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Spray Measurement of Flash Boiling Spray

n-Pentane Spr ay(Pv=56.5KPa) i

njected into 21KPa ambient pressure

Distance from spray
axis r [mm]

Distance from nozzle outlet z [mm]

Mie scattering image
from droplets

Radius distance from spray
axis r [mm]
10 2

Wapor concentration C (mol/m *)

5
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Spalial vapor concentration distribution
by two-wave length IR absor ption method
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Improvement of Spray Atomization by Flash Boiling

Flash Bailing Injection Process

Modeling of Flash Boiling Spray

Nucleation process Vapor formation process

N=111x102exp(-5.28/AT,) @By Ca"if“’" bubbles growth
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Initial bubble diameter 2R, (2) Owing to heat transfer
2R,=20mm ay (Ta -1 ) Adt
M, =— '\
ht h.g
Bubble growth process (3) By superheated degree
o2, 1 ash(T"—T)Adt
RR+§R2=?(PW—P,) dM"=l|17s
and il
R =P+ Rﬁg [RUT“ Droplet formation process
& R meue
/ g=——buble >
20 4uR  4kR Voire + Viigua
"R R R Droplet number = 2x Bubble number

W Spray and Combustion Science Laboratory, DOSHISHA Univ.

Profile, AP, (A6),

- Nvaexp[—%)

=Rt o
3

bubble Iigaytm

intact core o

Rayleigh-Plesset RFH%RZ =1(PW—P,)
P

R RxAP,"
Aerodynamic Force | i -
1
|
1
1
P P us t
Vapor t,
mass
fraction| H 200
1
1
4Py, ' 100
1
'

46 t AP,

T T me

W Spray and Combustion Science Laboratory, DOSHISHA Univ.




KIVA

r P=56.5kPa

PP EAETE

Distance from injector
2 mm

Ps= 101 74 61 48 35 21 14 8 kPa

r Py=16.2kPa

Distance from injector
2 mm

Pr= 101 74 61 48 35 21 14 8 kPa

n-Hexane
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n-Pentane n-Hexane
Density
oy [kg/m] 626 656
Surface Tension
ox 10° [N/m] 1600 1846
Viscosity
x 10° [Pag 240 307
Saturated Vapor Pressure
P, [kPd 56.5 16.2
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Spray asgle 8 deg

Eresk-upbength b mm

2

Pressure difference APw kP2

n-Pentane n-Hexane
Injection quantity
132 136
Quy. [mm/4ms]
Flow velocity a section A
V, [mis] 183 188
Jet velocity a nozzle
Outlet V. [m's] 210 210
Reynolds number at
section A Re 6500 540
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pintle

smooth flow

orifice

seat

bubble
vena contracta

pressure
near the orifice edge
Pa<Pv<Pr
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I I Phase Change Process in P-T Diagram
Two-Component Solution

2B Conditioning [CO:— n-Tridecane]
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Two Phase Region Formation in Multi-component

Fuel in Phase Change Process

Pressure-temperature diagram

Pressure-Mole fraction diagram

Critical pressure
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Chemical Thermodynamics and Two-Phase Region

Estimation of Two-Phase Region

Expanded Corresponding|

P-T Diagram for Mixing Fuel with
Liquefied CO, & n-tridecane

w
=]

State Principle
P=P/R T =T/T,

Equation of States
PR am
V-b {V(V+b)+b(V-b)}

Fugacity of Liquid & Gas

9o =Ny -P), 4= I(X-P)

20

Fuel pressure p; [MPa]

0

o

The prediction of Two-Phase Region

T 22 .
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inside nozzle

i conditions in
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Fuel temperature T; [K]
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Tridecane -
saluion
Xu=0BE
Tz 133

Temperature T [K]
Fucl pressure pr [MPa)

X S
Mol fraction of secend component X

Mutual solubilityin binary solution

e !
Conditians af injectica)]
1o cylnder

Fuel temperature 77 [K]

Effect of mole fraction on two Phaseregion
for n-Tridecane-CO2
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(3) ol pressure booster 1~ (3)
(®) s-portsolencid valve (7))
(%) Sobenoid valve | (19

(12) Piezo pressure sensor ~ (13)

