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2. Parameter determination in reacting flows  
(e.g. temperature, flow-field and species) 

Temperature maps 
Large Eddy Simulation 

1. Validation/development of a model              
require multi-parameter diagnostics  

3. Measurement challenges 

t ~ μs   

Δt    

Advanced optical diagnostics are important 
tools for quantitative combustion analysis 
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• Vibrational CARS, Rotational CARS 

• Nanosecond CARS characteristics: 
– Non-intrusive, in-situ probe 
– High temporal resolution (~10 ns) 
– High spatial resolution (~100 µm x 100 µm x 1-2 mm) 
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Inaccuracy ~2-3%                                             
Single shot precision ~4-5% 

• Most accurate technique for thermometry in reacting flows        
(wide range of operational conditions). 

Challenge the future 

Why use CARS for flame diagnostics?  


Chart3

		0		0

		1		1

		2		2

		3		3

		4		4

		5		5

		6		6

		7		7

		8		8

		9		9

		10		10

		11		11

		12		12

		13		13

		14		14

		15		15

		16		16

		17		17

		18		18

		19		19

		20		20

		21		21

		22		22

		23		23

		24		24

		25		25

		26		26

		27		27

		28		28

		29		29

		30		30

		31		31

		32		32

		33		33

		34		34

		35		35

		36		36

		37		37

		38		38

		39		39

		40		40

		41		41



T=300 K

T=1700 K

0.0127632979

0.0008468824

0.0141232708

0.0050641102

0.0453044226

0.0041915971

0.0299383933

0.011617803

0.0712945096

0.0073680699

0.0395815395

0.0177083454

0.0833783014

0.010253486

0.0420546416

0.0231074035

0.0817537833

0.0127441048

0.0384372308

0.0276314286

0.0701262495

0.0147613876

0.0310924735

0.0311517668

0.0536854797

0.0162558857

0.0225877659

0.0335999768

0.0370871509

0.0172086429

0.014862998

0.0349681401

0.0232756164

0.0176301423

0.0089063778

0.0353044758

0.0133291939

0.017557073

0.0048779703

0.0347050339

0.0069864098

0.0170473949

0.0024481477

0.0333025679

0.0033589527

0.016174308

0.0011280147

0.0312538689

0.0014837535

0.0150197797

0.000477846

0.028726851

0.0006029329

0.0136682496

0.0001863093

0.0258885492

0.0002256049

0.0122010356

0.0000669161

0.022894938

0.0000777924

0.0106918225

0.0000221554

0.0198831736

0.0000247348

0.0092034485

0.0000067659

0.0169665254

0.0000072558

0.0077860449

0.0000019067

0.0142319585

0.0000019645

0.0064764425

0.000000496

0.01174008

0.0000004911

0.005298653

0.0000001192

0.0095269879

0.0000001134

0.0042651679

0.0000000264

0.0076074762



Sheet1

				T=300 K		T=1000 K		T=1700 K

		-1		0		0		0		0		0		0

		0		0.0127632979		0.0014397		0.0008468824		0.0063816489		0.00071985		0.0004234412

		1		0.0141232708		0.0085885973		0.0050641102		0.0070616354		0.0042942986		0.0025320551

		2		0.0453044226		0.007075204		0.0041915971		0.0226522113		0.003537602		0.0020957986

		3		0.0299383933		0.0194712552		0.011617803		0.0149691966		0.0097356276		0.0058089015

		4		0.0712945096		0.0122321941		0.0073680699		0.0356472548		0.006116097		0.003684035

		5		0.0395815395		0.0290522291		0.0177083454		0.0197907698		0.0145261145		0.0088541727

		6		0.0833783014		0.0165841814		0.010253486		0.0416891507		0.0082920907		0.005126743

		7		0.0420546416		0.0367590973		0.0231074035		0.0210273208		0.0183795486		0.0115537018

		8		0.0817537833		0.0198922718		0.0127441048		0.0408768916		0.0099461359		0.0063720524

		9		0.0384372308		0.0422191926		0.0276314286		0.0192186154		0.0211095963		0.0138157143

		10		0.0701262495		0.0220259917		0.0147613876		0.0350631247		0.0110129958		0.0073806938

