









































































































































Future challenges - for Kilohertz laser diagnostics, LES and DNS

Highly unsteady combustion physics combustion instability (“growl”)
structure of turbulent flames

how to apply Law’s theory of flame stretch to

highly turbulent flames ? Extinction, acceleration ?

does Landau instability dominate turbulent wrinkling ?
base of lifted jet flame — explain liftoff, blowout

Use kilohertz wisely, use LES wisely - look at the dynamics, don’t just generate data !

Add heavy hydrocarbon chemistry to turbulent flame studies

DNS: Blanquart (Cal Tech), Poludnenko (NRL), Bell (LBL), Jackie Chen (Sandia)

Experiments: Ju (Princeton), Egolfopolous (USC)

Your airplane flight here was not powered by methane - but by Jet-A !
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Best models of non-premixed turbulent flames

1. SSLF = steady strained laminar flamelet - Z & dissip rate (Peters, Pitsch)

2. FPV = flamelet progress variable — Z, ¢ variables,
no dissip rate (Moin)

3. PDF = method of Pope — parcels mix, mixing time eqgn, Langevin eqn

4. CMC = Conditional Moment Closure — Bilger

5. LEM = Linear Eddy Model — Kerstein, Menon
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Simplest model of a turbulent non-premixed jet flame

Kuo, K. Principles of Combustion

1. Solve the laminar jet flame equations
2. Replace molecular diffusivity D with turbulent diffusivity D;
3. Show that in a jet D; is constant everywhere

Z(r)

ZCL

N
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Mean radial velocity (v) - in simple jet model

radially outward

j\\\% 4)

v = mean radial velocity

Flame location
SetZ=27,=0.55

Plot egn on previous slide

Flame length = flame locationatr =0, L;= d. [constant/Z ]
14

6/24/16



6/24/16

Next level of modeling non-premixed turbulent Jet Flame

— Unstrained flamelets Lockwood and Naguib, Comb. Flame 24, 109

he defines mixture fraction

asf; itisthe sameasZ X - momentum

8 unknowns, 8 equations pu%z+pvg£=~l—a—(r£'— -az) f-eqgn
x r

ror o or

k equation
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pu._a£+pva_6= .,l_.é._ r.‘i’; ég_ . i
ax  r o o o epsilon equation

au?_Ce; €
+C, Cp pk() - —€2pE
€, Dp(by) CDpk

r
pu 8 4y 02123 (T og
ax or ror Ig ar

g —equation

oy o
+C ? - —2pe
glu,(ay) A peg

Turbulent viscosity

Lockwood assumes unstrained
Laminar flamelets
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Closure = only need to solve eqn for mean mixture fraction Z, use lookup tables

Dotted lines = State relation from
CHEMKIN for laminar unstrained (very
low strain rate) flame

T(Z) = dotted line

Note: no scalar
dissipation rate

1
T= (Z_,Z'z)zf T(Z) P(Z,Z_;Z’Z) dz appears for
0

unstrained flamelets
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RANS solutions — Lockwood and Naguib, Comb Flame 24, 109
————————————————————————————————————————————————

Mean Mixture
Velocity fraction
On jet On jet
centerline centerline
x/d x/d
Mean gas
temperature
. k UZ
On jet /
centerline
x/d

r/d

Problem — need to add strained flamelets = scalar dissipation rate
To correctly predict temperature, NOx, CO

18




Non-premixed flames - add strained flamelets - Peters
e ——————

Flamelet lookup tables — Scalar
solve strained Dissipation
counterflow flame rate

Solid lines = state relations = CHEMKIN
solutions to the strained flamelet
equations with complex chemistry

Two variables are mixture fraction and
scalar dissipation rate

19

Counter flow non-premixed flame (Peters)