High pressure vessel

Al ylinder (5) Pressure regulator
Pressurc regulator (8 Ol pressare booster 2
Solenoid valve 2 (1) Pressure regulator
Gap sensor (14) Micro hester

I njecti on system of gas dissolved fuel
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with

Changein spray pattern

ambient pressure and mole fraction of CO2

by transmitted light
for quansi-steady spray(pinj=10[MPa],ra=1.5[k g/m3])
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Temporal Change in Spray Pattern by Shadowgraph
| Pa=1.1 MPa |

0 067 133 200 286 333 400 467 533 600
Time after injection start 1 [me]
(a) Xcoo = 0.0, Te= 303 [K]

[RRRLLY!

=10 [MPa] i 20 [MPa) 0 06T 133 200 266 333 400 467 5331 600
Tima after injection st t [ms]
() Xooa = 08 (Veoz = 0.45), Tr= 383 [K]
Changein spray cone anglefor quasi-steady spray
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Proposal on Fuel Design Approach Research

(1) Physical Control = Capability of Time and Spatia Contr ol on Fuel Vapor

Distribution by For mation of Two Phaseregionin Mixing Fuel
[ — - For mation of Flash Boiling Spr ay = Improvement of Spray Evapor ati on

(2) Chemical Control = Capability of Control on Combustion Pr ocess
N - Emission Control — Soot & NOx
T Simultaneous reduction of both Soot and NOx (CO2-gas oil mixing fuel)
= Ignition Contr ol (Gasoline-gas oil mixing fuel)
Co,- NO = HC Contr ol (Gasoline-gas oil mixing fuel)
2 X

- (3) Improving Ther mal Efficiency by Lower Injection Pressure
=> High Spray Atomization and Evapor ation Quality with Flashing Pr ocess

(4) Contr ol the Fuel Transportation Propertiesin Mixing Fuels
Sono-Chemistry
(5) Effective liquefaction of gaseous and solid fuels
-> Conversion of Heavy Fuels or Solid Fuelsinto high quality
Lighter Liquid Fuels thr ougll Chemical-Ther modynamics
vy

W Spray and Combustion Science L aboratory, DOSHISHA Univ.
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Time Dependence of Evaporation Analysis for
10-Components Fuel Single Drop

------ T,= 400 [K]
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* Spray and Combusti Laboratory, DOSHISHA Univ.

Vapor formation process

(1) By exvitation bubbles growth
Nucleation process

AMes = 4/3 p,xN(Rns 7R
@

Nl 113 10%exp(-5. 28IAT0)
(104 o)
Imitial bubblc diameter 2R -
IRe=5 Spm

Bubhble growth process

32 RE= 1p (B,F)
JaRaNRIR)"

| ZoR-4uRR-AcRRE Droples number = 2 X Bubble r

Fig.37 Analytical model of flash boiling spray in this study
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Distillation Analysis for Multi-component Fuel

10-components Fuel Distillation Curve

Boiling | Molar Boiling point [K]

Point [K]| fraction €] w ] W g L+ VAT

Component

(a)n-butane 2726 0.04
(b)isopentane 3010 | 035 %
(C)2-methyIpertane| 333.4 0.12 ®
(d)cy dlohexane 3539 | 0.06 &
(62.24- 324 | 012 | =
trimethy lpentane] g
(f)toluene 383.8 0.06
(gmeta-xylene 412.3 0.06 X
(h)ortho-xylene 4176 | 0.06 300 350 400 450

(i)propylbenzene 4324 0.06 Distillation temperature [K]

(j)buty Ibenzene 456.5 0.06
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Comparison of Spray Structure
—Vapor Spatial Distribution—
with Experiments and Numerical Results at t=3.0ms

200 left: LIF image
Xeshie =0.25 _ & Middle : calculation
E g (n-pentane)
= — right : calculation
2 18 (n-tridecane)
% of LIF
é 200 High Vapor  Vapor
= cs c13
Xospz =050 £ - [g/en] _ [glcnB]
g 6 Cl3 [y7.44e4 [J6.50e4
I 6.60e4 || 6.20e4
% 5.9e4 ||5.60e4
2 1 Low |l521e4 | [4.90e4
B 44604 | |4.20e4
= — i 3.72e4 ||[3.50e4
0 22 High 2904 || 2.8004
X =075 2.23e4 || 2.10e4
cohnz " c5 1.49¢4 ||| 1.40e4
6 7.4065 || 6.99e5
8 000 Yoo
1 LIF Low
.

