Contents lists available at ScienceDirect Engineering

; Engineering "
< - ' N
ELSEVIER journal homepage: www.elsevier.com/locate/eng
Research
Engines and Fuels—Review
PRHIRER A EohisHIN AT 8BS
Masataka Arai
Tokyo Denki University, Tokyo 120-8551, Japan
ARTICLE INFO HE
Article history: WIEHL (ICE) X TRZERZRBEWS s iR, BB RIF G, @, [Hn & 2ata &
Received 26 April 2018 RE 2 B IO VR R . LA e M RE RV PR 58/ 55 1) S5 R R N IR ML BRI R S a3 . R SR A4
imﬁﬂﬁfﬂﬁﬁg 1Rt 5 55 2R il B 42 L FR R e g AR e 495 A R ATLAR G B K IR B RO MR . R
ceepte prt JE HE 8 5% 2 U 1) TS 5 T (0 SRR s S el R A A S R, I ELARGE PURHILTT DAAE — e FEE L

Available online 7 May 2019 PeBIARS. (EAAEMRRETE I B, BRRIAEZS 1) L (g SO R B B . B, b T BRI A

P, B HA AT 5 E AR B GE AR L B B INFR S W5 - WIS A LA Wi -

itk S LA FF R 090 A7 W 6 S BRI 5 T 5 s 2 0 JE . S 1 SR o Py e
o BRI 25 008 1) R E 55 128 PN AL PP 25 T2 285 2 Sl il B R 1) v E A

AT > © 2019 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher
M5 55 422 il Education Press Limited Company This is an open access article under the CC BY-NC-ND license
A2 (http://creativecommons.org/licenses/by-nc-nd/4.0/).
A

1.5 RE BN JIRZE (HEV) REIEZMAAR A . HHI20504F,

TR AU R R HIRLD VI RS E BT %. EV
WHRHL (ICE) 3 F 5 282 A W51 1102 /6.
TRATT I 1 56 2375 20 3 A L o el AL R L b 03
BUMG. RUHURLH RAFRITTRAGYE . TR, T
RO EA SRR AR . SR, RN ZE SR ﬁﬁﬂﬁﬁi Pay load
s K AR 2o TR 34 BB B3 A5 7 1) S —— [ 1 e goods
N “3EY Zonim . A TR “3E” —Jnin i,
B R B AL REREE R 0 R AL
B, LA H AL ARV O TR
(LDV). 28R T £ LDV Ha 1], % T il ooy motals (s ot

I (BV) TR, DT T & Foul e R4 Sreontones anses
3K 5 5 AR 2 2 T M L ) b coz, N0, oo

ik, (EREVITHEENY KIEH 218 . FABRPL—FE, B, AHLIG“3E” ZIhi . HC: ARMMBMBEILEY: PM: Bk,

Contaminated air, etc.

E-mail address: marai@mail.dendai.ac.jp, arai@gunma-u.ac.jp

2095-8099/© 2019 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher Education Press Limited Company
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

: Engineering 2019, 5(3): 519-534

: Masataka Arai. The Possibility of Active Attitude Control for Fuel Spray. Engineering, https://doi.org/10.1016/j.eng.2019.04.010



2

AR ENEE NGB A . Wl RE3IAE
(PHEV) FIHVBHEZIRKE (BEV) HIH 1K HBIRK
FHRE S H AR REVRINT, 8 IX Sey5 2545 B Tk IR = Sk
(GHG) MHEk. (B2, mTHEBESIIRKFEFmAEA
BARRIEA Y SR B g, Rtk e 2 — R Aa
DU REYR o X LR 5 V2 BE VIS 12 i 17 1 5 22
B A

FRRBVBAR S & T R HER N BEHLE
TR, X ARAIERAEEE. 50 RGIT R LA
HRBHL-HIB- BN T RAFNRES 1 R%. N TR
etRlpe, CEHTT R T W55 WA BTTUH i R R S 3
RN BT, 404 B4E S0 P ML AT DAAE—
SEFERE LR lsRbe. Rk, wSERE. RHEBU & ShHL
ek,

