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 Measurements for Aerospace Flows 7
— Introduction

— What makes a good measurement system? — Lecture 1

— Measurement Requirements
— Technique Overviews -

—

* Planar Laser-Induced Fluorescence (PLIF) L | ccture 2

—

* Rayleigh Scattering, Raman Scattering and 7]
Coherent anti-Stokes Raman Spectroscopy

— Lecture 3

(CARS) _



0= Aerospace Flows
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* Aerospace flows and flow facilities are wide ranging:

http://www.wpafb.af.mil/news/story.asp?id=123181921 http://www.nasa.gov/centers/langley/multimedia/iotw-ntf-model.html

Micro air vehicles €<—> Commercial transport aircraft
* Reynolds numbers: low (laminar) to high (turbulent)
 Mach numbers: low (incompressible) to high

— Near Mach 1 and higher: compressibility, variable

temperature, shock waves
— High Mach: large P, T changes, chemical reactions

* Any of these flow regimes can have combustion ;




<6= Measurement Techniques
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* Typical parameters of interest:
— Velocity, Pressure, Density, Temperature, Species

No one measurement technique is suitable for
studying all these different flow phenomena -

* Consider low-Mach number flows:
— Velocity is of primary interest
— Density ~ constant
— Can infer pressure from velocity field

— Often can use Particle Image Velocity (PIV) or La'ser' DOppleunl:assm
Velocimetry (LDV) to get most required information

— If that works = use it!

* PIV, LDV are generally accurate, precise, commercially available,
straight forward to implement, widely used, widely accepted.

» Successfully applied at Mach 5 (UT Austin), even Mach 8
(Princeton)! But in these flows, PIV doesn’t measure everything. 4



* |In many flows PIV and LDV cannot provide the

required information:
— If density, temperature, pressure, species
concentrations are needed

— If particles cannot be seeded into the flow
— |f particles do not follow the flow (vortex, shocks)
— |f particles coat the windows (high temperature)
— If particles do not survive or interact with flow

* |n these cases, spectroscopic measurement
techniques can provide the required

information in Aerospace Flows
— Topic of this week’s lecture series




. Some advantages of Spectroscopic
== Measurement Techniques

* Non-intrusive
— No probes, particles perturb the flow

e Remote detection
— Can be used in hostile environments

* Can measure multiple parameters,
— Sometimes simultaneously
— Can be instantaneous (<10 ns) and high freq. (MHz)
— Can be precise, accurate, high spatial res. (2D, 3D)

* But...
— Can have more complicated theory, expensive and
complex equipment, more difficult data analysis
— May require seeding of (sometimes toxic) gases,
more expertise, slower data acquisition, analysis

6
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* In both the introductory material and the content
presented later in the week, we focus on molecular
based, quantitative, mostly spectroscopic
measurement techniques applied in or applicable to

aerospace facilities.

s work
Will emphasize our teams

* All lectures exclude the many highly relevant particle-
based, probe-based and surface based measurement

techniques for high speed flow; mostly no ‘flow vis’.




@} What makes a good measurement technique?
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* Areliable measurement system
matched with well-understood physics
to make a quantified measurement
that meets a customer’s requirements.

Explore each of these...
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processing

* Need to understand equipment and physics of

Process to make a measurement
— Techniques: LIF, Rayleigh, Raman, CARS, etc. 0
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Measurement System 1

Lasers: pulsed vs. continuous wave (cw)

— Continuous wave: lower power (mW to Watt)
— Pulsed:

10 ns, picosecond, femtosecond all commercially
available

‘freeze’ the flow

much higher power (MWatt-GWatt, even TWatt)
Frequency conversion (useful in linear techniques such
as Raman, Rayleigh, LIF)

Provide high powers for nonlinear techniques (CARS)
Repetition rate: 10-100 Hz, 100 kHz, 1 MHz, 80 MHz...

* What colors of laser light do we need?

10
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Molecular response: vibrational
electronic rotational
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(from Wikipedia, “frequency”)

. http://creativecommons.org
D|0de /licenses/by-sa/3.0/deed.en
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 Many different colors can be useful for spectroscopy

* As energy increases, more modes can be excited
— LIF: can see electronic, vibrational and rotational structure
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* Detectors:
— Single point detectors: :
Photomultipler tubes (PMT) and photodiodes

— Camera technology is rapidly evolving:
e CCDs provide ‘scientific grade’ (low noise, linear, etc.)
* CMOS cameras are faster
 Commercially available cameras at up to 10’s, 100’s of
kHz steady streaming or MHz for short bursts or few pix

— Fiber optics and fiber-optic bundles often used for
either transmitting laser or collecting signal

* Processing:

— Some data processing codes are available (CARSFT,
LIFBASE) but many are proprietary.

12
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* Areliable measurement system V4
matched with well-understood physics
to make a quantified measurement
that meets a customer’s requirements.

Explore each of these...

13



6=  Quantified Measurements @

YON KARMAN INSTITUTE

* Accuracy and precision of a measurement
must be quantified to be useful, for example

when comparing to a code
— Qualitative measurements (flow vis) can be useful

* Quantified measurement:
— Accuracy and precision are well characterized

Accurate but Precise but _ (from Wigipedia,_ )
not precise not accurate accuracy and precision’)

— Accuracy: compared to a ‘standard’ or ‘accepted’
— Precision: 1o of large sample of measurements

14
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e Consider a customer with arbitrary measurement
requirements:
— Would like a particular parameter measured

— Would like the measurement at some conditions (P, T)
* Many measurement technique signals scale as P..., T

static» "static
e Parameters to be measured:

— Velocity, temperature, density, pressure, species
concentration or mole fraction

* Should base choice of measurement technique on
prior success by others

— Have compiled past work into graphics that show static
pressure and temperature of demonstrated measurements

— Received contributions from other authors
— Use these charts to find appropriate measurement methods*
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Interview the customer... (sometime the customeris youl)

* Simultaneous measurements to obtain correlations: T'u’, pu’v’
* Time resolution (< usec), and frequency response (> MHz)

* Spatial resolution: near walls; smallest scales in shear layer

e Where are the measurement to be made?
— Inflow to establish B.C., exit, near walls?
— Point, line, plane, volume?

* Accuracy and Precision Requirement

 What quantity of data is required?

* When is the data needed? Is “real-time” data required?

 What type of optical access is available?

e (Can (toxic) seed gases be introduced? Will they influence the
properties being measured?

* What is the ordered priority of the above requirements?

16



6= What makes a good measurement technique?

* Areliable measurement system V4
matched with well-understood phvsics@
to make a quantified measurement /
that meets a customer’s reqguirements. /

* Now the lecture series will focus on different

measurement systems, introducing the physics.

— How’s the basic physics of the method work?

— Can the measurements be made instantaneously
(aka. single-shot) at high frequencies?

— What accuracy and precision can be obtained?

17
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Various optical or spectroscopic
measurement techniques for
aerospace flows
(short descriptions)

18



o= Selected “Other” techniques

* (PLIF, Rayleigh, Raman, CARS described in
detail later this week.)
* Describe a few recent techniques of interest

for measuring in aerospace flows

— Tunable Diode Laser Absorption Spectroscopy
(TDLAS)

— Background Oriented Schlieren (BOS)

— Degenerate Four-Wave Mixing (DFWM)

— Laser-Induced Thermal Acoustics (LITA)

 Something in common:
— These technique can be used to study turbulent flows, but
generally cannot resolve small turbulent structures .
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%@;—— Tunable Diode Laser Absorption Spectroscopy
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* Absorption is described by Beer-Lambert Law:
—dl, =1, k.(v)dx
where k.(v) is the spectral absorption coefficient.

* This leads to exponential decay of laser intensity:

Iv,x — Iv,ﬂe_RS(v)x

* Measure [, know x, directly measure ky(v)

* ks(v) contains information about temperature,
concentration, velocity of gas

* Problem: path averaged line-of-sight technique 2
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 Can measure k. (v) over a single line or many lines:
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L. Ma, W. Cai, A. W. Caswell, T. Kraetschmer, S. T. Sanders, S. Roy, and J. R. Gord, “Tomographic imaging of temperature
and chemical species based on hyperspectral absorption spectroscopy,” Optics Express 17(10), 8602—-8613, 2009. 21
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Major limitation of TDLAS: path-averaged
— Can do tomography

—

laser

(3) SMEfom 14 13 12 11 10 9 @ (b) P 2 meter

coaxial to

23 24 25 26 27 28 28 30 AR

— 15x15 grid provides data at 225 points (36 mm grid)

L. Ma, X. Li, S. T. Sanders, A. W. Caswell, S. Roy, D. H. Plemmons, and J. R. Gord, “50-kHz-rate 2D imaging of temperature
and H,O concentration at the exhaust plane of a J85 engine using hyperspectral tomography,” Optics Express, Vol. 21, Issue
1, pp. 1152-1162, 2013



== TDLAS Tomography &
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* General Electric J85 gas turbine engine

— University of Tennessee Space Institute (UTSI)
I-Tomputetli __60m ethernet E_ wmp“‘eil

TDM 3-FDML I

' —60m BNC
o
FOML1 | 4 +
FG1= | 7= =60m SMFs umplexer 1
FG25= FDML2 | - -

, : ’ ~—[Mz}
FG3! FDML3 ’ SMF BNC
\ 1...30 1..30

Control Room

Jas

2
=)

tomography
frame

* Measure water and temperature at 50 kHz rate

L. Ma, X. Li, S. T. Sanders, A. W. Caswell, S. Roy, D. H. Plemmons, and J. R. Gord, “50-kHz-rate 2D imaging of temperature
and H,O concentration at the exhaust plane of a J85 engine using hyperspectral tomography,” Optics Express, Vol. 21, Issue
1, pp. 1152-1162, 2013
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=o= [ DLAS Tom hy R |t
=0~ omography Results
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Temperature Water Vapor
horizontal scale [in] horizontal scale [in]
300K 10 8 6 4 -2 0 2 4 6 8 10 10 8 6 -4 2 0 2 4 6 8 10
15 15 0
500K 14 14 0.02
13 , 13
00K o :‘q 12 : .0'04
900K 11 . — 3 11 . - . = | 0.06
10 . N = 8 10 LTl l.-—‘""""'*-”'“-"--: =
1100K ] e @ £ 4 T | A~—, o | 0.08
1300K 8 INF™ S E 3 IF JF 3l | - -
; gun . L B P =
1500K T 1R S T 4P ] ; o 1012
1700K g nEr 5 £ s I, Bawd E 0.14
y g 78, L B
1900K . - | a K FF 0.16
i = -
2100K 2 2 \_dF 0.18
1 1 0.20
2300K 4 5 34567 8 9101112131415 12345678 9101112131415
horizontal beam index horizontal beam index

