR 55 30
GPH 23.31
7 uae 13 10 0, 3.33, 6.66, 9.99
10 0, 3.33, 6.66, 9.99
PLP 20 0, 3.33, 6.66, 9.99, 13.32, 16.65
10
fLa 30 2.25 0, 3.33, 6.66, 9.99, 13.32, 16.65, 19.98,
30
GPH 23.31
7 uwaz 13 10 0, 3.33, 6.66, 9.99
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P
unn 4

NGﬂ']i@f"lLﬁ%x‘i']%“Hﬂx‘iIﬂ‘ix‘]ﬂ’]i

¥ 1 o a a W t& 1 1 >
TuunihaznannfinanI e uwraslatiniidy dsutisaanidugaigiwAan Aa
Namimnaaummgn@awaaaaﬂasmLLazmiﬁﬂmqmanmm:maamﬂsﬁml,ﬁao@m
mnﬁaﬁ@mwﬁu%gmuﬂizmwﬂﬁﬂé’@ﬂmﬂﬂma LLazNamiﬁﬂmqmﬁ'ﬂHmwaa

sy lula@eratNalSauisunuaLlsEva9a L Ta N AIRAAINEID

v W QA g
4.1 Nﬂﬂ’]ﬁ@]i’]ﬁ]ﬁ@ﬂﬂ’)?&l%ﬂ@l awaoaaﬂmwLLa:msﬁﬂmqmaﬂﬂm:maamﬂ‘sﬁ

2 v
=) v

widaga
1 { v = QA =)

NnusmwInidunmmasasioniIzeuaNNYNdoIBBI0aNaTTNVINATLANTT
dwimnaudisifienlnidgigaiamianuduiudlianes m duniilag uaziie
Anmquansuzyassdsdinldannimdaanuaunywinuuunitdannenad laslu
' @ [ ad o ' v
§11289N1IATIINOUANDNHBI2898ANBTTNITNIZYIHIUNTAN B UAN B IUZ VDI

b‘?; A o o A Y f

a3 leaniIfaaIna?

lunsfinsquansuzaaisdifinzasiarfaanuaunywiniuuningansie
N9zl ITNaUMBNANIZNUY Ussinniiaa PLP waz PL (nozzle geometry) A13a%
A 1 o A a s a dq’ s
da (AP) uazizuzi9Iniada (2) laaRNIBNQuUanNBmaIh 1) MINTTABAIVDI
PUNARBALTIUINNATIHUUIAT 2) MINTTNUAVITARBALTILUITNAT b Funtisla g
U9 3) ANUTNTWTIUTU0T h dunikilag

4.1.1 M1INTZUAIVDIVWIARLALTIUTNIAT I UUWIID

AMNNANTIA LN 896% (path measurement) @28 Malvern Spraytec 3¢ la
NINIZNBAVDIVINARLALTIUTNAT £,(D) Va9vIAAFDITHA UANA1INY AIFLN 4-1
= o A o ° = '
umsiananuas 7, 10 uaz 13 bar o duriININa1seIsidsd (y = 0 mm) %1937n
Wa8a z = 10 mm unuuanaInIINYNUEaIUILVE4 log scale LNalWamNILERAIY

3 Nt v v v s &‘ L% v >3 4

LANA1INWUBILFWLAS (D) laTaiaadu laldulad f(D) va%ida PLP azidan 1y
N19VINVBIRIAA PL LanHas waadinduwianeavessidsgneuninanias aanu
LANE9IHLANIN nozzle geometry NULANAIIN

A o A a J 1 v 2 6 & o A A v

WaanuaudalAudn wuindulds £,(D) vesxidsinizasnidiationlun1eaiu
drodaidniaslasding ldineanagega (peak) vaaidulds £(D) Maawldniide

. eal a &
ANILAMNUINFUTTUANNRLLDLANINT Y



.l)

f(D)

-1)

(D)

.l)

f(D)

