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@ Many thanks to Ed law for inviting me to give this course in this
electronic setting. It is a pleasure to share ideas and some of our
research with you

@ The focus is on combustion dynamics with special
attention to swirling flames and annular systems
dynamics which are important for gas turbines. We’'ll try
to cover fundamentals and
practical applications

@ Thanks to Nicolas Noiray,
Paul Palies, Frédéric Boudy,
Jean-Francois Bourgouin,
Jonas Moeck, Kevin Prieur,
Guillaume Vignat, Antoine Renaud
and Davide Laera for their many
contributions
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The beginnings of aeronautics

December 17, 1903 First motored flight of the Wright brothers Orville and
Wilbur Wright at Kitty Hawk (North Carolina)
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General introduction
and background

Introductory comments

A few examples

Why is combustion so susceptible to instabilities?
Classification

Combustion dynamics timeline

Objectives

Thermo-acoustic instabilities
New technologies promote acoustic coupling problems
High pressure Increased efficiency High energy densities
Compact design Gain in weight Less well damped
Lean combustion Low NOXx Stabilization issues
e Domestic 4\ 6 PowerplantS
boilers ~1GW
~ @ Process @ Gas th
19 kWi heaters turbines

~ 100 MW,

=




Combustion instability mechanism
/ /
-‘ Q/

@ Production of a flow perturbation

/

p

@ This induces a combustion perturbation

@ Acoustic feedback links the unsteady combustion process to flow
perturbation

@ The system is unstable if gain exceeds damping

Domestic boiler Case 1

During unstable operation, lateral walls of this boiler
are “breathing” highlighting large pressure
oscillations within the system

©Sebastien Candel, June 2019
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Case 2 combustion dynamics issues in gas turbines

Combustion dynamics degrades
operation of many practical
systems and in extreme cases
leads to failure T Sl
Combustion instabilities
have damaged this transition
iece from a gas turbine
Challenges
(1) Gain an understanding of the processes
driving and coupling combustion instabilities
(2) Develop models for the nonlinear dynamics
observed in practice : limit cycles, triggering,
mode switching, hysteresis...
(3) Derive predictive analytical and numerical
tools for combustion dynamics
(4) Design novel instability control systems
(passive, dynamical, active)

Liquid rocket engine
after HF instability

11

Case 2 Combustion dynamics in modern gas turbines

Difficulties are related to the reduced stability of lean premixed
combustors that are now widely used in gas turbines

Torch igniter &/

Cooling air AnalySiS
Injector Air flow must take into account
Primary W Air gas mixture physical and geometrical
chamber Il Combustion e A .
products complexities including

Secondary
chamber |

(1) A turbulent swirling flame,
(2) Resonant acoustic
characteristics of the system,
(3) Reduced damping rates
(4) Complicated

boundary conditions

Diffuser . )

Premixed gas turbine combustor

12
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Combustion dynamics issues in gas turbines

( . )
Lean premixed Predictive tools
combustion are needed to design
generates low stable
levels of NOx CombutStorS'i SbLIJdE)tct)mS
but is susceptible to are not available bu
pressure coupling their development
and instability is an objective for

\the future )

Numerical simulation of instabilities has to deal with complex swirling
injection configurations, turbulent flows, acoustic flame coupling, dynamics
of upstream and downstream components

13
Thermoacoustic interactions in gas turbine combustors
Flow
[ turbulence
Pressure
fluctuations
Flow Heat
instabilities [ relea
Velocity
fluctuations Equivalence
ratio
Entropy
waves
Air and fuel Pressure Combustion [~
Supply fluctuations chamber
©Sebastien Candel, June 2019 Adapted from Paschereit et al (1998)

14
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Case 3

Multipoint
injection
swirled
burner

Barbosa,
Scoufiaire,
Ducruix

is from left to right

Stable regime: the combustion zone (luminous region) features small stochastic fluctuations

around its mean location due to turbulence. Radiated noise remains weak and broadband :
“combustion roar”.

Unstable regime : Large synchronized motions with a strong harmonic content.
Intensification of luminosity near the wall : enhanced heat fluxes to the boundaries.
Oscillations induce flame flashback.

15

Basic interactions leading to combustion instabilities

=4
S __]
d

Upstream
LRI Downstream
Feed line dynamics
dynamics Exhaust
Entropy impedance
glr? gﬁia (;1ncse — conditions
/| Organized

Flame/
vortex
| interactions
N

vortex
structures._|! J

Acoustics

©Sebastien Candel, June 2019

16




6/20/2

Organ pipe instabilities

Stable regime Unstable regime
% 4 o | O
] A \

\
Turbulent fluctuations High amplitude self-sustained cyclic ‘!l

Small amplitudes oscillation. The frequency depends on: ‘

Broadband noise Q the flame position within the tube
Combustion noise Q the tube length | ‘
QO the boundary conditions

17

Flame dynamics in the Rijke tube

18



©Sebastien Candel, June 2019 . .
Insulating material

Case 4

Ceramic .
/ Flame holders
Z. 1/
N
O§ Air +p’ropane
,,,,,,,, [ Stable operation
¥ R e—
\
Stainless Quartz
steel window

.

Unstable operation

Vortex driven instabilities
in a premixed combustor
(=530 Hz)

T. Poinsot, A. Trouvé, D. Veynante, S.M. Candel and E. Esposito (1987) Journal of Fluid Mechanics 177,
265-292. Vortex driven acoustically coupled combustion instabilities.

19

©Sebastien Candel, June 2019

Schlieren

images of

the unsteady flow
(flow from

right to left)

Heat release rate
distribution
images

(C, radical
emission)

T. Poinsot, A. Trouvé, D. Veynante,
S.M. Candel and E. Esposito (1987)
Journal of Fluid  Mechanics 177, 265-
292. Vortex driven acoustically coupled

timet time tl timet Htime tQ combustion instabilities.

20
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©Sebastien Candel, June 2019

Numerical simulation of vortex driven instability. Flow from left to right
(flame is thickened, flow is forced at the oscillation frequency =530 Hz) Angelberger et al (1999, 2001

21

Experiment
schlieren image

of the flow

(Poinsot et al. 1987)

Simulation :
temperature
distribution

Vortex driven combustion instability
©Sebastien Candel, June 2019
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Plane acoustic waves

Flame stabilizer

Turbulent premixed propane/air flame

©Sebastien Candel, June 2019

Turbulent flame response to acoustic waves

23
Air/propane No
|:> aCOUStIC. K. Yu, A. Trouvé and S.M.
modulation Candel (1991) Combustion
enhancement of a premixed
flame by acoustic forcing
Air/ with emphasis on role of
Ir/propane ] EREon . . large scale vortical
|:> i 7= With aC(?UStIC structures. AIAA Paper 91-
- : modulation 0367. Aerospace Science
1210 Hz Meeting, Reno, Jan. 1991
Computation
(C. Nottin, 1999)
Fuel mass fraction (external acoustic modulation)
©Sebastien Candel, June 2019
24
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Acoustically coupled combustion
instabilities (thermo-acoustic instabilities)

U&:E:D Flame dynamics
(A)

— Flow Combustion
(C) [ Acoustics | (B)
Burner N

acoustics a

©Sebastien Candel, June 2015

25
Why is combustion so succeptible to instabilities ? Some
standard reasons :
(1) The power density associated with combustion is sizable.
A small fraction of this power is sufficient to drive the oscillations
- ,,_:"‘ 7.4
Power level : 2.5 GW
Power Density : F, ~ 50 GW m 3
A fluctuation of 20% in pressure
(about 2 MPa) corresponds
to a power density
E, ~04MW m—3
The acoustic power is a small fraction
of the thermal power
E,/E.~107°
Vulcain engine (Ariane 5) ©Sebastien Candel, June 2020
26
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(2) Combustion involves time lags. Reactants introduced
in the chamber at one instant are converted into burnt gases at a later time

Consider the following model including a restoring force
with delay

d*x dx
ﬁ+2cwoﬁ +w§a:(t—7') =0

Assume that the time lag is small and expand
the last term in a Taylor series up to first order

d*z dx
pre) (2¢ — wOT)wOE +wiz =0

The model features a negative damping
coefficient if

2¢ < woT

is sufficiently large

The system is unstable when the time lag

When the distance between
the hot water tap and the
shower cap is too long it
introduces an excessive
delay. This may give rise to
growing oscillations in
temperature resulting from
the user lack of understanding
of the situation

27

H.S. Tsien (Tsien Hsue-Shen or Qian Xuesen )
(1911-2009), went to study at Caltech under the
supervision of von Karman, one of the founders
of the Jet Propulsion Laboratory, and later

« Father of China’s Space Program »

Luigi Crocco (1909-1986)
one of the founders of
combustion instability
theory, professor at
Princeton for many years.
He spent the later part of

Sensitive time lag theory

Frank Marble
(1918-2014), professor

his life in Paris and was a dT p(t = 7') = p(t) at Caltech, jet propulsion
Professor at Ecole —_— =1 — pionneer
Centrale Paris for dt P
a few years
©Sebastien Candel, June 2019
28

6/20/2



(3) Resonant interactions may readily occur in the weakly
damped geometries used in modern combustors

| — @ Among the possible coupling modes acoustics
is dominant
\ / @ If the frequency is low
A>d
Axial mOTCNE—-E Chamber wave propagation is longitudinal and this

gives rise to system instabilities

@ If the frequency is high
A<d

the coupling may involve transverse modes
giving rise to chamber instabilities

1A mode in an ©Sebastien Candel, June 2019

29

Classification

(Barrere and Williams, PCI 1969)

System Instabilities
@ Involve the entire system
— @ Longitudinal wave propagation

. |
inlet v

combustor  @Low frequency range

Chamber Instabilities
@ Resonant modes of the chamber
@ L = typical transverse dimension

. \ :
chamber @ High frequency range

Intrinsic Instabilities
@ Depend on the combustion process itself

@ High frequency range Georges Lev
©Sebastien Candel, June 2019 Darrieus Landau
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1945

Theoretical and

1970 1980 1990 Combustion dynamics timeline

experimental
investigations for Synthesis,
basic understanding theoretical Detailed
of combustion modeling, experiments,
instability in high wmessamee | fUIther active control CDfor
performance devices pamss i __demonstrations 98 turbines,
(rocket engines, r numerical
jet engines...) modeling,
active control
Lot Grocee wilama scale-up,
: LES,
\ azimuthal
o ! ' - coupling

Frank Marble Fred Culick VigorYang 1 Dowling Thierry Poinsot

Thierry Schuuller

e I
Tim Lieuwen

31
Objectives
1. Identify the main mechanisms governing combustion
instabilities
2. lllustrate these mechanisms by experiments, that can
also serve to validate predictions
1. Derive theoretical and modelling tools to analyze
combustion dynamics.
2. Provide fundamental elements for the prediction of
linear and nonlinear stability of combustors
32
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Combustion dynamics

Lecture 1b

S. Candel, D. Durox, T. Schuller
CentraleSupélec
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Elements of acoustics

Basic equations of linear acoustics
Plane waves in one dimension
Harmonic waves

Plane modes in a duct

Harmonic spherical waves
Acoustic energy balance

6/20/2



Balance equations

Mass

Jp
—+V-ov=0
ot v

Momentum

dv
—=pg-Vp+V-'7T
pdt P8 = VP

Energy

1
pre s V)= gy =V () + V- (21) = Vg

Energy balance

d 1
p—(e+v)=pg V=V (p)+V (Tv)=Vq

1
PV = pgev = Vp v (VD)

d
pE(e)=—pV-v+1::Vv—V-q

6/20/2



Other forms of the energy balance equation

e=h—-p/p

dh d
p—t=—V-q+r:Vv+—p

d dt
<&
dh=Tds+—dp

o,
) <
S
I'—=-V-g+1:V
P ar q 4

Fundamentals of linear acoustics

Assumptions of the following analysis

@ The thermodynamic state is determined by two thermodynamic
variables

@ The fluid is ideal so that its viscosity and heat conductivity may be
taken equal to zero

@ Chemical reactions are absent and there is no volumetric addition of
mass or heat

@ There are no volume forces (volume forces are negligible)