* Measurement is over ~0.5 meter square

— Time resolution is 20 usec (50 kHz)
— Spatial resolution is ¥36 mm

L. Ma, X. Li, S. T. Sanders, A. W. Caswell, S. Roy, D. H. Plemmons, and J. R. Gord, “50-kHz-rate 2D imaging of temperature and H,O
concentration at the exhaust plane of a J85 engine using hyperspectral tomography,” Optics Express, Vol. 21, Issue 1, pp. 1152-1162, 2013



=o- Background Oriented Schlieren @
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BOS is can provide flow visualization
— Sensitive to density gradients
— Can measure quantitative density

BACKGROUND PLANE
e
ST P VOLUME WITH
s "8 "0 il".:.
dr ;f;:  ®  DIFFERENT DENSITY
/ 1o, . LENS
% -’: "T ow ,.-"'f’- “I
o S Fac,n S - IMAGE PLANE
@ i:- ) » — i -
I:F:I' a Ty T 3 -___'
P q{':a —
L # =
.l.fﬁ‘- L] ‘ﬂ'q’-{}__-
a® *
-
-— o “-—h%"-"
— |z
Zp e
A
F
L] = 1

H. Richard, and M. Raffel. "Principle and applications of the
1 background oriented schlieren (BOS) method." Measurement
N O | a Se r re q u I red ! Science and Technology 12, no. 9, p. 1576-1585, 2001 25



== BOS in supersonic flow
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* Acquire reference and signal images
— Use PIV algorithm to compute displacement

Supersonlc (M=2) flow over a 15 degree half—angle cone

— Need tomographic deconstruction algorithm for p
e Axisymmetric flow: Abel inversion or other

* Non-axisymmetric flow:
— 1 camera, multiple views (rotate model): not time resolved
— Multiple cameras: can do time-resolved 3D flows

L. Venkatakrishnan, and G. E. A. Meier. "Density measurements using the background
oriented schlieren technique." Experiments in Fluids 37, no. 2, p. 237-247, 2004 26
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e Similar to CARS, LITA is a nonlinear
measurement technique using 3 input laser
beams and generating a 4t beam through a
nonlinear interaction with the medium

pulsed M»—A

CW PROBE

_._

« LITA can measure V, c,
(Mach = V/c) and P

PUMP ‘ e can infer T from c if
pulsed . )
composition is known

Jenkins, L. N., Hart, R. C., Balla, R. J., Herring, G. C., Khorrami, M. R., & Choudhari, M. M. (2003, November). Application
of laser-induced thermal acoustics to a high-lift configuration. In Optical Science and Technology, SPIE's 48th Annual 27
Meeting (pp. 134-144). International Society for Optics and Photonics.
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A

Grating Formation:  period=A=

25in(0/2)

Pump1

CW Probe /I”IIIIIIIIH' iy \

LA O TV T NI T YT IIY
flreesiiiic i A
T |
W00 A LS

ey

“gnal

\ b
Pump 2 c=Alrt
Where 7 is
_ the period
* Pump 1and Pump 2 form a grating
— Thermal grating CARS: Spectral domain
— Electrostriction grating LITA: Time domain

— Both result in index of refraction grating
Grating Readout
* Probe beam scatters off, reads out the grating
e Signal beam is detected

28



<= LITA Measurement Systems
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* Use of heterodyne detection increases accuracy.

750 nm Air Flow

Probe
Signal + I
Local

532 nm Osciliator Photodetector
Pump

3
gﬁir;m Beam Biocking

Mask
750 nm Local
Oscillator

Hart, R. C., Balla, R. J., & Herring, G. C. (2001). Simultaneous velocimetry and thermometry of air by
use of nonresonant heterodyned laser-induced thermal acoustics. Applied Optics, 40(6), 965-968.

Schlamp, S., Cummings, E. B., & Sobota, T. H. (2000). Laser-induced thermal-acoustic velocimetry
with heterodyne detection. Optics Letters, 25(4), 224-226.
29



Time domain signal can be
processed to obtain a
frequency spectrum showing
the sound speed and the

velocity
— Beat frequencies: 7, V, M

Precisions:
— V~1m/s(~1% at 150 m/s)
— T~1K (~0.4% at 300 K)
Accuracy
— V~0.2%
— T~0.3%
Probe volume ~1-2 cm
— Complicates measurement
and interpretation in
transitional / turbulent flows
— Nonlinear: Not simply an
average over probe volume

: LITA 7, V measurement

YON KARMAN INSTITUTE
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25

Hart, R. C., Balla, R. J., & Herring, G. C. (2001). Simultaneous
velocimetry and thermometry of air by use of nonresonant
heterodyned laser-induced thermal acoustics. Applied Oﬁ)tics,

40(6), 965-968.
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(Planar) Laser-Induced
Fluorescence: (P)LIF



=6—= Planar Laser-Induced Fluorescence (PLIF) @
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Tunable Laser N\

Excited molecules

- fluoresce

CCD
camera
detects

Excited state

Ground state

LIF ~ nyo

32
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\
N \
0 ﬁ'*.ll 'I,I
I| I
. 434 nm |
® | L| 418 np Ealmer series
8% / f,n'l j[ A= 656 nm
L35 ."II v=4.6x1014 Hz
H atom i ] v= 15,240 cm’
<)
N/ F azcen saies
4 ;
n=>4a n=0
e Two level model Hydrogen atom energy levels

(from Wikipedia, “hydrogen spectral series”)

http://creativecommons.org/licenses/by-sa/3.0/deed.en
— e.g. Hydrogen atom

 Photon energy =hv
—Cc=\V wavenumbers =v=1/A cm'l .




* Two level model
— lgnore all other levels (rotations, vibrations, etc.)
— Laser only promotes atoms/molecules from 1 to 2
* Weak excitation limit, so N,<<N,

— Processes:
* absorption (B,,l,), quenching (Q,,), spontaneous
emission (A,,) %



== LIF Theory 3 e
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* Absorption, quenching, emission:
— Probability of an absorption transition per sec=B,,[, = W,
» B,,is the Einstein B coefficient
» 1 is the laser’s spectral irradiance (W/cm?/cm?) at the
transition’s frequency
» W,,=B,,[,=B,;,IG (Gis the spectral overlap integral)

— Probability of a guenching collision per sec = Q,;
NT — P/kBT

6 Q,y = N7 XiX,05iVs; { xismolefraction

G IS quenching cross section
v is mean relative velocity

— Probability of an atom/molecule in excited state
undergoing spontaneous emission per second = 4,
» Einstein A coefficient

35



S LIF Theory 4
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2

A~ %\"hv

BIZIV Q21 All

hv

I v v
e Rate equation analysis:

dN1 . — dN;
—===N W3 + Nx(Qy +421) =——~
dt dt
Niy+Ny=Ng=yx.f_.Nr
S/ B ~~Npr=P/ksT

Number density of the Boltzmann Fraction, 1
species starting in that fraction of moleculesin - _ g, FikET
state before excitation the state being probed 5 y;g 775"

36
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e Rotational Boltzmann

DIStFIbUtIC_)f}?kBT 100 K
fp==L
| ||I
— a function of |||.-_
temperature only
— Peak at 300 K is ~3% 300 K
for N=7(J=7.5) I‘ |‘||||
* Vibrational and | li.....
electronic Boltzmann Illlllllllllllllll 1000 K
fra C t i O n S IIIIII IIIIIIIIII'IIII ___________
Rotational quantum number, N (or J)
— Most molecules in ground
state for 7<2000 for Computed using LIFBASE

. . J. Luque, SRI International
atoms, diatomics (. Lug )

37
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* Steady state solution:
— cw laser, or many collisions during laser pulse
— Time derivatives =2 0
— 2 algebraic equations. Solve for N,:

N — Xsf pN W12
2 Wi2+Q,,+A421

volume lid |
detection excited solid angle

— Emission rate = N,A,, tme |

7

\ Q
total numberof/'SL”;- — XSfBNTBIZIG(DtdBtVEU

photons collected

N
\collection

— Where we define the fluorescence yield: efficiency
Weak excitation: S
W e O A, O =A4,,/(Qz1 +A431)

38
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ally
Ny

e Steady state solution: dependencies

Siir % Xsfe(T)B121G (x5, P, T, U)DP(xs, xi) P, Tt et

— LIF signal is sensitiveto ) P, U, y., 1.
* Can potentially measure these parameters
* Complicates measurement of a single parameter

— Making quantitative measurements with LIF
involves finding a way to make measurement
sensitive only to the parameter being measured

39
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* Time dependent solution:

SLIF(t) — SLIF(tlaser)e_(t_tmser)/rupy t > tlager

photong ise steady \ )
collected state Tpr = (Qaq +A21)7"
per time A\ /
exponential
_~decay after
SL]F( t) laser pulse
tlaser
< >

— Laser pulse length is typically ~10 ns

— LIF lifetimes can be a few ns to 100’s of ns or longer
* If you can measure lifetime, you can measure Q!
e Can measure velocity from long lived decay (MTV) 40
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* More complete LIF theories and phenomena:
— Saturation effects (see manuscript)

— Line shapes

» overlap integral, G, to be discussed below
— - 2

Multi-level LIF mo.dels A o,

* 2 photon absorption w~ 3

e 3,4,5 |evel models Cly? | Qa
— Predissociation

1 A 4

— Rotational energy transfer 2-photon LIF. 3 level model
— Vibrational energy transfer

 For further reference:

A. C. Eckbreth, Laser Diagnostics for Combustion Temperature
and Species 2"? Ed., Combustion Science & Technology Book
Series, Volume 3, Taylor & Francis, New York, 1996

41



== A real molecule: NO
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E
[10°em]

60 —

e NO s a diatomic

|
molecule I e N )
— Electronic _
— Vibration 40~ X
— Rotation
* Not shown electronic 4, }

A-X(0,0)

* Absorption and States\
fluorescence take 2

place between

electronic states
— Show rotational and | o . .
vibrational structure 10 e 0o

Internuclear Distance

x°n
<_E vibrational

<_< levels
10+

Figure A2.1. Selected potential energy curves that show the electronic structure of NO. In this
experiment, we probed transitions in the .4—-X band of NO [adapted from (Scheingraber and Vidal.1985