Eﬂﬁ 4-1 MINTLANYAIVDIVWIARLA LI DVBIRLUITTINNANMNAUSA 3 6N

0.014

0.012

0.01

0.008

0.006

0.004

0.002 1

0.014

0.012

0.01

0.008

0.006

0.004

0.002

0.014

0.012

0.01

0.003

0.006

0.004

0.002

1000

1000

——PL |
—a—PLP ]
/ i
S 10 100
D(um)
n) AP = 7 bar
= —~rL ]
- —a—PLP EE
/
s d
- 10 100
D(um)
2) AP = 10 bar
——PL |
r — —=—PLP EE
)
o 10 100 .
D(um)
a) AP = 13 bar

(y =0 mm L8z z =10 mm)

1000

25
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4.1.2 NMINIZINLAIVDIIWIANALTIUTNIAT o duniila g

%ﬁaﬁnﬂmﬁ@lmmﬁﬁmugﬂﬁ' 3-13 LLN:ﬁ’]‘ﬂmejE]GLLENT”:‘]IT]RL%GU%VL@IEW] 1-31
mﬁwmsﬁwmmné’uﬁ’szl"i%l,aﬂmflgaq@Lﬁﬂlﬂﬁiﬁ]ga ™ Funkila g uar nInIzane
duasrwanaaiBiliines m duniile g sansndwisaindayausiaind1idis Mie
theory

gﬂ‘ﬁ' 4-2, 4-3, 4-4 1L8E 4-5 LFAINIINTEINUAIVAIVWIARLALTIUTNIQT

Funbila g va9RI8a PLP uaz PL Anuaudia AP = 10 bar vunineaailse z = 10,
20, 30 U8z 40 mm ¥WHIINWIAA awEIaL Wafllawndn neavwalinazeguiima
v @ ¢ A A o . v A AaA | &
naswInaauasslsd WalRenduniveanluauumsalaznuneanduwalnaundn
d' qzd‘y 2 [ % o‘p.i 3 o A [ Y] >
Haf ldigaandainugmansuzaaiaddn ldnnidaanuaunyuwindszinnuinge
~ a v 1 v a 1 a é v s {
NIIBLaN (type R) lwnuddoraunin [19,20] #1091 uTmianaantaauasmlydi
AN 1, = 0 mm ’Lmﬁaunﬂmawﬁﬁm”@al,ﬂiﬁﬁnrm”’sﬁ@ PLP W&z PL N1A1N0Wa 10
bar (8NLIUNTZEL z = 40 mm NIMRIAA PLP) IaUFAIAINITNIZANL AV IVUARALT
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Abstract

This work iz to characterize the hollow-cone water spray by using the developed maximum-
entropy tomography technigue. The injector is a pressure-swirl atomizer which the axisymmetrical spray
can be assumed. Measurements by laser diffraction technigque are camied out at several radial positions
ranging from the center to the outskins of the spray for a few working injection pressures. The laser
diffraction technique measures forward scattered light intensity and extinction coefficient to calculates line-
of-sight drop-size distribution and volume concentration of the spray. The tomographic reconstruction with
the maximum entropy solution method iz applied on the line-of-sight scattered light intensities and
extinction coefficients to obtain the local ones. It is found that the bigger drops are in the outer region
whereas smaller drops are in the inner ragion, similar to a solid-cone spray. However, the difference is
appearance of the free-drop region at the center core of the hollow-cone spray, where the volume
concentration equals zero. The reconstructed local volume concentrated can be validation through this

free-drop region at the center.