6/20/2



one obtains an Euler set of
equations

Using the previous assumptions

Mass
dp

Tiv. — 0
8t+ pv

Momentum

ov
p(a +v-Vv)=-Vp

Energy in entropy form

0s
— . p—
pl(at—i—v Vs)=0

@ Because the fluid is bivariant the entropy S may be expressed in terms of two
other thermodynamic variables. For example S = S(p, ,0) or equivalently one

may write

@ For example, in the case of a perfect gas the state equation takes the forms

p::3p(p73)

s =cyln(p/p?) or p=ple’*

where 7y = Cp/CU

@ This equation indicates that

ds/dt = 0 which is consistent with the
fact that there is no entropy production associated with volumetric heat

release, viscous dissipation and heat conduction

©Sebastien Candel, June 2019

8
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@ If the medium is homogeneous its entropy is constant everywhere at the initial
instant and because its material derivative is identically zero, the entropy will
remain constant and equal to its initial value at all times. Hence, the acoustic
disturbances will propagate in the medium at a constant entropy

S = 50

and the state equation will take the form P = p(p, 80)

@ Now, consider a disturbance of the ambient state. The field variables may be
cast in the form of a sum of the ambient value and a perturbation

p=po+pi, V=vVyg+vV1, S=S9+ 81

©Sebastien Candel, June 2019

9

@ Herevg =0 and Po, Po, So are constants linked by the state equation
po = p(po, so)

@ From the previous analysis of the balance equation for entropy one immediately
deduces that the entropy perturbation vanishes identically

81:0

@ One may now substitute the perturbed expressions into the balance equations
of mass and momentum and in the equation of state

0
E(PO +p1) +V - (po+p1)vi =0

0
(,00 + Pl)(a + V1 - V)v1 = —V(po +p1)

po +p1 = p(po + p1, So)

©Sebastien Candel, June 2019

10
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@ For small perturbation in pressure, density and velocity, it is easy to distinguish
terms of order zero, one and two. The terms of order zero vanish identically. The
first order approximation obtained by neglecting higher order terms leads to the
following equations

0
— \va =0
8tp1+ PoV1
81}1
" Vp, =0
PO 57 + VD1

@ A Taylor-series expansion of the state equation yields

Op 1/0%p\
Po +p1 = p(PO,So) + (a—p>0,01 + 5 (a—p2)0p1 + ...

©Sebastien Candel, June 2019

11

@ Retaining only first order terms in this expansion one obtains
2 2
p1 =c“p1 where ¢ = (0p/0p)o

The derivative of pressure with respect to density at constant entropy has the
dimensions of velocity square. From thermodynamics it can be shown that this
quantity is positive. It will be shown later on that this derivative is actually the
square of the speed of sound

@ The linear acoustic equations take the form

8p1
- V * — O
5; T POV V1=

©Sebastien Candel, pl - C 101

June 2015

12
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Determine the speed of sound in air at a temperature 7=298.15 K

s/ cy

@ Foraperfectgas p = p’e

2= (" Hexps/c, ¢ =po/po
Now the state equation for a perfect gas writes
p=prT r=R/W
@ The speed of sound for a perfect gas is then given by
C = (77“T0)1/2 R =8314 J kmol™! K= W = 29 kg kmol~!
Thus 7 = 8314/29 = 287 J kg~' K~!

and one finds that

1/2

= (1.4)(287)(298.15) '~ = 346.1m s~

13

@ There are other useful forms of the basic system of equations. It is first convenient
to eliminate the density perturbation from the first equation by making use of the
third relation. This yields

1 apl
Z o +poV - -v1 =0
81)
\V4 0
05y TVPLE
p1:C2P1

@ The acoustic problem is now specified by the first two equations. The third
relation gives the density perturbation in terms of the pressure perturbation

©Sebastien Candel, June 2019

14
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@ Another system may be obtained by eliminating the velocity perturbation from the
first two equations. This is achieved by taking the time derivative of the linearized
mass balance and subtracting the divergence of the linearized momentum balance

1 82p1
Vip — =
P c2 Ot?

8’01
05 +Vp =

p1=c*p

=0

@ It is worth noting that the wave equation by itself does not allow the solution of
most acoustic problems. It is in general necessary to use the linearized
momentum equationto define the boundary conditions at the limits of the domain

©Sebastien Candel, June 2019

15

Plane waves in one dimension

@ Itis worth reviewing at this point the fundamental solution of the wave equation in
one dimension. In this particular case the velocity perturbation has a single
component and the set of linearized equations reduces to

Op 5 0V

20
at'+'poc O

ov Op
poa-l—%—o

2
p=cp
Index 1 designating perturbed quantities has been eliminated from the previous
equations. This simplified notation is not ambiguous and may be adopted from

here-on

©Sebastien Candel, June 2019

16
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@ The wave equation becomes in this case
P?p 10% _ 0
ox?2 2 Ot2

D’Alembert’s equation

) 10. 0 10
(52 "o\ az teaP =0

The factored form of the wave equation suggests the following change of
variable

E=t—x/c, n=t+z/c
@ Introducing these relations in the wave equation yields
4 0%p B
2 0¢0n

0

©Sebastien Candel, June 2019
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@ The general solution of this partial differential equation takes the form of a sum

p=f(&)+gn)
p=ft—zfo)+gt+afo) Gum™

@ Itis a simple matter to show that the acoustic velocity corresponding to this
pressure field takes the form

o t) = ——[f(t — z/c) — g(t + z/c)]

PocC

f(t —x/c) represents awave traveling to the right at the speed of sound

g(t + x/c) represents a wave traveling to the left at the speed of sound

©Sebastien Candel, June 2019

18
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p(ZE, t1 )
The perturbation has the form of a pulse
o
X
p(xa tZ)
-< C(tg — tl)
|

X
f(t — x/c) represents a wave traveling to the right at the

Speed C. ©Sebastien Candel, June 2019

19

pPoC is the specific acoustic impedance of the medium
poc = (1.18)(346.1) = 408 kg m—2 s~ =408 Rayl

The unit of acoustic impedance is the Rayl in honor of J.W. Strutt, Lord Rayleigh,
one of the founders of modern acoustics

20
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Harmonic waves

@ Harmonic waves are such that their variation in time is of the form e_i‘”t

p(x,t) = pw(m)e_%“’t
p(z,t) pw<w)e_%wt
v(x,t) = v,(x)e "

@ The complex number representation adopted for these waves follows the standard
conventions. If one wishes to determine the actual pressure field at point and time it is
sufficient to take the real part of the complex number which specifies the perturbation.
For example :

p(z,t) = Re{p,(z)e ™"}

©Sebastien Candel, June 2015

21

@ One may now derive the field equations governing harmonic disturbances. This
is easily achieved by substituting the representation in the linearized acoustic
equations obtained previously

@ One finds that the time derivative O0/0t
must be replaced by a factor —Ww

@ The common factor e_i“t may be dropped from all equations. This process
yields

—1wpe, + poc2V ‘v, =0
—Poiw’vw + pr =0
Pw = CQPw

©Sebastien Candel, June 2019

22
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@ The wave equation is replaced by
2 2/ 2
Vope, + (w7/c")pew = 0

which is often written in the form

VZp, + k*p, =0 where k=uw/c

Herman von Helmholtz

@ This Helmholtz equation specifies the spatial dependence of the complex field
amplitude

©Sebastien Candel, June 2019

23

Harmonic waves in one dimension

The set of equations for one dimensional wave propagation is

d2p 9

ﬁ—l—kp 0
dp

- = =0

zwv—l—dx

The pressure field is then a combination of two waves

p = Aexp(+ikx) + Bexp(—ikx)

and the velocity field is given by

v = L[A exp(+ikz) — B exp(—ikz)]
pPoC

©Sebastien Candel, June 2015

24
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The first wave in the previous expressions propagates towards positive x while the
second wave travels in the negative x direction

Problem 1 : Radiation in an infinite channel

Piston Infinite channel

A piston is placed at one end of an infinite duct and imposes an acoustic velocity
of the form

v(0,t) = vg cos wt

Find the acoustic field generated by the piston in this device

To deal with this problem it is convenient to work with complex representations

©Sebastien Candel, June 2019

25

v(0,t) = Re|vg exp(—iwt)]

Since the duct is infinite there is only a traveling wave propagating away from the
piston in the positive x direction

p(x,t) = Re[A exp(ikz — iwt)]
A

v(z,t) = Re[@ exp(ikx — iwt)]

To satisfy the condition at the piston

v(0,t) = Re[% exp(—iwt)] = Re[vg exp(—iwt)]

©Sebastien Candel, June 2019

26




As a consequence
A = pocug

and the pressure field is given by
p(z,t) = Re|pocvg exp(ikx — iwt)]

or

p(z,t) = pocvg cos(kr — wt)

©Sebastien Candel, June 2015

27

Problem 2 : Plane modes in a duct
z=0 =1

It is now interesting to examine plane modes in a duct. We consider a closed duct
with an open end at x=1/

The pressure field satisfies the Helmholtz equation
d?p
—5 +kp=0
dz
subject to the following boundary conditions

Op

(%)O:O p(l) =0

©Sebastien Candel, June 2019

28
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The pressure field is of the form
p = Aexp(+ikz) + Bexp(—ikz)
The first condition is satisfied if
A=B
To fulfil the second condition
exp(tkl) + exp(—ikl) =0
or equivalently
cos(kl) =0

This takes the form of a dispersion relation D(w) =0
that provides the eigennumbers of this system

T
©Sebastien Candel, June 2015 2l
29
thus yielding the following eigenfrequencies
C
fn=02n+1)—
and the corresponding eigenmodes
Yn(x) = cos(kpx)
The wavelength is given in this case by
4]
n=——
2n + 1
4] 4]
=4 MN=— Ido=—
3 5}
©Sebastien Candel, June 2019
30

6/20/2



Problem 3 : Propagation in ducts with variable cross section

a; aj+1
iy - lj = Tj+1 — T;
——
b. D
TS, bj+1
Sjt+1
Lj+1

p;j = aj explik;(z — z;)] + bj exp[—ik;(z — ;)]

a; : b; :
v; = —2 explik;(z — z;)] — —L- exp[—ik;(z — ;)]
P;jCj 7G5

©Sebastien Candel, June 2015
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Pj+1 = j4+1explik; (2 — Z541)] + bj41 exp[—ik;(z — 2j41)]

a; . b;
Vj+1 = It exp[ik; (T — zj41)] — o

exp[—ik;(z — ;41)]
Pj+1Cj+1 Pj+1Cj+1 ’ ?