%?; LIFBASE Simulation of NO
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i LIFBASE 2.1.1 =8 |E=E
B> 92 4M@jvopx ~1Q  S-H-S-B-7-H- N AVYHERE
Database  Simulation ] LIF/E miszion settings] Other options] Display] Experimental datal
; Fange in & [¥acuum] Instrumnental & [Wacuum) Total rezalution [instrumental + broadening) = 0.0427 & [Vacuum)
Kind | absorption » Start 22655 Fesolution | 0.0221 W Doppler broadening = 0.00512 [+ Predissociation broadening
Units | & [Vacuum) + End 22705 Lineshape |Gaussian Iv Colizional broadening j0.6  *(P/101.32)%(300/T)" 1 =0.03063
Maise (%] |0 Pressure 101 kPa || Lorentzian (%] |0 Temperature | 300 g, W Themalized systern  Population distributions
Sirnulation NO (A-X) Absorption
I I I I I I I I I | I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I L I F BAS E
na s n7 M6 B5 4 n3 B2 po 13 B 7 freeware by
(2]
J. Luque, SRI
i} i E] & [7 & K BB lnz |ntematlona|
[7 5 5 [4 ] IR 212] H
23 s 27 o6 25 24 B3 2 Xl po ps pe {7 [ie psp4pz lifbase@yahoo.com
01221 13 BB B ¥ BHEIO
il 1] E] ] 7 & & 4 B 3122
[19 [18 17 16 [15 [14 13 ez 11 o 13 B [FlEH
Hy2i2)
1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1
2266.0 226B.5 2267.0 22675 2268.0 22685 2269.0 22695 2270.0

%= 2268.700, y= 1.513 wavelength (&) [Wacuum]

e LIF Excitation Scan between 226.6-227 nm, 1 atm, 300 K
— Lines all have band names (O, P. Q, R, S) and N’s or J’s (rot quant #) 43
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e Rotational Temperature
— Ratio of 2 or more rotational lines
— Describe general case
— Example in a turbulent base flow

* Vibrational Temperature
— Ratio of 2 or more vibrational lines

— Example of freestream characterization
* Boltzmann plot, where more than 2 lines used

* Translational Temperature
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= Rotational Lines of NO, 300 K @’

K8 UreasE 211

= |
oA joe ~Q|S-H-S-B-7 B~k AVHME
Diatebase  Simulation | LIF/Emission setiings | (ther options | Display | Experimental data |
Range in [¥acuum]— - Instiumental A [Vacuum) Tetal tgsolution finstrumental + broadening] = 0.0315 & Vacuum)
Kind  |sbsorption x| | gy [2288 Resolution [0.001 ¥ Doppler broadening = 0.00512 [ Predissociation broadening

Units [&vacum »| | End 2271 Lineshape [Gaussian +| || W Colisional broadening [0 "P/101.321(300/T[1 =0.03063
Noise (%) [0 Fressue [101 kPa =] Lorentdan (%) [0 Temperatue[300 K Themaized system  Population distibutions

Simulation NO (A-X) Absorption

| |
22600 22665.0 2z7.0
%= 2299.802, y= 62.168 Wavelength &) [Vacuum)]

e LIF Excitation Scan between 225-227 nm, 1 atm, 300 K
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BB UFBasE 2.1.1

Rotational Lines of NO, 600 K @’

— ] -

Kird | Apsorption =

Units | & (vacuum)
Noise (%) [0 Pressurs [101 KPa =) | Lorentzian () |0 Temperature[600 K Theimalized system  Population distributions

Simulation NO (A-X) Absorption

[E=0
7@ ex -0 |@-H-S-8-7 -0 (- AYHERRN

Database  Simulation | LIF/Emission setings | Qther options| Display | Experimental data |
Range in (acuum) | - Instumental 4 (Vacuur]

Total esalution [instumental + braadering) = 0.0321 A (Vacuum)
2255 Resolution [0.0221 ¥ Doppler broadening = 0.00725 ¥ Predissociation broadening

2271 Lineshape [Gaussian =] || ¥ Colisional broadening [06  PA0 3210001y 1 =0.ms3t

%= 2298116, y= 102,000

\ | |
22600 22650 27700
wWavelength [£] [Vacuum)

e LIF Excitation Scan between 225-227 nm, 1 atm, 600 K
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e Recall:

Spip & Xsz(T)Bu[G(Xs; P,T, U)(D(XS!XE! P:T)tdet

* Obtain LIF or PLIF on two different rotational
lines of a molecule: i and j. Take ratio, R:

SLIF,j Bz jEj (27 j+1) exp|-F 1.j/ kgTrot]

e Where: AN

. Qa Xs M G’ V’
— (C'is a constant Nyand @

— E'is the laser energy (in mJoules) “”;;:‘22‘,90%1)
— J is the rotational quantum number

— I, is the energy of the state

— kg is Boltzmann’s constant 7

SLIF,i _ R = Bi, iEi (2Ji+1exp|-F}i/kpTrot]



<4= LIF: Rotational Temperature, T, ,
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e Solvefor T

rot

—AEyor

B1s jEj(2]j+1)
Bi, iEi(2]i+1)

Trut —

kgln|CR

* Where:
AE,o = (Fj;— Fyj)

* Temperature sensitivity:

6T?"Dt _ RBTrat OR
Trot ﬁE’rot R

* Suggests to maximize AE,,; (as long as signals still

strong) to minimize error in temperature, o7,
— Should choose widely separated states: e.g. /=3 & 35
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=4=  Typical Strategies for /i
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* Typically two approaches:

— Steady laminar flow
* Obtain images on one J, then scan laser to another J
* Ratio images, determine temperature

— Turbulent flow

* Two lasers, two cameras (Cumbersome! Expensive!)

* Acquire two images nearly simultaneously, different J’s

* Need to do this because ratio is a nonlinear function of
temperature: Suri _ p _ - Biaifi (2]i+1)exp|-F;i/kpTrot]

SLIF,j B1z,jEj (2]j+1)exp|-F; j/kpTrot]

* Typical single-shot temperature measurement precision

is “20% at flame temperatures (Seitzman, 1994)

* If you use 1 laser/1 camera, =>bias errors in turb. Flows
(E. R. Lachney, and N. T. Clemens, “PLIF imaging of mean temperature and
~ pressure in a supersonic bluff wake,” Experiments in Fluids, 24, pp. 354-363, 1998.)

— Average many measurements to reduce uncertainty

49



==

e
_:.ch/\@;-ﬁ.___‘:—_

_=

YON KARMAN INSTITUTE

Single laser/camera for

T

rot

in turbulent flow @

Lachney and Clemens (1998) used 1 laser /

1 camera to Map mean

T

rot

NO seeded N, at Mach 3

Chose:J=85and J=10.5

2.0

1.8 +
1.6 +
1.4+
1.2+
1.0+
0.8 +
0.6 +

0.4 -

0.2+

50

Ratio of lines, used to measure T

150 200 250 300

Temperature (K)

100

rot

Boundary

shock

in 2 base flow.

M=3

— >

Recompression

Expansion

Splitter plate

—>

M=3

Recirculation

zone \
Turbulent

wake

Turbulent supersonic wake flow
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=o—= Single laser/camera for T, in turbulent flow

e Lachney and Clemens (1998):

Turbulent supersonic wake flow temperature measurement
Agreed with temperatures inferred from probe measurements to within 11%

E. R. Lachney, and N. T. Clemens, “PLIF imaging of mean temperature and
pressure in a supersonic bluff wake,” Experiments in Fluids, 24, pp. 354-363, 1998 o
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BB UrBASE 2.1.1 = re =]
— ] ] A Nk Q| F-E-S-B 7T <N ATVERE

Database  Simwlation | LIF/Enission seitings | Other options| Display | Experimental data |

Range in & [Vacuum) - Instrumertal & (Vacuum) Total resolution [instrumental + broadening] = 0.0296 A acuur)

Find |apsomtion ¥| | gran  [2200 Resolution | 00221 ¥ Doppler broadening = 0.00371 ¥ Predissociation bioadening
Units | [¥acuum) = End  [7500 Lineshape [Gaussian ¥ Callisianal broadening [06  *(P/100.32130041)°[1 = 0.00331

HNoise (%) |0 Pressure [101 kPa =|| Lorentzian(%) |0 Temperatwre[1D00 K ¥ Theimalized system  Population distibutions

Simulation NO (A-X) Absorption

wad it babbl

S N T

| | | | | | | | | | | | | |
22500 2300.0 23500 24000 24500
u=2276.405, y= 103053 wavelength () [V acuum)

= T T — T T = ) T o—— -—

e Three vibrational bands: T = 1000 K

— Vibrational bands have quantum number, v >
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»—  Vibrational Bands of NO
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BB UrBASE 2.1.1

= |

[— ]

17 4@ o -0 F-H-S-B-~7 H- <N ATVHMN

Database  Simwlation | LIF/Enission seitings | Other options| Display | Experimental data |

Range ind [Vacuum] | - Instrumental A Vacium) Total resolution [instrumental + broadering) = 0.029 4 Macuum)
Kind fabsoption »| s [2200 Resolution | 00221 ¥ Dompler broadening =0.01418 ¥ Predissociation broadening

Units | & [¥acuum] ~ End 2500 Lineshape [Gaussian - W Colisional broadening 06 P/10 323004171 = 000528
HNoise (%) |0 Pressure |101 kPa || Lorentzan(%] |0 Temperatwre[2000 K ¥ Theimaiized system  Population distributions

Simulation NO (A-X) Absorption

”=0 v'=1 v'’=2

N .‘..mnm”lil\“”“‘”“‘

I I I I I \ I I I I I I I I | I
22500 2300.0 23500 24000 24500
4= 2293900, y= - 4757 Wiavelength (&) [Vacuur)

= T — m — T T

PR W T | alu

i

1 ) —

e Three vibrational bands: T = 2000 K
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é@‘;& Vibrational Temperature 7, Measurement
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* Asimilar approach can be made to obtain

vibrational temperature measurements

— Typically excite the same rotational line (J) in 2 or
more vibrational bands (£ = constant)

— Can do 2 line measurements as before

vibrational
— Can use a Boltzmann Plot: energy of
* Graph: //;amspmmed
] SLIF.i ] versus G,
Blz,iEi(2]i+1)EXP[_Fj,i/kBTrot]
* Slope is: If F, = constant then T,
—1/(kgT,:3) can be determined

independentof 7,
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* Vibrational temperature measured in a nozzle
exit flow verifying vibrational nonequlibrium