Changein bubble gr owth with ambient Changein bubble growth with ambient
pressure (Xco2=0.6 Tf=383[K]) Pressure (Xco2=0.8 Tf=383[K])
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total mass

25

=17 [MPa)

14 [MPa] '

pol.1 [MPa]

Vapor mass My [ %104 mol]

05

Time after injection start 1 [us]

Tempor al changein vapor mass (Xco2=0.6 Tf=383[K])
Wy Spray and Combusti

mKIVA

Laboratory, DOSHISHA Univ.

Flash-Boiling Spray Model (continued)

' Vaporization on droplet surface
Vapor-liquid equilibrium (fugacity)
Two-zone model (Tgys, Tgi)
Modified Spalding model (Le# 1)

Renewal of fuel properties
NIST database (f(T, P))

' Flash-boiling in droplet
Bubble nucleation (heterogeneous nucleation)
Bubble growth (Rayleigh-Plesset equation)
Bubble disruption (¢ > 0.55)
Secondary breakup

Renewal of fuel properties
NIST database (f(T, P))

W Spray and Combustion Science L aboratory, DOSHISHA Univ.

W Spray and Combustion Science L aboratory, DOSHISHA Univ.

— total mass

OO, mass

n-tridecane mass

p,=1.7 [MPa]

p=1.4 [MPa)

-l | p.=1.1 [MPa]
H]
g
E 1O
2
=
H

s

N = I ] . P R

U] SO0 1000 1500

Time afier injection start 1 [us]

Tempor al changein vapor mass (Xco2=0.8 Tf=383[K])

Flash-Boiling Spray Model

Initial fuel properties
l NIST database (f(T, P))
Flash-boiling in nozzle orifice
l Bubble nucleation (heterogeneous nucleation)
Bubble growth (Rayleigh-Plesset equation)

Fuel injection

l Injection of multicomponent fuel droplets
with bubbles

Breakup
l Modified TAB model (¢=6)
Vaporization

Vaporization on droplet surface
Flash-boiling in droplet

Nozzle orifice
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Droplet

r Bubble nucleation

N =111x10° eqa(;:sjﬁoﬂ“*m}

r Bubble nucleation

N :1.11x1o‘2-9@[’523){10*“‘“*"}

A0

~ Bubble growth

~ Bubble growth
Rk -1p,-p)
2 p

()
2 p

R;)’"_E_M_ﬁ

R R R 3

- 2 RY"_20_a4uR_ 4R - 2
- 2| B] 2 R /owpv*{"m"&][

 Bubble disruption

T Ve Ve

droplets=bubbles*2

Schematic di agram of flash-boiling model
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Bubble growth Breakup

N

Droplets =
Bubblesx 2

Breakup caused by bubble disruption

Experimental conditions

W Spray and Combustion Science L aboratory, DOSHISHA Univ.

Gas out]

1: Oil pump 2: Thermo-couple 3: Pressure gauge
4: Injection nozzle 5: Thermo-couple 6: Heating jacket
7: Optical window 8: Heater 9: Insulator

Schematic diagram of constant volume vessel

Wy Spray and Combustion Science Laboratory, DOSHISHA Univ.

Comparison of Spray Structure

—Vapor Spatial Distribution—

with Experiments and Numerical Results at t=3.0ms

Fuel CsHiz/ CiHag Xospz =025
0.75 : 0.25 (mol %)
Ambient gas N,
Ambient pressure 0.1 MPa
Ambient temperature 440 K Xespuz = 0.50
Hole diameter 0.2 mm
Injection pressure 15.0 MPa
Initial fuel temperature 320, 380, 440 K
Xesz =0.75

Pressure [MPa]

W Spray and Combustion Science L aboratory, DOSHISHA Univ.
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Vapor concentration
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Distance from nozzle [mm]

