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Motivation: Premixed is the way of the future - low NOx, CO, soot
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Motivation - challenges

Most practical problems are “Partially-Premixed”
Partially-Premixed = ER varies in space from 0 to ==, a point sometimes
sees premixed, sometimes non-premixed flamelets
Stratified Premixed = ER varies in space, reactants are within flam. Limits
see: Masri, PROCI 35, 1115, Driscoll Comb Flame 162, 2808
No dependable model of flame blowout, combustion instabilities or
turbulent burning velocity at large turbulence level

- Need “robust” LES submodel: flamelets: Bray / Flame surface density
progress variable (Moin, Pitsch, Ihme)
thickened: Poinsot (TFM)
distributed: Menon(LEM), Pope (PDF)
pyrolysis chemistry (?)

- No measurements of boundaries of regimes - when are flamelet models appropriate ?
- Premixed turbulent combustion is more difficult than non-premixed turbulent
combustion, not just a mixing problem, also wave propagation

7
Motivation: What problems do we want to solve ?
e ——————
1. Premixed: Engines: IC engine & HCCI, industrial burners, premixed GT
2. Non-premixed: jet, jet in cross flow, jet in co-flow, jet in swirl flow
3. Partially-premixed: gas turbine, afterburner, base of lifted jet
4. Canonical experiments for model assessment:
non-premixed: piloted jet flame (Sandia flame D)
premixed: Bunsen (high-Re), premixed jet, low-swirl, spherical
8
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Lewis number effects do not go away at high Reynolds number
e ———————

Rich hydrogen-air premixed jet flames = very tall, not very wrinkled, have low
turbulent burning velocity

Lean hydrogen-air premixed jet flames = short and very wrinkled, have high
turbulent burning velocity

For the same laminar burning velocity S, and same turbulence level u’

Several examples: one is Wu, Driscoll, Faeth, "Preferential Diffusion Effects on
the Surface Structure of Turbulent Premixed Hydrogen/Air Flames,"
Comb. Sci. Technol. 78:69-96, 1991.

Why does molecular differential diffusion remain important ?
Molecular diffusivity (D) is small compared to turbulent diffusivity (D;)

But turbulence may not get into reaction layers, so there is no turbulent
diffusivity near the reaction region to dominate the molecular diffusivity

31

Stretched laminar premixed flames (C. K. Law, Princeton)

Km/s - /1 m/s

/3m/s /1

A constant tangential velocity does nothing to the flame equations, so we add a -4 m/s
velocity vector to each of these vectors to get the counterflow arrangement on the right

Near point P in a turbulent premixed flame the
tangential velocity of reactants increases from p
3 m/sto 5 m/s in the same direction as the

tangential velocity, as shown
m/s

R
«— —>
Counterflow is irrotational
P P Turbulent flow has vorticity
extensive strain ; r
from two eddies R
thins flame Twin counter flow

premixed flames

32
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Stretch rate of flame surface (K)

A = flame surface area

n = normal to flame surface
pointing toward reactants

V = gas velocity vector

R. = radius of curvature of flame
surface

Example: spherical premixed flame of radius R; propagating radially outward
A=4mR? soK= 1/A(dA/dt) = (1/(4 wR?)) (4 1) (2 R; dR/dt) = (2 /R;) (dR;/dt)
Spherical flame has positive stretch since area is increasing in time

Spherical flame has contributions from both K, and K,

33
Spherical flame, continued, reactants are pushed radially outward at 200 cm/s
Given: p, = 1.2 kg/m3, p, =0.2 kg/m3 U, =dR;/ dt
S=40cm/s,and U,=0 Add a radially
inward velocity \
vector at
dR,/ dt 240 cm/s to ™~
every point U;=S,=40cm/s
—-— =dR;/ dt-U,
UR

LAB frame of reference FLAME frame of reference

in flame frame (steady) p, U, =p, U, Solve this eqn to find U, = 240 cm/s
U, must equal dR¢/dt and U; must equal dR;/ dt -U,

34
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Stretched laminar flamelet concept
e ————————

- Segments of curved premixed laminar flames (such as spherical) and strained
turbulent flames are similar to counterflow premixed laminar flames, for the
same stretch rate (K) and fuel type. Same for non-premixed too

K = (1/A)(dA/dt)

- Stretch rate = has strain rate component, proportional to dV/dy, and a
curvature component, proportional to (1/R), R is flame radius of curvature. R
is positive for spherically expanding flame, is negative at bunsen tip

- For a counterflow premixed or non-premixed flame, the velocity gradient
(which determines the strain rate) is proportional to the scalar gradient, so
the scalar gradient (dissipation rate) often is used instead of the strain rate
(velocity gradient)

35

Theory of Flame Stretch CK.Law Comb Flame 72, 325

Consider a counter flow lean laminar premixed flame — fuel is the deficient reactant

stretched flame = curved streamlines

i L ox \
i T— N .
|_reaction | ]J SN ————
1 N =%
i : N /4 ’
ii preheat 1 " 4
i ] heat |fu fuel Vo i heat
i Q | into 1 | outof
| ] by
T Yq

In the unstretched flat flame, heat diffuses upstream, reactants diffuse downstream
and nothing leaves through the vertical sides of the control volume, as shown

For the stretched case, streamlines are curved, control volume shape is shown.

