How to achieve broken reactions ? - stratified products
simultaneous CH-OH PLIF (Carter, Driscoll, Skiba, Wabel):

CH reaf:tion Iayetj = OH products =
thin bright blue line broad light blue Stratified

products

Stratified
products

Broken
Reactions =
Bright line is
discontinuous

- keep products hot to avoid broken reactions 37

Stratified Products - lead to broken reactions

OH products =

CH reaction layer = '
broad light blue CH-OH method of Cam Carter

thin bright blue line

dark blue = “ldark blue=
stratified | stratified
products products
Broken

reactions

Broken reactions
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Broken reaction layers - with stratified products

39

What happens at “extreme” levels of turbulence ?

S ——————
Wabel, Skiba, Driscoll, to PROCI 36

e Asu’/SLis increased to “extreme” values of 240, preheat zone gets very
thick = 16 times the laminar thickness

* The reaction layers do not become thick, and remain at 1-2 times their
laminar thickness

* Extreme turbulence is predicted to cause “broken” reactions, but no broken
reactions were seen, even when turbulence was 10 times the predicted limit
As long as the product gas were kept hot — no stratification of products because
of No outside air entrainment

* |If some outside air was entrained to cause stratification of product, then some
Broken reactions were observed

« Distributed reactions were not observed in the Bunsen flame, even for extreme
Turbulence levels. Distributed requires preheating of reactants and internal
Hot gas recirculation, such as in a gas turbine combustor

40
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Additional axes needed on the Borgi regime diagram

Da, = residence time of eddies in flame (x/U) / chemical
time
Reactivity (Y. Ju) = Initial temperature of reactants / ignition temp.
(To/ Ty)
Degree of stratification =“DS” = [T ./ Tl oducts

controls “broken” regime boundary

41
Turbulent Burning Velocity
35 T T
> o New range of
S —_— mR “extreme turbulence”
T — — KT S -
PR AT
25+
< 20t
S I5F @
10F O Present work L _ =35 mm |
A Present work Lx =10 mm
S 0 Present work Lx =15 mm I
Y Yuen et al (CST 2010)
0 - .
0 50 100 150 200
u';*SL
Wabel, Driscoll, PROCI 36, 2016 42
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Turbulent Burning Velocity — what happens at extremely
large turbulence levels ?

correlations are different for each “canonical geometry”

> Schelkin theory Bending term

Bending term =dueto ? Eddies destroyed traversing preheat layer ?
Geometric effects
Strain causes local extinction ?

Function C;and C, =7 Depend on integral scale ? Residence time
due to mean velocity ?

Extend Burning velocity curve to “extremely” high turbulence levels (10X)

43

What do all these measurements mean ? Implications for models

Turbulent Burning Velocity S; increases if
Thermal diffusivity o increases, or Q Q
Reaction rate increases

Diffusivity: model o;=v; =related to resolved
scale velocity gradients (Smagorinsky)

How to model reaction rate d’_P ? Depends on probability that flamelet is at a point
i) + flame surface density () transport eqn (Bray, F-TacLES, Fureby)

ii) OrSet + need PDF shape near c = 0.5
FPV (Moin, Pitsch, Ihme)

44
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Implications for modeling

1.

e ————————
Provide modelers = measured PDF and flame surface density = to correctly
model reaction rate, for methane and JP-8 at high Re

Provide modelers 2 measured Consumption Speed (Srg) for “extreme” turbulence
= mass flow rate of reactants / density reactants / area for methane, JP-8 at high Re
Models also should compute correct flame brush thickness
Model should predict “bending” at high Re

4. Model should predict Thin Flamelet
/ Component (FC) of burning velocity

(Sre) =S, (Ar/A)  where
A; = integral of flame surface density

) w w0 1w e Modelshould explain why Flamelet Component curve is flat ?
sy = flame cannot wrinkle

Wabel, Skiba, Driscoll, Seoul Symp. any more, but propagates faster
45

Implications for modeling , continued

5. Model should account for “Differential Broadening” — Preheat layer is
broadened by 16X but reaction layer broadened by only by 2X

6. Model should explain Variation of turbulence across flame brush

7. Model should predict that
- Stratified flames become broken & distributed but
- non-stratified flames do not

8. Model should explain why Geometries of Bunsen, spherical, gas turbine /
swirl flames lead to = different turbulent burning velocities

9. Model should predict - measured effect of Preheating the reactants (Y. Ju)

10. Model should predict differences due to JP-8 Pyrolysis layer

46
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What global metrics MUST a model predict correctly ?
e ———————

before attempting to measure individual terms ?