0 _ 1000
a1 ©  Experimental . i
P Fit to data : 785 X i
T2 v = T,,=850 2 900 ¢
S vib 2 T o (LTF) = 785 +/- 30K
=3 F N e © i
i > @ 800 B ;l: O~ a2 0 A
SE 4 R e
Q D L
= [
¥ O s 100
o _6 - o i ,
) =] - T.. (CEFD)=670K
\._EJ _? i " g 600 a \lb[ ‘} 7
> i
-8 o N, I
L—Q 500 PRI R N N T T SN A NN Y S T NN SN T T AN T S SN SN NN U SO SN NN N SO S N
-9 260 270 280 290 300 310 320 330

0 1000 2000 3000 4000 5000

. . ] Distance from nozzle throat (mm
Vibrational Energy, G - (cm™) (mm)

T

rot

= 400 K and decreasing with distance

P. C. Palma, P. M. Danehy, and A. F. P. Houwing, “Fluorescence Imaging of Rotational and
Vibrational Temperature in Shock-Tunnel Nozzle Flow,” AIAA Journal, 41(9), September 2003
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<o= Translational Temperature
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* Can measure T, . (and P) from width and

shapes of spectral lines

e Spectral lines have a shape

— Molecular motion leads to:
e Doppler Broadening (inhomogeneous)
e Gaussian shape
* FWHM: Ay, =Y (2@t
.. ) D — C m
— Collisions lead to:
e Pressure Broadening (homogeneous)
* Lorentzian shape 075
° . Av, = P . 2]/-;{.-|:ﬁ:| +
FWHM: ¥ 101,325 LT
— Combination is: Voigt ~ _ ~—
* Convolution (ifAv,.Av, comparable) -+ - -2 -1 o 1 2 3
° FormUIaS in manuscript Modest, M: Radiation Heat Transfer, Academic

Press, Elsevier Science, USA, 2003 56




=o= Translational Temperature
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RF
plasma  generator

e If using a very narrow
, _ tomperstare]. @
linewidth laser... ] ke

chopper ;&
0 Y

matching
network

AVL <<AVP9AVD g’“.
— ...can neglect laser width | e
— Semiconductor diode laser ﬁ:i%%;zLE; ....... i— =l

* Scan |aS€rfrequencyacross T T
a transition o :tg,,”"”
m - T=6300K ]
— Argon atom at 810.4 nm § 4F a0 'g
— Turbulent inductively T
coupled plasma (ICP) torch ~ ~ "L -.
* Fit measured LIF spectrum R RN AN

— Have homogeneous (Stark) a1 g L

frequency [GHz]

and Doppler broadening
D. S. Baer, H. A. Chang, and R. K. Hanson, “Fluorescence diagnostics for

- D ete rmin e n e a N d T atmospheric-pressure plasmas using semiconductor lasers,” Journal of the
Optical Society of America B, 9(11), pp. 1968-1978, November, 1997
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— LIF Velocity
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=

* Doppler shift
— Based on laser frequency relative to absorption line

* Molecular tagging velocimetry (MTV)
— aka Flow tagging velocimetry
— Time of flight
— Requires lifetime long enough for flow to move
while light is being emitted
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=0=  Doppler Shift Velocimetry
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* The Doppler shift:
- U
L0 Av = — Vo

Wikipedia “Doppler Shi

ft”
http://creativecommons.org/licenses/by-sa/3.0/deed.en

* Can be used to measure velocity with LIF
* Relative shift between laser and absorbing molecules
* Angle of detection does not matter for LIF

* The overlap integral, G, which describes the overlap
of the laser’s spectrum with a line

* L islaser’s spectral shape, typically modeled as Gaussian
or Lorentzian

Y, is the transition’s absorption line shape, can be shifted
by Doppler shift

G=[L,Y,dv
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<¢= Doppler-based LIF Velocimetry @
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* Direct laser sheet into flow e ayincica
. . . . cellxgikphotomultiplier q/ ensﬂ .
* Acquire images with different hopme® T & e
. dye laser photodiode A
spherical f4
laser frequencies | l e
— Measure spectrum at each point . 4

4 y beamsplitter

— 35} 4"\— deflection
E‘ 3l Center: 0.49 +/-0.08pm ‘ miltrors
: 05 B R A TR 2500
. - Las-er detuniné [pm] - . 207 0
. 2000
— Measure from two different 10 ="
directions to get two different E | | .
velocity components > -
. 10}
— Do need to consider pressure ’
. 20 b
shift (ms)

* Fixed frequency (single-shot)
SChemeS d ISO EXISt but |ESS R. Hruschka, S. O’'Byrne, and H. Kleine, “Two-component Doppler-
. shift fluorescence velocimetry applied to a generic planetary entry
accurate (See MAaNUuUSCri pt) probe model,” Experiments in Fluids, 48, pp. 1109-1120, 2010
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g%ﬁ;;——; LIF Molecular Tagging Velocimetry (MTV) @
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— Boundary layer: slow moving gas near surface
* Important: heat transfer, drag, separation, etc.

— Instantaneous measure of 1 velocity component
* Can be extended to 2 or 3 components

P. M. Danehy, S. O’'Byrne, A. F. P. Houwing, J. S. Fox, and D. R. Smith, “Flow-Tagging Velocimetry

for Hypersonic Flows Using Fluorescence of Nitric Oxide,” AIAA Journal, 41(2), February 2003 o



=0= Experimental Setup: Top View @
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T2 Free Piston Shock Tunnel, ANU

= 120 mm >

T

Y

le—— 80 mm ———»

Thermometry laser sheet

e ( 5 mm wide, 0.7 mm thick)
Velocimetry laser sheet
3 mm wide, 0.2 mm thick
( : )
I[5 mm

Velocity ~ 3000 m/s; Mach Number = 7, laminar boundary layer
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* Measurements performed on successive tunnel runs
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16

14 4 —— Average Velocity

12 ¢ Standard Deviation

'\.I:-'
o

10 T
o

0 Frmm—— ] . | | |
0 500 1000 1500 2000 2500 3000 3500
Velocity (m/s)
» Freestream velocity is uniform at 303560 m/s.
* 95% boundary layer thickness is 1.4+£0.1 mm.
 Single shot measurement precision: ~60 m/s out of 3000 m/s (2%)
- uncertainty: ~80 m/s (3%)
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Single-Laser MTV

* Biacetyl (Hiller et al, 1984; Koochesfahani,
2007)

e Acetone (Lempert, 2002)

* NO (Danehy, 2003; Hsu, 2009; Bathel, 2011) >

* |, (Balla, 2013)

* N, using FLEET (Femtosecond laser electronic

excitation tagging) (Michael, 2011)
— Does not require seeding
— Does require an expensive fs laser

il

i
n{\\\

* LIF lifetime must be long enough so molecules
still emit light after (slightly) moved .



%ﬁ; Single-laser MTV
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/

N

Tunable Laser e
Sheet-forming Ienses<v Ao

Lens array
Ax \

V —_ Wﬁ% Flow Direction

e T

OTeCUTES
Molecules move, fluoresce .~

Camera captures image
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— Single- Iaser MTV

—5.03 86| 4 =100 E” >
i . T : | 03
0.3:- | 0.3; ﬁ 0-3; ﬁ ﬁ
= I | = i I ' = g
T ozr ? 8 0.2F M = ﬁ £ 02
E ﬁgﬂ ER = = H@
01f ’ﬁﬁw 01f ﬁ*ﬁ 0'1;' ﬁ o1 ﬁ
& L I L.
&(m/s)my o >0 u(m/h')? \u('m/fs)/ . ; %) \
| . = 3 0.00 cm Trip i
I g I -
~ ~ ~ - N N N
B & & |-~ . . y
S o N S 00
_ 3N 3 U 3 Q)
* Velocity Measurement
« Single-component

(AIAA 2011-5606)

Developed thorough uncertainty analysis methodology
Data used in subsequent CFD study by lyer et al. of Univ. of Minnesota

B. F. Bathel, P. M. Danehy, J. A. Inman, S. B. Jones, C. B. lvey, C. P, and Goyne
Velocity Profile Measurements in Hypersonic Flows Using Sequentially Imaged
Fluorescence-Based Molecular Tagging,” AIAA Journal, 49(9), September 2011
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Analysis

* Uncertainties in mean: as good as
3% of freestream (~1000 m/s) for
38 images

* Modeled error from intensity decay,
exposure duration, motion blur

» Error from velocity component
parallel to MTV profiles quantified

« Study conclusions

» Velocity gradients can bias
measurement

« Scatter off of the model surface
limited proximity of measurement to
the wall

» Limited to low-pressure conditions

* Need higher pressure capability for
higher Reynolds number required to
study laminar-to-turbulent transition
at least on this short model

=0 Single-laser MTV

&

10 0.12
=—=No Decay
o -+=+Decay
z ° -
£ Errors up to “15% of:ineasured Z
= g
= mean velocit 006 £
a -y
5 4 S
= [«
3 o
g 2 g
v [Py
/
tEl Atoz tl.EZ

5

B

N

| N

|‘_'_’ - —

t,
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=0~  Two (or Three) laser MTV
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e Typically, one laser generates a line, series of lines or
a grid pattern by, ionization (LEI*%®-128), vibrational
excitation (RELIEF1%2-131), photolysis, bleaching or

other process. Additional laser(s) read out pattern.
— Example: Excimer laser at 193 nm+N,+0,>NO

— Air Photolysis and Recombination Tracking (APART)
 Dam et al, Optics Letters, 26 (1), pp. 36-38 2001

e Alist of partner species used in the photolysis writing
and reading process includes:
H,O-OH, 133139 N,0-NO, 140 -0, 141.142
N»/02-NO, 43146 gud NO,-NO 116135154
* Method can use air constituents (N,/O,, O,, N,) or
can be seeded (H,0, N,O, NO,, Na, etc.).
— We have used NO,=>NO to study transition
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f”*““ _ Three-Laser MTV (NO,—>NO velocimetry) @’
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(for details of velocimetry method, see Bathel et al, AIAA-2011-3246 and others incl. TAMU4°, OSU™0, etc.)

w— | PLIF

Flow Cart B

NO,+355 nm - NO

Write lines of NO into
NO, seeded in the flow




=o= Three-laser MTV
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n . - -NQd-pQkhefabisis Probe Beam %
AtPD tE1 Atoz tl'EZ (] 'x

i — ~————  PumpBeam




=o— Flow Visualization: No trip
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* Flow appears laminar when no trip is present