Some heat diffuses upstream and out of the control volume, across the curved sides
Some reactants diffuse down stream and into the control volume across the curved
sides. For every kg/s of fuel that diffuse in about 44,000 kJ/sec of extra heat is added

If more kJ/s of heat diffuses OUT than the kJ/s coming IN with the
added reactants, then the flame will propagate slower and extinguish

36
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Theory of Flame Stretch - Law and Sung

For the stretched flame geometry on last slide, they write balance equations for
enthalpy and mass fraction for deficient reactant Y, (= fuel, assuming fuel-lean)

for a hypothetical one step reaction rate: RR =Y, B exp (-T,/T) where T, = activation
temperature and g, = heat released per kg fuel

dT negative xf+ T
(pu Sz Au) € (Ty = T) = | ko (Au = Ap) 1 A qc f Y Bexp (‘—A) dx
x o T
A positive xf+ T,
(puSLA) Yr = |p D~ (Au — Ap) |+ Ap f YpBexp(—7) dx
b'e -

This is similar to the Le Chatlier-Mallard theory for a flat laminar flame, but due to stretch,
it now contains different areas A, and A, on unburned and burned side
Replace (A,-A,) /A, = Karlovitz number (Ka) = positive for counterflow on last slide

Lewis number Le = (k /p,c,)/Dyer:  if Le >1 heat loss dominates reactant gained - extinction

37

Law’s theory of flame stretch correctly predicts burning velocity
and burned gas temperature

SL/SL,O =1 -Ka Ma and:

T, =T+ (Tpo—T,) (Lel-1) Ka

Ka = nondimensional stretch rate = (stretch rate K) / (S q,/ct)
= proportional to the velocity gradient
T, = Burned gas temperature with stretch
Ma = Markstein number for the reactants selected, related to Lewis number
Lean mixtures of light fuels (methane, hydrogen) have Ma <0, Le >1
Lean mixtures of heavy fuels (propane, butane) have Ma>0, Le<1

Conclude:
Bunsen flame tip for lean methane: Ka = negative, Ma=negative>1, Le <1
so stretch causes smaller S, lower T, : we observe an “open tip”
Spherically expanding flame, lean methane: Ka=+ Ma=1

->so opposite trend; it burns faster 38
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End

40

6/24/16

20



6/24/16

Stretch rate of a counterflow premixed flame
e ———————

41

Stretch rate of the tip of a bunsen flame
e ———————

42
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How are we doing ? How well are we making measurements
and how well do models compare ?
e ———————

Review of some good papers - in turbulent combustion

Barlow, R. S., Frank, J. H., A. N. Karpetis, and Chen, J.-Y., "Piloted Methane/Air Jet
Flames: Scalar Structure and Transport Effects," Combust. Flame 143:433-449 (2005)

C. Hasse, “LES flamelet-progress variable modeling and measurements
of a turbulent partially-premixed dimethyl ether jet flame” Comb Flame 162, 3016

Steinberg, A, , Meier, W. et al., Effects of Flow Structure Dynamics on Thermoacoustic
Instabilities in Swirl-Stabilized Combustion, AIAA J. 50, p. 952.

43

How well can we model premixed turbulent flames ?
e ——————

Bray / FSD model

Assume thin or thickened
wrinkled flamelets
Gas temperature
fully premixed or
stratified premixed,
FSD model is being modified
to handle Mean temperature

partially-premixed

considers

corregated (pockets) Z=FSD

flamelet merging

stretch rate increases area X

Masuya, Bray, Comb Sci Tech 25, 127

44
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Who is using the Bray / FSD LES method ?

Fureby. Sweden
Gas Turbine Comb.
M. Ihme, Stanford U., PROCI 31, 3107
Gas turbine combustor
PROCI 35, 1225

Veynante, Ecole C. Paris
PROCI 35, 1259

Called F-TacLES = Flamelet tabulated chemistry LES

45

Reactedness = c isthe fundamental parameter in premixed turbulent flames

Since p = p/RT, it follows that inserting the above in for T yields:

plc)= pg (cTt+1)! | where T =(T/Tg-1) = approx. 6 for typical flame

This is called a state relation for gas density as a function of c: p (c)

46
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Probability density function - used to define a mean value

P(c) dc = probability that c lies in the range between c—dc/2 and c + dc/2

State relation:

p(c)= pg (cT+1)?