SCEEAE TR S5 A I X RS . Rk
FIR W KA = R AR #3077 [ AR & .
TEAEGIMM S ERE: OWMN YIRS, SREmhs
e T SR i FEE RIS 25 HE A @%m%%éﬂ%m%%%
TEAS: OMEH LGRS IR Z A . &£
WRGEIX I8, KTFWF AR ORIER, it
W EFEASRANRA L . K, MARTF R T8kt ot
TEAS I B HIFA . SR, 0T HRBE R feda il >k,
W25 BT RES A ST, DA A0 TR 25 1 B0
PRI AR B R R B BN, B NS W5 -1

SEPURIN T 55 T 45 E A HI LA . v T AEARSRE e
T A RBIL R SR TR 8 25 MR BEBOR IRAT 15 38 ) W54 55 7
A, AR A SRR IR U RS IR T WS 2 1R S Bl
il B FT REVE

2. WEhA EEh PRI E i

Wﬂ

ARFITE S, A SR A S T 2 S8 R Bh AL R
REEMERFRR2], EWLEBKIES K (DISD &
BT BT RV A S OB R . I3 R T TE MR e
= R SRS 5 T B T A B TG SE R R (3], R

Future sales by engine type

60%
< ICE: 92%

Mainstream

17.5%

12%

Hybrid: 5%

.0 4 0, -
5 PHEV: 1.5% 12/0_— 6%
ﬁ FCHEV: 0.3% 3.5%

BEV: 1.5% = %

2015 2020 2025 2030 2035 2040 2045 2050
Year

E2. KJEFHEELDVE: 2015—20504F 1 % Fhzh 1288 75 1 a4 45
F e HoAth 32 EHLIX AT et AR L, l:u)llﬁﬁ%%/ﬁa)rnﬁﬁuéﬁﬁ
W BRBLES 5 150%, HIX— LU IEAEIZHT F % [1]. FCEV: BARl b
HZNR 4 : NASE: HARAWA SRR ZNHL: TCSI: iRFE I K AL AT

FSAHEAE . W55 -BE A BAEH AR 2 A TR kRl

Intake \Qve Exhaust valve

Piston J‘ Y _L 'L _L Atomlzatlon L - L J‘
* Mlxmg

v
Intake Compression Expansion Exhaust
(working process)
Diesel I - Spray
X iesel nozzle . (@/‘?)‘/
Nozzle ey % Nozzle

(low injection pressure)

Long break-up length

Narrow spray angle

BEI3. Sl %

High squish ~

(small hole and

{ high injection pressure)

High swirl

Short break-up length

Wide spray angle

MEBE[3].



GF I 55 B BRI S HE A, 45 sl AN 2SS
A B TR 33 18] S5 A 47 HIOA T PR i 5 36 ) ik AR
Yoo wiBlapoR, I G AR AL D $5 ]
JEANFR SN T AT = B3 S AR B RBE R 75 . NO, A
B MR HE TR [4] 0 V5 S T 82 47 1) 448 1 M 3 S F 9 50 3 5
TEABE ) T2 EEHROR HAR[5].

N TR ESNERIWIZ LR, A7 0 T 12 ] 1 5
FSHABH T RUBEE T KT PRI 25 15 1 1) 2
HONTTiE . W% BUEF B 5 25 HE Ay AR 8 25 1RO oML 245
PR B S P P8 S E B SR, IX SR A
NFEMESRFIE . SR, T TIOR8 25 T/ 245 00 Bt R
B ISR R BB AR B 3 AN A7 iy 55 PR 3R AR SR T
A2, R IR 2 1 S5 K ARG 2% A IR RH S5 2 B0 58 25 7%
SRR ELE,

