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Abstract

Heavy diesel vehicles are one of major sources of urban fine dust in Korea and other developing countries. In

this study, an auxiliary device assisting fuel atomization, which is called FAD (Fuel Activation Device), was closely

reviewed through numerical simulation. As calculated, the diesel flow velocity passing across FAD increased up to

1.68 times, and it enhanced the cavitation effect which could improve the injected fuel atomization. Super cavitation

phenomenon, which is the most important effect on nozzle injection, has occurred until the cavitation number (o)

decreased from 1.15 to 1.09, and atomized droplets via a nozzle of which opening was 500 wm distributed less than

200 pm in sauter mean diameter (SMD).
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etal.,2017; Lee et al., 2016; IARC, 2012).

SEANA SAHE ARAFAY S Y 57
shaL, ¥ HAAEAY HEE ASHOE F7hEo
we} = 7] dEde T 8209 =2olF e
A9 HiEE 7FEA7]|L ok (Park et al., 2010). X}
F =357t e wht i TAFE STk
v, =5 HEZwa|#al oluzt DPF (Diesel Particulate
Filter) &2t 59| 7|4dAMde] 222 o2 JUPH 1 §)
th. 22|y DPFO] Wio] S35 AA Doy At
22 Q3] geieilo] waste] 27120l w3t 8l 4]
o] Zastrh(Chen er al., 2011). fFAFE ZAH S0
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=, HIEY 53 22 oo Il A AL

z2 EHTQ Ue APeEA FRHET|edTES
frARRE 71948 AR E 329 tA A ol AAste] &
FotaA 23 deaHF 9 ifd PAFS S
= A¥Le A3t (Park er al., 2017) A4 5
A%t 9L SABHHEA PM,2] 49 580,697, 34.
% (SEEA], AR, 7FEA)S] gAaeFS EC’%—,—MJ_
BC (Black Carbon)9] 7%, 29.5, 52.8, 274% (5&%=
Al BRI, 7HEA)) Zasdhe AE 16k

g, tAdds Aa2RE YAste LHEES F
23H717] fl5te] AadsS A et ot
Lgo] glglen, I 7leH AREA =59 §53
E 37} &3] P& 9Jth(Suh and Lee, 2008).
=Z WollA9 cavitation (FF3H AL 2AREH
N 1S LfRE S7IGET RobA ™ A e 7]
(F7NE o]Folx &AM 7127 FAEH= 4
o]t} (Som et al., 2010). =& W} o] cavitation A2
ARE 71252 =5 29 A= A4 A-E
Zgol WSt AR9 nYPIE FIATI= AeR &
HA Qch(Yin et al., 2016). o3+ A o|3]s}7]
A3 AF 9 CFD (Computational Fluid Dynamic)&
o] &3t AA A7 ZHA o] FAAL UTh(Qiu
et al., 2016a, b; Sun et al., 2015; Molina et al., 2014).
A2 QAL 239 0T AE SHsHEA 2W 37
£ gols BAAD Ao et SAtE A8
o148 7187 Fakol thaFalAl olEol WA cavita-
tion B35 Hr} AgstA s 4= A H3Uch(He
etal.,2016; Yin et al.,2016).
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off tigk 2-sdzet o] 24 2AE

A= FATE AT 9 P

29 A A A 307

BA $ARYE AU AT B AT
AFESE X84 A8 F =X CFD (Fluent, ANSYS
Work Bench 172)24] dasaod w28 AH o
2AE ZAEE B e 584 AAERY
cavitation EIE AAHE T} Cavitation EIt= oY
AAzY Lol wE AR WRAXY 35 JH
o} 843l W B 7331 cavitation number (0) 7}
¥e EYsi] BHo 2Rer.