Keywords: lazer diffraction, tomographic reconstruction, maximum enfropy, hollow-cone spray
1. Introduction Regarding the Hmitations mentioned above,

the previous publications [2, 3] have presented a

In combustion process, atomization is an technique to defermine the local drop-size

important first step. Atomization of liquid fuel
into small droplets i= required prior to
combustion to obtain  high combustion
efficiency and low emissions. To charactenze
spray drop zize distribution, lazer diffraction iz
one powerful method due to user-fnendly and
fast measurement. However, the measured data
iz line-of-sight and the local information could not

be known [1].

distribution and local velume concentration of the
spray from the laser diffraction data. However,
there are some important points of work that
have not been fulflled wyet First, the
tomographic reconstruction  algonthms  were
developed on the sazymmetrical sprays only
with solid-cone shape. For an axisymmetrial
heollow-cone

spray  with shape, the

performance of the reconstruction algonthms
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haz not been presented vyet Second,
performing reconstruction on the hollow-cone
spray pattem would help to validate the local
concentration, obtamed from the ME
technique, at the center part of the spray
where
interesting task to fulfill the ME reconstruction
technigue developed by Yongyingsakthavomn

et al. [2, 3]

there are no drops. This i an

In this paper, the objective is an attempt to
validate the local concentration calculated from
the developed maximum entropy tomographic
reconstruction technique by employing the hollow-

cone pressure swirl atomizer.

2. Tomography Problem Formation

2.1 Laser Diffraction Technique

Drop size distributions can be determined by
Laser Diffraction technique based on Fraunhofer
diffraction theory. A Malvern Spraytec is laser
diffraction drop size analyzer for high wvelocity
spray, also accounting light energy distribution of
forward refraction through small particles apart
from that of forward diffraction. The discrete form
of the retationship between scattering light and
volumnetric particle size distribution iz given by [4]

Ke)=Cx v (1}

where @ )is the measured scattered light on a
31-diode detector (Fig. 1), € iz an instrument
WD) is
equivalent to probability distribution and [?is drop

transfer function, volume  fraction

diameter. The volume-based drop size distribution,

Vi) is determined by using model independent.
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Fig. 1: The light diffraction optical system.

2.2 Drop size distribution

The reconstruction for an axisymrmetrical
spray is applied to line-of-sight scattered light
intensity distribution J_'_r{,vr) on the § " diode of the
detector. For a particular diode j, the measured
line-of-sight intensities obtained from a scan of &V
measurements at the same axial position from the
nozzle are used to reconstruct A local scattered
light intensities per unit path length, J{r..; ), on
the diede, see Fig. 2.

!
fr
S ey A e

-
o

Fig. 2: Division of the spray cross-section into

concentric annukar rings.
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The relationship between the path-integrated

and local fight intensities of any diode ;is:
o= i
Loo=2FTLln) .i=1toN  (2)
b=l

where [ is the path length given by

3)

Eq. (1) is solved for f{r,) using the technique
of Maximum Entropy (ME) with Bevensee's
iterative algorithm (see [2, 5]). Then, the local
volurme-based drop size distribution at any n is

determined by the local intensities on all diodes.

2.3 Volume Concentration

To determine the local wolume concentration,
the zame deconvolution procedurs is carried out
but the tomographic reconstruction will be applied
on fine-of-zight extinction coefficient instead of
scattersd light intensiies. However, the Malvemn
Spraytec provides the ftransmission, which is
calculated from the measured intensities of the

undifiracted light /; and the incident light {, -

T=21L (4}

From Beer-Lambert law,

-iK(.!,‘m'n

I, =Iet (5)

where K{s) is the extinction coefficient per unit
path length, s is the cunvilinear coordinate along

the laser beam, and L is the optical path length.

From Eqs. (4) and (5), the transmission is then

related to the extinction coefficient Ki's)as:

A
¥ =—h1[%J ~[K(s)ds=KL-K (8
L

[:]

Therefore, each measurement in Fig. 1 can
report line-of-sight extinction coefficients. The
reconstruction is applied on these N coefficients.
They are calculated from the measured line-of-
sight transmissions T by using Egq. (8). The
relationship between the path-integrated and local
extinction coefficients is:

f{_l": }= EJZI.J&K:J'* ]' ;‘:f to NV (8]
Fml

where L is the path length (see eq. (3)). Eq. (7)
is solved for Kjry) using the technigue of
Maxirnurn Entropy (ME) as well.