At the area change the pressure and volume flow rates are continuous :

pi(Zj41) = piv1(zjs1)
Sjvj(Tj+1) = Sj+1vj+1(T5+1)
This yields
a;e®™ b +bje™ ™ = (aj41 + bj41)
S "y .y S
_](ajeszlJ — bje_Zklll — Ll

(aj+1 —bjy1)
Jj+1 Jj+1
P;Cj Pj+1Cj+1

©Sebastien Candel, June 2019

32

6/20/2

1



g, = i PitiCi+l
;=

Defining S1 pic;
J J=7

the previous expressions become
aj+1 + bj+1 = a-eikili + b'e_ik-il‘i
ikl —ik;l;
aj+1 — bjr1 = Bj(a;e™" —bje”"Y)

and one obtains

aj+l = [(1 + ﬂj)a] 'Lk_}l_] + (1 _ ﬁ])b]e—'bk_,l)]

N = DN =

bjit1 = 5[(1—Bj)a; etkili 4 (1+ ,Hj)bje_ikﬂj]

©Sebastien Candel, June 2015
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Harmonic spherical waves

We look for solutions of the Helmholtz equation in three dimensions which only
depend on the radius

p = p(r)
The pressure field satisfies
r
1 d odp 2
k 0
2 ) TEP=

i d*(rp) 2
or equivalently W + k (p’l“) =0

©Sebastien Candel, June 2015
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1 d,6 ,dp 2
— —(r*— k“p =0
r2 d'r'(r dr)+ p
d*p  2dp 9 d*p dp 2
L — — 4+ 2— 4+ k =
dr2+rdr+kp 0 Td?“2+ d7“+ pr=9
d? d dp d?p dp
Now — — a0 WGl A e
" dr? (pr) dr (p+rd’r) Tdr2 T dr

So that the Helmholtz equation in radial coordinates, for purely radial fields
becomes

(i2
2 _
d?"2 (p’f’) + k (p'l") =0
35
There are two solutions to this wave equation
1 :
p('l") = A- eXp(’Lk'l") travels outwards
r
1 :
p('r) = B- exp(—zk'r) travels inwards
T
The acoustic velocity has only a radial component which is given by
ov n Op 0
poo t o =
ot  Or
B Al ”
©Sebastien Candel, June 2019 p(’/‘) B ; eXp(l T)
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T op
potw Or

v =

For the wave traveling outwards, the velocity is given by

1' Ak — l)exp(ikr)

Polw T r

vV =

1 1 )
or equivalently v = —A(l — - )eXp(’Lk"l“)
poc 1kr r

In the farfield v~ 1 Aexp(z'kr)

pPocC r

©Sebastien Candel, June 2015
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Problem 4 : Acoustic radiation by a pulsating sphere

A sphere of radius a pulsates harmonically. The acceleration of the surface of the
sphere is specified

w(a,t) = W exp(—iwt)

w(a,t)

Determine the pressure radiated by this sphere

The pressure field is an outgoing spherical wave
1 :
p(r) = A— exp(ikr)
r

On the sphere, the radial acceleration is specified and the linearized momentum
equation must be satisfied

©Sebastien Candel, June 2019
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Oov Op
Pt ar "

s

Now w = Py

that zb——@

so tha PoW = I

By imposing this condition at r=a one finds :

. 1 i
Do W = — A(ik — _)exp(zka)

a a

©Sebastien Candel, June 2019
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Wa? ,
A= ('100_Ta)exp(—zka)

-
p(r,t) = % %exp[ik(r —a) — iwt]

It is convenient to introduce the volume acceleration

Q — 47Wa?

. )
p(r,t) = 471—(100_Qik-a) ;exp[z'k('r —a) — iwt|

©Sebastien Candel, June 2019
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If the radius of the sphere is small compared to the wavelength

ka <<1

this expression reduces to

poQ

- ——explikr — iwt]

p(r,t) =

This is the sound field radiated by a point source featuring a specified
volume acceleration @

A point source with a specified
volume acceleration

©Sebastien Candel, June 2019
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Acoustic energy density, flux and acoustic power

A conservation equation for the acoustic energy may be obtained from the
linearized equations describing the acoustic field. One may start from

©Sebastien Candel, June 2019

p1 | 1 9;m B
po | c? Ot TPV Y=
81;1
+o1-| po 2L 4 Wy =0
1| Po—g, + Vp1
1 8p1 ov
0 (02 ot + poV - v1) +v1 - (po 057 +Vp) =

42
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This equation becomes

0,1 1 p?
——)+ V. -piv; =0
c‘%( ,00U1+2p00 )+ V -pruy
1 1
8——pov1+—p—12 F =p1v1
o 2 2 po €5 w y
Acoustic energy density Acoustic energy flux

With these definitions the balance equation may be cast in the form

OE
5 TV F=0

This expression closely resembles to the balance equations of fluid dynamics. It
is also in the same form as Pointing's theorem of electromagnetic theory.

©Sebastien Candel, June 2015
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Poynting’s theorem
ou
— +V-S+J-E=0
ot
Electromagnetic energy flux vector (the Poynting vector)
S=FExH
Electromagnetic energy density
1 1
=—-¢lb - FE+—B B
2 2110
E, B, H, J  are the electric and magnetic fields, the magnetic induction
and current density
44
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Sound pressure level(dB)

Pref
Py =210 Pa
Intensity level (dB)
]}ef

L,=10" Wm™

©Sebastien Candel, June 2019
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45

Inair  pgc >~ 400 Rayl

[Tef —

©Sebastien Candel, June 2015

The sound intensity in the far field is given by

(2107°)
400

— 1072 W m 2

and the sound intensity corresponding to the reference pressure used to define
the sound pressure level is given by

Thus the sound pressure level and the intensity level are nearly equal

46
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Acoustics of reactive flows

©Sebastien Candel, June 2019

Consider the set of acoustic equations but this time including a nonsteady heat
release source term in the energy balance

8/)1
A\ =0
rn + po v
8t -+-‘7p1 =0
T(ﬁs )=
PoLo a1 1) = 4q1

The state equation P = p(p, ) may be differentiated

= (2) a0+ (%)

3

n= (50 (5e), o

=), - (),

pP1 = 62,01 + sy

For a perfectgas p = p” exp(s/cy)

¢ =— =T a=—=(y—1)pT

©Sebastien Candel, June 2019
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The density perturbation may be expressed in terms of pressure and entropy
perturbations

1 «
1= 5P1— 591
This relation may be introduced in the balance of mass
1 Opy o 081
— = — = 4 poV v =0
2ot 2ot VM
Using the perturbed energy equation
0 :
0lo(4;51) = @1
One obtains
1 Opq a 1
— - tpoV- v = -
2ot P polo 2 q

©Sebastien Candel, June 2015

5

The previous equation may be combined with the perturbed momentum balance

©Sebastien Candel, June 2019

é? 1 Z%pl o 1 .
_ - - V - — _
ot c? Ot +p0 U1 ,00T0 C2q
8’01
-V LV =0
PO~y + VD1
1 0%py a 1 0q
S — V= ]
c? Ot poT()C ot
o Po
—‘7/—-1

polo  pocudo
One obtains a wave equation with a source term
1 0°py
c? Ot?

7~ 10

—V2p, =
P c2 Ot

)]
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The compact flame case
1 ap1 a 1
V. v = —q
C2 at + Po 1 — pQTO 2 qi
IOOTO pOCvTO Flame
1 8p1 v—1,
Thus at +p0V V1 = 02 Q1
| Op1 v—1.
Or equivalently e v +V . -v; = e Q1

Now ,0062 = 7yp is essentially constant across the flame

©Sebastien Candel, June 2019

7

Integrating the last expression on a volume including the flame

19 1
/ pldV+/ V. 0dV = /7 i dV
v poc? Ot v poc?

Or equivalently

1 Op1
poc? Jy, Ot

v—1
dV+/V vldV— 5 /qldV
poc” Jv

If the flame is compact, the first term vanishes. The second term may be
transformed using Green’s theorem yielding

— 1 . N/ .
Sovh — S1v] = 7 5 Q' where @ = QdV
poc v FI
ame
©Sebastien Candel, June 2015
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Assume that the surfaces on the upstream and downstream sides are equal

vl — o = 7_11 Y
2 1 P002 S
From the definition of the flame transfer function
./ e
Fw) = Q//E?
V' /v

©Sebastien Candel, June 2015

9

Now é = T'ncp (Tb — Tu)

and poc? ST = ryrT,

7-1Q _y-1 L,-T, T,

pocz ST Ar v T, - T,
Hence
T
vy — V] = (T—b — 1) F(w)v}

©Sebastien Candel, June 2015
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Acoustic energy balance

1 Op: v—1
p]_ _— V -V —_— ]
poc* Ot " " poc? o
81}1
v +V 0
1 8t b1 =
d,1 p? 1 v—1
+ v;y) + V- -piv = ]
815 (2 poc2 2,00 1) p1v1 = ,0062 pP14q1
1 pi 1 N1
=z —pov; F = = /
2 o2 + 5 povi p1ivi S o2 1
Acoustic energy density Acoustic energy Source term
flux
11
o0&
+V.-F=S§
ot
S = T 1p1q1 Source term
poc?

The energy balance should include a term associated with damping processes
and takes the final form

o€

D
atV.’I—'S

©Sebastien Candel, June 2015
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Taking the average of the energy balance over a period of oscillation one obtains

OF
— +V -F=S—-D
o T
’y—ll
S = 11dt

If the source term S is positive it tends to increase the acoustic energy density.
However this energy density will grow locally if the source term is greater than the
damping term and the acoustic energy flux leaving the local volume

D. Durox, T. Schuller, N. Noiray, A.L. Birbaud and S. Candel (2009) Combustion and Flame. 156,106-119. The Rayleigh
criterion and the acoustic energy balance in unconfined self excited oscillating flames.

©Sebastien Candel, June 2019
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The energy balance may be integrated over a volume V containing the
reactive region :

—dV+/ V. -FdV = /SdV /DdV

Now /V-FdV:/F-ndA
|4 A

So that /a_EdV:/ de/ DdV—/F-ndA
v Ot v v A

The acoustic energy in the control volume increases if

/SdV>/DdV—/F-ndA
1% 1% A ©Sebastien Candel, June 2019
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The Rayleigh criterion

A gain is obtained if pressure and heat-release fluctuations
are in phase (Rayleigh, 1878)

1 (7
7 p'q'dt > 0

Local Rayleigh
index in a lean premixed
Combustor (Lee et al 2000)

driving (R>0) damping (R<0)

©Sebastien Candel, June 2019
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Equations of combustion acoustics

35 =—pV -v Mass
dv

p% =-Vp+V.1 Momentum
dr . dp H

- = = . -V- Energy

Pep Q+dt+Tvv vV-J
daYp . :
p — = — V- JkD Species

N
Ty =pYiVy T =-AVT+) pYiVPh Diffusion
k=1 and heat fluxes

N
Q=- Z hrxwr ~ Heat release rate
k=1

©Sebastien Candel, June 2015

16

6/20/2



Starting from the state equation for the mixture N
1 Yk
p = pryI, where r, = R/W — = =
oT, where ry = R/ N
k=1
one obtains

dTl’ = (8_T) dp + (8—T) dp + (£> dyy
/v, ) pyi e/ pp

N
T T w
dI' = —dp — —dp—T ) —dY;

p o’ ];Wk *

©Sebastien Candel, June 2015
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@ Combining the previous expression with the balance equations for energy and
species one obtains

1dp 1dp Q d (1

_____ — w— [ —

ypdt pdt pcpT+ dt (W)
N

V- AVT +7:Vo— ) pYecu Vi - VT
k=1

1
pcp T’

+

@ Together with the balance of mass and momentum,

dp dv
F ) d -~
pV -v an P

7 =-Vp+V.r1

this expression yields a wave equation for the logarithm of the pressure

18
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Wave equation in a reactive flow

_4
dt

c? d (1d 1

1
pcp T’

_d( Q.
dt \ pcpT

N
V AVT +7:Vo— Y pYecuVE - VT

)_

Combustion
noise source
associated with
nonsteady

heat release

©Sebastien Candel, June 2015

)

k=1

d d (1
% [Wa (W)] — V’U.V’U

Combustion source
associated with
changes in molar
composition

Aerodynamic
noise source

19

Simplified wave equation

2
V. (—Vlnp) —
Y

Q [MLT
w  [ML7°T™]

©Sebastien Candel, June 2019

Q=-) drhy=(—AhY)w

Heat release rate

Reaction rate

20

1



21

df Q df d(1
dt \ pc,T dt dt \W
Combustion noise source Combustion noise source
associated with nonsteady

associated with changes
heat release in molar composition

Truffaut and Searby (1998) propose an alternative expression for the second
source term d /n
i ()
where N is the molar concentration
N N
n = an = pZYk/Wk
k=1 k=1

. _ _ _ n 1ldn
Using this expression one finds that o

Extra term
n ndt
which contains an extra term

©Sebastien Candel, June 2019
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Linearized wave equation

The previous wave equation may be linearized by writing
/

p

Inp ~

and assuming that the mean pressure is essentially constant (combustion is
nearly isobaric). One obtains

62 / o . _32W/
V- (62Vp') - 85 =% [(fy - I)Q’] —vpVv:Vv + P

ot?
Nonsteady heat Aerodynamic Changes
release sound in molar

source term composition

6/20/2



An alternative formulation of the wave equation

Low Mach number limit ~ d/dt ~ 0/0t

By developing the logarithm of the pressure and using yp = pc2 one obtains

1 /1 0
v (;Vp) "t (Eap) -
o ( Q G, o /1
—a (pcpT> — a [Wa (W)] — V’U.V’U

This expression can be rearranged by adding on both sides the left hand side
terms where the density and the sound speed are replaced by their uniform

ambient values
1 0 1 0
V- |-V _ 2= =
(PO p) ot (Pocg 3tp)

©Sebastien Candel, June 2019
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One obtains

(-3

Indirect noise source

) o (1 o ( Q
— : —on— W= = —pn
POVV VY = pog, [ ot (W)] oY (pcpT)

Aerodynamic
. \ /
noise source —_——
Combustion noise source

was used by Howe and by Dowling.