Combustion noise & NO, reduction

T with pre-injection (shortened ignition delay)
Q ’
& x
o 1 \| Smoke & CO emissions reduction
3 Previous l' \ with mixing enhancement
° 1
= \l
3 I
(0]
T |Pre-injection Better thermal
\ l' efficiency with higher
/_\.l injection pressure
I

Crank angle —>

B 4. TH A L R AR AT S AR R 250 [4]

R1 EHSENITE

3

BRI 25 1 ) T VE A R S S PR BT T
ARG S BT S 8L R ARSI T O
FMETORFFAZL . SR, — RS (BASNENE
ZHO AR PUFER G AT T LS. EA]
BE— R AR S BN LR S8 B
SRz B AR AR R S H s, flan, SRR
PR KA — (B4R S H e A e . AHABLE,
EIRDISUR B2 5 BB A 25, (HAREE:
Bz .

MG EERrAGE T B B S EEIER
TER M bl Z 8 75 ik, XA B H] 7R
SEIL 2 e BERARHSE 25 T2 245 1) T S f M N HLECR I B
KittL

DU i BB hI K T REE, B O EM b S
FHA R A S A BRI S A 1 shas . &
SRR At TR A BB T, IR T W 3 1A g
SRR . — HOm & i) B s bl O T RE, ek
TR R Bl R U SR G UL P B 3 4 i <0 )=

W% S5 2 AT P A IFIRIARGE (RS TR 51 R 810D 4]
Chnm o B4z ) fe 2 TRl AR L 1) o 45 4 S008I (R 5
TR, 8IS BT HE A A AR, BENEAE e
FE EseBlasia) B S AL s, SR, ARRAED
PURI A 75 8T R w8 22 3 s il 50, e b i, 5 2
TR | NG <l

Control methods Control items

Characteristics of the spray * Spray tip penetration
* Spray stagnation
* Penetration direction

* Spray angle

» Symmetry of spray plume

* Spray dispersion

» Microscopic feature of spray (droplet size, turbulence, etc.)

Design parameters of Static control

the fuel spray injection * Injection pressure

* Nozzle configuration/geometry

* Back pressure (surrounding pressure)

* Fuel properties
* Temperature
* Others

Dynamic control

« Passive: Injection rate (timing, pattern, and injected mass); nozzle cavitation;flash boiling; air flow (swirl,

tumble and squish); wall impingement (cylinder wall and piston top); others

» Active: Variable geometry nozzle; injection rate (cycle-to-cycle variation for lean-rich combustion); injec-

tion response (needle lift and injection pressure); nozzle cavitation; flash boiling; forced vibration (nozzle

vibration); secondary atomization (obstacle impingement, and guide wall); spray-to-spray interaction; air

flow (swirl, tumble, and squish); wall guide; additional actuators (air jet and acoustic pulse); others
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Internal flow;

Spray Comlﬁ‘stion

Film Nozzle String Spray Ignition  Luminous
cavitation flow cavitation angle position flame

Narrow  Vortex flow over  Strong Wide Near Wide
area sac volume nozzle

Wide Turbulence by Weak Narrow Far Narrow
area cavitation with nozzle

weak vortex

E24. Sl i e SRS [24].
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String cavitation trap (groove)
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0
n-heptane spray n-heptane spray
P, =3MPa, T, =25°C, P, =3MPa, T, =90°C,
P, =100 kPa, t,;,, =40 us P,=100kPa, t,, =40 us
(a) (b)

[E126. 105 55 AN W55 [25]. (a) WARMIZE: (b) NI . Tho:
PRRHIRE .