		11		0.0310924735		0.0452858832		0.0311517668		0.0155462367		0.0226429416		0.0155758834

		12		0.0536854797		0.0229685108		0.0162558857		0.0268427399		0.0114842554		0.0081279428

		13		0.0225877659		0.0460334361		0.0335999768		0.011293883		0.0230167181		0.0167999884

		14		0.0370871509		0.022806751		0.0172086429		0.0185435755		0.0114033755		0.0086043214

		15		0.014862998		0.0447241285		0.0349681401		0.007431499		0.0223620643		0.01748407

		16		0.0232756164		0.0217094038		0.0176301423		0.0116378082		0.0108547019		0.0088150712

		17		0.0089063778		0.0417556011		0.0353044758		0.0044531889		0.0208778006		0.0176522379

		18		0.0133291939		0.0198975751		0.017557073		0.0066645969		0.0099487876		0.0087785365

		19		0.0048779703		0.0375987793		0.0347050339		0.0024389851		0.0187993897		0.017352517

		20		0.0069864098		0.0176133797		0.0170473949		0.0034932049		0.0088066899		0.0085236974

		21		0.0024481477		0.0327367813		0.0333025679		0.0012240738		0.0163683906		0.016651284

		22		0.0033589527		0.0150913367		0.016174308		0.0016794764		0.0075456683		0.008087154

		23		0.0011280147		0.0276133884		0.0312538689		0.0005640073		0.0138066942		0.0156269344

		24		0.0014837535		0.0125361323		0.0150197797		0.0007418768		0.0062680661		0.0075098899

		25		0.000477846		0.0225965575		0.028726851		0.000238923		0.0112982788		0.0143634255

		26		0.0006029329		0.0101086134		0.0136682496		0.0003014665		0.0050543067		0.0068341248

		27		0.0001863093		0.0179589523		0.0258885492		0.0000931546		0.0089794761		0.0129442746

		28		0.0002256049		0.0079201744		0.0122010356		0.0001128025		0.0039600872		0.0061005178

		29		0.0000669161		0.0138743441		0.022894938		0.0000334581		0.006937172		0.011447469

		30		0.0000777924		0.0060343408		0.0106918225		0.0000388962		0.0030171704		0.0053459112

		31		0.0000221554		0.0104265128		0.0198831736		0.0000110777		0.0052132564		0.0099415868

		32		0.0000247348		0.0044735203		0.0092034485		0.0000123674		0.0022367601		0.0046017242

		33		0.0000067659		0.0076261853		0.0169665254		0.000003383		0.0038130926		0.0084832627

		34		0.0000072558		0.0032286215		0.0077860449		0.0000036279		0.0016143107		0.0038930224

		35		0.0000019067		0.0054315135		0.0142319585		0.0000009533		0.0027157567		0.0071159793

		36		0.0000019645		0.0022694407		0.0064764425		0.0000009822		0.0011347203		0.0032382212

		37		0.000000496		0.0037683365		0.01174008		0.000000248		0.0018841682		0.00587004

		38		0.0000004911		0.0015542131		0.005298653		0.0000002455		0.0007771066		0.0026493265

		39		0.0000001192		0.0025476358		0.0095269879		0.0000000596		0.0012738179		0.0047634939

		40		0.0000001134		0.0010373485		0.0042651679		0.0000000567		0.0005186742		0.0021325839

		41		0.0000000264		0.0016788277		0.0076074762		0.0000000132		0.0008394138		0.0038037381

		42		0		0.1223745		0.14397

				0.7555691167				0.6921314475





Sheet1

		



T=300 K

T=1700 K



Sheet2

		





Sheet3

		







 

< 0.5 mm 

•  Two-beam femtosecond/picosecond CARS 
–  Picosecond temporal resolution                          
(Near collision independent - Raman linewidths) 
–  Improved spatial resolution                                  
(40 µm x 40 µm x 0.5 mm) 
– 1D and 2D imaging capabilities  

Inaccuracy  < 2-3%   
Single shot precision ~1% 

• Vibrational CARS, Rotational CARS 
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1-2 mm 

True temperature 
Evaluated temperature 

Inaccuracy ~2-3%                                             
Single shot precision ~4-5% 

• Most accurate technique for thermometry in reacting flows        
(wide range of operational conditions). 