©Sebastien Candel, June 2019

The reasoning parallels that used by Lighthill in his theory of aerodynamic sound. This

24
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Noting that 1 S 1
pcyT pocy

And only keeping the heat release source term and one finally obtains the
following equation

1 8%p v —10Q
2 -~ YV - _ 2
vp ct Ot? & ot

Farfield
microphone

©Sebastien Candel, June 2019
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@ Assuming that radiation takes place in an unconfined domain and only keeping the
source term associated with perturbations in heat release one obtains

v—1 1 0 -
Pt = g [ e i@t I = rolfe0)aV (o)

@ When the observation point is in the farfield of a compact flame the previous
expression becomes (Strahle (1985))

_r-19
a 471'0027'8t

p(r, 1) /V Q' (ro, t — 1/co)dV (o)

©Sebastien Candel, June 2019
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Noise radiation
does not influence
the flow

Noise radiation interacts with
the flow leading
to unstable oscillations

Flame dynamics
Noise sources
Radiated field
Scaling rules
Spectral content
Noise control

©Sebastien Candel, June 2015

A A
= Flow =Combustion=

m

Feedback

Flame dynamics

Coupling mechanisms
Conditions leading to instability
Level of oscillation

Prediction of instability
Passive and active control

w

©Sebastien Candel, June 2015

The flow

is not modified
by the radiated
sound

7

Direct noise
weakly coupled

The flow

is modified

by the radiated
sound

I

Indirect noise
weakly coupled

Indirect noise
strongly
coupled 0
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Indirect noise associated with entropy waves

e Wﬁ

Hot spots
Entropy waves Pressure perturbations

P = (M2 ;Ml) [1+(1/(21)/(2’7)Ci 1M

©Sebastien Candel, June 2019

F.E. Marble and S.M. Candel (1977) Journal of Sound and Vibration 55, 225-243. Acoustic
disturbance from gas non-uniformities convected through a nozzle.

©Sebastien Candel, June 2019

Combustion zone Propagation zone

o
Direct noise: Indirect noise:
— unsteady heat production - accelerated entropy—wave
— unsteady momentum production ("acoustical Bremssirahlung")
Additionally: - accelerated vorticity-wave
— unsteady eniropy production
(hot spots)

- generation of vorticity

(from Schemel, Thiele, Bake, Lehmann and Michel (2004)

6/20/2



Interactions in combustion instabilities

Acoustics

Atomization/ lalrlne N
vaporization/ wa
gpstreglm mil))(in interactions )
YRS ~—— = Downstream
i b dynamics
e H
Exhaust
1m n
Impedance Entropy ng[?l ce
conditions R — waves conditions
rganize
Vorgtex Flame/ “
structure vortex

interactions

S. Candel (2002) Proceedings of the Combustion Institute, 29. 1-28. Combustion dynamics and
control : progress and challenges.

©Sebastien Candel, June 2015
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Early work on combustion noise

The soap bubble Burning soap
is filled with bubble

a mixture of fuel

and air

The farfield pressure field is due to the volume acceleration induced by non-steady
combustion (Thomas and Williams 1966)

_ Poo d’AV
 A4nr dt2

p'(r,t)

©Sebastien Candel, June 2019
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The farfield can also be expressed in terms of the volumetric rate of consumption of
reactants (Hurle et al. (1968), Price et al. (1968))

dq
/ t :p;'o Pu -1
p(r.t) Ay (pb > {dt]t_T

Pu/ﬂb is the volumetric expansion ratio
T = r/co is the time required for acoustic propagation
q is the volumetric rate of consumption of reactants

©Sebastien Candel, June 2019
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For wrinkled flames, it is also possible to introduce the flame area (Abugov
and Obrezkov(1978), Clavin and Siggia (1991))

dA
/ t:p;” p_“_l Sy | ==
o (1) 4m~<p,, )L 2]

This is useful for theoretical analysis and has been employed to examine
the spectral content of the radiated sound

The radiated power may be obtained from an estimate of the variance of
the rate of change of flame surface area

2 2
_ P (L1 2(dA
Wa = 4T (Pb pu) (PuSL) ( dt

10
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Strahle (1971, ...1985) provides alternative expressions of the sound
radiated by flames

1 62

/ 2 — / o

p (’I‘, t) = Cop (T) t) 47y 6t2 /pT (TO:t CO) dV(TO)
14
ov r
p'(r,t) = 4/;17, 8—tt (TOat - c—0> +m dS(ro)
S1
01 Y — ow
ity = PLI =L apo /— A%
p('rv ) Amr '}’p ( ) ot TO’ CO (7.0)

[

—1 1
p(r,t) = 47rco / P—— \BtQ (ro,t — |r —7o|/co)dV (ro)

©Sebastien Candel, June 2019
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Only keeping the heat release source term the following equation
governs the noise emission from the flame

1 32p_ 7—16@'

cdot2 ¢ ot

Farfield
microphone

©Sebastien Candel, June 2015

12

6/20/2



@ Assuming that radiation takes place in an unconfined domain and only keeping
the source term associated with perturbations in heat release one obtains

/ _7_1 1 2'/ — | —
P =1 [ S et rol/e)dV(ro

@ When the observation point is in the farfield of a compact flame the previous
expression becomes (Strahle (1985))

/ _7—12/-, _
pWJ%—Mm%athﬁmt r/co)dV (o)

13

©Sebastien Candel, June 2015

@ The classical expression of Hurle and Price

dq
/ t :,0;.0 P_u_ -
p(r1) Arr (pb ) [dtLT

is equivalent to that obtained previously

p(r,t) = 7-10 /VQ'(ro,t— r/co)dV (ro)

"~ 4megr Ot

when the flame is compact and is formed by premixed reactants. This is
shown by noting that :

14
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Combustion noise scaling laws

The power radiated by the flame may be expressed as

p'? A2 — (’Y - 1)2 6Q' 6@'

W, = = 4 ,t
“ poco dmpocy Jy Ot (0:?) ot

(rg,t)drydry

Changing variables
Ty =T

50—""0_"'0

one obtains
P2, o _ (=172 [ 8Q 8Q'
Wa= e = : bot b+ €, t)dryd
PoCo ™ drpocy Jy Ot (0:?) ot (ro + &o, 1) drdé

©Sebastien Candel, June 2019
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One obtains the following estimate

W, = [y Gt =2 2092 yy,
P0Co 47rp CO c ma:z:

where fc is a characteristic frequency

Qiaz = MMrh/V

p”? 2 _ (7 — 1) 2, 2 2 VCOT
W,=—-4 h
PoCo i 4mpocy e (k) v

16
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1000
L 4
800 &
¥
a00 = .
L 4
700 '; 4 T
&00 l=_ % 4
fe (Hz) = o - fe=U/Ly
100 X 3 -
300 v (M
200 =
100
OU Z00 400 G500 00 1000
U/Ls (s71)

Premixed combustion noise correlation established by Rajaram and Lieuwen
(2006). (See also the work of Belliard and Truffaut)

©Sebastien Candel, June 2015
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85} *

OASPL (dB)
]

~
1
T

TOR

10 loglo[ff(th)zl

Premixed combustion noise correlation established by Rajaram and Lieuwen (2006)

©Sebastien Candel, June 2015

18

6/20/2



Perturbed flame noise radiation

Compact premixed flame characterized by a thin reaction surface

Heat realease rate is
Do~ [] 1ccp || proportional to the flame
@ surface area
g4
|[:| Perturbed flame area is
‘ o5 Wegs, py proportional to
ﬂ . emission intensity from
q« I| free radicals (CH*, OH*)

o7 } k; and k, are known coefficients
t—T t—r

©Sebastien Candel, June 2015
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Experimental setup
Flames stabilization
CF MF VF _ CCF Burner rim conical and M flames
é = % ki, Central rod V and M flames
Perforated plate CCF
Micro. r ‘,-‘ %:
_— Burner
OH* filter Grid+ nozzle laminar flow
Loudspeaker ac. Perturbation
rod |l Axisymmetric
(MF,VF)
Diagnostics phased locked
methane methane - i .
air B air Microphone noise emission
PM+ filter light emission
loudspeaker LDV axial velocity
PIV velocity field
ICCD camera flame surface
©Sebastien Candel, June 2019
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Statio

Conical Flame

(CF)
CoII_ectlon of — 7113 bk N
conical flames

oo

©Sebastien Candel, June 2019
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Perturbed conical flames

Low frequency modulation

W«

Methane-air flame, @ = 0.95, v, = 0.96 m.s?, w«=5

©Sebastien Candel, June 2015
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Perturbed conical flames

Intermediate frequency modulation

Methane-air flame, @ = 0.95, v, = 0.96 m.s', w«= 15

©Sebastien Candel, June 2019
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Noise emission from a conical flame

32
<229 1z Conical flames 73 dB
S —
%/2() / 0 < Vrms [T = 0.47
g o —_
€ 23 kdA/dt -1 g Ayms/A = 0.11
«n S £ ¢ .=
o 20 . t yo1-2 B . .
g / \\ ’Q A, RN Strong harmonic forcing
RSN g d -3 & Moderate level of noise generation
W AN 9
0 30 30 10 50 s Maximum noise emission results
Time (ms) from a fast rate of production of
the flame surface area (a-b)
@CF: fo =050H;, 7 = 1.7Tms™ !,

Urms = 0.8 ms™', @& =1.11

©Sebastien Candel, June 2019
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Mutual flame interaction noise radiation

Self-induced instability of a flame
spreading from an annular burner

Central rod

Creation of
a flame
torus

The M flame is stabilized both on the
central rod and the burner rim

T. Schuller, D. Durox and S. Candel (2003) Combustion and Flame, 135, 525-538. Self-induced combustion oscillations
of laminar premixed flames stabilized on annular burners.
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Noise emission from “M” flames

=
I

M flames 92 dB
Vpms /T = 0.17
Arms/A = 0.19

"

Flame Surface S (cm”)
2
N

wn
[=]
Pres. Fluct. p~ (Pa)

[~
=3

Maximum noise emission corresponds to

a fast rate of destruction of the flame

o 5 s s 10 13 15° surface area due to mutual annihilation of
Time (ms) neighboring flame elements

b MF : fo = 200Hz, © = 23ms ',
Urms = 04m s~ & = 1.11
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Noise emission from “M”-flames

140

_f =150 Hz
120

100

PSD (dB)

| L Il L L

D o0
= o
O||_|-_‘.\-a—||||||||||||||

1 1 ]
1000 2000 3000

f(Hz)
=113, v=1.71m s_l,f: 150 Hz, v = 0.50m s~ !
PSD(dB) = 10log,, [PSD(Pa‘Z/Hz)A f/p;z,ef]

Power spectral density of acoustic
pressure during flame/flame
interaction

©Sebastien Candel, June 2019
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Flame vortex interactions

Visualization of the flame-vortex
interaction (inverted conical flame)
obtained by applying an Abel
transform to direct images of light
emission by the flame

Vorticity fields provided by phase
averaged PIV

& =08 v=18"ms !,

f=150Hz,v" = 0.15m s~ !

D. Durox, T. Schuller and S. Candel (2005) Proceedings of the Combustion Institute 30, 1717-1724. Combustion dynamics

of inverted conical flames.
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Flame vortex interactions

Visualization of the flame-vortex
interaction (inverted conical flame)
obtained by applying an Abel
transform to direct images of light
emission by the flame

® =08 v=18"ms !, f=150Hz,v" = 0.15m s~}

D. Durox, T. Schuller and S. Candel (2005) Proceedings of the Combustion Institute 30, 1717-1724. Combustion dynamics
of inverted conical flames.
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Flame vortex interactions

Visualization of the flame-vortex
interaction (inverted conical flame)
obtained by applying an Abel
transform to direct images of light
emission by the flame

®=08v=18"ms !, f=150Hz,v" =0.15m s~ !