T T T v
Collapsing point Flash-boiling point

le—
- - - -

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -
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Spray plume width
|
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Ambient-to-saturation pressure ratio (P /P,)
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Spark plug Cooled fuel injector

Liquid spray

N _ ) {
N=————""—"—-/ Wall quenching

Microscale heterogeneous mixture
combustion and NO/PM formation

Heat loss /i T

and nano-PM
formation

Heterogeneous mixture distributed whole space

owing to strong penetration of spray

Flash boiling injector

Spark plug (hot fuel injector)

Flash boiling spray

G
IS

——
—

Pre-mixed mixture combustion

Lean and ultra-lean stratified flame
with PM and NO free combustion

Flame isolated
from wall and
less heat loss

combustion

Homogeneous with micro heterogeneity
mixture distributed only in center space
owing to weak penetration of spray

Stratified pre-mixed mixture combustion
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(b) ()
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JefO=90° , FEESS, =15mm. S,=45mm; (b) BOKHHE; (c)
t= 0.6 msH EOET) A K.
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Cavity diameter: 60 mm
Nozzle-hole diameter: 0.17 mm
Number of nozzle-hole: 6
Ambient pressure: 1.5 MPa
Ambient temperature: 300 K

Injection pressure: 90 MPa
Injection period: 3 ms

Injection mass: 72 mg

Laser sheet tomographic image
Photo timing: 1.8 ms
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Adhering

fuel
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Glass plate
High-speed camera

t=0.58 ms

@ Fuel film diameter; ) impingement wall width (40 mm);

® spray diameter
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Flame propagation

Ignition

Air entrainment

Reverse squish

Piston cavity

Piston top land

Heat loss to cylinder
head and piston top land

Heat loss to piston cavity

Diesel spray

Set-off position and free diesel flame

Cylinder head impingement spray

Side wall impingement
spray flame

Spray-to-spray
interaction flame

Fuel rich sooting zone

High temperature NO formation zone
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Base cavity

Enhanced
vertical vortex
cavity

0.5 ms

P,, = 25 MPa (jerk pump), D, = 0.25 mm, M, = 13.7 mg,
Tm,=1-8 ms, P, =3 MPa, b=1.9 mm
(a)

P,m =25 MPa (jerk pump), D, = 0.25 mm, M, = 13.7 mg,
T|n1=1'8 ms, P, =3 MPa, b =2.1 mm
(b)
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4.7. B IREN

WA BRI S5 S SR B R W 55 B R
W A% BT Ji 1. LRl AR 22 0% T FH 2 AR Bl 5O e 5
B X LIS A VRS BT LSRR R B, (AR T
ARSI RTEREL,  EASTERE AR T BH . R BEITE I 25 Al n



Nozzle Cylinder

g

t Cavity :|

Piston

(@)

Nozzle i | Cylinder

Cavity j

Piston

(b)
BE138. i 28 3% I BT B RS 4% 0T 55 T AS UL [33] (a) T RUE AL

N ZS s (b) H W% .

2R BN I A AR RO HGE KB HLRIIAbE .

(€]
NS
Ok
~ls
o>

PENAS IS fy 2 - 223l 0, WP 2 — 20
Ko H AT 2 R e i BRI R B HL 2 T e
Bt T RZBECORBPEAR DEARHE A, HRRAEAS
ANPGRS AT A AHT . D9 T AT REOR K T3 T 452
WA Z5UHG HAB B A I A )T AR SR B s AL
BRI -

VEONIXINSS T35 20, AR08 T ER R fE 5
122 IARIL AR IE S5 0R 58 15 A v st 5 T 25 T sl B
RETE. HiE, N TSI —HIrHERZHEAR. H
A, W S0 1) T AL L ART T 285 AR 2 e 42 1) i 2 v 7l 2
2770 BEAk, PPEHL B EOARR RPEROR ke iz —,
LIZRE NN KB A R o

N I 5% B 1 28 42 1) AR BE M Vi 5% 225 5 — TR AT I
ST RAENE AR S . ASCIRIE 7R Tz B — L
LS MEARE, (ERWCH R LIRS R Z AR, ik
AT G . O 7 IR SEH B RBEMERAR, L 250
XPFEORBEAT A, RN RS FREE AR 0 TR 7T 5
PARLXS X —Hdik o

Acknowledgement

This perspective review summarizes this author’s long

period of research work under old supervisors and was de-
veloped with the help of research colleagues. This author is

sincerely grateful.

