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Spray Visualization Using Laser Diagnostics
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Part . Introduction
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Mechanical Patternator

< measure mass-flux collected in each segment
15

1O

coliected mass

per unit area & unit time

< Disadvantages:
v spray-field perturbation
¥ limited spatial resolution

v slow measurement and intensive labor

12

=== Seoul National University Rocket Propulsion Lab.

Optical Patternator

* Non-intrusive method

» Using Mie-scattering or Spray injector
Laser Induced Fluorescence
» 2-D Planar measurement
- High spatial resolution
— Rapid characterization

* Measurement parameter
— Patternation
— SMD
— Relative mass distribution

— Mass flux

= Seoul National University Rocket Propulsion Lab.




Previous Work

» Planar Laser Techniques
~ Extensively used in gas flows since early 1980s
~ Exiplex(Melton et al.,1985) : both gas and liquid concentrations

Planar Liquid Laser Induced Fluorescence : UC Irvine (1995)
— Mass distribution of fuel using the fluorescence signal
— Experimental correction for the attenuation of the incident beam

Laser Sheet Dropsizing : Cranfield Univ. (2000)
— Uncertainty analysis of SMD measurement

Commercial system

— TSI : Optical Patternator

—- LaVision : Spray Master

— En’Urga : SETscan Optical Patternator(Statistical Extinction Tomography)

- Seoul National University Rocket Propulsion Lab.

Injoction Spioy’

Light sheet ifi the -horizerital plane-

Vertical slices into
the spray plume

=—as Seoul National University Rocket Propulsion Lab.



Measurement Principles (1)

Mie scattered Light Intensity « d?
/I incident laser intensity ! / [diameter of dropsf
G,(x,y) = L,(x, ), ZN,(x, p)d}(x, y)

scattering signal \
intensity at (x,y) point num. of drops

Fluorescence Light Intensity «< d 3

/l incident laser intensity I / l diameter of drops I
G,(x,y) = L(x,y)c, Z N,(x,)d; (x, y)

fluorescence signal \
intensity at (x,y) point num. of drops

w— Secoul National University Rocket Propulsion Lab.

Measurement Principles (2)

Mass Distribution
Proportional to the mass density of the dispersed phase, p
= G,=Clom=Clp

P ﬁ S(z)= L X.G, (%)

Mass Flux, n&

G, (x, : R
n8(x,y) = —IS%}Q r&’;”"’ ] st

|||||||||||||
|||||||||||||

SMD(Sauter Mean Diameter)

G,(x,y)=£,_|:ZN,-(x,y)d;(x,y)]=KD == ___l G,(x,y)
Gy e EN i) D) Dateo )= 21 G e y)

== Secoul National University Rocket Propulsion Lab.



Characteristic of Dye Material

Emission spectrum

*» Ar+ laser (514.5 nm)
+ Dye : Fluorescein

(Aldrich F245-6,
C'mHnO:)
02} |
1
-t : . g
§ 47
- E | Transmission
3 w ! .| rote of 550 nm
8 < ' Emission; high-pass filter
c - i .
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Wavelength (nm)
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Error Sources
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. Laser Sheet Intensity Variation

— Gaussian beam
— Sheet beam optics

=) Quartz Cell Calibration

PerspectiveError

“iemy Affine Transformation

Laser Sheet Extinction - ..

N Sequential illumination

(Talley et al. 1996)

"Signal Attenuation

H

> Objectives of this study!

. Secondary Em;ss_ton

H
i
i
1

- Seoul National University Rocket Propulsion Lab.

— Emission from’ :molecule(s) outsnde the

- Multlple scattenng"

== Not Easy to quantify




Perspective error

+% Grid image for calibration < Spray image

| Affine Transformation _

=== Seou! National University Rocket Propulsion Lab.

_L___aSer Sheet Extinction

L<L, & §;<S;; |

+ Talley et al. (US Air Force, 1996) + Sellens et al. (Queen’s Univ.,
. Q Injector 2000)
[ fe

Profile of Left "~ Profile of Right
Sheet Beam % ' . Sheet Beam
Luser Extinction
Corrected Profile

= Seoul Nationa! University Rocket Propulsion Lab.