Finally, the local wolume concentrations O ;
are determined from the local information of Kim )
and the local Sauter mean diameter, [l by

using the eguation given by:

" 2D;,,K(r)
"

N ®)

where (jis the mean scattering coefficient (see

more detail in [3, 6]).

3. Experimental system and setup

In experiment, water is a working fluid and is
injected wvertically into still air by compressed
nitrogen gas (see Fig.3). The water fliows with

constant pressure and a needle valve is used to

TOME-ICoME
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control different flow rates at the desired
pressures. The injector used is the Monarch
pressure swirl atomizer with hollow-cone spray
section (PLP model) where axi-symmetnical spray
can be assumed. The size of the injector is 2.25
GPH.

The commercial laser diffraction instrument,
is employed to
measure line-of-sight scattered light imtensity and

named Malvern Spraytec,

tfransmission. These measured data are required
for calculation of the line-of-sight spray drop-size
distribution and line-of-sight volume concentration
by using Mie's theory and transmittance theory,
respectively, as mentioned in the prior section.
The diameter of the laser beam is 10 mm. The
200-mmm Fourier lens for the drop-size range of
3.8 — 462 54 ym iz zelected. The data acquisition
rate is set at 1250 Hz for 1 s, which gives 1250
records of the drop-size distnbutions for each
measurement.

Measurement is carried out from the center to
the edge of the spray on the 3 spray sections,
which are at 30, 50, and 70 mm away from
nozzle as shown in Fig. 4. The test injection

pressures are 10, 12 and 14 bars.

-

Mahvam Conteoiler

Compuisr

Fig. 3: Schematic diagram of drop size measurement

system
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4. Results

By the deconvolution procedure in the section
2.2, the local drop size distributions are obtained
as the example shows in Fig. 5. Figs. 6a) and 6b)
prezent the local Sauter Mean Diameter (SMD or
L) for different injecion pressures and different
spray sections, respectively. It is found that the
smaller drops are at the inner region of the spray
section whereas the larger drops are at the outer.
The size of the droplets tends to decrease as the
pressure increases (Fig. 6a)). As distance away
from nozzle increases, the size of the droplets
also tends to increase.

0 M X XN O T & T N @ 1010 Ul 1N A0 150

Dfpem)

Fig. 5: Local drop-size distributions (4FP.=

12 bars = 70 mm)
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Fig. 6: local Sauter mean diameter 0,

a) at different injection pressures (z = 70 mm),
and b) at different downstream distance (4F= 12

bars)

These phenomena are identical to the case of
solid-cone spray as found in the previous work
[2]. However, the free-drop region is presented at
the center core of the hollow-cone spray,
particularly at the higher injection pressure and at
the section further in downstreanm.

Fig. 7a) and 7b) shows the local extinction
coeficients K{n) calculated by the tomographic
reconsiruction procedure as described in the
section 2.3. When injection pressure increases,
the volume conceniration tends to increase at the
outer region and decrease at the center (Fig.
7a)). Im Fig. 7b), the local extinction coefficient is
approaching zero only in the case of z = 70 mm.

This would be the reason that the laser beam
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Fig. 7: local extinction coefficient Kjr. ) a) at
different injection pressures (z = 70 mm), and o)

at different downstream distance (4F.= 72 bars)

diameter is too large fo investigate the free-drop
region at the spray sections, z= 30 and 50 mm.
Lastly, The local volume concentrations (C);)
are calculated from the local Sawter mean
diameter and the local extinction coefficients by
Eqs. 8. The results in Fig. 8a) show that the
concentration tends to be increased at the outer
edge and reduced at the inner region when
injection pressure is increased. The zero volume
concentration or free-drop region is found at the
center core of the spray in the cases of injection
pressure equal to 12 and 14 bars and distance
away from nozzle equal to 50 and 70 mm. This
results well present validation of the reconstructed
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volurne concentration at the center core of the 6. Acknowledgment
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volume concentration is found to be zero at the
center core of the spray section, which means
there are no drops in this region and it is

reasonable for this spray pattemn.
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