D. Durox, T. Schuller and S. Candel (2005) Proceedings of the Combustion Institute 30, 1717-1724. Combustion dynamics
of inverted conical flames.
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Visualization of the flame-vortex
interaction (inverted conical flame)
obtained by applying an Abel
transform to direct images of light

Flame vortex interactions

emission by the flame

©Sebastien Candel, June 2019

® =08 v=18"ms !, f=150Hz,v" = 0.15m s~}

D. Durox, T. Schuller and S. Candel (2005) Proceedings of the Combustion Institute 30, 1717-1724. Combustion dynamics
of inverted conical flames.
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"

Flame Surface S (cm”)

Noise emission from V-flame

UVpms = 0.6 ms™!, & = 1.11

Pres. Fluct. p (Pa)

96 —
kdA/dt
80 1
64 -1
P
48 5 -3
- b \
“ /K S /\ / s
16f<" I ¥\—r//d gﬁ(\i{-“fe =7
% 5 10 15 20 25 30
Time (ms)
() VF : f. = 100Hz, 7 = 23ms !,

V flames
Urms /T = 0.26
Apms/A =0.43

96 dB

©Sebastien Candel, June 2019

Maximum noise production corresponds to a fast rate
of destruction of the flame surface area due to flame

vortex interaction

D. Durox, T. Schuller and S. Candel (2005) Proceedings of the
Combustion Institute 30, 1717-1724. Combustion dynamics of inverted

conical flames.
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Noise emission from V flames

140 p . .
s — 170H Power spectral density of acoustic
120 F “ f T Z pressure during flame vortex
. : interaction
m 100 F A .
<) “ : PSD(dB) = 10log,, [P.S’D(Pa"- JH2)A f/pfef]
- :
£ b
40 n w
- | 1 | h
20O

T I I A
1000 2000 3000

J(Hz)

& =092, v=256ms !, f=170Hz, v' =0.30m s !

D. Durox, T. Schuller and S. Candel (2005) Proceedings of the Combustion Institute 30, 1717-1724. Combustion
dynamics of inverted conical flames.
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Noise emission from a collection of small conical flames

Collection of conical flames
Vrms /U = 0.18 96 dB

Pres. Fluct. p' (Pa)

Maximum and minimum pressure
peaks result from both fast rates of
production (a-b) and destruction (c-d)
3 ] 3 4 5 6 §° of the flame surface area

Time (ms)

Light Intensity 1 (0.1 V)

N. Noiray, D. Durox, T. Schuller and S. Candel (2006) Combustion
(d) CSCF : f. = 400Hz, 7 = 5.0m s}, and Flame. 145, 435-446. Self-induced instabilities of premixed flames
Vrms = 0.9m s~ 1, & = 0.95 in a multiple injection configuration.
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Water cooled plate

Burner nozzle

to nozzle distance

perturbed impinging premixed jet flame.

Self-induced oscillation occur as a function of plate

Flame interaction with solid boundaries

Overall sound level as a function of
modulation frequency

©Sebastien Candel, June 2015

With platle-with flame

100r
| —&— WP-WC
- -O- - NP-WC
=90 | ~-@- WP-NC /
% [ —s7— NP-NC
= 8or No plate-with flame
2 70F
= i
‘g 60:- :
}....c;;'.': .................... Lab noise level .
501 —

0 50 100 150 200 250

f(Hz)

T. Schuller, D. Durox and S. Candel (2002) Combustion and Flame, 128, 88-110. Dynamics of and noise radiated by a
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Confinement effects, noise and instabilities

@ Most of the work on combustion noise concerns radiation from unconfined flames.

@ In many applications combustion takes place in a confined environment and
sound is radiated from the system inlet and exhaust

@ Confinement induces interactions between the radiated field and the sources of
sound

(1) Weak coupling manifested by enhancement of sound by system
resonances

(2) Strong coupling in which energy fed in the burner eigenmodes
destabilizes the reactive flow

©Sebastien Candel, June 2019
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The analysis may be carried out by expanding the perturbed field on a basis of
eigenmodes (Zinn (1972), Culick(1980...))

=3 an(tyn(r)

The eigenmodes satisfy the homogeneous equation

The modal amplitudes are given

d2an
where
¢ —10Q'
F, = . [/ Q ¢n(7"0)dV T0) / fon(r0)dS(r0o)
n 1% c2
Heat release rate Boundary effects

©Sebastien Candel, June 2015
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@ Boundaries have two main effects :
(1) They modify the reflection response of the system
(2) They alter the flame dynamics

@ The firstitem is treated in S. Candel et al. (2007) « Computational Flame
Dynamics ». Invited lecture, ECCOMAS Computational Combustion. Delft

@ The second item is illustrated by systematic variations of lateral confinement

[Birbaud et al. (2007)] - d _ Injector diam

D Flame tube diam

39

— [ [#4]
dl/dt , mic (arb. units)
S

dl/dt , mic (arb. units)

- o

Mic -

T
dIom. /dt

dIow. /dt Mic =

0.045 005 0055 0.045 005 0.055
Time (s) Time (s)
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Conclusions and perspectives

. Progress in combustion noise has been quite substantial

Sources of indirect combustion noise identified in the 70’ s are now the
subject of further evaluation based on modern computational tools

. Direct combustion noise sources also identified during the same period
have been studied in a series of detailed investigations of perturbed flames

. Basic expressions providing the sound field in terms of heat release rate
fluctuations are now well validated in the premixed case

. Early correlations for the radiated sound power and spectral densities have
been improved

©Sebastien Candel, June 2015
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Typical instability mechanism

Flow — Combustion

@ Flow perturbation is produced

@ This induces a combustion perturbation

@ Acoustic feedback links the unsteady combustion process to flow
perturbation

@ The system is unstable if the gain exceeds the damping

©Sebastien Candel, June 2019
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A simplified instability

©Sebastien Candel, June 2019
3
ame o
Rigid | < e Rigid
wall B, By wall
a b
[

In region 1 (upstream of the flame)
p1 = Aj exp(ikx) + By exp(—ikx)

1
v] = — Ay exp(ikx) — By exp(—ikz)]
PocC
In region 2 (downstream ofthe flame)
p2 = A exp(ikx) + By exp(—ikx)
1

PoC

vy = — [As exp(ikx) — By exp(—ikz)]

©Sebastien Candel, June 2019
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A simplified instability model
—»Al — A2
4—‘B1 < B2
a b

[

Across the flame, the pressure is continuous, the jump in velocity fluctuations is
governed by fluctuations in heat release rate which caused by velocity fluctuations.

P1 = P2

vy — v = F(w)vy

In this expression J(w) designates the
flame transfer function multiplied by (13, /T;,) — 1

The left and right conditions correspond to rigid walls U1 (O) — O (%) (l) =0

ul

Dispersion relation

sin(kl) + F(w) cos(kb) sin(ka) = 0

It is convenient to define

H(w) = sin(kl)

L(w) = sin(ka) cos(kb)

In the absence of a flame, the resonant modes are given by

H((UO) =0

The first root corresponds to

wo = e/l

©Sebastien Candel, June 2019

Half wave mode
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Assuming that the flame response is weak and expanding to first order one

obtains dH
H((.Uo) -+ [%] w1 + f(wo)ﬁ(wo) =0
Since H(wo) =0
e obtaine the £ | _ F(wo)L(wo)
ne obtains the first order estimate W1 = —
[dH/ dw]w

L(wg) = sin(ma/l) cos(mb/1)
[dH/dw]| = (I/c)cos(wol/c) = —(I/c)

0

©Sebastien Candel, June 2019

~

@ The sign of the imaginary part of the angular frequency defines the stability of
this system. If the sign is positive, the system is unstable

wlz-l

= G(w) sin[¢p(wo)] sin(mwa/l) cos(mb/1)

C

ingeneral b/l > 1/2 hence cos(mb/l) <0

and the first mode will be linearly unstable if

T < ¢(W0) < 27 modulo 27T

©Sebastien Candel, June 2019
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@ One may now consider a sitation where the duct is closed on the upstream side
and open downstream

—_—A — A
<—B1 D B2
a b

[

This case may be worked out as before. One has to change the boundary
condition at x=/

The dispersion relation becomes

H(w) = coskl — F(w)sin kasin kb = 0

@ Inthe absence of a flame the dispersion relation becomes
coskl =0
The first root of this expression is given by
e C
Wo = — =  corresponding to fO = — A\ = 4]
21 4 Quarter wave
mode
Assuming that the flame response is weak and expanding to first order one
obtains
dH
H(wo) + | — w1 +.7-"(w0)£(w0) =0
dw
w
where L(w) = — sin kasin kb
©Sebastien Candel, June 2019
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@ Since H(wg) =0

One obtains the first order estimate W1 = —

F(wo)L(wo)

[dH/dw]

wo

@ This yields after some calculations

C . .
Wy = — i]—“(wo) sin kga sin kob
@ The imaginary part of the angular frequency perturbation is given by
c , . ma . 7b
w1; = —-G(wp) sin ¢ sin —- sin —
[ (wo) 21 21

The system is unstable if 77 < ¢ < 27 modulo 27T

©Sebastien Candel, June 2019
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A unified dynamical modeling of combustion
instabilities

Expansion on system eigenmodes
General formulation
Coupled cavity modeling




@ Low order modeling of combustion dynamics may be carried out by expanding the state
variables in terms of the system modes

eigenmodes, a method introduced by Ben Zinn

N
Pressure fluctuations are expanded on the system
® P y P(EX) = () U ()
and explored by Culick and his coworkers m=1

2
w 1
@ Where W, are the eigenfunctions _—g\IJn +poV - (:V\IJn) =0

corresponding to the eigenfrequencies Wy, C P
K1VUnls + keVV¥, -njg =0

B. T. Zinn and E.A. Powell (1970) Application of the Galerkin method in the solution ofCombustion instability
problems. Proc. 19th International Astronautical Congress on Propulsion, Re-entry physics Vol. 3, 59-73
(p-99), Pergamon press, Oxford

Zinn, B. T. & Lores, M. E. (1972) Combust. Sci. Technol. 4, 269. Application of galerkin method in solution of
nonlinear axial combustion instability problems in liquid rockets.

F.E.C. Culick (1971) Nonlinear growth and limiting amplitude of acoustic waves in combustion chambers.
Combustion Science and Technology 3 (1) p. 16.