Enlarged Shadowgraph Images
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lOg(TO)l“E‘O = log(TO)g/AEO + lOg(TO) tabt IOg(TO) Lsc

Injector

a q
1450cm 1312¢m
Vapor

Droplets

Schematic diagram of IRES theory
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Fueltank Injector =~ Wave memory Control circuit _CPU Controller

Air bomb :
Concave mirror
am
Detector
—r—R O | _—Dewar
u S
il T 74 Diode laser
7

Constant volume .
Mirrors  Plane-convex lens  chamber Concave mirror
Schematic di agram of experimental appar atus

for measurement of vapor concentr ation distribution
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Lambert-Beer

etc
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Absor ption spectrum of n-pentane vapor (593 ppm)
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Spray injection
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Distance from nozzle outlet
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Distance from nozzle outlet z [mm]
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Concentr ation distribution of n-pentane vapor
(Pa=48k Pa, t=2.0ms,DP=250k Pa, Tf=Ta=293K)
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Spray Measurement of Flash Boiling Spray

n-Pentane Spr ay(Pv=56.5KPa) injected into 21KPa ambient pressure

Distance from spray Radius distance from spray
axis r [mm] axis r [mm]
10 20

20

() 30
Mie scattering image ~ Spatial vapor concentration distribution
from droplets by two-wave length IR absor ption method
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The Absorption and the Transition Process of the Light
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Exciplex

Wy Spray and Compustion Science Laboratory, DOSHISHA Univ.
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: Ground singlet state

The Quenching Action of the Fluorescence

The Quenching by the M olecule

1) the Static Quenching
M +N < MN,MN +hv — |energy loss
2) the Dynamic Quenching
M+thv—>'M"
h : Planck’s Congant =6.626x 10-34 [j 9
v: thefrequency of the fluorescence [sY]

Singlet excited state Dynamic quenching

: Triplet excited state Fluorescence lifetime Variable
R : Vibrational transition -
IC : Internal conversion Fluorescence polarizin: Variable
ISC : Intersystem crossing Absorption spectrum Constant
k : Rate constant of transition Temperature coefficient of quenching Positive

7 : Radiative lifetime
The General Quench
(@) the Thermal Quenching ! .
(b) the Concentration Quenching : "M’ +M < (M M)
(c) the Quenching by Oxygen : 'M'+0,—>(M-0,) ->°M"+0,

W Spray and Combustion Science L aboratory, DOSHISHA Univ. Wy Spray and Combustion Science L aboratory, DOSHISHA Univ.




Exciplex Fluorescence Method

M +Ne H(M-NY

IM* :monomer |—— vapor
N :quencher
1M N) :exciplex |—— liquid

matic Summery of Photophysics for Np/TM PD Exciplex System

Np*+TMPD —— > Np+TMPD"

N ///

Naphthalene (as N) [ Np/TMPD 1"

340nm : ‘ 390nm
CH, CH, 480nm
aip( et \ 4

N,N,N’,N'-tetramethyl-p-phenylene-diamine Np+TMPD
(as M)
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Quantification of the Vapor Concentration—1
M odel on Vapor Concentration Analysis with Light Absorption

Fluorescent Substance Emission Intensity F;

Absorbed Light I T

Transmitted Light la IncidentLaserLightl'
I =—j =l im? s)]| |
|1

|

Impinging Spray __.rf
-

Mole Concentration
C [molim3]

M

L [m]/ Wall

(a) Analysis model (b) Calculation mesh in impinging spray

I, =1,exp(-¢CL) molar absorptivity [m3¥mol m]
=1 -1 =11{1- 1 C : concentretion of fluorescence
b ! ! U material [mol/m?]

A constant of optica gpparatus
F=AK:I, exp{—gLZC‘ ) 11*®(p(*30‘|~): (314) K : probability of luminous transition

W Spray and Combustion Science L aboratory, DOSHISHA Univ.