= Velocimetry: No Trip &
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flat plate
i 125 r/r;/s E | | E : : E : : U’
8 B wW R R
3 S ®m N N
L KN o ~

Data formatting: Svesmserton(a)
— Center of the data point is mean velocity; Width is uncertainty in mean
— Standard deviations shown in red (instrument error ~2% of max U was subtracted)
Blasius-like boundary layer profiles observed (to within 100 um of wall)
— Deficit near edge is likely caused by seeding in zero velocity gas into BL (see Johansen et al)

— U’ ~ 80 m/s at maximum. Peak U’ is ~ 0.7 mm above surface.
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{j} Velocimetry: 1-mm Tall Trip (centerline)@
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R AR A A A B e

= | < :
L e 3 08 [ == 1 Ilnflection
R LR ___m - m<T | points
06 —— ] 06 -———T———mr—= m-——T———- il
= . . m (inviscid
| | | | | 04 Il | lr-- 1 | (ln ISCI
04 f———4——— =] A4 - - —— L .
| i | | | : | - | stability/
Y N DU S S S 02 L= _ e _mm o, _ O
02 | | | | | '- : | | NS blllty)
| | | | | i | | ! !
0.0 | | | | | 0.0 ‘ ‘ ‘ ‘ !
()} 250 500 750 1000 1250 1500 0 250 500 750 1000 1250 1500

Streamwise Velocity (m/s) Streamwise Velocity (m/s)

* See many “S” shaped profiles in single shots, also in mean
— Strong profile-to-profile correlation within one image.
— Seen in prior laminar measurements (Bathel et al, Paper AIAA-2010-4998 different Mach)

e Tripped flow fluctuates much more than untripped flow 74
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R

Wall-Nermal Pesition (mm)
£ 5

strogmeaepssEos ianmm)
* Velocity profile is full near flat plate with a deficit near edge of BL
— Note: 2x lower flowrate in this run compared to no-trip case previously shown.

e U’ data has increased to peak ~250 m/s (3x larger than laminar case).
e Shape of U’ profile changes slightly with distance downstream.
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Wall-Normal Position (mm)
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212894
1051,
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0.6 (/)/8;‘
0.4 0d
50.2.°>
2% @ 848 i
No.8® ;‘1w}j e tn ko Yoo oo i N/ ol i e j H‘*fe** '”fe* kq*ﬂ* 7
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Streamwise Position (mm)

4.5 mm profiles show profiles most different from laminar

Flow becomes more laminar far from centerline (similar to flow vis)
— U’ drops back to ~80 m/s
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measurements

on centerline

r 120.5

119.9

119.3

118.6

118.0

117.4

116.8

116.1

115.5

114.9

114.3
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108.0
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1018

1011

100.5
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m)

.
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98.0

0.53-mm Trip

120.5
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119.3

118.6

118.0

117.4

116.8

116.1

115.5

114.9

114.3

113.6

113.0

1124

111.8

1111

110.5

109.9

109.3

108.6

108.0

107.4

106.8

106.1

105.5

104.9

104.3

103.6

103.0

102.4

101.8

101.1

100.5

99.9

99.3

98.6

98.0

Streamwise Position (mm)

o
=
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r120.5

119.9

119.3

r118.6

r118.0

r117.4

116.8

116.1

1155

114.9

114.3

113.6

113.0

112.4

111.8

1111

110.5

109.9

109.3

108.6

108.0

107.4

106.8

106.1

105.5

104.9

104.3

103.6

103.0

102.4

101.8

101.1

100.5

99.9

99.3

98.6

98.0

Streamwise Position (mm}

* 0.53 mm trip U’ peak much closer to plate.
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« Analysis L

* Uncertainty for high s/n data
- Mean: 1% of edge velocity

2 Us

- Single-shot: 1-2% of edge velocity > _

* Measurement within 100 um from wall 100
o) on
. . - (o) r/(b"°tlt ‘ica!)
» Tradeoffs for experiment design T o Ry
* Accuracy and precision improve with 5 o
probg delay | | ;g " e
« Spatial resolution worse with longer 5 o
probe delay > I T o ®
©
- Can use longer delay for slow flow 5 T .-
« Current configuration requires T A o ©
. . A / g
relatively large blowing rates for § /o e
adequate signal-to-noise 3 / -
- May be significant wall-normal g accuracy a
ay be sig = (bestitypical)
velocity component o
. 1 10 100

Probe Laser Delay, Atz 5 (KS)
Data obtained at static, low pressure conditions 7



e
=0 3 laser MTV: measureu, v, T @&

=\|=

YON KARMAN INSTITUTE

* Texas A&M has used 3 laser technique with crossed beam pattern
for 2-component velocity and temperature in an underexpanded

N, jet flow with NO,:
— VENOM: vibrationally excited nitric oxide monitoring

— Excite to v’ =1 state

400 ns delay 800 ns del measured

il

600 300

.

computed
Raw data images U-Velocity (m/s) Temperature (m/s)
(~5% uncertainty) (~9-35% uncertainty)

R. Sanchez-Gonzalez, R. Srinivasan, R. D. W. Bowersox, and S. W. North, “Simultaneous velocity and
temperature measurements in gaseous flowfields using the vibrationally excited nitric oxide monitoring

technique: a comprehensive study,” Applied Optics, 51(9), pp. 1216-1228, March 20, 2012
80



<o=  Species Concentrations

* Problem: How to deal with unknown Q,,?

e Solutions:
— Saturated LIF: (w,, + w,,) » (0., + 4,,)

* (,,is negligible 2 ——
compared to W’s
* Hard to achieve 3\ T *\-th

. . . W. AW -
— Predissociation 12| War [ Qui Al

* Qpre >> Q21
— Measure 7 i \ 2 v
* Determine Q,, from 7,

— Measure other species present and predict 7
* Raman/Rayleigh/LIF (Sandia and DLR)

— Counter-propagating beams, take ratio (versluis, 1997)
* Potential problems: absorption, rad. trapping .,




%@;5} LIF Advantages/Disadvantages
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* Advantages
— Relatively easy to make planar measurements (PLIF)
— Provides flow visualization simultaneously
— Relatively easy to perform

— Can probe many different parameters (T, V, concentration)
e Will show velocity measurements with 1-2% precision

* Disadvantages
— Precision of single-shot temperature measurements
(~20%) is not good compared to CARS (2-3%) or LITA (1%)
— Difficult to do quantitative concentration measurements,
especially planar

82
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Spontaneous Rayleigh and
Raman Scattering

83



%} Rayleigh and Raman Scattering @

B |

%

 When light passes through a gas:
— LIF is a resonant absorption/emission process

— Mie, Rayleigh and Raman are scattering processes
* Mie Scattering:d> A1 (dis the particle size)
e Spontaneous Rayleigh and Raman scattering: d << A

* Will explain Rayleigh and Raman two ways
— Physical interpretation
— Classical description
— Not going to discuss quantum treatment ”




=ls

== Rayleigh Scattering &

Rayleigh scattering:
— Electric field causes electron cloud to oscillate
with respect to the nucleus: induced dipole

V—>0080®—>)

http://www.timkelf.com/Research/ResearchSERS.html

— An oscillating dipole acts like an antenna: radiates!
* Radiation is perpendicular to oscillation

85
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=0=  Many Particle Scattering @
* A plane-wave perturbs many particles: they radiate
— Interfere constructively in direction of propagation

— Interfere destructively in other directions

_ NO SCATTERING

A e

INCIDENT
WAVE

COHERENTLY
SCATTERED
FORWARD
RADIATION

G.C. Baldwin "An

\ N WAVELETS AT 90° introduction to nonlinear
/ \ / \' INTERFERE DESTRUCTIVELY optics." New York:
/Y ! Plenum Press, (1969).

— If same number of particles everywhere in gas, destructive

interference would give no side scatter
* But random statistical variation in particle concentration:
deconstructive interference is incomplete: Rayleigh Scattering! 86



=0 Rayleigh Scattering &
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* Very weak process
— 1 photon in 0.1 million scatters / meter at STP

* Wavelength dependence: 1/A%

vAg
PA

Rayleigh scattering in the atmosphere after sunset,

picture taken over the ocean, at 500m altitude.
http://en.wikipedia.org/wiki/Rayleigh scattering

* Causes blue sky and red sunsets
— Mie scattering from aerosols also contributes
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== Raman Scattering
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e Similar to Rayleigh scattering but molecules gain or
lose energy during scattering process
 Raman x1000 lower probability than Rayleigh

tual
ng:eL:gy Energy Level Diagrams
level \\
S
0 A Gt e - -
\ . \ 4 :
\ v :
energy molecule
stays same gains energy molecule
N, molecule loses energy
\ )
\ 1 \
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YON KARMAN INSTITUTE

Raman scattering results in a frequency shift
— Molecule vibrating at frequency v

mol
Rayleigh Scattering
V—>00908e®—>)\
Raman Scattering

V, —)'.' ' .""’V{J—_ mol

Modulates the frequency

http://www.timkelf.com/Research/ResearchSERS.html
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=4= Rayleigh and Raman Scattering

YON KARMAN INSTITUTE

2 - -] ——p——--
h\,/\/\/\ﬂ ,\M’\hv Mbv.Av th_l_Av
L Rayleigh Stokes anti-Stokes
Raman
Raman
A A
1 \ 4
. AN

* Energy level diagram:
— Stokes Raman: energy absorbed by molecule

— anti-Stokes Raman: energy lost by molecule
* |nitial state must not have been a ground state
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o= Rayleigh and Raman Spectra
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Rayleigh
\ Stokes
anti-Stokes _ vibrational
vibrational rotational Raman

Raman

Raman
Hlllllll. Ll |||/. |||I|”I

Maser Wavelength, A

* Rayleigh: near laser’s wavelength
 Raman: frequency shift depends on molecule,

state (sensitive to concentration and temperature)
— Rotational Raman
— Vibrational Raman

91



“‘:% Rayleigh and Raman Theory 1
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e Scattered intensity is proportional to the
square of the induced dipole moment, P :

//)ikk

5 = g,0F
where g, is the permittivity of free space, o is

the molecular polarizability and E is the
incident electric field given by:

E = E, cos(w,t)

where E, is the amplitude of the electric field,
@, is the frequency of the laser light and ¢ is
time. o



== Rayleigh and Raman Theory 2

YON ARMAN INSTITUTE

Polarizability, a, depends on internal structure
— varies with time during vibrational oscillations at
the natural frequency of the molecule, @,