Signal Attenuation

T . 1« Sankar et al. (Aerometrics Inc.,
1999)

: SMD is not affected by attenuation

“ Present Study (using 2 cameras)

$njector
x
v Q .. Left Sheet
Beam

G
it ren” oy
¢ \%
I L A
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S > S > S : Fr:r::'ll:l:n:r- (§/\, . i Ba'::’:g':m‘:m
forward center backward VAN
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Corrected Profile
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Secondary Emission

+ Brown & Talley (2002)
: single beam sweeping
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Part Il. Correction of Laser/Signal
Attenuation in Dense Spray

- Seoul National University Rocket Propulsion Lab.

Correction of Signal Attenuation

«» Beer's law

G, =Ggexp [_ 1]
=G, e¥p[ez}’(s)dé‘]

% f the optical depth (1 ) is constant throughout the spray, the attenuated
intensity can be restored by geometrical average using 2 cameras.

o

foYo)

nw= A

: original intensity

: transmitted signal

: optical depth

: attenuation coefficient
: signal path

1
GIGZ = Greal exp['— Ey(Ll + Lz)] ~ Kaleneal

G

-réeal

® VGG

- ext

< Is optical depth y (L,+L,)
constant?

=—me Seoul National University Rocket Propulsion Lab.




3-D Geometry for Signal Path

<+ Spray Cone Equation
Spray Nozzle pray Equat

32+ y? =(z+zo)2 tan’ @
% Signal Path Equation
*.y*.0) — Meas. Pt. ~ Camera 1
{X2,y2,22) Laser Sheet S1: (X*uy*ro) - (X1vy1|z1)

{(x')2 + ¥} =(z,+2,)* tan’ @
5 =(n-y)ang

Laser Sheet

Camera 2(-Y plane) - Meas. Pt. ~ Camera 2
{x1,y1,21) Sy (x*y*0) = (X2,¥2.25)

Camera 1(+Y plane) {(X* Y +y3 =‘(22 +2o)* tan’ §
z;=(y;-y )tan f

=—ee Seoul National University Rocket Propulsion Lab.

Cross—section of Signal Path

Camera2 - l Camera 1 Can:;ra 2 l Camera 1
(0- R,Rtang) z (O,R,Rtang) (x*-R,Rtang) z (x",R,RtapB)
(Straight Line Edge)

== Seou} National University Rocket Propulsion Lab.



Signal Path of x=0 plane

%+ Assumption
~ 2-D planar Analysis

(X = 0 plane)
— B =const.
(camera viewing angle)
— 6= const. ¥24)
(spray cone angle)
Camera 2 T Camera 1
(- R,Rtanp) z (R,Rtanp)

rstp

T e

—mm Seoul National University Rocket Propulsion Lab.
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~Two cameras detection
(Sum of two length of signal

Single camera detection

= Seoul Nationa! University Rocket Propulsion Lab.



Attenuation Coeff. Measurement

< Solid Cone Spray
— Spray cone angle : 45°
— Pressure : § bar
— Mass flow rate : 10 g/s

Ar+ Laser

After attenuation
Spray

Spectrometer

I Filter =

CCD Camera %

=ee Seoul National University Rocket Propulsion Lab.

—.E ™= z=250mm
;_; 5} o . 12 \e ———— fitfn.
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¢ Radial Variation : y =y (x,y) =~ const. < Axial Variation : y =y (2) # const.
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Calculation of Optical Depth

<+ Optical Depth (1) = Attenuation Coeff. (y) x Signal Path (L)

7(2)=6.5x107 /(z + z,)?

ds = ‘dz
sin §
v — Single camera detection
©.,.2) \
N © Yy 2) T= jy(s)ds
// N
‘ .
Camera 2 e -~ Two camera detection
(0-R,Rtan8) (0,R,Rtang) (Geometrical Average)

s

Y4
: Ll LZ
~. 1
oz r=21 [res s+ Jres; )ds,
ds by o

== Seoul National University Rocket Propuision Lab.

Variation of Optical Depth

od
&
T

)
/
.