References

[1] Findings and recommendations. Summary of major findings [Internet].
Seattle: The Allen Institute for Artificial Intelligence; [cited 2019 Apr 25].
Available from: https://www.semanticscholar.org/paper/1.0-Findings-and-
Recommendations-11.1-Summary-of/6¢1eb848e832847eff7de73a59e8568e
4d7f707e/figure/3.

[2] Arai M. Physics behind diesel spray and its combustion. Saarbrucken: Lambert
Academic Publishing; 2016. p. 299-334.

[3] Arai M. Physics behind diesel sprays. In: Proceedings of the 12th International
Conference on Liquid Atomization and Spray Systems; 2012 Sep 5;
Heidelberg, Germany; 2012. p. 1-18.

[4] Noboru U. How far extreme-high pressure fuel injection have an effect on
diesel combustion improvement? Mechan Engineer Cong 2014:W071003.
Japanese.

[5] Agarwal AK, Singh AP, Maurya RK, Shukla PC, Dhar A, Srivastava DK.
Combustion characteristics of a common rail direct injection engine using
different fuel injection strategies. Int ] Therm Sci 2018;134:475-84.

[6] Payri R, Salvador FJ, Marti-Aldaravi P, Vaquerizo D. ECN spray G external
spray visualization and spray collapse description through penetration and
morphology analysis. Appl Therm Eng 2017;112:304-16.

[7] SAE Standard: J2715_200703. Gasoline fuel injector spray measurement and
characterization. Pittsburgh: SAE International; 2007.

[8] Singh AK, Lanjewar AM, Rehman A. Direct fuel injection system in gasoline
engine—a review. Int J Innovat Technol Explor Engineer 2014;4(4): 21-8.

[9] Ebara T, Amagai K, Arai M. Image analysis of a diesel spray impinging
on a wall. In: Proceedings of the 7th International Conference on Liquid
Atomization and Spray systems; 1997 Aug 18-22; Seoul, Korea; 1997. p. 527-
44,

[10] Leng X, Jin Y, He Z, Long W, Nishida K. Numerical study of the internal flow
and initial mixing of diesel injector nozzles with V-type intersecting holes.
Fuel 2017;197:31-41.

[11] Leng X, Jin Y, He Z, Wang Q, Li M, Long W. Effects of V-type intersecting hole
on the internal and near field flow dynamics of pressure atomizer nozzles. Int
] Therm Sci 2018;130:183-91.

[12] Yoshimura K, Hosaka T, Yasukawa Y, Ishii E, Ogura K. Effect of off-axis
valve motion on spray shape of fuel injection. In: Proceedings of the 26th
Symposium (ILASS-Japan) Atomization; 2017 Dec 19-20; Tokyo, Japan; 2017.

[13] Morgan TB, Bothell JK, Li D, Heindel TJ, Aliseda A, Machicoane N, et al.
Feasibility of monochromatic X-ray imaging of the near-field region of
an airblast atomizer. In: Proceedings of the 14th Triennial International
Conference on Liquid Atomization and Spray Systems; 2018 Jul 22-26;
Chicago, IL, USA; 2018.

[14] Matusik KE, Sforzo BA, Seong H]J, Duke DJ, Kastengren AL, Ilavsky ], et al. X-ray
measurements of fuel spray specific surface area and sauter mean diameter
or cavitating and non-cavitating diesel sprays. In: Proceedings of the 14th
Triennial International Conference on Liquid Atomization and Spray Systems;
2018 Jul 22-26; Chicago, IL, USA; 2018.

[15] Torelli R, Sforzo BA, Matusik KE, Kastengren AL, Fezzaa K, Powell CP, et
al. Investigation of shot-to-shot variability during short injections. In:
Proceedings of the 14th Triennial International Conference on Liquid
Atomization and Spray Systems; 2018 Jul 22-26; Chicago, IL, USA; 2018.

[16] Le D, Pietrzak BW, Shaver GM. Dynamic surface control of a piezoelectric fuel
injector during rate shaping. Control Eng Pract 2014;30:12-26.