O—0O ——0

— o varies with spatial coordinate, O
* More loosely held electrons = more polarizable
* Taylor Series Expansion:

do.

o= 0y + (%)0 dQ

where dQ is small displacement about equilibrium
positions which occurs during normal vibration

dQ = Q, cos(w,t)
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== Rayleigh and Raman Theory 3
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* Substituting previous equations into j = g,a.E:

p = [(}:0 + (gz) Q, cos(w, t)] £0E, cos(wqt)

Expanding and using trig identity:

2\dQ
Rayleigh Scattering Stokes Raman — anti-Stokes Raman

Resulting induced dipole moment (and
scattering) is at three frequencies

5 —_— 0 —
P = 0gEoFEy cOS(wyt) + = (—U') £000Eq[cos(wy — w,)t + cos(wy + w,)t]
0

 Amplitude is usually determined empirically:
o\ _ I o (0o
(BQ)ZZ NI J/{ZZ - (%)ZZ ]{[ \ Ilaser

Differential Cross Section scattered power | irradiance

(varies by molecule and with | but not with P, T) per solid angle diff. cross number
(zz indicates polarization of laser and detection) section density 94
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. Rayleigh and Raman Theory 4 @
* Selection Rules: Raman Activity
— Not every molecule or vibrational mode produces

Raman

p = (IUSOE_[; cos(wyt) OQU [LOS((UU w, )t + cos(wy + w,)t]

— Amplitude of Raman is proportional to the
magnitude of: (z—“’

— Polarizability, o, must change during vibrations to
be Raman active

— Raman active: M ._._.
N

diatomic \ linear triatomic
symmetric
stretch mode

— Raman inactive:

linear triatomic
asymmetric
stretch mode 95




o= Rayleigh and Raman Theory 5

* Rayleigh Scattering is at or near the laser’s

wavelength.
— Doppler broadened (~T%7)
— Can be Doppler shifted (~V)

?
— Signal proportional to N (~p) I;; = (—J) NI
Shift, V Zz

Amplitude, p

Intensity

Maser Wavelength, A
— Can potentially measure these simultaneously
* Requires high spectral resolution %



%}—— Rayleigh and Raman Examples @

* Rayleigh
— Velocimetry, multi point
-V, T, p, single point
—V, T, p, imaging
— p measurement (and infer T)

* Raman
— Concentration
— Temperature

97



5 Rayleigh Velocimetry &
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* Rayleigh scattering velocimetry can measure

selected velocity components
— Measured component is bisector between
incident laser and collection optics

klaser Wave vector:
k=2

D. Bivolaru, P. M. Danehy, R. L. Gaffney, Jr. and
A. D. Cutler, “Direct-View Multi-Point Two-
Component Interferometric Rayleigh Scattering
Velocimeter,” 46th AIAA Aerospace Sciences
Meeting and Exhibit, Reno, Nevada, AIAA Paper
2008-236, January 7-10, 2008

\y?

signal2

— Can measure multiple velocity components by
adding additional detection angles or laser beams
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Rayleigh Velocimetry

* Rayleigh scattering velocimetry has been
performed different ways, always requiring a
high resolution device to resolve the Doppler

shift

— [, filter in front of CCD
* Imaging capability
* limited dynamic range

Intensity

Shift, V

-_'-—-—“

pr— —
—

Width, T

Amplitude, p

N

— Fabry Perot etalon
 PMT based (faster)
e CCD based (multi-point)

Q
wn

Wavelength, A

— Combined 7, filter and Fabry Perot etalon

— See manuscript for references
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gﬁﬁ% Rayleigh Velocimetry using Fabry-Perot Etalon @’
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* Velocimetry using a Fabry Perot Interferometer
(FP1) with CCD camera

collimated
input beams

L; etalon M2

)‘ K N I
em CCD L,

Rayleigh signal

reference
measurement

volume

M,

o 17
DM, | IR FPC
DM3 o o
'y

. D. Bivolaru, P. M. Danehy, R. L. Gaffney, Jr. and A. D. Cutler, “Direct-View Multi-Point Two-Component
Interferometric Rayleigh Scattering Velocimeter,” 46th AIAA Aerospace Sciences Meeting and Exhibit, Reno,
Nevada, AIAA Paper 2008-236, January 7-10, 2008 100
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Raylelgh Velocimetry using Fabry-Perot Etalon
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one-component system
measurement

volume

/ .

collection
optics

reference
C 4
F-P Etalon is two
planar, separated %
/ mirrored surfaces

etalon

Spatial and Spectral Info

(46 = @4

\ Reference D. Bivolaru, P. M. Danehy, R. L. Gaffney, Jr. and A. D. Cutler,
“Direct-View Multi-Point Two-Component Interferometric

FrequenCy Rayleigh Scattering Velocimeter,” 46th AIAA Aerospace Sciences
Meeting and Exhibit, Reno, Nevada, AIAA Paper 2008-236,
January 7-10, 2008 101
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=o= Rayleigh Scattering Image Processing @
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Raw Image data D. Bivolaru, P. M. Danehy, R. L. Gaffney, Jr. and A. D. Cutler, “Direct-

. View Multi-Point Two-Component Interferometric Rayleigh Scattering
Velocimeter,” 46th AIAA Aerospace Sciences Meeting and Exhibit,
Reno, Nevada, AIAA Paper 2008-236, January 7-10, 2008

Circles provide reference
(7.5 GHz etalon)

-80

-100, 5 10 15

r, GHz

* Significant image
processing is required
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é@%@} Rayleigh Scattering Velocity Results
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% ; 1 1

-

o
[

Normalized Intensity
o
B

0
-0.2f5
-0. i i i
3.1 0.5 1 1.5 1.9
Radius, a.u.

» Rayleigh scattering in a large scale (6 cm diameter) Mach 1.6 H,-air
combustion heated jet operating at Mach 5.5 enthalpy at NASA Langley

Velocity precision of ~40 m/s out of 1200 m/s, (3%)
The dynamic range of the instrument was ~3000 m/s
- precision 1% of dynamic range

D. Bivolaru, P. M. Danehy, R. L. Gaffney, Jr. and A. D. Cutler, “Direct-View Multi-Point Two-
Component Interferometric Rayleigh Scattering Velocimeter,” 46th AIAA Aerospace SC|ences1 .
Meeting and Exhibit, Reno, Nevada, AIAA Paper 2008-236, January 7-10, 2008



:;\z%i} Raylelgh Scattering: T,V, p &
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PMT 1

PMT | Fiber Qg
Image

Image Edge

Dissector

PMT 3 PMT 4

e Continuous laser excitation
— 10W at532 nm

, * Fiber optic collection
- Q e Data rate: 10 kHz
L~ * Single point measurement

A. F. Mielke and K. A. Elam. "Dynamic measurement of temperature, velocity, and density in hot
jets using Rayleigh scattering." Experiments in fluids 47, no. 4-5 (2009): 673-688. 104




///)Ak\\\\h
o

Rayleigh Scattering: T, V, p

Il
9

==
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3 a1.50
0.55mm dia, 75-m
length optical fiber 1.254
to speciral analysis
and detection system 1.004 __
Qo075 :
~ i —
~ o
BD 0.504 ! :
2" dia SMC000 nozzle 0.25 .
R st \ AR i
ﬁ' ——————————— je—filtered air 0 2 4 6 8 10 12 14 16 18 20
1 x/D
[ __le—filtered !
2 air
settling chamber |
co-flow I
5 heated
+ 2 air from
MI,P, LI,M2
:? = hydrogen
z E combustor
Z =
]
=)
P o

0 2 4 6 8 1012 14 18 18 20 0 2 4 6 8 1 1274 18 18 20

 Heated, 2” (50 mm) i e T
diameter axisymmetric
near-sonic jet at NASA " uu] 8 o
Glenn Research Center ... W& 12 | ol -

A. F. Mielke and K. A. Elam. "Dynamic measurement of temperature, velocity, and density in hot
iets using Rayleigh scattering." Experiments in fluids 47, no. 4-5 (2009): 673-688.



== Rayleigh Velocimetry (/, filter)
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* Instead of an etalon, use |, filter = 2D imaging

1.00 — T _
- , \f 1 V] |, absorption
\ I ] near 532 nm

] | !

h& l 1 B
% 1 o4 Pressure
| | 7 broadened

absorption
filter

Background
1, scattering

normalized transmisston

/| Doppler

] L shifted
b o scattering
\4} 1 [l L | llllllll ’. L 1 I L] 1 1 1 ’ ;

[ T S T T |
0.00 G. S. Elliott, M. Samimy, S. A. Arnette “A molecular filter
18787.5 18788.0 18788.5 based velocimetry technique for high speed flows,”
R. B. Miles, W. R. Lempert and J. N. Forkey, -1 Experiments in Fluids, Volume 18, Issue 1-2, pp 107-118,
“Laser Rayleigh Scattering,” Meas. Sci. Technol. frequency (cm ) December 1994
p. R33-R51, v.12, 2001

* Gas cell, filled with low-pressure N, plus some |,
crystals; control temperature to determine absorption
* Scan Nd:YAG laser frequency (or fixed) 106

=
b
=
I
|




<%= Rayleigh Imagingof 7V, p @&
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Streamwise distance
from nozzle exit (mm)

e Direct YAG laser sheet into a Mach 2 jet

= 170 K 24 1 = 1050 torr 24 ﬁ235 m/s
= = 2
8 E g
E E E E 44
8= B ik
= o= .
= 7 5 % 21
% ol ,
160 K 2 = 850 torr Z L2 20 220 m/s
E N z N
E S Eg 19
g E 2 I8
“E AE 17
150K 650 torr 16 205 m/s
32101 2 21012
Spanwise distance Spanwise distance Spanwise distance
from jet axis (mm) from jet axis (mm) from jet axis (mm)

R. B. Miles, W. R. Lempert and J. N. Forkey, “Laser Rayleigh Scattering,” Meas. Sci. Technol. p. R33-R51, v.12, 2001

* Scanned laser frequency, determine 7, V, p (report P)
based on measured spectrum at each pixel
 Same method can be used for velocimetry from

particles (usually fixed frequency, multiple detection angles)
— Planar Doppler Velocimetry (PDV) or Doppler Global Velocimetry (DGV)
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0= Rayleigh Scattering: p
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Shift, V

* Rayleigh scattering has a

spectrum:
Sensitiveto 1, V, p

— Prior examples used Fabry Perot
Etalon or |, cell to observe spectrum

— These devices reject signal, making
them less sensitive detectors of p.