Optical Depth
o
=
T

x=2
\ \ x=4
0.05} x=6
\ x=8
0051 ) x=10

080 10 5 o 5 16

Y (mm) Y (mm)
% Single camera detection at Z = 25 mm < Two camera detection at Z =25 mm

(Geometrical Average Method)

| Optical depth is not constant. - |

Errors due to Signal Attenuation

- Seoul National University Rocket Propulsion Lab,




Estimated Attenuation Rate
(Two Camera Detection)

The attenuation rate (g) represents a measurement error
due to signal attenuation: €=(G ey ~ G meas)/ Grea

& 12} i/\ S IRTIN
w w
g 1ope x=0 g 1w}
LN\ ]
s [T Yt \ §; 8 ] .
s o =10 g o)t x=0
H x= : b S
< i < s T, o ~ LNy
k-] 4 v i /—\ \\—x=8
2 8 \ x=12
g 24 € 2 x=16
] 2 x =20
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<& =
“ Z=25mm * Z =50 mm
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Part lll. Spray Visualization
Using Optical Patternator

= Seoul National University Rocket Propulsion Lab.
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Patternation (Z=50mm)

Mass Flux Mass Distritgu’don
(g/cm’-sec) (g/cm’-sec)
20F 20F
€ £
Eo Eo
> >
20F 20}
L 1
20 0 20
X (mm)

Patternator

Optica

=wen Secoul National University Rocket Propulsion Lab.

Mass Distribution and Mass Flux
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Comparisons of SMD Meas.

100 ey Camera 1 (+Y plane) t00 b  ——- Camera 1 (+Y plane)
........... 3~ Camera 2 (-Y plane) we{ }— Camera 2 (-Y plane)
90 | Geometric mean o0 } Geometric mean
] PDPA [} PDPA
- —~ 80
[ E
= 2
a o ™
= =
»n » g

50

40

-20 710 [} 10 20

atching Poinit

— Correction factor, K, was calculated to match a value with PDPA at the
spray center (x = 0).

== Secoul National University Rocket Propulsion Lab.

Measurement of Mixing Rates
(Rocket Injector: KSR-II1)
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FOOF & FOF Injectors

X
Y
d_=1.40mm d =1.75mm
RO ot 7% R P,
T : e m Lo P

—15imp. point

1%t sheet 1%t imp. point

—— 2" imp. point - 1% sheet

2" sheet
6mm 6mm 6mm Smm | 9mm
ey e}
@ [} [ ] © @ [ ) @
F-O-O-F F-O-F

=me Seoul National University Rocket Propulsion Lab.

F-OOF, AZ=1cm '[FOF. AZ=1em ; Oxiwne)

! [FOoF, iz=aem

“uvaveuneg

e .
[ 1 2 3 £ E) [ 1 2
X fem) X fem)
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Mixing Efficiency

100
90
| a®eee
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=me Seoul National University Rocket Propulsion Lab.

Model Gas Turbine Combustor

J‘ér‘ - @ igniter

. . @ injector
@ primary swirler
@ secondary swirler
® primary venturi
\ = I[ ~ (® secondary venturi
7/ & -
~. 1
— M
Combustor Swirl cup

= Seoul National University Rocket Propulsion Lab.
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Relative Axial Mass Distributions

40

-40 °
X (mm)

(a) Converging (b) Straight (c) Diverging

Relative Mass Distribution [a.u.]

IR

0 1000 2000

3000 4000 5000

- Seoul National University Rocket Propulsion Lab.

Simultaneous Measurement
(!\/Iass Dist_r’ib-ution & Velocity)

Frontal Device

[Mass Di

Shaet Beam

Sl

s w20
=

-

1N

= Seoul National University Rocket Propulsion Lab.
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Part IV. Spray Visualization
at High Ambient Pressure

=ees Seoul National University Rocket Pr Ision Lab.

P

Swirl Coaxial Injector Spray

 Breakup mechanism of swirl injector ** Liquid-liquid swirl coaxial injector

Inner oxidizer

« Centrifugal force (thinning of sheet)
« Aerodynamic force * Impact force (emulsion injection)

- Seoul National University Rocket Propulsion Lab.
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Spray in High Pressure

APo = 0.3MPa
In high pressure, spray become extremely dense.
‘ Therefore, noise signals caused by error factors become strong.
— Seoul National University Rocket Propulsion Lab.

Beer's Law

< Beer's law

G, =G, exp [‘ 71:Lk‘]

G, =Gyexpl-7].

=Gyexp| =Y 7,Li |
R 5 k=1 o

LASER
® BEAM
G, : original intensity
G, : transmitted signal
v : optical depth
y : attenuation coefficient
L :signal path
L
Gk-1

= Seoul National University Rocket Propulsion Lab.
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Laser & Signal Attenuation

Laser extinction

< Laser Extinction
— Transmission (Tx) : measured
by a photo detector

Tx =—1—1 =ex Z}lil’i]
I, P

Signal attenuation

< Signal Attenuation

~

G. : measured intensity by CCD

~ k-1
G =Giex Z— }fL,J
j

i=1
== Seoul National University Rocket Propulsion Lab.