P M
[3
At each point in the flame, we solve
conservation equations to get the
mean and

variance and plug into above eqn to
get mean density

Idea: you only have to solve conservation equations for and

and use above integral to get ot

her mean values;

you avoid solving more conservation equations for each variable

47
Bray / FSD LES model — of premixed turb. flames
State relations - between Y, Assumed shape of PDF(c)
instantaneous Yo, p, and c | !\ of the reactedness
from lam. flamelet equation c (bimodal shape)
Time averaging /
\ “Lookup tables”
between Y, T, p
/ andc, c’2
Three conservation equations time-averaged, for
mean reactedness,
variance of reactedness, and FSD (X)
48
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State relations - between Yoo
instantaneous Y, p, etc. and ¢ | M
from lam. flamelet equation c

Consider a 1-D,
unstretched
laminar premixed
flame (see text by
Law or Kuo, or solve
using CHEMKIN)

c = reactedness
Y, = mass fraction products

and Yg=1-Y, =1-c
for CH, +2 0, +2(79)/21 N, = 2 H,0 + CO, + 2(79/21)N,

show that Y., = 0.062 Y, = 0.062 (1-c) and Y,,,=0.12Y, = 0.12¢

- We only have to solve ONE equation (the top one) for c(x) after we represent
reaction rate of products in terms of c and Yy

- From c(x) we get T(x), p(x), Yg(x), Yp(X), Ycua(X), Yiao(X), etc.

State relations: betweenY;, p, T and reactedness c

CHEMKIN
PREMIXED
LAMINAR

formaldehyde

x (mm)

1.0
reactedness = c
YOH

PREMIXED state relation
from CHEMKIN premixed
unstrained flamelet

0.0

6/24/16
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Conservation (kg/m3)  (m/s) (1/m) = (kg/m2/s) (area/vol)
of mean
reactedness = pp (1-c) S, = reaction rate/area

*

rate of temperature

turbulent flux volumetric reaction rate
rise in x direction

of temperature  kg/s of products /m?
fluctuations

Conservation
of scalar flux

Goal: Two ODEs for the unknowns €  and

E e
Masuya, Bray, Comb Sci Tech 25, 127, 1981 51

Bi - Modal PDF for a premixed flame (Bray)

P(u,c) = A(u) &(c) + B(u) 8(1-c)

d(c) is delta fcn centeredat ¢c=0

0(1-c) is delta fcn centered atc =1

A(u) and B(u) are Gaussian dist. of velocity
Areas under Gaussians A+B =1

Mean of A(u) is mean velocity of reactants
Variance of A(u) is variance of reactants

Mean of B(u) is mean velocity of products
Variance of B(u) is variance of products

52
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“Lookup tables”
between Y,,,, T, p
and

State relation
Yoz is @ known fraction
of Y, which equals ¢

1 ™~

Mean CO2 mass fraction depends
only on two quantities that are
computed at each (x,y,z) location
using conservation

equations for these two quantities

53

Relate all quantities in the two conservation equations to the two unknowns
e ——————

Bimodal PDF:  P(c) =A 8(c-0) + B 8(c-1) C and

example

There are no fluctuations in reactedness
or temperature in the pure
reactants or in the pure products

54
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Bray model closure —still have flame surface density = (x) in conservation egn

b . . .
? > is proportional to turbulent reaction rate

Third conservation equation must be solved for FSD =X

Flame Surface

Density
Conservation
Equation
Final step:
specify correct boundary conditions and solve for U =S;
= turbulent
burning velocity 55
Bray / FSD LES model — of premixed turb. flames
State relations - between Y4 Assumed shape of PDF(c)
instantaneous Y, p, and ¢ | H of the reactedness
from lam. flamelet equation t (bimodal shape)

N

Time averaging

“Lookup tables”
between Y., T, p
and ¢, ¢’2

NN

Conservation equations time-averaged, for

mean reactedness
turbulent flux of reactedness
flame surface density (), is prop. to mean reaction rate

56
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Prasad and Gore

Bray / FSD model applied to premixed jet flame  comb Flame 116,1

Mean
Reactedness C

Flame Surface
Density for

Axial~mom.
For U

Continuity

For v

TKE for

k, & 2000

Mean
Temp. 1000
(K)

300

Conclude: model predicts correct flame
height and turbulent burning velocity
(if appropriate constants are selected !)

r (mm)

57

F-TacLES is Multi-variable approach - for stratified premixed
e ——————

Filtered TAbulated Chemistry for LES (F-TACLES)

Consider a “stratified” premixed flame - equivalence ratio varies in the reactants
Define Z = mixture fraction = mass fraction of H atoms at a point

Ex. If mixtureis CH,+% H,0 thenZ=5/(16+9) =0.2

58
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Premixed F-TACLES LES model

“The influence of combustion SGS submodels on the resolved flame propagation.
application to the LES of the Cambridge stratified flames”

R. Mercier, T. Schmitt, D. Veynante, B. Fiorina, PROCI 35, 1259
Filtered TAbulated Chemistry for LES (F-TACLES)

model oropagates resolved flame at the subgrid scale turbulent flame speed S; ,
1
PoSTA = EpY / peSe4(Z)P(Z) d = =new flame surface
Jo density parameter
Solves for mean progress variable YC

opY. . _
?,, LV (put.) =V- (EA;-a;j"poDovyt)

= Tab -
— EA}’(QY‘: + p(l)?:b>

59

Thickness of flame brush computed and

2500

agrees with experiment at Cambridge — S. Hochgreb oo
I~
1 f = 1500}
1 1 E 1000}
=]
5001
Q 2000F
= 1500}
§ 1000
=]
500
2500
Equivalence ratio & = 2000F
0.5 0:6-0,7 08 0.9 ": 1500}
g 1000|
g
500}
20
g 2000F
{—= 1500}
E 1000}
=]
500}
2500
g 2000
= 1500}
g 1000|
: H 500
Flame brush gets wider [

o 4 8 12 16 20 24
As you go upward rfmm]