Alr Assume:
Laminar flow, fast chemistry
For simplicity, assume constant density
,__l Velocity not disturbed by heat release
Fuel All species diffuse at same diffusivity D
Lewis number =1, D = constant
Sotu=gx; v=-gy Scalars only vary in the y (vertical) direction

20
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Solution to this equation is:

Scalar dissipation rate:

2(y) =5 —3 erf (=)

y Flame
is at Yy at Flame

7=2s= 0.06 X=%s

For low strain For high strain
rate € rate ¢ As = constant - ¢

Larger gradient

21
What is flame location (y=y) ? In solution for Z, set Z = Z, and solve for y
2D,
Yr = € er (1-22) Flame location
Flame location:
Increasing D —> y; increases
Increasing € or f, > vy, decreases
22
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Strength of a strained non-premixed counterflow flame
e ———————

Strength of a non-premixed flame = mass flux of fuel at flame boundary

= J; = mass of fuel consumed /sec per unit flame area

= p 2% picke'st
JrF = PE 7y icke's Law

Use our state relation that says that Y. is proportional to Z on the fuel side of flame

Take the derivative of the erf function formula for Z(y)

Plug in our formula for y = y; at the flame front to get:

1/2 .1/2 Stronger flame if strain rate
Jr=pr D € © constant € ismade larger and ¢ is

Proportional to ¥,

23

How is scalar dissipation rate 7, related to strain rate ¢ ?

Define scalar dissipation rate for this counter flow geometry
Take the derivative of our erf function for Z(y) and

Plug into this formula, and pluginy = our formula
for y; at flame surface, to get:

So the scalar gradient is related to velocity gradient

24
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What is the thickness (9) of a strained non-premixed flame ?

y
Define the 97\t >
thickness of a 6 = (—) &
non-premixed dy y=yf w Z(y)
flame to be:

Take the derivative of our erf

function for Z(y) and plug in _ 2D Flame gets

our formula for y; to get: af - thinner as you
apply more strain

Example: if D = 1.0 cm?/s = gas diffusivity near flame

if dissipation rate 7, =100s?

Then flame thickness: &= 1.4 mm

25

Flamelet assumption - of Peters adds strain to allow deviations from
equilibrium chemistry

instantaneous T, Y; are related to mixture fraction and dissipation
rate in a turbulent flame in the same way they are related in a
laminar counterflow flame with full chemistry

Steady non-premixed strained flamelet equation:

° 5 ¥ W L
SO NSt e ¢ —
/o/?f EEE T R e Rly (éak)

Solution yields state relations for all

mass fractions, temperature, density ~ Now plug state relations into this to get mean
as functions of Mixture fraction and values of temperature, density, mass fractions
Scalar dissipation rate

_ _ 1 R _
Yeo (2,272, %, x?) =f Yeo(Z,x) P (Z,Z,Z?) P, (X, X, X'?) dx dZ
0

26
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State relations - for a strained non-premixed counter flow laminar flamelet

tempdrature Dissipation Yeo Dissipation
rate = rate % =
28 51 25 st
S0t 505t
100 51 e
Mixture fraction Z Mixture fraction Z

Generate plots above using CHEMKIN counter flow non-premixed flame solver
Larger velocity gradient (strain rate) = larger scalar gradient (scalar dissipation rate)

Larger dissipation rate > lowers the peak temperature,
alters the mass fractions of the species
reduces the chemical reaction rate until extinction occurs
improves prediction of CO, temperature, etc.