Premixed turbulent flames:

Global Consumption Speed vs u’” Model first must demonstrate it can predict measured
height of a bunsen flame, angle of aV flame, dR/dt of spherical flame

Flame Brush thickness - as function of distance (Bunsen) or time (spherical)

Carbon Monoxide Emission Index - g CO / kg fuel

Non-premixed turbulent flames (jet, jet in coflow, jet in crossflow)

Flame Length (properly defined) as function of U, U, etc.

Carbon Monoxide Emission Index - g CO / kg fuel

a7

Kilohertz simultaneous PLIF and PIV

Quantronix kilohertz lasers - US made
Edgewave kilohertz lasers — German made

Cyliadrical Lans Puiscops Green
ﬂ - m PIV Laser
Vi Bean Double
G Leas pulsed
[RIN]
[ M
355 nm
PLIF Laser

48
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“Frame straddling” - with kHz PIV

One PIV camera operating at 20,000 images/sec
Two lasers — each operating at 10,000 pulses /sec

Camera Camera Camera Camera
Image 1 Image 2 Image 3 Image 4
time
T N
time

Laser 1 Laser 2 Laser 1 Laser2

At = Ax/U want Ax = distance particle moves = 1/3 interrogation box size

Interrogation box = one PIV velocity vector = 0.3 mm
so Ax=0.1mm
If U= 50 m/s, then At=2us
camera must turn off, then turn on - in less than 2 us
49

Edge detection - to identify flame - from formaldehyde PLIF

Raw formaldehyde PLIF signal

A # ¢
\ T T
flame not flame  flame

Flame is at the sharp edge of the formaldehyde PLIF signal
Perform: thresholding for background subtraction
Spatial smoothing to remove noise, Canny edge detection algorithm

Check that flame is nearly continuous

50
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CH Reaction layer

Cam Carter (AFRL)
Tonghun Lee UIUC
Driscoll (UM)
Not yet published

10 kilohertz

314.4nm C-X band
Case5, Uu'/S =62

Highly corregated
Highly wrinkled

Merging

51

Excite CH at new wavelength 314 nm
Cam Carter, Tonghun Lee Appl. Phys. B 116:515

Previously CH excited A2A-X2I1(0,0) band at 431 nm
and B22-X2I1(0,0) at 390 nm

New method is best for kHz lasers: developed by Cam Carter, Tonghun Lee

at 314 nm

10 kHz diode-pumped, Q-switched Nd:YAG laser
(Edge-Wave Innoslab 1S1211-E)

532-nm pumps a dye laser (Sirah CREDO with DCM dye)
628 nm into a BBO frequency doubling crystal to 314 nm

Linewidth is 0.1 cm, duration 7 ns, energy is 0.22 mJ at 10 kHz

52
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Steinberg, Driscoll Michigan 2-D Slot burner

measure stretch efficiency function for LES
complete velocity, flame surface data base
Cinema-stereo PIV

Two Phantom 9.0 cameras

1100 velocity images/second

Two Clark OMB YAG lasers Scheimpflug stereo PIV optics

Pulsed at 1100 pulses/sec

Small field of view 8 x 11 mm

“fully-turbulent” u’ /S, = 3.0
y A Spatial resolution = 140 microns

S./S, = 2.5 ; .
Time resolution 0.9 ms
53
. Steinberg, Driscoll
Kilohertz PIV Comb. Flame 156, 2285
Michigan kHz PIV
eddies passing through flame
Sheet thickness = 200 microns
spatial resolution =200 microns
temporal resolution =4,000 Hz
Lasers:
Quantronix Hawk: 4,000 Hz, 355 nm,
for CH,O PLIF
Quantronix Hawk PIV laser: 4,000 Hz,
for PIV
Cameras:
Phantom v711 +LaVision high speed
Intensifier
Phantom 9.1
54
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Observe eddy pairs —consistent with Damkohler, Schelkin

Colors = Vorticity (w,) ; -700 st (blue)
and 700 s (red)