Up is plotted down here
60
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Cam Carter (AFRL)

1 7 — ki Steinberg, Driscoll
Motivation k'|Ioh9jrtz Tonghun Lee (UIUC) Michisae ita PV
Imaging 10 kilohertz CH eddies passing
———————————— Reaction layer ] through flame -

Applied Optics B 116: 515 Comb Flame 156, 2285

9
Best current
models ?
e ———————
10




References — Premixed models

® FSD = Flame surface density LES models F-TACLES
Mercier, Veynante, PROCI 35, 1259, Hawkes, Cant, Comb Flame 126, 1617
See, Ihme, PROCI 35, 125, Duwig, Flow,Turb Comb 79, 433

FPV = Flamelet progress variable
Pierce, Moin, J. Fluid Mech 504-73, Chen, lhme Comb Flame 160, 2896
Lamouroux, lhme, Comb Flame 161, 2120

TFM = Thickened flamelet model
Selle, Poinsot, Comb Flame 137,489, Esclapez, Cuenot, PROCI 35, 3133
De, Acharya, Comb Sci Technol 181, 1231

CMC = Conditional Moment Closure
Amzin, Swaminathan, Comb Sci Tech 184, 1743, Amzin Cant, Comb Sci Tech 187, 1705

G-Equation
Knudsen, Pitsch, Comb Flame 159, 242, Nogenmyr, Comb Flame 156, 25

LEM = Linear Eddy Model
Srinivasan, Menon, FlowTurb Comb 94, 237, Sankaran, Menon, PROCI 30, 575

Motivation: DNS examples (at low Reynolds numbers)
e ——————

R. Sankaran,
E. Hawkes,
Jackie Chen) & BS:,S?;\(,
T. Lu, C. K. Law “ ”
corregated

Premixed DNS

PROCI 31, 1291 premixed DNS

PROCI 31, 1299

DNS flame in rectangular duct - L. Vervisch, A. Poludnenko,
Bunsen, V-flame, jet in cross-flow J.H. Chen
IC engine, Gas turbine, industrial burner:

RANS = KIVA (FSD/coherent flamelet), Fluent (empirical)

12
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Importance of state relations
e ———————

We could solve partial differential equations for every variable, but then we
would need source terms for each. Instead use Schvab-Zeldovich approach:

Assume turbulent diffusivity of mass (D;) equals that of momentum (v;) and
that of heat (o)

- Premixed flames: solve only the differential equation for non-dimensional
temperature, called reactedness (this is the energy eqn) and its variance

- Non-premixed flames: solve only the differential equations for mean
mixture fraction (the Z equation) and its variance

- Then use state relations to compute mean values of p, T, Y;and turbulent
reaction rates, using:

- Where to get the state relations ? From equilibrium chemistry, or from
strained flamelet (non-equil) chemistry — we will discuss

25

Turbulent reaction rate - the biggest unknown
e ——————

The conservation equation for time-averaged CO mass fraction is:

— kg/s/m3 CO

Turbulence-chemistry interaction — why do we need PDFs ?

produced =?

Reaction rate depends on the JOINT PROBABILITY that:
sufficient fuel, sufficient O, and sufficient temperature are simultaneously present

You could ignore interactions and say the reaction rate is:

That would be WRONG. Suppose a glob of pure
reactants (cold) and a glob of pure products (hot)
oscillate over point P, as shown:

26
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Why we need PDFs, continued
e

The actual temperature at P is 300 K when the reactants are present = no reaction
When products are present at P, temperature is 2100 K but no reactants = no reaction
If you use the time-average temperature at P, which is 2400/2 = 1200 K, and the time-
average fuel-air ratio at P and plug into the above Arrhenius eqn, you compute a

large reaction rate at P ! But reaction rate is nearly zero ! This is totally wrong.

Reaction occurs at P only when the thin line between the reactants and products is on P;
then you have simultaneously the proper fuel, O, and temperature

The correct reaction rate of CO is the following, which has the PDF in it:

27

Turbulent reaction rate of a premixed flame - proportional to FSD
e ———————

For a premixed turbulent flame, the turbulent reaction rate at any point,
in kg/sec reactants consumed/volume, is needed because it is the source term
in the mean conservation of energy equation. Reaction rate is given by:

Proof: Consider a wrinkled flame that at time t, moves normal to itself
at speed S, to new position at time t,

The volume/sec of reactants overtaken by the wave = (area of wave A;)
Times the (distance moved /sec) of each segment of the wave
distance moved /sec =S, laminar burning velocity

mass/sec of reactants overtaken by the wave = p; (volume/sec overtaken)
So: mass/sec of reactants overtaken = pg S, A;

But: = mass/sec/volume = pg S, (A;/volume) = pg S, =

See review of Driscoll, Prog Energy Comb Sci 34, 91 28
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Premixed flame reaction rate depends on flame surface density
e —————

(FSD or X) = flame area per unit volume

_ T Ar Py
2= limpy o7y = limay 075

A, = average surface area of a premixed turbulent flame inside a small 1 mm3
interrogation box

P;= average perimeter of flame boundary inside a 1 mm? box in laser sheet
= average perimeter of flame when it is inside the box, which is
approximately Ax, times the probability that it is inside box

2| / ! FSD is a Gaussian-like
function in space
.