27

SSLF = Steady strained laminar flamelet LES model
of Sandia Flame D by Janicka

I ——————————————————————————————
Investigation of length scales, scalar dissipation, and flame orientation in a
piloted diffusion flame by LES, A. Kempf J. Janicka PROCI 30 557

Mixture fraction (Z) conservation eqn

State relations from solutions to steady counter flow flamlet eqn

Mean mix fraction in subgrid = prop. to resolved scale gradients of Z
Variance of subgrid dissip. rate = prop. to resolved scale gradients

Assume a Beta function for P(Z), log-normal for P(x). Mean quantities from:

LES of Sandia
flame D

state relation PDF

28
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Janicka closure - for strained laminar flamelets
S ——————

PDF of mixture fraction = Beta function, has mean and variance at each point

PDF of scalar dissipation rate = log normal shape, has mean and variance
At each (x,y,z) location we must compute the mean and variance of Zand y

Mean mixture fraction - from Z conservation equation

“u_n

Variance of mixture fraction - from “g” equation for scalar fluctuations

Mean scalar dissipation rate — assumed to be proportional to epsilon (dissipation rate
of turbulent kinetic energy), multiplied by the variance of mixture fraction

O, is a constant, k and € come from the k and € equations,

Variance of dissipation rate - assumed to be zero in FLUENT, others use an assumed
algebraic equation

29

Janicka - SLF steady laminar flamelet model of Sandia Jet Flame D, PROCI 30 557
e ———————

mean
mixture You
fraction

Fluctuations
inZ

YHZO YH2

Mean
temperature

YCOZ Yco

30
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Janicka  SLF LES, continued
————————————————————————————————————————————————

PDF of scalar dissipation rate

Computed = bars Conclude: the steady laminar
Measured = dots flamelet LES adequately simulates

the non-premixed combustion
in Sandia jet flame D

except for H2 and CO on the fuel
rich side — it is a little off

31

Flamelet progress variable (FPV-LES) model - compared to Barlow’s
measurements in a non-premixed jet flame
—nmm————— e
C.Hasse, “LES flamelet-progress variable modeling and measurements
of a turbulent partially-premixed dimethyl ether jet flame” Comb Flame 162, 3016

OH
Formal
dehyde
Replace scalar dissipation rate with a
new progress variable Y
Progress variable: Y. =Yy, + Y0+ Yoo + Yoo
LES of Experiment

Sandia flame D
Hasse

32
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LES — FPV model of Hasse (Frieberg) agrees with Sandia measurements

mean temp
Temperature fluctuations mean CO  mean CO,

Expt = dotted
Model = solid

Conclude: the Flamelet Progress Variable (FPV)m odel gives good agreement
with measurements for major species and CO. NO was not attempted

33

Good Measurements —
of non-premixed turbulent combustion

See TNF website

Single point Raman/Rayleigh/LIF data for f, T, N2, 02, CH4, CO2, H20, H2, CO, OH, NO and
velocity

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).

Masri, A., Dibble, R.,Barlow, R., Structure of Turbulent

Nonpremixed Flames Revealed by Raman-Rayleigh-LIF
Measurements', Prog. Energy Combust. Sci., 22:307-362 (1997).

34
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Barlow: Non-premixed piloted jet flame

in Comb Flame 143, 433 and

TNF website

“Piloted methane/air jet flames: Transport effects

and aspects of scalar structure”

Single point Raman/Rayleigh/LIF measurements of
f, T, N2, 02, CH4, CO2, H20, H2, CO, OH, NO, velocity,

line Raman for scalar dissipation rate:

Lasers for Raman, Rayleigh: Nd:YAG at 532 nm
Lasers for LIF = Nd:YAG + dye: 282 nm for OH, 226 nm

For NO, 230 nm for CO (two photon)

Spatial resolution = 0.75 mm

Fluorescence signals were corrected for Boltzmann

fraction and collisional quenching rate

Sandia flame D
Jet diam.=7.2 mm
Pilot dia =18.2 mm

JetU=50m/s
Coflow U =0.9 m/s

35

Barlow: Non-premixed
jet flame

in Comb Flame 143, 433

Data points = turbulent jet flame,

Agree w steady laminar counterflow
CHEMKIN = state relations computed
for strain parameter 2 U_,/R=50s?