Field of view = 6 mm x 10.5 mm,
At=0.9 ms \

2. Vortex Pair Disappears

1. Initial Vortex Pair

3. Wrinkle in Flame Appears

Reactants ﬂ Products
55

56
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What do kHz diagnostics tell us ?  Hydrodynamic Instability observed

t=12.6 ms

Landau instability

products
negative
curvature

negative
strain

positive positive
curvature, gurvature

reactants
positve positive
strain strain

. amplitude ‘i
Measured streaklines of wrinkle
H reactant
Increase velocity
: . with time increases i
* Eddy first creates a small wrinkle P

* Measured diverging streaklines agree with theory
* Strain and curvature are positively correlated
* Wrinkle forms cusp due to hydrodynamic instabilility
57

KHz diagnostics tell us - the Time History of the Eddy-Flame Interactions
e —————
*Early times: observe “Damkohler-like “wrinkling sometimes
Strain & curvature are negatively correlated as predicted
eLater times: vortex is destroyed by flame passage
*Later times: observe Landau hydrodynamic instability
causes additional wrinkling
Then strain & curvature are positively correlated

“Darlnkc?hle”r Hydrodynamic
wrinkling wrinkling

Regime | Regime 2 Regime 3

+ 0.8

0.6
Strain- 04
curvature 5
correlation=

58
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Goal: provide LES submodels with stretch rate efficiency function

Flame surface density models use the following equation for

2 = subgrid flame surface density = flame area/volume

oY .0X .0X ’r . .
— 4+ U4V =—=v—+KZ-M-0
ot ox oy oy* 1t

T K = Subgrid stretch rate

flame area increase per second of flame area

(per unit volume)
= (1/A) dA/dt
= area increase per second
(per unit area)

KX = (1/A) (dA/dt) (area/volume)

59

Steinberg measured subgrid stretch rates

1. Break up the experimental
field into “cells”

2. Track eddy motions in
a Lagrangian manner

3. Perform “filtering” - both
spatial and time averaging
over each cell

4. Correlate the cell-averaged
flame stretch rate with
either the cell-averaged
(u’ /L) (Poinsot) or the

fluid strain rate S

60
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How to measure K = (subgrid) stretch rate on flame surface

Why ? To predict correct degree of wrinkling, flame area
To predict local flame speed
To predict local extinction, overall blowout

Stretch Rate of the
Flame Surface Area A

Strain Rate of Flame Surface

Curvature of Flame Surface

61

Measurements relate subgrid stretch K

to the resolved-scale strain rate Sii

Measured oz
Stretch 024
Efficiency 022
function | w2
I 018

S

Parameter #2 =] A /3,

needed
for LES

0.05 01 0.15 0.2 025

si% Parameter #1 =S, / (S 4/ 8.)

S, = subgrid strain rate, related to resolved-scale velocity gradients
such as

62
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LES Closure - requires three steps

Step 1. Compute subgrid fluid strain rate from energy dissipation balance

vV ! I —_—
> (Sp)f=¢ = —uy; Sy

Subgrid resolved

Step 2. Compute subgrid Reynolds stress using Smagorinsky:
I e 2 —_— —_—
Step 3. Use our measurements to compute:

K =fcn (S, A)

K = subgrid flame stretch rate || S”a = subgrid fluid strain rate
(on the flame surface) in reactants

63

What does kHz PIV tell us ?

1. Stretch rate measurements needed to model correct area, speeds

2. Eddy-flame interaction measurements are needed to assess physics of DNS
and LES

3. A method was developed to make high-speed movies of eddy — flame
interactions and to measure stretch rates

4. “Damkohler wrinkling” increases flame area at early times
5. “Landau hydrodynamic instability” increases area after eddy gone

6. Subgrid stretch rate correlation with resolved strain rate was measured to
improve LES models

64
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“3-D” eddy-flame imaging

Lay the kilohertz laser sheet horizontal

As eddies pass vertically upward
through sheet:

Rapidly image eddies in the
horizontal plane

Apply Taylor’ s hypothesis #
]

10
ax U ot
Check Taylor’ s hypothesis using one “3-D” toroidal
vertical sheet vortex ring

65

KHz PIV images 3-D Vortical Structures = bundles of tubes

Observe Strain-Rate Structures - Sheets and Blobs

66
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Kilo Hertz PIV movie of eddies entering a lifted flame base
Upatniek, Driscoll PROCI 29, p. 1867 (2002)

Eddies lifted flame base
fuel = ( )V\ """"" Q

67
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