ME

2. wXsi B¥=A

2.1 FAD 2= & #g|

123 1& 2 79 Ald tjakel FAD (PATENT-
2015-0021792)8] o3} SAaHol AHET BALE
3DE 7 Tl Lol B 110mmA, o4
AE7} FAD YRZE SUEEA AR & WY v
45 AU F A9 gearS w2} 52 5, o557}
122 ZrA% small ringS 3514 E ). Small ringS
Fa3 00 ARt 4179 22 2719 2 A
U g 6749 23S F&f MietE A $.
22 §U5HA =t} Park ef al. (2017)2 lab-scale test
£ 53 FADE T3t tdo] =55 Ff 24 o
Ao 7|7 2 4,5,75, 10um AA =7} 7]
tiH] z+2F 21.0,33.8,76.1,93.4% As= AL 3
15ttt A& v]gshs g YR ud TUHS SR
of wet daagE F7HNTIAL, AHlE ASE &
o BT1E WAZ B et 2IHOR QA
WA ] = PM (Particulate matter)2 ZAA] 7= 237}
)t} (Park et al., 2016; Salvador et al., 2016).
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Fig. 1. Pictures of test FAD (left) and schematic structure in 3-D geometry (right).
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Table 1. Specification of diesel fuel used in this study.

Liquid phase Vapor phase Saturation
Density (kg/m®) Dynamic viscosity (kg/m-s) Density (kg/m’) Dynamic viscosity (kg/m-s) pressure (pa)
830 3x107 94 7x107° 1250

o= SAE +
S Tt Bty HERs 3 o2 A FAD
o 815 Tz olslena Stk 254
A A8 OAdRE A7 AROINE ST AFE
OS2A Yot Hes F 13 2ok 2 AT AR
3t &2 Zo|7F 2mmeo|, = E2F AL 0.5 mmE A
Aetglen, ol AA fAAANA AHEFY =5
Zo)/A7A e v (=4)9} A5FATH(Sou er al., 2010).
FADE 7AA @A vgshe o dzgs QAT 3
o] AaMo] BAEE G285 FAst o Inleta}
outlet®] A Z AL pressure boundary conditionS &
SR, L FAISHHTE Ao it A
2 eAzAL ¥ 20 aoksigc

2 ATONE $A54S ek dol 9lof CFD
T8 2 ANSYSAFY] AHE T =91 Fluent 1728 A
£l mE AR Fluento] WAE o] Q& pres-
sure-based solverE AR5} TH HAFT} 7] HJAFo] SFAF
45 == mixture B ARESHY THFEE
< whotat A 349TH(Yin ef al., 2016).

3.1 LES(Large Eddy Simulation) modeling

SA)34] QloiA LES Bdg o] g3 fAIEA =
Zo A FElHdTF= thgstA IR ok
(Egerer et al., 2014; Salvador et al., 2013). £3] Sou et
al.(2014)& AR5E EASH= AR E YolA 9 cavita-
ton §4 HHL G2 wY Nt @ vwste v
37|= t9ich LES REL of2 damd v|d)] A
Abo] ZhEstel BALF GAHS At o fstn

A sl A= kst ARE =T & 31
1Tk (Yin et al., 2016; Apte et al., 2003).
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Table 2. Operation condition for numerical setup.

Parameter Value
Injection pressure ~150bar
Back pressure 1 bar, 30 bar
Nozzle length 2mm
Nozzle diameter 0.5mm
Cylinder length 100 mm
Cylinder diameter 20 mm

LES Relo]d 454 A4S 93t Ao gae
A ()3 @49 2ol 44 B £5F AL
ECETLLY
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o ox
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ot " Ox; i ox, o “ ox;)  ox

2 dFolA= LES 29 7}2H FADS} &% o
Foo sEb Wy 458 SNk | by AYe
Smagorinsky-Lilly 2@-& A3} th(Yin et al., 2016;
Payri et al.,2013). 4] (2)o| 4] SGS (subgrid-scale) stress
£ o33 Zo] Ao

j Tkké - 2/415'7[] (3)
_ _1(om On

S,== +— “4)
2\ 0x;  Ox

231, Smagorinsky-Lilly & of| 4] eddy viscosity
o] Ak oo RS wEth
#=pL}4|2S,S, %)

L,=min(kd, C.V) ©6)