[17] Ferrari A, Novara C, Paolucci E, Vento O, Violante M, Zhang T. A new
closedloop control of the injected mass for a full exploitation of digital and
continuous injection-rate shaping. Energy Convers Manage 2018;177:629-39.

[18] Payri R, Bracho G, Gimeno ], Bautista A. Rate of injection modelling for
gasoline direct injectors. Energy Convers Manage 2018;166:424-32.

[19] Arai M, Shimizu M, Gakumasawa H, Hiroyasu H. Attitude of high speed liquid
jet controlled by internal cavitation in a nozzle. In: Proceedings of the 6th
International Conference on Liquid Atomization and Spray Systems; 1994 Jul
18-22; Rouen, France; 1994. p. 286-93.

[20] Oda T, Ohnishi K, Gohda Y, Sumi T, Ohsawa K. Internal flow visualization a
large-scaled VCO diesel nozzle with eccentric needle. In: Proceedings of the
12th Triennial International Conference on Liquid Atomization and Spray
Systems; 2012 Sep 2-6; Heidelberg, Germany; 2012.

[21] He Z. Visual experiment of cavitating flow in a real-size diesel injector nozzle
and les modeling of cloud cavitation shedding. In: Proceedings of the 6th
Engine Researchers Forum; 2015 Jul 24-26; Shanghai; China; 2015.

[22] He Z, Guo G, Tao X, Zhong W, Leng X, Wang Q. Study of the effect of nozzle
hole shape on internal flow and spray characteristics. Int Commun Heat Mass
Transf 2016;71:1-8.

[23] Zhang X, He Z, Wang Q, Tao X, Zhou Z, Xia X, et al. Effect of fuel temperature
on cavitation flow inside vertical multi-hole nozzles and spray characteristics



with different nozzle geometries. Exp Therm Fluid Sci 2018;91:374-87.

[24] Nakase Y. Visualization technology of spray and combustion. In: Proceedings
of the 25th Internal Combustion Engine Symposium; 2014 Nov 26-28;
Tsukuba, Japan; 2014.

[25] Xu M. Development of advanced laser diagnostics to investigate the
unique atomization and vaporization processes of flash boiling sprays.
In: Proceedings of the Gordon Research Conference, Laser Diagnostics in
Combustion; 2013 Aug 11-16; Waterville Valley, NH, USA; 2013.

[26] Zeng W, Xu M, Zhang G, Zhang Y, Cleary D. Atomization and vaporization for
flash-boiling multi-hole sprays with alcohol fuels. Fuel 2012;95:287-97.

[27] Wang Z, Dai X, Liu F, Li Z, Wu H. Breakup of fuel sprays under cavitating and
flash boiling conditions. Appl Therm Eng 2018;143:22-33.

[28] Li T, Dong X, Hung DLS, Li X, Xu M. Analysis of evaporation characteristics and
heat transfer for flash-boiling sprays. Int ] Heat Mass Transfer 2018;127:244-

54.

[29] Chiba T, Saito M, Arai M. Behavior of diesel sprays in various ways of
interspray impingement. In: Proceedings of the ILASS-Asia 2000; 2000 Dec
17-22; Tsukuba, Japan; 2000.

[30] Ko K, Huh ], Arai M. Diesel spray behavior and adhering fuel on a recessed
wall. SAE Technical Paper 2003:2003-01-1834.

[31] Ko K, Arai M. Diesel spray impinging on a flat wall. Part I: characteristics of
adhered fuel film in an impingement diesel spray. At Sprays 2002;12(5-6):
737-52.

[32] Shimo D. Research on improvement of diesel combustion by controlling
distributions of mixture concentration/temperature and ignition-heat release
rate [dissertation]. Hiroshima: Hiroshima University; 2013. Japanese.

[33] Arai M, Amagai K, Ebara T. Attitude control of a diesel spray under the Coanda
effect. SAE Technical Paper 1994:941923.