Conclude: steady flamelet state relations
- Adequate for CO & major species

- Not adequate for H, or NO

- Differential diffusion is negligible

36
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More Barlow measurements in turbulent non-premixed jet flames

PDF of mixture fraction

is a Beta function
. Max NO

Flame D is near
stochiometric

Mixture Fraction

Barlow concludes: all important single
point properties were measured in 5
piloted jet non-premixed flames, to be

used to assess models
Scalar

Diss rate

Mixture Fraction

37

Nitric Oxide - predicted by FPV model compared to non-premixed
jet experiment of Barlow

Ihme and Pitsch use FPV to predict NOx in jet flame and in a Pratt gas turbine

Flamelet progress variable LES
/ FPV model overpredicts NO by 40% in a

/ experiment simple jet flame. Not too bad
/

(other models) | They included radiative heat loss.

lhme and Pitsch, Modeling of radiation and nitric oxide formation in turbulent non-pre
Mixed flames using a flamelet/progress variable formulation, Phys Fluids 20, 055110 38
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NO can be predicted with post-processing (easy)

LES to compute temperature, Yy, and NO is formed on long time scale so

Yo, fields (means and variances)

State relation for w,, obtained from

O+N,€>NO+N etc. laminar flamelet eqn

We already know T, Y, Yy,
from resolved scale LES

lhme and Pitsch, Modeling of radiation and nitric oxide formation in turbulent non-pre
39

Mixed flames using a flamelet/progress variable formulation, Phys Fluids 20, 055110

A more complex problem: gas turbine-like swirl flame undergoing
unsteady oscillations

Steinberg, A, , Meier, W. et al., Effects of Flow Structure
Dynamics on Thermoacoustic Instabilities in Swirl-Stabilized

Combustion, AIAA J. 50, p. 952.

5 kHz PLIF/PIV system

40
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What is the goal of comparing model results to experiments ?

—nmm————— e
Many models with very different assumptions all “agree” with measurements

Is there any point in comparing output of models without assessing the basic
assumptions in the model; i.e., do thin strained flamelets occur in the expt ?

If models agree to within 5%, is there any point to work for better agreement ?
Do we need to include heat losses, complex chemistry, acoustics, pressure ?
Are computations really independent of b.c.s, initial condition, grid size ?

Is the goal to identify the “best” model, or can we live with 20 models ?

How useful are models that do not solve the Navier Stokes eqns ? Some
replace NS with Langevin eqn, ad-hoc mixing models, etc. ?

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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Laminar Premixed Flame
Theory

first we review laminar theory and see how
it can be modified to include turbulence


jamesfd
Text Box
Laminar Premixed Flame Theory
first we review laminar theory and see how
it can be modified to include turbulence
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Outline for Monday = Physical concepts

Motivation - premixed is the way of the future — low NOx, CO, soot
What problems  are important ?
Background what does turbulence do ?
what do we need to model and to measure ? turbulent
burning velocity, flame surface density, reaction rate
Turbulent reaction rate

Probability density function helps to model turbulent reaction rate

Fuel air mixing and Flame stability

Good references
e —————————

Fundamentals of Turbulent and Multiphase Combustion Kenneth K. Kuo and Ragini
Acharya, 2012 John Wiley & Sons, Inc.

Turbulent Combustion, N. Peters, Cambridge U. Press, 2000

Libby, P.A, Williams, F.A., Turbulent Reacting Flows, Academic Press, 1994

Turns, S., An Intro to Combustion, McGraw Hill, 2000

Lewis, B. and von Elbe, G., Combust. Flames, Explosions, Academic Press, 1961
Peters N. Laminar flamelet concepts in turbulent combust. Proc Comb Inst 21 1986
C. K. Law and C. J. Sung, Structure, aerodynamics, and geometry of premixed

flamelets, PECS, 26, 4-6, 2000, 459-505RS

J. F. Driscoll, Turbulent premixed combustion: flamelet structure and turbulent
burning velocities, Prog Energy Combust Sci 34, 91-134, 2008.