Mie—scattering Signal

“» Mie-scattering Signal
— For large droplets (D >> 1)

Lim and Sivath:

—

Dy, = [Z N,.D,?]2

= Seoul National University Rocket Propulsion Lab.
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Experimental Setup for Test Experiment

*+ Experimental Setup for the atmospheric pressure circumstances
- Solid cone spray (swirl in inside of injector): Z = 25 mm
— Algebraic Reconstruction Technique (ART) : mentioned at the formal page.

ey -
Auto I, « 1L
Transverse | | Mimor} . >
Unit Spray

Convex Lens
Pin Hole =i
Auto
HeNe Transverse ©CO Camera
Laser

== Seoul National University Rocket Propulsion Lab.

Mie—scattering Image Correction

(Pc= tatm)
< Raw image reconstructed < Processed Image
from line profile (attenuation corrected)
' Mie Intensity [
15} (au) 15
' I
10
~ sf
E |
E o
> |
Sk
-10 E
-5 F -15 -
BT TR TS e s T e e e
X {(mm) X (mm)

w— Seoul National University Rocket Propulsion Lab.
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Patternation Index

< Patternation Index (P.1.)

PL%)=Y 1 G |,
i.J

(i, j)
where, S
YESTRG, )
iJ

N

> vt )
N} __l

=

i}

y

- N:#of grids
— m: mass of liquid or droplets (pixe! Intensity in image)

- Seoul National University Rocket Propulsion Lab.

Test Patternation Result

< Optical Patternator < Optical Line Patternator
Mie Image : Surface LIF Image : Mass sk
3
£ E
ask
X {(mm}) -1.5 -;(; 1-|5 ll) .'l> 1ID 1|5
X (mm)
Optical Line Optical Patternator
Patternator Mie LIF
Pl (%) 50.49 50.21 48.02
S.U.l 0.6030 0.5593 0.5456

== Seoul National University Rocket Propulsion Lab.

—110 —



Experimental Setup for High Ambient
Pressure Condition

— Traversing
device
.~ Quartz window He-Ne
Laser
N N High Pressure
Air-curtain ) Chamber
Pin Hole ==
system A
Auto
- Drain T —l Spray 0
Unit I ) U :D
Mirror Convex Detector
chamber diameter 500mm tens
window size 80mmx4
window material quartz nt
(]
operating limit pressure  6MPa T'ﬂ';;“'_lffseI CCD Gamera
spray simulant water
pressurizing gas nitrogen

= Seoul National University Rocket Propulsion Lab.

Experimental Condition

< Injector Parts +» Operating Conditions

tnner oxidizer injector
{recess 8 cases) Outer fuel injector

— Seoul National University Rocket Propulsion Lab.
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Patternation Results

i Single oxidizer'spray { [ wf wf
50 50 50 30 L
— 4o} o o} ~ 4o -t}
E E & E
£ E wf E w} E
> > > >
20 20} 0 2k
10} 10 10 10
[N Ra R a0 (LT A ) T3
X(mm) X (mm) X {mm}
3 W'gg:ax:al Spray of “ o
501 S0h SO
- Y — - W}
£ E [ E
E »f Ew E o}
> s =
200 20k 20
"k 10 10
. M S i s N
0 0 50 80 16 20 0 40 50 80 10 0 30 1] 50 0 10 0 30 (1] 30 (1]
X gmim) X (mm) X {me) X (mm)

- Seoul National University Rocket Propulsion Lab.

Conclusion

< Optical Patternator can measure spray and flow parameters.
— Patternation, local mass distribution, drop size(SMD)

< For quantitative measurement, the method for correcting signal
extinction and determining correction factor, K must be
considered.
— In order to correct the signal attenuation on the path through the dense
spray, the method to find the geometric mean of the intensities obtained
from the two cameras was evaluated.

< Optical Line Patternator is a reliable diagnostics method for
spray. ' '

— Major error factors, laser extinction, signal attenuation can be corrected
by Optical Line Patternator.

= Seoul National University Rocket Propulsion Lab.
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