The Correction of the Vapor Concentration
with Mixture Temperature

The Change of the Vapor Fluorescence I ntensity caused
by the Ambient Temperature and Vapor Concentration
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Quantification of the Vapor Concentration —2
Change in Relative Vapor Fluorescence X A
Intensty with Fuel Vapor Concentration Concentration Quenching

Experimental
Theoretical
EQ.3-4

rescence intensity

0.0 05 H
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 0.0 (,0250.0500 (750.1000)105
Vapor concentration C/C;, TMPD concentration C [mol/m3]

E0.3-4
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Mixture Mean Temperature

—C,{cq (T —Tlu)+h,':+/7c,T +C.C,T.

aCa lent st
= 3-6,

' C.C + PaCy g

: concentration of thefuel vapor  [kg/m?3 . ), - dendity of the ambient gas [kg/n¥]
ecificheat [Hkg K)] aent heet of vaporizetion [k
saturation temperaure of thefuel [ s s initial temperaure of thefuel K]

: temperaure of theentrainment ambient gas [K]

Relati on Between Temper ature and Rel ati ve Fluor escence Intensity

F(T)

= Kg &xp(-K,T,)

@

F(To)

Kya » Kqp : c0efficient of temperat ure quenching

Wy Spray and Combustion Science Laboratory, DOSHISHA Univ.

The Schematic Diagram of the Experimental Apparatus

High Temperature and Pressure Constant| Volume Chamber

1]
g Insulator

&
pump
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The Schematic Diagram of
Laser Sheet Optical System and Photography System
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The Analysis Process in Every Parameter

Model on Vaporizing
Im esel Spray

Theimpinging spray image

(b) Mixturetempera e Unimpinging
(c) Liquid fluorescenge intensity region

pray ra
liquid phase R,
Radial distributiol _S:rav radius of vapor phase R, |

- Main jet region

Wall spray

Leading edge

Q_npmgmg distance 2,

The Experimental Condition

I D O

R R WL TN

T W VI M ECR Y

ey i pomi | [ sonz10 ]
Gy

[ mpingementdistance 2z, _fmm) | | 24,30,34,40

1 Standard condition
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Tempor a Changein the Impinging Spray |mage with Exciplex Fluorescence Method
- P,;=120[M Pa], Q,;=12.0[mg], T,=550[K], p,=12.3[kg/m3], Z,=30[mm] -

nj

t=16ms

b+
(a) Vapor concentratipn

t=0.4ms t=08ms

[ ———
510 1520 25 30 0 5 10 5
(b) Mixture temperature

T
Fo2E3 oS 1015207
s R, m :
(c) Liquid fluores
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Tempor al Changein the Impinging Spray Image with Exciplex Fluorescence Method
- P;=120[M Pa], Q,;=12.0[mg], T,=550[K], p,=12.3[kg/m3], Z,~24[mm] -

t=0.4ms t=0.8ms

E

510 15 20

(a) Vapor concentration

t=0.8ms t=12ms

51015 % 6
(b) Mixture temperature

2530 0 5 10 15 20

uid fluorescence intensity
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Tempor al Changein the Impinging Spray Image with Exciplex Fluor escence Method
- P,;=120[M Pa], Q,;=12.0[mg], T,=550[K], p,=12.3[kg/m3], Z,=34[mm] -

t=0.4ms t=12ms t=16ms

3

L
10 1! 530 STt o5

(a) Vapor concentration

t=16ms

o ———
516 1520 25 30 0 5 10 1
(b) Mixture temperature

S S W Y
510 15 2 0510 25 510 15 20
adi

adis R, fmm] y iy .
fadis R, ) (c) Liquid fluorescence intensity
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TempTor a Changein the Impinging Spray Image with Exciplex Fluorescence Method
- P;=120[M Pa], Q;;=12.0[mg], T,=550[K], p,=12.3[kg/m3], Z,=40[mm] -

t=16ms

05

] 10
(b) Mixture temperaty

2530 0

bttt
Sprayradits R, ]

t=0.4ms

510 15 20 25 30
radis R,

(c) Liquid fluorescence intensity

W Spray and Combustion Science L aboratory, DOSHISHA Univ.

TheEND - -

Thank you for your kind attention

Jiro SENDA
Spray & Combustion Science L ab.
Doshisha University, KyotoJAPAN
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Temporal Changein the Spray Radius and Height

Spray radius

Spray Radius R,,

z,=24
10 7" =30

w2Z,=34
5 Zy =40

=

0
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Spray Height h,,
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