A (©)A L=
von Karman constant, C+=
A cell59] ¥y 181 d=

sub grid scales®] E3Hu|-&o]11, k=
Smagorinsky A4, V= A

14 7Pke Bate) A



2 e,

3.2 Cavitation modeling

Cavitation fY}= Schnerr and Sauer =9 (Schnerr
and Sauer, 2001)& A}83}o] AAFSFSI T Schnerr and
Sauer 222 LES turbulence @3} & 3lo] A= Hul
ofet, Bast oelsa 20 A3t (He er al.
2016; Yin et al., 2016; Yuan et al., 2001). o] 292 oA
Aot 271449 24 Agol iz gt @S ==
317] Y3l T2 two-phase H4 W 41-S AR

Vapor Transport Equation:

0
@ty (ap,V)=R,—R, ()

pie 3719 Y=g Yehfi, R.eF RE bubbled]
SYET bubbled] B3] &g et B, at 57
o] Ful 288 vehaL, o9l 4 ®)f st =&
S ATt

n47R;3

o=— 8
1 +n-47R;/3 ®

Rayleigh Plesset 41-& 7|92 2 3t Schnerr and Sauer
29 (Yuan et al., 2001)2 cavitation EI}A] AL =
FZ) WA $HE A O)% A (10)E ol &3 AL
S8 T4 k.

PP 312 (p—p)
R=""Ta(l—a)— | = ».=p) ©)
RA3  p
) 3 2 (p-p,
R=LP gy |2 27P) (10)
RA3  p

o714 pot pe 47 23571 9 AYE e,

Ry= 7129 A7 & X

3.3 Spray break up modeling

71A - HA| 7ke] AW M RS 7|22 §F Wave
(Liu et al., 1993; Reitz, 1987) &2 Al-835}] second-
ary breakup 2&S AALSHATH 7P & A7 wto|
A 0,,=Q2} I AL ThE A3} 2.

A (1+045Z°)(14+04T1°")

—=902 11
a (1+0.87We," )¢ ab

A7 2Y3E A% oA vHE A FASA A7 309

pa > 0.34+0.38We,”’
o, | (A+2)1+14T°)

(12)

919) 7 Wt hest ol Foen

Wel.S U2a
2= T=7Wed, We,= L2
e, o,
Ua Ua
Re,=— We,= 12 (13)
v, o

o714 ZE Ohnesorge number®|il, T& Taylor
number®|th. We, I} We,= 212t AH|Q} 7}~ 2] Weber
numberE 53}, Re,= Reynolds numbero]th. 4=
2717k 5 A vleateka s, hee] Anke
olxe] 274 ANSHE B A8 4 9o,

r=B,n0,/p,U* (14)

A7\ A% B 12 Aostga, & A4e A
929 nh] FEE Wave melol A HEA FHE o
#o] wrgo] 71& AHel N 44 A A 2
QPgEH Eulnke] shge] Hleattha 7Hgstel A
o}, oluf AHg3HE AL Thet gk

r=B,A ifBopA<a (15)

, {(3ﬂa2U/2.Q)°‘33
r=m

(3a2/1/4)°'33 } ifBoA>a (16)

71X B, Akd=o|1, 1 gk 0.610|t}

3.4 Spray modeling

FAD 2 § - R0 tje} Zold BAEE AR
N2 9] Q17 27 (particle diameter)S 11 23}7] 9|5}
Euler-Lagrange method”} Z-8-% Discrete Phase Model
(DPM)& AHgsto] dmet B7]e] Aaarag ANe
It (Bekdemir, 2008). Injection & o] 79~ AA| T
A =FoA AR wiet 7 Blsedt solid cone 2
<+ ARESHATH(Yin e al., 2016). & Aol A= AP
TE 7Rt 2 =FoflA BAEE B 27] A7)+

£ ST FR9 A4 Tttt 7Pgste] ALbst
L Blob methodE A-83}3th(Yu et al., 2017; Yin et
al., 2016; Huh and Gosman, 1991). T3+ O’rourke col-
lision =¥ % Dynamic drag =2 (Schmidt and Rut-
land, 200012 AF§-3ko] BALE ShE ARFE 7he] B
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Fig. 2. Velocity profiles of diesel flow with the position of vortex flow path.
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dAAR7E Zx WHE 35 © FADE FA45t:
Zzke] @B A 450 7IXE dF 1 Y