e Collect all of the scattering
— Less equipment/less setup/simpler

Intensity

Rayleigh Density (x1017/cm3)
= NN oW oW
(4} o (3] o (5]
L 1
%)
’(
.o
2,

=y
o
T T

Symbols = 210 point average
Error bars = 16

bt
n

- Blgger Slgnal 00 05 I;.:mr;l,.sic S:)ns:;?(x-'::).?ﬁc:;.;) 4.0 45
— Cando smgle pomt or imaging Using a UV laser (e.g. ArF at 193
. nm) allows measurements to be
— OnIy sensitive to yo, made at low pressures (e.g. 1/300
e atmospheric density)
© (If YOU knOW P and Comp05|t|0n YOU Balla, R. Jeffrey, and Joel L. Everhart.
can convert pto T) "Rayleigh scattering density

measurements, cluster theory, and
nucleation calculations at Mach 10." 108
AIAA Journal 50, no. 3 (2012): 698-707.
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= Rayleigh Scattering: p &

 When precise measurements are required,

high S/N is needed

— Use high powered lasers, focused to a point

* If too high: laser-induced breakdown

e Sandia, Livermore, Calif.:

— Raman/Rayleigh/LIF line imaging at P = 1 atm

— 4 double-pulse Nd:YAG lasers: 1.8 J/pulse
— Camera images Rayleigh along line

— ~10 pix / mm along 6-mm-long probe volume

- N,, 0,, CH,, CO,, H,0 and H, from Raman
— CO from 2 photon LIF
— Temperature from Rayleigh density, p,

— Need composition to determine { £&

— T precision reported: ~0.75%
— (p precision is probably same)

o)

— If known P, idea gas law give T Q/

>

02

0.20

0.15 ¢

0.10 |

0.05

000 L—-—
0.80 ———

0.75

0.70 L

0.65 |-

0.60

Turbulent CH,/air flame

..............

..............

R. S. Barlow, G.-H. Wang, P. Anselmo-
Filho, M. S. Sweeney, and S. Hochgreb,
“Application of Raman/Rayleigh/LIF
diagnostics in turbulent stratified flames,”
Proceedings of the Combustion Institute,
32, pp 945-953, 2009

nnnnnnnnnnnn

300 600 900 1200 1500 1800 2100

T (K)

— Cutting edge MHz laser: 40x lower energy (Jiang, 2011)
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=0 Raman Spectroscopy &
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* Raman spectrum obtained in a CH,-air flame:
— Average of 500 pulses using stretched 0.5 J/pulse, 532 nm

e Stretch 10 ns pulse to 500 ns to avoid laser-induced breakdown

£ N;
3 6000 -
L .
> 4000 Pure-rotational
a anti-Stokes bands
Q HZO
- N
€ 2000 - 2 o
CcO H,
0 - ——“A—
450 500 550 600 650

Wavelength (nm)

Figure courtesy of Jun Kojima, NASA Glenn Research Center (Jun.J.Kojima@nasa.gov)
* Can measure species (N,, CO, CO,, H,, H,0) from
such spectra &temperature from Stokes/anti-Stokes
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Raman Concentration Measurement

(and Rayleigh Temperature and LIF concentration)

Example of Raman concentration measurements in a subsonic

turbulent CH,/air flame at Sandia National Laboratories, California
— 4 Nd:YAG lasers at 532 nm to produce 1.8 Joules/pulse focused toa pomt

CO-LIF
camera

camera =

¥; precision ~0.7% to 7.5%
T precision ~0.75%

Rayleigh g

unstralned ﬂame calculatlon

0.60 n n L L 1
300 600 900 1200 1500 1800 2100
T(K)

0.60 L n " L L
300 600 900 1200 1500 1800 2100
T(K)

>(8 003}

] x‘io.mo [

0.06

005}
0.04 |

0.02}
0.01}

0.00
0.020

0.015 |

0.005 |

0.000 E_ . . . .

300 600 900 1200 1500 1800 2100
T(K)

R. S. Barlow, G.-H. Wang, P.

Anselmo-Filho, M. S. Sweeney,

and S. Hochgreb, “Application

of Raman/Rayleigh/LIF

diagnostics in turbulent stratified

flames,” Proceedings of the

Combustion Institute, 32, pp.

945-953, 2009

Raman/Raerlgh/LI Fline Imaglng (~10 pixels / mm along the 6-mm-long probe volume)

- N,, O,, CH,, CO,, H,0 and H, from Raman, CO from 2 photon LIF

— Temperature from Rayleigh density measurement (idea gas law)

111
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=0= Raman Temperature Measurement
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* Several ways to measure temperature with Raman
— none as precise as CARS (3%)

Rayleigh
\ Stokes
anti-Stokes _ vibrational
vibrational rotational Raman

Raman

Raman
||||I|I||. Ll ||-( |I|II||I

Maser Wavelength, A
e Rotational Temperature from pure-rotational Raman

e Vibrational temperature measurements (see Kojima, 2008)
— Only good above 700 K

— Stokes / anti-Stokes vibrational Raman
* Low resolution, so can measure concentrations at same time
* ~20% precision in measurements along a line (Wehrmeyer, 1996)

— Spectrally resolved vibrational band (Sharma et al, 1993)

[
»
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=0= Raman Temperature Measurement
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 Raman temperature measurement from spectrally

resolved vibrational N, band.
— Excited with KrF Excimer laser 0.25 J at 248 nm (25 ns pulse)

T,=3500 K
0.9
450  T,=3200 K
—&— Simulated °
spectrum |
— Band Fit Fos
-4
2
2 |
5 100 g 07 S
o E >
o & S,
£ [ & T, Expsriment g i g
] 0.6 BE AT v, AT W
i E — Tirane LT #=1 Bl LS St
T e T, LT gt
50 — . E 0.5 --- T, SSH v=0-1
=z - T, 65H tetal e,
0.4
Q -
T [T~ T T am
2622 2624 2626 2628  2863.0 2832  263.4  263.6 .2 0 2 4 6
Wavelength, nm . Nozzle Position, cm

S. P. Sharma, S. M. Ruffin, W. D. Gillespie and S. A. Meyer, “Vibrational Relaxation Measurements in an Expanding
Flow Using Spontaneous Raman Scattering,” J. of Thermophys. and Heat Trans. Vol. 7, No. 4, Oct.-Dec. 1993

— Single shot precision ~“5% (not explicitly stated)
* More precise than Stokes/anti-Stokes but cannot measure species

concentrations with same instrument. i



ﬁi&“\:— Advantages and Disadvantages: Rayleigh & Raman @
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* Advantages:
— No seeding required
— Only one color of laser used (simplicity)

— Multiple properties measured at once t~

* T, V, pfor Rayleigh
e 7, many species for Raman
e Can do Raman and Rayleigh together and with LIF

Disadvantages:
— Weak signal:

* Requires very high power laser
— stretched to avoid laser induced breakdown

* Requires large windows, big, close collection optics
* Usually singe point or line measurements

— Temperature less accurate & precise than CARS
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Coherent anti-Stokes Raman
Spectroscopy (CARS)

115



)
J

y
n\\\\“

= Nonlinear Optics
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=

* First, a few words about nonlinear optics
— Conservation of energy
— Conservation of momentum
— Wave equation from Maxwell’s equations

e Second Harmonic Generation as an Example
— 2" order nonlinearity (solid)
— CARS is a 3" order nonlinearity (gas)

116



Intro: Nonlinear Optics @&

— Second Harmonic Generation (SHG)

1064 nm 1064 nm 532 nm

— Solved using the Wave Egn:

1 JE P
VE - 2 2 = My ;\IL
c o ot
— Assume SVEA and 15t Born Approx:
d°P: L’
] oc—2
) A2

— d is a coefficient, P is power, L is length, A is area
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=6—  Non-linear Susceptibility
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J G.C. Baldwin "An
introduction to nonlinear
+ l optics." New York:
J Plenum Press, (1969).
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* Non-linear effects: Intense electric fields of one
frequency can generate a P at another
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0= Phase Matching

 What is Phase Matching?
— Ensuring that the light wavefronts ‘match up’.

._————Fundamental
Phase M ..———Second harmonic
A A VARV

Not phaseM //\ k| = 2n/A
matched \/ \/’ =onlc,

* Dispersion causes deconstructive interference
* New photons generated are out of phase with previous

ones: resulting in loss
* For SHG there are tricks to make it phase matched

* Conservation of momentum: phase matching
* Conservation of energy: , = 2m, =—=—=% .
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=0— What is CARS?
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Broadband N, CARS
Wg
------- Wp2
= = Wa-s
s ::::::: > e — Wpq
Ore Interaction
Region

Spectrally-broad red beam +
Spectrally-narrow green beams =
Single-shot blue CARS spectrum
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Py CARS Energy Level Diagram @

== (conservation of energy)

e Lasers: 2 Green (532 nm) and 1 Red (607 nm)

— Frequency difference between Green and Red
Probes N, vibrational Raman Shift

S I Wa-s

e Result: Blue signal beam at 473 nm. —_—

— Spatially, spectrally, temporally filter this signal
* Good technique for luminous flows

— Send to spectrometer equipped with CCD camera
— Measured CARS spectra is best fit to a library of
theoretical spectra on a single-shot basis (10 ns)




e CARS Phase Matching
=%= _ (conservation of momentum) @
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Vituallevels ~~ """ T I T T Planar Boxcars Geometry

925 gg2m
pump1 probe | anti-Stokes

(532) (Srteodk)es (532) (blue) w
N, first vibrational state 607 n 473 nm

Ground state e _

It is straight forward to compute the CARS phase matching angles:

N2 cars adjust inpt
lambda  wavenum angle (degrees Dlﬁe_rent .mOIGCL”eS

stokes 607 16474.46 3.963) require different angles

P“mpf ggg ggggg 2583 (can get multiple signals

pump . .5 . .

anti stokes  473.4956 2111952 30| atdifferent spatial

0.023576939  locations: Dual-Stokes)
N2 Raman =  2322.528 cm-1 0.023576939

(nominal N2 = 2330 cm-1) 3.00927E-20
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ﬁi% CARS Phase Matching Geometries @

e Collinear CARS: K, +k,, =ks+k,

. : 532 nm 932 nm
— Poor spatial resolution — —

607 nm 473 nm

* (Planar) BoxCARS:

%y/@m
~~ o _Q N
607 n 473 nm

Best spatial resolutlon (1.5 mm x 0.1 mm x 0.1 mm) but lower signals and

affected by beam steering from turbulence 123



:{%} CARS Theory 1
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* Non-linear effects: :
— Intense electric fields of one frequency / s
can generate a P at another e L1\ s

— P=g(yE+ PE>+ OB+ ..)