29

Physical meaning of FSD = flame surface density

Suppose flame is not wrinkled
But oscillates - right to left and back

—> brush thickness 6; €—

i
i
N S A v .
Ax : 1 z:avg
i
i
1

5

T

a. perimeter of flame inside of interrogation box,
when flame is inside box = approx. Ax

b. fraction of time flame is inside box is:  Ax/d; FSD should be

independent of

Time avg perimeter in boxisax b= (Ax)?/d; b 78 A
ox size Ax

Average FSD = avg perimeter / (Ax)? so:

Average FSD =approx. 1/8; (=typically 0.2 mm™)

30
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How to measure FSD ?

Image the flame boundary - using PLIF of OH or Mie scattering
Binarize the signal: green =1, blue =0

Canny edge detection - to obtain coordinates of a continuous
contour, infinitely thin, fit to the flame boundary

Determine the average perimeter of this contour in the 1 mm3
interrogation box; vary the box location

Resulting value of FSD must be independent of interrogation box size
> = [area of flame when itis in box) (prob. flame is in box] / (Ax)3

3 =approx. [(Ax)? (Ax /d;)] / (Ax)®  soit should be independent of (Ax)
d; = brush thickness

31

Turbulence increases propagation speed - of a premixed flame

Damkobhler first concept- moderate turbulence increases flame area by wrinkling

Consider this thin wrinkled flamelet; its wrinkled area is A;, and the area of the
straight dotted line is A
1
Each point on the wrinkled line propagates normal to the wrinkled
line at a speed S, so the mass per second of reactants overtaken
by the wrinkled line is pg S, A;.

- So larger wrinkled area = more reactants consumed /sec
S; «—

The time-averaged wave is the dotted line; it propagates to left at
S; so the mass/sec of reactants dotted line overtakes = pg Sy A,

>

Equating these two mass flow rates, we get:
St Ar
s, A
Turbulent flames propagate faster because they have more

wrinkled surface area to consume the reactants 32
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What is total wrinkled flame area A; ?
e ——)

A; = Wrinkled flame area = area/volume integrated over the entire volume
of the flame brush

t (R

Area / volume normal tangential
to brush

1Y

33

First definition of turbulent burning velocity S;
e ———————

Bray: assumed that thin flamelets propagate at S, normal to themselves

Contribution of turbulent burning velocity due to thin flamelets is:
Srel SL= A/A
Where:

And A =WL so:

“flamelet contribution
To turbulent burning
Velocity” = total burning
Velocity if in the thin
Flamelet regime

To measure S;;, measure X everywhere and
integrate it over the flame brush

34
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Second definition of turbulent burning velocity S;
e ——————

S;ec = Global consumption speed

= mass flow reactants / (density reactants) (area of ¢ =0.5 surface)
How to measure S; ¢ ?

From the triangle drawn:

sina=[d/2] [h?+(d/2)2]"V2 = S;/U,

SO:

Sp = U, (d/2) [h? + (d/2)?]/2

large burning velocity S; = short flame

35

Damkohler’s first concept - flame area A; determines burning velocity
e ——————

Imagine an eddy of diameter L moving at a

stationary laminar flame at speed S; the

eddy causes reactant to move at higher speed U, at

one place, and at lower speed U, at another place
L

Suppose the flame wrinkles into two Bunsen cones, where a is the cone half-angle.
Similar to a Bunsen burner, the velocity normal to the wave must be S, and the
velocity normal to the cone is (U,-S,) sin o, so equating these gives:

sina =S, /(UyS) and we define u’ = (U,-S))
the cone has a radius of L/4 and height h, so: sin o = (L/4)[ h? + (L/4)2]1/2

Equating these (and neglecting L/4 wrt h) yields: h=(u'L)/ (4S)

Now the surface area of a cone is Ar=mt/4 (L/2)? [(h/(L/2))? + 1]V/2
and the area of the base of the coneis A = /4 (L/2)?  so:

Predicted turbulent
burning velocity
see Kuo, Turb Combustion

6/24/16
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Damkohler’s second concept - small eddies increase thermal diffusivity

S, ~VaRR

If eddies get inside preheat zone, we assume

ST ~ \/(a + aT) RR turbulent flames propagate faster because

Eddies create larger thermal diffusivity o

aT — CZ u’L turbulent diffusivity = velocity fluctuation
times integral scale L; v = kinematic viscosity

S u'L u'L
L= [14+¢c, — whee — = Rep
SL % %

Turbulent flames propagate faster because turbulence diffuses the heat
upstream to preheat the reactants faster than laminar flames

37

Turbulent burning velocity at “extreme” turbulence levels
e —————

Wabel, Skiba, Driscoll PROCI 36
%0 ' ' Global
= consumption
speed

2 15 Difference is Damkohler second idea-
) . e
4 increased thermal diffusivity
10 1
A
5 i — —
: ST,F_ SL IOL_I_[Z dr]d{T
0! 1 s
M e 150 200 Contribution from Flame surface
1 L density (wrinkling)
1
«— | —>
previous ! extreme
turbulence turbulence
levels levels