£ sfolstr] 918 FADE F $EOE o] 243
k. A e 5 el Jiote} & 2l omal
ring) 2 FASHAL, SHF F 2] (big ring) 2
£5 2TAA AA
lay-outZ 745t §-4 Mt 5 vjwge =X FAD
o &Jgt A o] n|H3} s Hw st

1_

4.1.1 HHE ARO[ LHR FFsHM

FAD %3] o] F4=l0] g 7]o] 2oL o
AL €] w st F4HAI717] Sfat pressure swirl
nozzle?] e} §AFSE JLZ 0|t} (Nonnenmacher and
Piesche, 2000; Schmidt et al., 1999). &, 2 gujA HH
o2 oAzt §2057] Aol HAET LAY Flo]
el $2 7271 $48 AUSBOR WA O
2 BAZLES ZH710, 48 278 FaAAT

7|3 A] A 33 A A4 &

= B35 WA o], Z]ofol]l FA4H Q=
A %EH-J o)At 27} A2 bl BeFe 2 wjx| =
22X f9EE dAY 35 WFL {50
Yo otA Erh. g /i 7ojol= & AlES 12719 1

39 2+ FrdgEel et 7lojo] 32 fd d=
o gauizte BRT Aselch 34 A7l e

40 = 1" gear front, 1" gear back, 2" gear front, 2"
gear back© 2 Hsgtt FAD YRE FY== A=

= 1" gear fronts S o], 127]¢] LA SolA A=

£ 4= Fxvt dAske AL 3T 4+ o &,
15bar?] o2 FUEE FAIE 1" gear fronto] A
2m/s O|SFol A EE 20 m/s7HR] HEHOZ 2 o=
Ho|HA AUk 2™ gear back FE-o| A= FHa 6m/s
oj3te] AR Lo FEHE AL L S AUk
At o3 A2 100 bar?] FYYHo|HE tha
A3 He Ao2 UERT 100 bar o3| 119k
oA & driving force2 A-R3= §oelo] e A
29 71| $28 2dy A&Hoz AT, &
A 458 Z7HD + 9 A0 R T,
RE QRold FUSH BT + AY B 2

gear back & B 1] ARFY £2YF f40] 12



Flow velocity [m/s]
2.500e +001

T 2.250e +001
2.000e+001
1.750e + 001
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1.500e +001
1.250e +001
1.000e +001
7.500e + 000
5.000e + 000
2.500e + 000
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Fig. 3. Variation of diesel flow velocity according to position of big ring.
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o2 AteH

4.1.2 SHIEH AX MO LIE SE EAN
= H9 7lojet Ze nElE B3 A=g
2 o]F317] Aol AR FHke) FAE e 9}
2 AAEE FHof ot gl R 0457}5 i
5

o rulN

FLU FIl‘

1A

T o, 2] JHo YXg 2mm o|5}ke] 2t
o2 FYE &, 5U3 HR Y A 25 A
& U G2 (F% 8mm)o] Eopxl ¥, {EH
(outlet)E £33 =22 o|$Hch I8 394 AAF)
AHEE 20014 50bar ¢F2lo] 7hejd ) =25 T
A it oe Wk At
2 3o ool [5bar}t |- =2 100bar $¢ o4
ol Sl 5 2371 54 F9sA et o
52l Sol FAsl Wb dedl A4 9

Sow Sopl wuol gl oot ol wo
A% IR 9 a8 YA o G
&= Bxvt 493
131??_} AW REE

L o o

[<)
=
=
=

£ o) 389 vhro
Fdos witic A 24
ofeixlo) els) zulst

4.1.3 FADUW&E &

O EM
o =

19 4= %TT?SIOH E} A FAD 122 7t2at
Hoqe 4% HEs yehd Aot RE gt
Z 79| tl3te] FADE ET8HEA §40] 2718l A
< FAY 5 itk ABf= FADS] B9 7R
S AYEA BT ZAS SHESLL, 2 209