— ¥ =2nd order susceptibility o : e )
* Only media lacking a centre of sypdmetry LA 2
(ie, no gases, liquids) \ E i g ot
s o [V
— ¥ =3rd order susceptibility RN

* All dielectric media

— Generally (yE >> D E?>> 4O E3)

-

\Lr
G.C. Baldwin "An introduction to
nonlinear optics." New York:

Plenum Press, (1969).
124
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o= CARS Theory 2

"1 ssssssss
* Polarization generated at CARS signal frequency:
P(3)(msigna.{) = €oX carsE (fﬂpump)E(fﬂsmkes)E(fﬂprube)
e Substitute into the wave equation. Result:
lsignar < Ipump[b“tukeg[prﬂbe|XCARS|2L2
* To obtain large signals, want long L, high laser

power (tight focus) and strong resonance

K;T
XCARS — Z} 2.&&;—11“ + Xnr where K X NA ( Q)}

i)
n\\

* [;is damping coefficient, NV is number density,

A, is the population difference
— N-> concentration; A;>Temperature sensitivity
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b= CARS Theory 3
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* Instructive to graph example N, spectra:

100

90 - ——susceptibility

80 - e signal

Different
7 rotational

N / lines
50 A

40 - l

20 A

"1 ) AL
SOV

2323 2325 2327 2329 2331 2333

square root(CARS signal)

Frequency wavenumber, cm™

* N, is commonly probed with CARS because it is often
present and spectroscopy is well known

* CARS spectrum at 1 atm., 1400 K, v’ = 0 band.
— N, Q-branch (Av=+1, AJ=0)
— CARS signal spectrum is convolved with lasers used 126
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e Effects of temperature (left) and composition (right):

1000 ~
25 1
e 400 K
—79% N2
100 - 20 e 10% N2
= 3
© =
g kT
‘s 10 é 15
2 <
< =2
5 Z
o S)
o 10 A
E 1 T T T T E
% 2225 2250 2275 2300 2325 350 2375 §-
@ " " "
v’=2 v’=1 v’=0 5 |
0.1 4
0 T T T T T '
0.01 - 2225 2250 2275 2300 2325 2350 2375
' Frequency wavenumber, cm-! Frequency wavenumber, cm?

Vibrational “hot band” becomes

populated above 700 K CARS spectra are sensitive to

the gas composition through
resonant and nonresonant parts
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Multi-Species Measurement: Dual-Pump CARS @
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Conventional Broadband CARS

-
——
— —

J—

o e Was
) i i W e
P1 - ' 7 Wpq
Wp2
g

Wp1

o -
——
——
— —

Wp2

Interaction
Region

g
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5= Dual-Pump CARS: N,, O,, H,

* Green and Red Probe N, Raman Shift
* Red and Probe O, Raman Shift

* Result: Two different spectral regions of
Raman Shift appear coincident in the 490 nm

CARS beam.

— ‘self calibrating” compared to other methods

— H, pure rotational Raman lines present
O’Byrne et al AIAA Journal v. 45, 2007
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f&“;;-_; Typical Dual-Pump CARS Spectra and Fits @’
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20

18 | Freestream

— Experiment
—Theory \

» Single-shot spectra
obtained in combustor
shown with best fit

» Absolute measurement
of rotational, vibrational
temperature, N,, O,,
and H, mole fractions

—_
(=]
1

—
.
L L

sqrt{normalized intensity)

35

: 2075 2125 2175 2225 2275 2325 2375
L1 fuel reacting plume Wavenumber e
> — Experiment
@ 25 1 —Theory
€. « Measurement obtained:
A — In UVa Scramjet (Conf C)
£ |~ H — ¢=0.18, Plane 2, z/H=0
£10 - ? H, N, — in10 ns (instantaneous)
- \ N 1 \ — at 20 Hz repetition rate
JW_M_T e Ao . — Measurement volume =
020?5 21I25 21IT5 22I25 22.?5 23.25 2375 17 X 02 X 02 mm3

Wavenumber, cm™’
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NASA/GWU Mobile CARS System

9 Sim llf/es/speeds set up in fac///ty
o TDL-51

| Lower-to jjpma i

\upper
deck
optics

.'-" "‘k““—-..
__./ E
"'5 /_h-:r_

a f

-..__‘_‘

g | «\Qutp u£ mlrror
= Aup to fam,[uty

I eV
gf

e h‘: ~r T =< | | (% .---.'e f: !
. | Bombining
Dye pumps | optics

: . 3 ! \|
= 3 V.4

Set up in basement below DCSCTF
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Features of NASA/GWU Mobile CARS System

* YAG laser plus 2 dye lasers on single cart

* Transmission and receiving optical stages

Can put system on a truck and moved to facilities
Measures T, ., T, N,, O, H, mole fractions at 20 Hz.

Quantified accuracy, precision

Fully automated data acquisition

Remote operation of system

X-Y (-Z) probe volume traverse capability

Input test matrix; then system acquires and automatically saves data for hours
until complete

Laser power automatically adjusted to prevent saturation effects (detector
saturation, Stark broadening, Raman pumping)

Beam alignment monitors; remote control alignment

Beam shaping capability to maintain alignment

measurement in turbulent/vibration flows
— 10x improvement compared to USED CARS
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<=  Setup at UVa: Optical System 1 @’
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Laserlab <+—

A

» Scramjet lab

Optics separate and
Optics focus and collimate signal
cross beam Flame/

Facility

Nd:YAG laser (green) Beam Relay System
Broad-band dye laser (red) Translates the measurement point
Narrow-band dye laser ( )
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Setup at UVa: Optical System 2

N
9

Il

==
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Exhaust

r Oton

Transmission

Detection

CARS wmdows

Z-motion

Y-motion
Dual-mode Scramjet
Collection

From Laser Cart

7
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_—-ﬂié?;; Facility / Dual Mode Scramjet at UVa @
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anih 2 nozzle Fuel injector CARS measrrement plane
| | 1 | |1 ]
| T :_lr L | ! ty
| ] | Nozz. §

| T L A L
o 1 2 3 4

Isolator Combustor Extender
Facility | ] z | Area |

Air -v — "x Nozz. §

Heater [ | I | | |

= ;
i)

Y

CARS measurement plane

* Electrically heated clean air, nominal T,= 1200 K, M = 2 nozzle

* Long test times allow large data sets at steady inflow conditions
* Highly turbulent flowfield

* Good optical access
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Standard deviation

Rotational
Temperature

©=0.18

©=0.49

] sdTrot: 20 60 100 140 180 220 260 300 340 380 420
hlgher in free stream for ¢=0.49 due to ram mode

rot

Vibrational
Temperature

©=0.18

©=0.49

*Trnovis 600 K higher than T, in facility freestream (expected; agrees with computations)
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=0= Contours of Mole Fraction N,
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* Since inert shows overall mixing

Mach 2 nozzle Fuel injector CARS measlurement plane
I I | 1 |1 |
| 1L : ! &

A
|

<«

1
I T ! | B |
0 1 2 3 4

View from right
looking
upstream

¢=0.18

¢=0.49

_|£_ | E .

N2av: 0.10.20.3040.50.60.70.8
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:«fi&% CARS compared with CFD (LES from NC State) @
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B B Mean 02

CFD

CARS

Figure 9. Comparison between CARS and O, concentrations and RMS fluctuations for ‘0.17’ equivalence ratio.

* CARS provides valuable quantitative comparison data
— Fulton, Edwards, et al, (Configuration C) AIAA-2013-0117, 2013
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{Z’g‘i} CARS for non-thermal plasma flow @’
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* 100 Torr pulsed discharge at Ohio State

v=0 Relative population
| 0
1 i ; 10
——100 nsec |
08 ====1psec |-immnaiofl.
_ ===:=10 psec 10"
T ——
E. v=3 ﬁ
"'0_4 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 2
% ] 10
0252 e A : i
VA 10°
0 ——— M —— — ] 1 T T ™ 1T T 1
2100 2200 2300 0 2 4 6 8 10
(a) Raman Shift [cm'1] (b) Vibrational quantum number

* CARS can measure individual state populations for

model validation.

 A. Montello, Z. Yin, D. Burnette, |I.V. Adamovich, and W.R Lempert, “Picosecond
CARS Measurements of Nitrogen Vibrational Loading and Rotational/Translational
Temperature in Nonequilibrium Discharges,” J. Phys. D: Appl. Phys., Sept, 2013.
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=6= Additional Thoughts on CARS

 CARS is a relatively accurate and precise high
temperature measurement technique in reacting flow
— Accuracy 2-3%; Precision 2-3% (Magnotti, 2012)

* CARS does not require flow seeding

* CARS can be performed through small windows or
slots but need access on 2 sides.

* Itis a relatively complicated technique, theoretically

and experimentally.
— Takes months to analyze data carefully.

* |s being extended to much faster measurements ~10

kHz with fs CARS (Lucht and coworkers)
— Very recently: 2 beam CARS, CARS imaging (Sandia)

* Has been performed using optical fibers to deliver the
laser beams, both in ns and ps regimes »
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b= Conclusion
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* Variety of different molecular-based measurement

technologies available for measuring aerospace flows.
— Can measure temperature, density, velocity, species
concentrations, etc.
— Which is best? Which technique to use?

* Must start measurement campaign with an interview

of “customer” to determine the requirements
— How do different measurement technique capabilities
satisfy the requirements?
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=a= The interview prior to getting started
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What parameter(s) need to be measured?

Must multiple parameters be obtained simultaneously to determine
correlations?

What spatial resolution is required?

Is imaging required or are single-point or line measurements sufficient?
What temporal resolution is required? (e.g. time required for a single
measurement)

Do measurements need to be time resolved? (e.g. a continuous sequence
of data)

What accuracy is needed?

What precision is needed?

What quantity of data is required?

When is the data needed? Is instant (real-time) data required?

Where in the flow are measurements required? (inflow, exit, near walls,
etc.)

What type of optical access is available?

Can (toxic) seed gases be introduced? Will they influence the properties
being measured?

What is the ordered priority of the above requirements? 144



b= Conclusion
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— Also consider practical issues:
* Experience of the research team
* Available equipment / budget
* Schedule, difficulty of method, etc.

— Rarely a perfect match, but a match can provide the data
needed to advance or validate theory or computations s
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* Non-linear effects: Intense electric fields of one
frequency can generate a P at another
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