38
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Turbulent burning velocity — what do we know ?
e ————————

1. Six major canonical geometries for premixed turbulent flames
Bunsen, jet, low-swirl, V, spherical and swirl (Gas Turbine)

2. Burning velocity formula is different for each
3. Residence time (x/U) is important, bunsen flame tip becomes
more wrinkled than flame base, spherical flame gets more

wrinkled in time

4. Reactant temperature, Reynolds number, Karlovitz number are
important

5. Role of integral scale different for each geometry -can we
correlate burning velocity with Reynolds number Re;?

39

Turbulence Causes Faster Mixing = shorter flame length

Consider a non-premixed turbulent jet flame. Suppose we simplify by saying the
fuel from the fuel tube - stays within the cylinder shown
Air enters at an entrainment velocity U, that is perpendicular to the cylinder wall

— S5\ J Fluid Mech
—> U, )
UA

Measurements show that the eddies rotate to
cause the entrainment velocity
U, to be proportional to | c,;Ug-U,| (pe/pa)?

The length of the flame L; is where the mass/sec of fuel, divided by the mass/sec of
entrained air, equals the stoichiometric fuel-air ratio f,, which is 0.055 for methane

pr Ur (”%)/ (paUemdpLy) = f
40
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Tuesday: Kilohertz PLIF, PIV measurements

Turbulent Combustion

Experiments and Fundamental Models

J. F. Driscoll, University of Michigan

R. Sankaran,
E. Hawkes, B; ”,’ DaI\I/’
Jackie Chen, " rlscot &
T. Ly, C. K. Law corregate
R premixed
premixed

Copyright ©2016 by James F. Driscoll. This material is not to be sold, reproduced or distributed
without prior written permission of the owner, James F. Driscoll

Outline for the week

Mon: Physical concepts faster mixing, faster propagation, optimize
liftoff, flame surface density, reaction rate, PDF

Tues: Kilohertz PLIF, PIV measurements of flame structure - to assess models

Wed: Non-Premixed and Premixed flames - measurements, models
gas turbine example

Thurs: Partially premixed flames - and some examples

Fri:  Future challenges: Combustion Instabilities (Growl) , Extinction
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Outline for Tuesday

1. Canonical experiments

2. PLIF and KHz PLIF - of reaction layer structure —
Borghi regime diagram

3. Kilohertz PIV movies of vorticity - flame-eddy interactions

4. Kilohertz PLIF - movies of flame surface density to assess models of
combustion instabilities, spectra, phase angles

Canonical Non-premixed flames

1. Turbulent Jet flame  (Sandia Flame D)

2. Jetin Co-Flow (Cabra burner)

3. Jetin Cross flow (JICF)

4. Gaseous Fuel Jet Surrounded by Swirling Air = Gas Turbine-Like

5. Spray flame — surrounded by swirling air = Gas Turbine-Like




Canonical premixed turbulent flames
e ——————

Low swirl Slot Bunsen V-Flame Piloted Premixed Gas
jet flame Turbine-like

RK Cheng Driscoll, Bell Gulder Dunn, Masri Swirl flame

PROCI 31 PROCI31,1299  Comb Flame Flow Turb Comb
3155 162, 1422 85,621 Meier, DLR
Precinsta burner
Comb Flame
150, 2

5
“ . . ”
Canonical premixed flames™ - have been modeled
—————————
type experiments DNS LES
1 low swirl Berkeley  Cheng Shepherd PIV, OH Strakey, Pitsch ThckFIm, G-egn
2 low swirl Lund Alden Dreizler PIV, T Bai, Fureby  G-eqn, PaSR
3 2-DSlot Bunsen |Michigan  Driscoll Steinberg PIV,CH  |Grcar, Day|
4 2-DSlot Bunsen [none (highly preheated) none JH Chen
5 V-flame Berkeley  Cheng Shepherd PIV,T Grcar, Day{Duwig flamelet
6 V-flame Hannover Dinkelacker PIV, T Swamin.
7 Bluff Body FOI/Volvo Volvo/Fureby OH Fureby PaSR
8 jet, shear Sydney Dunn Masri Raman,q
9 jet, shear Lund Alden CH, OH Bai, Fureby  G-eqn, PaSR
10 jet, shear Aachen YC Chen, Peters  LDV,Raman Pitsch G-eqgn
11 high swirl, gas t.|Darmstadt Dreizler PIV, Raman| Janicka G-eqn
12 high swirl, gas t.|Karlsruhe ~ Siemens, PPC LDV Poinsot ThickFIm
13 high swirl, gas t.|GE LM6000 Mongia, PPC Menon, Fureby LEM, PaSR
6
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Ex.: Bunsen with Preheated reactants:
Yiguang Ju, SH Won, B Windom, B Jiang, Princeton U.

four regimes:
chemically-frozen-flow,
low-temperature-ignition,
transitional, and
high-temperature-ignition