R o] HAtE s, YRy A] F
7ol et A MEsEL Z7loHe Ao BoEr,

FADE %3te d=§ FUTAOIA FADS] Eh
Y] 1.684714] 2715} S&oln], =28 Esle] B
AHE o) w3} (atomization) @Aro] A YERS 4
Qlth(Mohan et al., 2017). Z, 2] (17)2] Reynolds (Re)
& Aol met 449 B4 WREDRE TR,
2] (18)0] -} Zo] I8 &= cavitation number
(8 BAAA SUT $AYY 2AoA ArjHoz
e o R caviuton BT BT + UG
& Sugth 714 Ve A WE £E, DL
29 47, 4 & HES Eat.

V,'D,
R€= n np] (17)
H
_ Pin_Pv (18)
05 V2
FADE 712A|2E S04 ReZeo] Wzt 2uba

&5 o ot 75“’\}5}01 3 39 foFstqit. ALy
oﬂ}‘J] =4 JEgE 55 A2 5Ugo] 100bard
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Pin=15bar

Pin=20bar

Flow velocity [m/s]
8.500e +001

H 7.650e +001
6.800e +001
5.950e +001
5.100e +001
4.250e +001
3.400e+001
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1.700e + 001

8.500e + 000
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Pin=30bar
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Fig. 4. Velocity profiles across FAD with inlet pressure.

o, i 1.68ui7b4] S7te= e skt 7H
W AFLER 15baro A= FEF Rep= 42,750
og2A % dRAHACRE AT 5 Ut EF
FADE= & ATolA A4 AldYE (15~100 bar) 9|
HoNA 42.5%~68%2] FRFES skl U=
4 Atk oY drY HREES BAEEY &
Jo A cavitation EIE Z7IA7| 1, AE P}
HFAA R 7od 5 Q& Aoz o4 fdt

4.2 FADO| 2Jst HER S e U

ARF9 ZAHeEA T stE 5538 A (cavi-
tation)> AR} v|YShS FAA7] AL, 710 whet A
A QALY Well Ao dRRA avtE SR
th(Wang et al., 2015). & A7l A= FA 84S F3t
of dmef WA L TV o E2E= HoH=
535 (008 AHET O EH cavitation BAFE H7}
shs S gt

AAE O dagde 7HEE dxlae ge
718 GEAR F, A=t E3
she ok R 2 AgtlM et
I K s B B e e I A S

(back pressure)Z FAJS 4= Qich AAZ, Qui et al.

7|3 A] A 33 A A4 &

Table 3. Re number for inlet and outlet of FAD depending
on axial flow velocity.

Pressure Inlet Outlet

(bar) Velocity (m/s) Re

Velocity (m/s) Re

15 20 30,000 28 42,750
20 23 34,500 34 51,000
30 28 42,000 43 64,500
50 36 54,000 59 88,500
100 50 75,000 84 126,000

Q0160 +A54E Fo ARLAY o] 24
£ cavitation dAro] ZHAEE AL FHEg Tt et
A 2 dFoME dad WE S 30bar® A3
=, 7479 FdgE ol diste mgoA EAYSHE cav-
itation AT} 3215} T

Cavitation 3= 3 A 71X 2 FEHT =22
$AHE AR ARfo SE7 ASHoR 27l
weh dREAe WA B =3 fUTFIA R
cavitation A ¥}7} ZAYSH= A (cavitation inception)
7h EA%tch o] F o] FUHAA =& YR {2
o)Al cavitation @ o] Zf== &7 (developing cav-
itation)7} 91 1L, cavitation o] F == Z0]9] 0.8~

0.9 H|&7HA] A 81 B 2353} T4 (super cavi-



tation)©| QFAYSITH AAZ super cavitation FFo] =
< AANA FAE ZAEZF WolAa w3zt
FAHE AL AR A%E RIHTHSou e al.
2007). 18U AEA el §ddg o] Z7}= cavitation
ool =& 77 FHEHUA =5 S FH
EAelE Bt mE2 AFURE S Bl
(hydraulic flip) @AFo] #Hgso] BA1zke] 229} v]g)
3} AsjEts 2% Qlth(He er al., 2015).