@ The eigenmodes are orthogonal
/ U, U, dV =0, m#n A, = / W24V
1% 1%

@ The modal expansion is inserted in the wave equation

2./ / 1 ./
Op —Irozap — pe*V - <5Vp’> 2(7—1)8q

o2 ot Ot
@ After multiplication by lIJn and integration over the control volume V
d*n,, dny, 5 1 q’ n
+ « + w = —(y—1 —v,,dV
dt2 dt n'n =% (=1 /V ot "

1
+-— / (v, Vp —p'vV¥,) -ndS
A, Jg

J/

-~
Surface source term
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@ Assuming that the pressure field and the modes satisfy the same
homogeneous boundary conditions

/<31p' + KJQVp/ -n=20 k1¥,, + koVW¥,, -n=0

@ The surface term vanishes and the normal modes amplitudes satisfy a set
of differential equations featuring on their right hand sides the projection of
the time derivatives of the heat release rates

94’
ot

Pnn - dny 1
Tt aTt 4wk, = —(y—1) | S0V

dt? dt

@ These equations describe the dynamics of the system if the heat release rate
can be linked to the state variables so that the right hand side can be determined

Formulation for coupled cavities

@ Model derivation (variant for coupled cavities)

@ Application of the modal amplitude equations to the
plenum

du;l (xs)
dt

g A 2,2 ’
;7;271) + né;:p +w'r27,,pl’r]n,pl :_?_UZA(.TS)\IJTL,M(Q?S)

npl " ’
< pch‘uch

-
’ !
Ppi> Upi
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Formulation for coupled cavities

@ Model derivation

@ Application of the modal amplitude equations to the

plenum
d d e ol (x)
ngl ta TZ:pl +w721,,pl77n7pl = _Xu_ul ZA(xs)\Iln,pl(ms) pét
P e ;oo
@ Application of the modal amplitude equations to the pc,,,.uch
chamber
d* d PuCe du’, (x 7t T
;7;12,Ch —+ « nc"lbtvch +w721,,chnn,ch = _iu_: ZA(:I:S)\IITL,C}L(Q:S) CZE 5) ppl, u’pl
n,c e

Formulation for coupled cavities

@ Model derivation

@ Application of the modal amplitude equations to the
plenum

d277n,pl dnn,pl

D.Cs du),(xs)
2 PuCy pl\*"s
=== Azg)W

dt2 + o dt = wn,plnn,pl An’pl zs: (ZL'S) n,pl (xs) ar I ,

@ Application of the modal amplitude equations to the pCh’.uCh

chamber
d2 n,c d i@ _uEi du’ Ts *

gtz, Ry Udi h —i—w'rQL,chn",Ch = _% ZA(xS)\IIn,Ch(«Ts) CZZE ) Pyt Upt

@ Injector representation to close the model

() =m ()




Main steps in the derivation

The starting point is the wave equation for the pressure perturbation

2,/ / 1 /
Op _|_a8_p — pcV. (EVp’) =(y— 1)8—(]

ot? ot ot
/ / / _ 8’&/
k1p'|s + K2Vp' -n|g =0 where Vp'-n|s = —p —
Multiplying by the n-th eigenfunction
0%p/ op’ 1 oq
U, [ +ar —pV - (=VP)] =V, (y — 1) =
(52 T —PC (ﬁ ] (v=1)—,
and integrating over the volume one gets
0%y’ op’ 9 1 oq
U, |— — —pcV - (=Vp = [ V,(y—1)—
| wlG oy =5V VY = [ e -Gy

Main steps in the derivation

1 1 1
/ V. (Vp') v, dV = / V. (V\I!n> p’dV+/ - (¥, Vp' —p'V¥,) - ndS
v p 1% P s P

2
, 1
Since u_c)_g\pn +pV - (5V\I/n) — () onehas:

. 2 1
/ v. (ivp') UdV = / g v+ / S (U, Y — p'VT,) - ndS
Jv P v pe 5P
Since / U, ,dV =0 for m#n A\, :/ U2dV  one obtains:
1% 1%

, w2 1
/ V.- (in') v,dV = —An___T;nn + / i(anVp/ - p/V\I/n) -ndS
Jv p pc s P

10
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Main steps in the derivation

Introducing the modal expansion p’ = Z N ¥Ym

one obtains m
d*n, dny, -1 2 du’ ()
g T = ;A@s)%(%) it

11
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Time lag analysis

An equation for the sensitive time lag
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Time lag analysis

Luigi Crocco (1909-1986) H.S. Tsien (Tsien Hsue-Shen or

one of the founders of Qian Xuesen ) (1911-2009) one of
combustion instability rocket propulsion pionneers, went to
theory, was a professor at study at Caltech under the
Princeton for many years. supervision of Theodore von
He spent the later part of Karman, he was one of the
his life in Paris and was a founders of the Jet Propulsion
Professor at Ecole Laboratory, and later "Father of Frank Marble
Centrale Paris for a few China’s Space Program" (1918-2014) jet propulsion
years pionneer and eminent
adviser
3

Rocket motor

izer ] (O (1)

Oxidizer —

Consider a mass of propellant burning between times t and t+dt

iy () dt

This mass must be equal to the mass injected from ¢ — 7 to ¢t — 7+ d(t — 7)

©Sebastien Candel, June 2019
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Thus
vy (£)dt = 1 (t — 7)d(t — 7)

@ This yields a relation between the mass rate of burning and the mass rate of
propellants injected in the chamber

_ . dr
(1) = (1 — 1)1~ )

@ If the time lag is constant the last term vanishes and the mass rate of burning
reflects the mass rate of injected propellants with a delay

my(t) = m;(t — 1)

@ In general the delay is not constant but is sensitive to the values of the state
variables governing the conversion rate of propellants in the chamber

©Sebastien Candel, June 2015

which globally describes this process.

time lag will have to be equal to C

¢
/ f(p,T,)dt' = C = const.
t—T

explicit by differentiating the previous equation with respect to time

An equation for the sensitive time lag

@ An equation for the time lag may be derived by considering the process involved in
the conversion of propellants into combustion products. Consider a function f(p, Tg)

@ This function will depend on pressure and gas temperature and may also depend on
other parameters. To fix the ideas this function may be considered to represent the
rate of heat transfer to the propellant. Vaporization of the liquid propellant will be
achieved when a certain amount of heat designated by C will have been transferred
to the liquid. This may be described by stating that the sum of this function over the

@ The dependence of the time lag with respect to the state parameters is made more

6/20/2



Flp(t), Ty ()] = flp(t = 7), Ty(t = 7))(1 = —) =0

@ Assuming that pressure and temperature remain close to their mean values, the
function f may be expanded in a Taylor series

of of _

flp(t), Ty(t)] = f(p, Ty) + a—p(p —-D)+ 8_T9(Tg —Ty)
Flplt — 1), Tyt — 1))= £@.Ty) + g—;j@(t -+ g—é@g(t )T,

@ Inserting these expressions in the previous relation one finds that

dr  dln fp(t—7)—p(t) N Oln f Tg(t—:) — Ty(t)

dt ~ dlnp D Oln T}, T

g

@ The dependence of the time lag on the gas pressure and temperature in the
chamber now appears explicitly.
©Sebastien Candel, June 2019

7

@ Itis convenient to define two interaction indices

Ol f _ Olnf
- Olnp’ 7= Oln T,

n

@ One obtains the following expression for the rate of change of the time lag

dr . p(t — 7') —p(t) Tg(t - 7') - Tg<t)
a0 e T,

@ It is often considered that the burnt gas temperature remains essentially constant
so that the second term vanishes. The rate of change of the time lag then
becomes

dr _plt—7) —p(t)
dt D

©Sebastien Candel, June 2019
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@ Itis now possible to combine the two expressions obtained previously

dr

my(t) = m(t —7)(1 — %)
dr _p{t—7)—p(t)
dt D

@ One considers fluctuations around the mean value and one finds after a few
calculations

my(t)  m(t—71) dr
m om dt
@ If the injected mass flow rate is constant, the fluctuation in burnt gas flow rate is
given by
i (t) _ p(t) = p(t —7)
m p

©Sebastien Candel, June 2019

9

Heat release rate fluctuations

@ This result may be interpreted in terms of relative heat release fluctuations by
noting that

One obtains

=N

q
qt)  pt)—pt—r1)
D

|

@ An expression which is often used in analytical studies of instabilities coupled by
longitudinal modes involves a delayed velocity perturbation impinging on the flame

) _ wit—1)

q u

©Sebastien Candel, June 2020
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@ This corresponds to a transfer function

oy = DT

o i = ne

@ The gain is constant and the phase depends linearly on frequency. This is a
simplified description of what is found experimentally and theoretically but may
be used to simplify the analysis

11

Low frequency instability of rocket motors

As a first application of the time lag concept let us consider the low
frequency instabilities (chugging instabilities) of rocket motors

(1) The gas temperature in the chamber is constant and uniform even in the
presence of pressure oscillations.

(2) The gas pressure is uniform in the combustion chamber and that it oscillates
with a small amplitude around its mean value

(3) The time lag between injection and combustion exhibits the dependence
described previously

A balance of mass written for the thrust chamber indicates that

M, . .
—= =mp—m
dt ‘
Now, in the steady state the gas mass in the chamber is constant and the mass rates
Of burning and ejeCtion are equal ©Sebastien Candel, June 2015
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My = 1M = M
Introducing the fractional burning and discharge rates
pp = (1 — )/
pe = (1ie — 1) /100
The mass balance equation becomes

d M
8 It g — — e 0 —

m

(99 represents the average residence time that the burned gas spends in the
chamber

It is convenient to introduce a dimensionless time 2z = t/Qg

©Sebastien Candel, June 2015

My

13

) =y
dz M, ©
and define a dimensionless time lag as well T = T/Qg

To simplify the notation the tilde will be deleted in what follows

The relative rate of burning obtained previously is first substituted in the mass
balance
My

d%(ﬁg) = nlp(2) = o(z = 7)] + iz = 7) = pe(2)

o= (@—-Dp)/P

Now consider the mass of gas stored in the chamber

p
M:/pdV:/—dV
g Vg VRTg

©Sebastien Candel, June 2019

14

6/20/2



Because the pressure and temperature are both uniform in the chamber

Mg:L_/dV:i
RT, Jv RT,

My/M,=p/p=1+¢

% = nlp() — oz~ )] + palz = 1) — ()

Consider the fractional variation of the mass flow rate ejected through the nozzle

15

In the low frequency range, the nozzle behaves as a compact element and it may
be described in terms of a succession of equilibrium flows

Me = Kp/<Tg)1/2

Since the temperature is constant in the chamber one finds that
Mme D
=3 and  pe(z) = ¢(2)

Me

The mass balance equation finally becomes

do _

7 nlp(z) — oz — 7)) — p(2) + pi(z — 1)

This equation governs the low frequency instabilities of a monopropellant engine

©Sebastien Candel, June 2019
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Intrinsic rocket instabilities

If the injection rate is constant in time, and in particular if it is not influenced by the
processes taking place in the chamber the dynamic behavior of the system is
governed by

dep

-t —n)e(z) +np(z —7) =0
z=1/04, 0 =M/ n= ol J
Oln p 5T,

To examine the stability of this system one may take the Laplace transform of this
equation or equivalently set the relative pressure fluctuation in the form

p(2) = Ae™

This yields the following characteristic equation

©Sebastien Candel, June 2019

17

s+(1—n)+ne®" =0

One may solve the characteristic equation and discuss the sign of the real part of the
roots obtained to determine the regions of stability. For this it is convenient to write

s =NAN+1Q)
This yields the following set of equations
A+(1—n)+ne?cosQr=0
Q—ne MsinQr =0
Neutral stability is achieved when A=0

l—n+ncosQm =0
Q, —nsinQ,.7. =0

©Sebastien Candel, June 2019
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Tx designates the time delay for neutral oscillation

The angular frequency of neutral oscillations is easily determined from these
expressions

(1—-n)?+QF=n* and hence Qz —9n —1

Because this angular frequency must be real it turns out that no neutral oscillations

may exist if 0<n<1/2. When n>1/2, the stability boundary may be odeduced from
the previous equation

Q.7 = cos *[(n —1)/n)]

n=1/(1—cosQ7y)

©Sebastien Candel, June 2019
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Stability diagram

T
Unstable
1/2
0 T 2T Qr
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Perturbed flames

Experiments on conical flames

Mutual interactions of flame sheets

Representing the flame dynamics using the G-equation
Flame transfer function concepts

Effects of equivalence ratio perturbations
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Acoustically coupled combustion
iInstabilities (thermo-acoustic instabilities)

U% Flame dynamics

(A)

Flow

L

Combustion———

_—

(C) Acoustics | (B)

©Sebastien Candel, June 2015

Burner acoustics /

©Sebastien Candel, June 2015

Conical
flame M-flame V-flame
II LDV CH*
= B filter

= = Gas
- + mixture

— Loudspeaker

The flame can be stabilized in three different
configurations. (film by Daniel Durox, EM2C)

Sensitivity of flames to acoustic waves

Experiments indicate that flames are sensitive to perturbations and that their response depends on the
flame geometry, modulation frequency, type of perturbation and amplitude

D. Durox, T. Schuller, N. Noiray and S. Candel (2009) Proceedings of the Combustion Institute. 32, 1391-1398.
Experimental analysis of flame transfer functions nonlinearities.
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Interactions leading to heat release rate disturbances

LES of the unsteady flow in a combustion chamber featuring a self-sustained
oscillation

Wreacl: 40 -36.7 -33.4 -30.1 -26.8 -23.5 -20.2 -16.9 -13.6 -10.3 -7

S. Ducruix, T. Poinsot and S. Candel (2002) Large eddy simulation of combustion instabilities in a swirled combustor. In
Turbulent mixing and combustion, A. Pollard and S. Candel, eds. Kluwer, Dodrecht, Chapter 31, pp. 357-366.