Diagnostics: Laser sheet imaging - of flame structure
e ———————

Mie scattering — oil drops are in reactants but not products

Rayleigh scattering — temperature field = cold in reactants, hot in products
PIV — velocity field imaging — abrupt change at flame front

OH PLIF - uniform OH in products, no OH in reactants

CH PLIF - thin layer marks chemical reaction layer

Formaldehyde PLIF - marks preheat zone

OH-Formaldehyde overlap — thin layer that marks reaction layer

Raman scattering - primarily a point measurement, will work along a 2 mm line
but not for imaging

CARS - primarily a point measurement will work along a 2 mm line,
but not for imaging 8
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Mie and Rayleigh scattering
e ———————

Mie — commercial kerosene oil drop atomizer adds
10 micron drops that evaporate at flame boundary,
illuminate with any color laser sheet

Rayleigh - any color laser sheet, record with
intensified camera light scattered from molecules

- must eliminate any dust or soot

- must eliminate any scattering off walls, windows

where S = signal, nis number density and o is Rayleigh scattering cross section.
If a fuel is chosen that has the same cross section as N,, then, approximately, all
cross sections are nearly equal so:

Rayleigh signal is a
measure of gas

temperature
9
Challenge - two ways to image reaction zones
S ——————
OH and formal-
dehyde overlap CH PLIF CH PLIF
Dunn, Masri Mastorakos, Meier,
Bilger, Barlow Alden, Bai, Gas Turbine
Flow, Turb. 85 Bo Zhou, Lund Model Combustor
(broken) PROCI 35 (flamelet)
(distributed)
10
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PLIF = planar laser induced fluorescence

Fluorescence = (absorption of laser light) + (spontaneous emission of light at a
longer wavelength than the laser light)

OH absorbs laser light at 282 nm (in UV), emits fluorescence at 300-400 nm

Species that fluoresce

OH 282 nm energy excited state of OH
CH 390 nm

Formaldehyde 355 nm 1

NO 226 nm laser

NO, 430nm 282 n flurorescence

Acetone 266 nm 300 nm

Gasoline 270 nm
CO 230 nm
lodine 514 nm
Ammonia 2000 nm

lower laser coupled state of OH
ground state of OH molecule

O 113nm
11
PLIF = planar laser induced fluorescence
—ot, 07

Rate of molecules Rate of molec.ules Rate of molecules

Excited to excited =  LOst from excited * lost from excited state

State by absorption stat'e .by spontaneous by collisional quenching

emission
(1) Ny = number density OH

B, = absorption const.

Define signal — % A,, = emission const.
from OH as: o = Non A21 61 () Q = quenching factor
¢, = a constant
Solve Eq. (1) for ng,* and plug into Eq. (2) to get: I, = laser intensity
Signal = laser intensity * number density of OH molecules

in lower laser coupled state

f=Boltzmann fraction 12




PLIF signal

Mole fraction of OH: X, = ngy /n total number density: n=p/(kT)

Laser volume V= Ax2 9§, /

OH PLIF signal  OH mole laser energy pixel size?/ lens
per camera fraction perpulse height of field f-number?
pixel of view

To maximize fluorescence signal Sq,, you can:

bin the pixels and make pixel size Ax larger, but you lose spatial resolution
reduce the height (H) of the field of view — more energy/volume of laser sheet
use small FN lens = larger diameter lens, FN =lens focal length / diameter of lens
increase laser energy per pulse E;
increase gas pressure p
13

Some limitations to PLIF diagnostics

The molecule of interest must absorb at a frequency of an available laser

(Water, CO,, O,, N,, H, do not fluoresce, H and O are very difficult to fluoresce)
Molecule must emit fluorescence in visible or near UV or near IR where we have cameras
Fluorescence wavelength must be separated from fluorescence from other species
Difficult to get quantitative values of mole fraction — must measure quenching factor Q
Flame or soot radiation may create excessive background noise, esp. at high pressure
Must have sufficiently large windows to collect sufficient emitted light

Window glass can fluoresce and cause background noise

14
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Good references on fluorescence diagnostics
e ———————

Hanson, RK, J. M. Seitzman, P. Paul, Planar Laser-Fluorescence Imaging of Combustion
Gases, Appl. Phys. B 50, 441454 (1990)

Ekbreth, A., Laser Diagnostics for Combustion Temperature and Species,
Combustion Science & Technology Pub.

Johnson, Raynor Carey. An introduction to molecular spectra
Herzberg, G. Spectra of Diatomic Molecules, Van Nostrand, 1950.

Ayoola B, Balachandran R, Frank J, Mastorakos E. Spatially resolved heat release
measurements in turbulent flames. Comb. Flame 2006; 144: 1-16.