I 48} 5= FADY] AR o 7ol g =& T ofA
LA EE2] Re4 W cavitation numberS & 2| SF A o]
T, 79 5% 62 HULEl Tt B Wk
cavitation A= AAFeH Aito|tt ARGV} 64 bard]
o Y=ol FADS $348 1, =188 olato
A EE cavitation inception A B, 1.88~1.15
2 o7} A4S HY oA cavitationo] EE 9o
0=1.154 u super cavitation A &2ls}ct 1
0]Z g7} 1.0971A] A RS wf hydraulic flip @A}o]
Uehts A2 B4tk TEU FADE 45 gk

3Q-o] = cavitation inception®] o=1.32Y wjF g gt
1\“0]-“:_ Zo] XY, 1 o|& g7} zrAad) uet =2
# cavitationg H o] F7+E7]= stE e, T F7]9
2R go] FADS 3ae Aookt 28l e He
Aoz selsg}.

1ZAT, A8 F FEF=0 FADE A2t e s
B} ¢ G ¢t o A EE cavitation A1}7} TAYsH=
Aoz Wekl & ot Ane 714 Roipg

r

(6]

Table 4. Flow condition in the nozzle with FAD.

2 HEE 93 O uge AAY 2 a7 313

= AHEshe A (100225 H FADZE 91 4%,
w2 S HE] 9e)Rug sk |2 A%t
Be AL AN - Uk AYE Be 71ZEL ¢

oA ThAl BIHEA 2 9" WS B4 (primary
breakup)al 7] Ech. ol 2% Amgol vjgsl ATk
FAN7) Y F27 4TS Dok (Baumgarten ef al.,
2002).

4.3 HER 2A &4

FADE AA fd=e g4 d8/7t =&8 53t
o] BAlE o) WAYshE njPAte] 27]1E DPM 2
Z-gsko] AikelE ettt DPM REofA 27|18 =3
2 APde At HE =E A9 cavitation 42|34
AIE 7oz s &, =59 A¢ A%
0.5mm, Zo] 2mm¢l A Fe= A ko] A4bst
et

KN
=

pol A o, e
2 Ny 37|E vud gz
}c,»;ea—% 100 bar, F-AAIZRE 0.2 ms&
Zo2RE SmmBHo 217ke] 7
3t _1}7_4,_4 2] 74 (Sauter Mean diameter; SMD)
7H¢ 4 =) o vustgth. A4k Blob

Injection pressure Mean liquid Reynolds Cavitation Cavitation regime
(bar) velocity, V, (m/s) number, Re number, 0 &
50 69 8,625 2.50 No cavitation
64 78 9,750 1.88 Cavitation inception
75 118 14,750 1.30 Developing cavitation
100 145 18,125 1.15 Super cavitation
150 182 22,750 1.09 Hydraulic flip
Table 5. Flow condition in the nozzle without FAD.
Injection pressure Mean liquid Reynolds Cavitation Cavitation regime
(bar) velocity, V, (m/s) number, Re number, O g
50 70 8,750 2.46 No cavitation
75 99 12,375 1.84 No cavitation
100 135 16,875 1.32 Cavitation inception
150 176 22,000 1.16 Developing cavitation
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No cavitation

Cavitation inception

Diesel vapor volume fraction

Pin=50bar

Pin=64bar

1.000e +000
l 9.000e —001
£ 8.000e—001 [
. 7.000e—001 |
il 6.000¢ =001

5.000e —001

4.000e =001

3.000e — 001

2.000e — 001 Re =8,625 Re=9,750

1.000e — 001 0-5mm 0=250 o=1.88

0.000e+000 Developing cavitation Super cavitation Hydraulic flip

Pin=75bar Pin =100 bar Pin=150 bar
Re=14,750 Re=18,125 Re=22,750
0=1.30 o=1.15 o=1.09
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Fig. 6. Cavitation development steps in the nozzle without FAD.
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