©Sebastien Candel, June 2019

5

Interactions leading to heat release rate disturbances
1. Flame interactions with the flow

A. Velocity and mixture B. Mutual flame annihilation leading to destruction of
composition disturbances flame surface area

C. Anchoring devices used D. Combustion chamber walls
to stabilize the flame confining the flame
2. Flame interactions with solid boundaries ©Sebastien Candel, June 2015
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Flame transfer functions

emission PM + CH* filter
Argon system

laser ]—

acquisition
loudspeaker system

It is instructive to examine simple situations before dealing with the more complex
practical configurations. This is exemplified by experiments on the flame response to
acoustic modulations generated in the fresh mixture

©Sebastien Candel, June 2019 Blackshear (1953), De Soete (1964), Matsui (1981), Baillot& al (1992),Ducruix & al (2000)
7

Steady conical flame Perturbed conical flame

Methane-air flame perturbed by upstream acoustic modulations
¢ =095 f=75Hz

S. Ducruix, D. Durox and S. Candel (2000) Proceedings of the Combustion Institute, 28, 765-773.
Theoretical and experimental determinations of the transfer function of a laminar premixed flame.




Flame front motion

Methane-air flame @ = 0.95, vp=0.96 m.s™!, w+= 15

©Sebastien
Candel, June
2019

Cyclic flame motion
during flame/flame
interaction

d=1.13,v=17lms ', f=150Hz, v " =0.5m s~ !

10
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Conical flame Cylindrical flame

Swirling flame

Many types of interactions have
been identified by considering
different flame geometries

Lateral confinement effects on
dynamics of inverted flames § = d/D Flame on a wall

11

The G-equation and its perturbation

The flame is described by a level set. One level corresponds to the flame position

G(ZB, t) = Go
This expression may be differentiated with respect to time
dG(z,t) OG
= +w-VG =0
dt ot
Burnt
products

The unit normal vector is directed towards the fresh stream
n=-VG/|VG]| San
Fresh
reactants

Flame front
w=v+S5m

©Sebastien Candel, June 2019
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Using the previous expressions for the normal and the absolute flame
velocity one obtains

%—f +v- VG = 54 VG]

This expression can now linearized by introducing small perturbations around
the mean value

G =Gy + Gy

— Burnt
v =1%o + v1 pruorgucts
Sq = Sao + Sa1

Flame front

G(JI, t) = G()
Fresh
reactants

©Sebastien Candel, June 2019

13

Retaining only terms up to first order one finds that
‘VGO + VGl‘ = |VGO’ +ng - VG,

oG
— 2 4w VG + w1 - VG +wy- VG =

ot
(Sao + Sa1)(IVGo| +no - VGh)
(1) - Transport equation for the mean Gy field

nO:_V_G 'U()'VG():Sd()|VG()|
VG

Sdo—vo°n020

©Sebastien Candel, June 2019
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(2) -Transport equation for the perturbed G+ field

oG
a—tl + vq - VGO + vg - VG1 = Sdo’no . VGl + Sd1|VGO|

which may be rearranged in the form

oG
8—151 +(vo = Saomo) - VG1 = —v1 - VGo + Sa [V G

Making use of the result obtained at zero-th order one may write
vo — SaoTo = Vo — (Vo - )Mo = Voy

This is the velocity vector projected on the plane tangent to the flame

oG
8—151 +vor - VG = —v1 - VG + Sd1|VG0|

©Sebastien Candel, June 2019

15

Recalling that Sy 0 = vg - N

The right hand side of the previous equation may be written

in the form
Sa1
—v1 - VGg + Sdl‘VG()’ = (’Ul — S—’Uo) ’n0’VG0’
do0
One obtains in this way the following equation
8G1 Sdl
—— 4+ vo - VG = (v — =—vg) - ng|VG
BT, 0t 1 ( 1 S 0) 0l 0l

Burning velocity and velocity perturbations generate disturbances of the flame
position in the normal direction, which are then convected along the flame front

by the component of the mean local flow velocity vy parallel to the mean flame
front.

©Sebastien Candel, June 2019
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Flame transfer function

concepts
17
The flame response can be characterized
in terms of a transfer function
L . — 2 —
ol [T Q'/Q Q'/Q

————| Combustion f——=>  F(w) = —

u' /U

But the flame transfer function (FTF) only provides the linear growth rate in the

analysis of instabilities, /

p

| (AL \ianm

i

©Sebastien Candel, June 2015
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Flowrate disturbances

Experiments carried out at a fixed mixture composition when the flame is
submitted to harmonic flowrate modulations.

Methane/air

@ =0.95,
u/u~0.3,
u~1m/s
f=75Hz f=150 Hz
& — dA, (%U) Flame surface wrinkles produce heat release
Q - A rate disturbances
0 A 0
Heat release rate flame surface area
fluctuations fluctuations ©Sebastien Candel, June 2019
19
©Sebastien Candel, June 2019 Mixture composition disturbances

DNS of a V-flame submitted to mixture composition oscillations

[Ju8)
3

\
gz 1

Harmonic mixture composition oscillations are convected and
wrinkle the flame (no acoustic forcing):
(1) Fluctuations in the burning rate

. 0 0.002 0.004 0.006 0.008 0.01
(2) Flame surface area disturbances Temps (s)

(3) Feedback on the flow field
giving rise to large heat release rate nonlinear oscillations

A.L. Birbaud, S. Ducruix, D . Durox and S. Candel (2008) Combustion and Flame, 154, 356-367. The nonlinear response of
inverted « V »-flames submitted to equivalence ratio nonuniformities.

20
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&

A conical methane air flame pertubed by a convective equivalence ratio perturbation

21
(@ebastion Candel, June 2019 Heat release rate fluctuations
Volumetric heat release rate controlled by the fuel supply (only lean flames
are considered)
Q _ YFdedA(¢ v)(—AhO) —AhO Fuel heating value
A ’ f f (J/kg) is constant
my¢ = YrpSd  Fuel mass buring rate dA((I), V) Flame surface area
Q equivalence ratio — - equivalence ratio
OStreteh-ofects— - velocity
Q _ [hp6.9ddy  [dA(@v)
QO mf() f dAO f dA()
Heat release rate Mass burning rate Flame surface area
fluctuations fluctuations averaged over fluctuations
the flame surface area

6/20/2
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Instrinsic flame instabilities will not be considered

Darrieus-Landau Thermo-diffusive instabilities
instabilities

Markstein (1964)
Clavin et al. (1990)
Buckmaster and
Ludford (1982)
Sivashinski (1976...)
Law (2008)

Clanet & Searby (1998)
Searby et al. (2001)

Growth rates are relatively weak : in many applications (but not all!) other mechanisms dominate

Exceptions : Oxy-fuel welding torch is notably influenced by D-L instability

6/20/2



Domestic boiler First example

During unstable regime, walls are “breathing” highlighting
©Sebastien Candel, June 2015 large pressure oscillations within the combustion

3

Second example

Primary Stage ~ Secondary Stage

;!
C;Hg injection
Multipoint
injection

swirled injector

Stable regime: the combustion zone (luminous zone) features small stochastic fluctuations around its
mean location (effects of turbulence). Radiated noise is weak and broad band : “combustion roar”.
Unstable regime : Large synchronized motion featuring peak noise emission. Intensification of
luminosity near the wall : higher heat fluxes to the boundary. Induces flame flashback.

S. Barbosa, P. Scoufflaire, S. Ducruix, “Time resolved flowfield, flame structure and acoustic characterization of
a staged multi-injection burner, Proceedings of the Combustion Institute, 32 : 265-2972 (2009)

6/20/2



Azimuthally coupled instabilities in an annular Third example
combustor equipped with 16 matrix burners

Spinning mode @ f= 498 Hz

Pressure port

J.F. Bourgouin, D. Durox, J.P. Moeck, T. Schuller, and S. Candel (2015) Journal of Engineering for Gas Turbine and Power
(ASME). 137, 021503. Characterization and modeling of a spinning thermoacoustic instability in an annular combustor
equipped with multiple matrix injectors.

5

Acoustically induced combustion
Instabilities (thermo-acoustic instabilities)

\7&% Flame dynamics
(A)

— Flow Combustion

(C) Acoustics (B)

Burner N
acoustics Y

N

©Sebastien Candel, June 2019
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Flowrate disturbances

Experiments with a fixed mixture composition when the flame
is submitted to harmonic flowrate modulations

e
N
A
f=150 Hz
% _ dAl M’U) Flame surface wrinkles produce heat
Q - A release rate disturbances
0 A 0
Flame surface area
fluctuations Methane/air
©Sebastien Candel, June 2019 ¢ = 0.95, u/u~0.3, u~1 m/s

7

Premixed conical flame submitted to velocity modulations at 75 Hz

6/20/2
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Equivalence ratio inhomogeneities

Fuel Flame
Air p() Pressure
\//\\ At flame
T; Pressure at
i
7 L‘ \_//—\‘ Fuel injector
inj Lftame Y EQR at fuel
/\\/ injector
——— ~~ EQR at flame
T Q@)
convy N
~
Toor Heat
p=¢,+¢ o Release T
Equivalence ratio perturbations Tz' + 7_cofn,fv + TC — (2n - 1) -

2

T. Lieuwen and B. Zinn (1998) Proc. Combusti. Inst., 27(2) 1809-1816. The role of equivalence ratio oscillations in driving
combustion instabilities in low NO, gas turbines

Combustion dynamics of flames interacting
with equivalence ratio perturbations

Conical flame perturbed by Velocity field induced on the upstream
equivalence ratio modulations side of the flame by interactions with
equivalence ratio modulations

A.L. Birbaud, S. Ducruix, D . Durox and S. Candel (2008) Combustion and Flame. 154, 356-367. The nonlinear response of inverted
« V »-flames submitted to equivalence ratio nonuniformities.
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Combustion dynamics of flames interacting
with equivalence ratio perturbations

oo E 1.21
- 0.95
0.03 e

0.02

Conical flame perturbed by Velocity field induced on the upstream side of
equivalence ratio modulations the flame by interactions with equivalence
ratio modulations

A.L. Birbaud, S. Ducruix, D . Durox and S. Candel (2008) Combustion and Flame. 154, 356-367. The nonlinear response of inverted
« V »-flames submitted to equivalence ratio nonuniformities.

11

Inverted flame perturbed by equivalence ratio oscillations

50 mm

Symmetry ™ Ton reflecting

mndltmns conditions

LLILLE BN

Slip
wall

T Air co-flow

Premixed flow with Computational mesh
equivalence ratio perturbations

d(t) = g + Pp1sinwt ¢y =0.8and ¢; =0.1

©Sebastien Candel, June 2019
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©Sebastien Candel, June 2015 Mixture composition disturbances
DNS of a V-flame submitted to mixture composition oscillations

B g ! B
Harmonic mixture composition oscillations are convected and wrinkle

the flame (no acoustic forcing):
(1) Fluctuations in the burning rate o 000z °-$‘;‘:np2-g;6 0.008 001
(2) Flame surface area disturbances

(3) Feedback on the flow field

¢'/¢

Result in large heat release
rate oscillations (nonlinear)

A.L. Birbaud, S. Ducruix, D . Durox and S. Candel (2008) Combustion and Flame. 154, 356-367. The nonlinear response of inverted « V »-flames
submitted to equivalence ratio nonuniformities.