Marcus Alden, Xue-Song, Bai, Bo Zhou, Lund U., Comb. Flame 162, 2937, 2015

Wolfgang Meier, Adam Steinberg, et al. (kilohertz), Comb. Flame 157, 2250

15

OH, Formaldehyde and CH PLIF diagnostics
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Reaction zone imaged with formaldehyde-OH overlap

Formaldehyde

Mole
Fraction

Normalized
CHEMKIN ﬁ
FLO

Distance (mm) Laminar bunsen flame

Formaldehyde Overlap of
marks the/ formaldehyde- OH
preheat zone marks reaction zone

17

Regimes

of Premixed
Turbulent
Combustion
(Borghi
diagram)

Turbulence
Level u’/S,

Damkohler’s
second concept

Damkohler’s
first concept

Integral scale, normalized by flame thickness

18
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Regime boundaries
e ———————

Klimov-Williams boundary is where 8, = m
= where Kolmogorov eddies of size (1)) fit inside the PREHEAT layer (3;,) of the flame
They predict: “BP-TR” = Broadened preheat, thin reaction layers

Define:  Ka = Karlovitz number (Peters) = (g, /M)?

so if Ka > 1, Kolmogorov eddies of size (1) fit inside reaction zone (3;,) of the flame
Peter’s predicts Ka > 1 causes “broken reaction layers”

Are tiny Kolmogorov eddies strong enough to cause broken layers ? (NO)

We need to know these boundaries because:

they tell us conditions when the following models are valid or not: the FSD/ thin
flamelet model,the TM = thickened flamelet model, DM = distributed reaction models

19
Reaction layers, Method #1: formaldehyde - OH overlap
products

Overlap =
reaction zone
distributed\
broadened
flamelets \

20
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Reaction layers, Method #2: CH PLIF

Simultaneous CH — PIV
Carter and Driscoll
Comb Flame

<€— Reaction Layer
= CHPLIF

PR Vorticity =
eddies

21

Assess DNS - of Bell (LBL) with experiment of Driscoll, Carter
e ———————

Experiment DNS
Driscoll, Bell,
Michigan LBL

DNS of Bell predicts a height

of slot bunsen flam, that agrees with the
« experiment of Driscoll and Carter, thus

DNS yields the measured value of

turbulent burning velocity

22
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What happens as turbulence level is greatly increased ?
Do reaction layers become broadened, broken, distributed ?

Michigan Hi-Pilot Burner

* u'/S_upto243

106 m/s
* mean velocity to 78 m/s 21.6 mm
5inch (13 cm) —>
-fl fOH —>
« Re, up to 100,000 cotlowe A A

* (preheat up to 1000 K) | Impinging

Jets

¢  Methane, Butane, JP-8 at
ER =0.75,1.05

Turbulence
Generator Plate

23

Hot co-flow of combustion products —
prevents outside air from being entrained

Turbulence is uniform
across burner exit

30
u’ (m/s) 20 ;
10
%o b 10
r (mm)
24
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Turbulence levels and integral scales are large

Case ¢ Uo (m/s) v (m/s) AI (mm) RCT DaT KaT ll'/SL A/GPH,l

2. 105 |4 29 75 1400 254 47
Ja. 105 32 60 20 7900 331 85

75 31
. 15 84

4 105 10 25 17000 246 165 26
52 105 ﬁsﬁ) 2% mss,ooo 151 504 (%2\@223
6a 065 (78 ) 37 | 41 ) 99000 17 503 | 243 )\ 8
N—r N—"

) A N

25

Hi-Pilot Conditions on Borghi Plot

26
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Hi-Pilot Burner

Thickness of Reaction zone

Thickness of Preheat zone

Fraction that is distributed
Fraction of local extinction

Boundaries of regimes

27

Preheat zone — what does it look like ?  formaldehyde

oo B e R e B

w/S, = 30 75

28
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Reaction Layers (from overlap method)

no
broadening

broadening

29

Preheat Zone is Thickened - Reaction Zone is not

16

Preheat zone
thickness

12
10

&
-8

& ‘

’ Reaction zone thickness
2 )k A —h—h —A— Spy,=0.35
prm———"77 I Seg.=0.18 o
() 1 1 L I { L Il L1 Ll I L
1.0 10.0 100.0  300.0

30
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Preheat is 14 X broader, reaction zone only 2 X broader

thickening eddies travel long eddies too weak
of preheat | —» | distance through hot, | — |  to thicken
zones viscous, preheat gases reaction zone

l

do larger integral scale
eddies survive passage ?

60

/6/' reaction Stretch Efficiency Function - Poinsot

zone

thickened //

preheat
zone

31

Are “broken” and “distributed” regimes related ?

broken - flamelets allows reactants to mix with products, promotes:

distributed - reactions ?

1 dlstrlbuted,

N
~ <!

-~ -

cold reactants

32
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Burning fraction - always above 82% for
homogeneous products

Burning
Fraction
N
fraction Ten times the turbulence
of OH level of previous studies
boundary of this type
that has
reaction
’
u' /S,

- “broken regime” - is not possible if products are kept homogeneous and hot

“broken regime” IS possible if products are stratified (for this expt.)

33

Measured thick preheat/thin reaction zone
is larger than predicted

measured

thick preheat
thin reaction

predicted to be
broken but are
not broken

predicted Nk = Oyt
thick preheat

thin reactio

Peters boundary
does not agree with

5 our measurements
Nk = Oph,L

34
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Densely Packed Flamelets - Regime

If flamelets are this densely-packed — can we model them as “distributed reactions” ?

35
“Partially-distributed” regime
10 % of OH boundary has distributed reactions for highest turbulence
see: “blobs of chicken in a noodle soup”
36
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