• Nanosecond CARS characteristics: 
– Non-intrusive, in-situ probe 
– High temporal resolution (~10 ns) 
– High spatial resolution (~100 µm x 100 µm x 1-2 mm) 

Why use CARS for flame diagnostics?  
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Laser driven transitions (Q and S) 

Spectroscopy in the time-domain 

Δk = kphysical – kgeometrical > 0  

Molecular internal energy levels  
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Broadband (femtosecond) excitation laser  

Simplified generic phase-matching-scheme for CARS signal generation 



Direct coherent Raman temperature imaging 
and wideband chemical detection 

Fuel + oxidizer N2 / Air 
10 l/min 

N2 / Air 

Premixed burner principle 

Burner design (Michelsen group, Sandia)  

• Canonical sooting 
hydrocarbon flat-flame 
used to benchmark the 
new techniques. 

10 mm 

Photo: M. Campbell 
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HAB=2mm 
T~1750 K  

HAB=1mm 
T~800 K  

Ethylene/air 
φ=2.35 

Challenge the future 
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Premixed V-
stabilized flame 

Burner design (Dreizler group, TU Darmstadt)  

Photo: C. Jainski 

• Motivation 
Flame-wall interaction plays a key 
role in the formation of pollutants 
in a combustion chamber, such as 
UHC and CO. 
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CARS imaging of flame-wall interaction 
- Temperature contour mapping at side-wall quenching burner 
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Burner design (Dreizler group, TU Darmstadt)  
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• Motivation 
Flame-wall interaction plays a key 
role in the formation of pollutants 
in a combustion chamber, such as 
UHC and CO. 
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CARS imaging of flame-wall interaction 
- Temperature contour mapping at side-wall quenching burner 



Near-wall ultrabroadband CARS imaging:                          
Measurement of thermochemical states  

The excellent imaging 
resolution allows for 
thermochemical states 
of the thermal 
boundary layer to be 
probed to within ~40 
μm of the interface. 

Simultaneous detection 
of N2, O2, H2, (CO), CO2, 
and CH4 is achieved.  
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In-situ measurement           
of pressure broadening 
coefficients 

Challenge the future 



Average laminar case  

FWI at enhanced turbulence intensities 
(Work-in-progress) 

• Single-shot spatially dependent statistics of the 1D flame-front gradient / 
/ thickness / position become possible (improving heat transfer models) 
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Photo: C. Jainski 

Turbulence generating grid (blockage 45%, turbulence level 𝑢𝑢′/𝑢𝑢� = 6-7%), 
V-flame operating in the wrinkled flamelet regime 



Single-shot hyperspectral CARS in the gas-phase 
Wideband chemical imaging Temperature imaging 
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Dispersive Fourier Transform for         
MHz detection of CARS/CSRS signals 
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Synchronized ps/fs laser system 
for time-resolved non-linear 
optical spectroscopy/microscopy  0.6 m 
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Challenge the future 
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Femtosecond laser (ultrafast amplifier)  
7 mJ/pulse @ ~780-810 nm (~35 fs) 
 
 Picosecond laser (SHBC)  
2.0 mJ/pulse @ 400 nm (~10 ps) 

Courtesy of: Arvind Gangoli Rao 

Distributed auto-ignition combustion modes 
with reduced NOx emission  

Current activities at TUD: “Ultrafast Laser Diagnostics in Renewable Aero-Propulsion” 
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Conclusions 
• Two-beam femtosecond/picosecond CARS  
- Relevant for 0D, 1D, and 2D temperature measurements in flames when 

high-fidelity information is needed (inaccuracy <2-3%, precision ~1%) 
- Single-shot quantitative measurements for major species in combustion 

are within reach (species specific dephasing times, spectroscopy models) 
 

   

• Can this advanced laser diagnostics technique be employed 
for measurements in engines? 

- Technical challenges for the stability of operation (facility temperature 
and humidity control, propagating TL-beams through optical ports) 

• This ultrafast 1D-CARS technique has been successfully 
employed at: 

        1. Flame-wall interaction burner (head-on and side-wall quenching)  
 2. Sooty flames provided on a McKenna burner 

Challenge the future 
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