13

Heat release rate fluctuations

Volumetric heat release rate controlled by the fuel supply
Only lean flames are considered

) — Y 0SdA(d. v)(—AR° —AHAL Fuel heating value
Q /A Ep2d (¢’ )( f) f (J/kg) is constant
thy = YppSy Fuel mass burning dA((I), V) Flame surface area
— rate e - equivalence ratio
* equivalence ratio - velocity
» —siretch-efferis
Q _ [ g1, €)dAg + | [ dA (P, V)
QO mf() f dAO / dA()
Heat release rate Mass burning rate fluctuations Flame surface area
fluctuations averaged over the flame surface area fluctuations

©Sebastien Candel, June 2015
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Fuel mass burning rate oscillations

Mixture composition disturbances lead to fuel mass burning rate perturbations

J (o dA0  _ m( o) [ ¢1dAy

= s m¢ = YppS,
mfo fdAo ¢0fdAO / Fred
9(p/po) | O(Yy/Yy0) = O(SL/Sro)
m = + +
(90 = | 9(o/d0) T 000/00) T 006/0) ),
<<1 ~1 a
m(do) ~ 1+ a SrLot---
Example : CH,/air E
a(SL/S '
b0 = 0.8 QZWZZBO Do < 1
15
Burning velocity disturbances
Fluctuations of the flame displacement speed Sq = SL(l + Daﬁf)

Laminar burning velocity
Mixture composition oscillations

¢ = ¢o + ¢1(t)

¢1(t) = P exp(—iwt)

1 1
o o
Low frequency High frequency

The burning velocity describes (twisted) cycles around steady conditions for
increasing modulation frequencies

Lauvergne & Egolfopoulos (2000)

16
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©Sebastien Candel, June 2015 Response of lean premixed flames to mixture
composition disturbances

¢0 < 1 mf = YFde

Q1 J p1d Ao [dAL (D, V)

Q= om0 £

Qo do | dAo [ dAq
Heat release Mass burning rate fluctuations Flame surface
rate fluctuations  averaged over the flame area fluctuations

surface area

m(¢0) ~ 1 +a

2 9(Sr/Sro)
'f\a(m‘)
Heat release rate fluctuations result from fuel mass burning rate (function of ¢ and

mean flame surface area ) and flame surface area fluctuations (function of ¢, v and
mean flame surface area).

17

©Sebastien Candel, June 2019

Flame surface area fluctuations

Kinematic description of the flame sheet (G=0) separating the burnt gases (G>0)
from the fresh reactants (G<0)

aG Burnt
— 4 v VG = Sd|VG| products
ot

Fresh

Sd(¢a € R, t) = SL(¢)
reactants

Conical flames Baillot et al. (1992, 1996), Fleifil et al. (1996), Ducruix (2000), Schuller et al. (2003)
V-flames Boyer & Quinard (1990), Dowling (1999), Schuller et al. (2003)

Nonlinear response Schuller (2002), Lieuwen (2005), Preetham et al. (2008)

Turbulent flames Preetham & Lieuwen (2007), Hemchandra & Lieuwen (2010)

Swirling flames Palies et al. (2011), Acharya et al. (2012)

Flame front

G(CU, t) = GO

18
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The G-equation

The flame is described by a level set. One level corresponds to the flame position

G(m, t) = GO

This expression may be differentiated with respect to time

dG(x,t) O0G B
7 = o +w-VG =0
Burnt
n — —VG/|VG| products
Flame front San
G(m, t) = 0

Fresh
reactants

©Sebastien Candel, June 2019
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Using the previous expressions for the normal and the absolute flame velocity one
obtains

%—f +v- VG =85,V

This expression can now linearized by introducing small perturbations around
the mean value

G - GO + Gl Burnt
v =v9+ v products
Sa = Sao + Sa1

Flame front

G(ZB, t) = Go

Fresh
reactants

©Sebastien Candel, June 2015
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Retaining only terms up to first order one finds that
‘VGO + VG1| = ‘VGOI +ng - VG,

oG
—1—|—’UO°VG0—|—’01°VG0+’U()°VG1:

ot
(SdO + Sdl)(‘VGO| + Nng - VGl)

(1) - Transport equation for the mean G, field

VG

v vo - VG = Sp|VG
RZel 0 0 a0 0l

Nng =

Sdo—’vo-’nozo

©Sebastien Candel, June 2019
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(2) -Transport equation for the perturbed G; field

oG
8—751 +v1-VGyg+vy VG = Spng - VG + Sdl‘VGo‘

which may be rearranged in the form

oG
8—t1 + (vo = Saomo) - VG1 = —v1 - VGo + Saa [V Go|

Making use of the result obtained at zero-th order one may write
vy — Saomo = vo — (Vo - Mo)To = Vo

This is the velocity vector projected on the plane tangent to the flame

oG
8—151 + Vot - VGl = —PV - VG() —+ Sdl‘VG()|

©Sebastien Candel, June 2019
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Recalling that S0 = vg - Ng
The right hand side of the previous equation may be written in the form

S
—v1 - VGo + Sd1|VG0‘ = (’01 — S—j(l)'vo) . no‘VGo‘

One obtains in this way the following equation

oG S
8—751 + Vot - VGl = (’U1 — S—Z;’UQ) ’I’L0|VGO|

Burning velocity and velocity perturbations generate disturbances of the flame
position in the normal direction, which are then convected along the flame front by
the component of the mean local flow velocity v,; parallel to the mean flame front.

©Sebastien Candel, June 2019

23
Equivalence ratio perturbations
Equivalence ratio perturabtions induce changes in the local displacement velocity
Sa = Saqo + Sa1
such that
1 a8,
Sa1 = Sao(1 + a¢—) where a= 20 (—d>
b0 Sao \ 99 /4,
(1) - Transport equation for the mean G, field
ng = — VG \ VGQ = Sd()’VGoI
IVGo|
SdO — Vo - 1g = 0
©Sebastien Candel, June 2019
24



Perturbed flame position

(2) -Transport equation for the perturbed G; field ng = —%
0

8G1 VGO ¢1

8t + |: SdO|VG |:| VG = —v1 - VG +an0|VGO ¢O

oG
8—151 + VB . VGl = (Vl — a%V()) . Ilo‘VGO|

vi = vo — (vo -ng)nyg mean flow velocity parallel to the mean flame front.

Composition and velocity disturb the flame position in the normal direction, These
disturbances are convected along the flame front by the component of the mean

local flow velocity vy parallel to the mean flame front.

©Sebastien Candel, June 2015
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Inclined flames
Flame sheet

Many flames are stabilized in a flow
featuring a principal direction. The flame
sheet then forms an angle with this

Burnt
products

Reactants

direction.

v | Main stream
direction

Mean flow Perturbed flow
field field

Vo >< Vi “

V1

©Sebast|en Candel, June 2015

Application to inclined flames

26



Calculation of inclined flame response

The flame motion is easier to analyze in a reference frame attached to the flame
front

A erturbe
G(X, Y; t) =Y — {(X, t) =0 d ;:I'anr:e gogition X
Burnt l
85 ag gases
— +Up=—= = V1(X;t G(X.t S,
ot T Uogx = VilXsd) ; NS
5(0? t) - 50 (t) o - Fresh
N(x) gases x

¥
\

& normal flame front displacement with respect to the mean position €o
Uy mean flow velocity along the flame front
V; velocity fluctuation normal to the flame front

& normal flame front displacement at the flame base

T. Schuller, D. Durox and S. Candel (2003) Combustion and flame, 134, 21-34. A unified model for the
prediction of flame transfer functions : comparison between the conical and V-flame dynamics.

27

©Sebastien Candel, June 2015

Normal flame displacement

Solution for normal flame sheet displacement

1 /X X — X' X
X 1) = — X' t— = )dx’ t— —

~ I — ﬁ_z
Perturbed velocity field Anchoring point
contribution dynamics

Interference integral for flame Boyer & Quinard (1990), Schuller et al. (2003),
front perturbations Lee & Lieuwen (2009), Borghesi et al. (2009)

Wrinkles (i.e. normal flame displacement {(X;t) ) appear as convected by the mean flow with a
wavelength A = Uyf.

This convective wave is modulated by a complex amplitude given by the integral term

28
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Anchoring point dynamics

Ring modulation and acoustic waves produce the same type of wrinkles along
the flame front

Vibrating rod

Acoustic
modulation

Ring Acoustic
modulation  modulation

?
!
Y
?
)
Y

=y

Petersen & Emmons (1961)

Boyer & Quinard (1996)

Kornilov et al. (2007)

29

Impact of flow perturbation model
Compact flame submitted to low frequency acoustic forcing

C
A=—=> L
f

Forcing conditions :
f=62.5 Hz, v'/vy=0.20

Operating conditions
®=1.05, v¢y=0.97 m/s

— = = Predictions with a uniform
flow modulation

—— Predictions with a convective
wave perturbation

©Sebastien Candel, June 2019
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Prediction of flame response using the G-equation and a convective
model for the incident velocity perturbation

T. Schuller, S. Ducruix, D. Durox and S. Candel (2002) Proceedings of the Combustion Institute, 29.
107-114. Modeling tools for the prediction of premixed flame transfer functions.

31

Incident flow perturbations determine the time lag of the
flame response

e L I
Tl : \

Flow
perturbations

®=0.85,Vy=5.2 m/s, v'= 1.35 m/s, f = 500 Hz kL ~ 1 k= w/Uo

vy = 01 cos(wt — ky)

V'V]ZO

Axial Velocity (m s l)

Length (mm)
Length (mm)

Flow perturbations are
convected by the mean flow
and are of hydrodynamic type
(incompressible)

Tength (o) Length (o) De Soete (1964), Baillot et al. (1992),

Schuller et al. (2002), Birbaud et al. (2006), Noiray et al. (2006)

32
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Length (mm)
Length (mm)
Length (mm)
Length (mm)
Length (mm)

Length (mm) Length (mm) Length (mm) - Length (mm) Length (mm) - Length (mm)

Three instants during a cycle of oscillation of multiple conical flames formed
by a matrix injection plate. The flames are modulated by an acoustic wave.
This induces a hydrodynamic velocity perturbation convected by the flow and
Impinging on the flame. The color scale gives the axial velocity in m/s

33

Flame Transfer Function (FTF)
The Flame Transfer Function (FTF) describes the flame frequency response
in terms of heat release rate disturbances due to the acoustic forcing

Flame Transfer Function

L
(@]
=
@)
@)
3
o
c
o
=3
@)
-

(C) Acoustics (B) combustor
acoustics

The objective is to decouple the analysis of flow and combustion
dynamics (nonlinear problem) from the analysis of the combustor
acoustics (linear problem).
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©Sebastien Candel, June 2015 FTF determlnatlon
The FTF or Flame Impulse Response (FIR) are determined from DNS, LES, low-order
models or experiments
Mixture comp. ﬂ .
Perturbation oscillations m Q1
amplitude %o 1 —>——
A Velocity v1 > dA(é1,v1) Qo
High Fluctuations ¢, Q ¢
1 U1 1
Qo Vo 0
! m DNS, LES @ single frequency & level
_____ 'T_ - O Simulations with S.I. tools
| B Low order models
| O Experiments
Small !
I E— ,, Frequency
Low High bandwidth
frequencies frequencies
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Experimental FTF determination

Premixed conical flame FTF submitted to harmonic incoming velocity perturbations
in
a CH4/air mixture - 01/Q0 ~ I /1,

systeme +

d’émission CH* filter N

Argon I LDV
laser —

PM
+
Burner Optical filter
=4
(2
) Driver unit acquisition
Velocity measured by LDV
at the burner outlet Ducruix et al. (2000)
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Mixture kept at constant equivalence ratio
Modulation level kept constant

Typical signals

®=0.95, vo=1.20 m/s, V1ims=0.19 m/s, Vims/Vo=0.16

3.2 5 0.6 3.2

2.8 %@ @#& % ﬁf%% | 2.8

24F % %, : %’? 2.4k
ok i’ ot 04 . _, ~
> 2.0F " | 2 2.0
2 g, oShuty 1 = e e 2

1.68 . . -
T P s wd = 2O =
> 1.2F Jop ™ =12 -

0.8F f=10Hz ] 0.8

0.4F ] 0.4

0.0_‘ FURNUIN NN [NNNT NN TRNNT SN NN NN TN TN NN TN NN ST TN TN S NN TN N T W ST SN Y T 0.0 L L 1 L

0 40 80 120 160 200 240 0.0, 40 500
t (ms) t (ms)

The velocity input is harmonic and the flame response (heat release rate fluctuation) remains also
harmonic at these two forcing frequencies

37

FTF determination

The FTF is deduced from cross-spectral power analysis of the input and
output signals

Harmonic velocity vy
disturbances @ @ vy

0
3o

output signal y(t)

Heat release rate
disturbances

Fy(w) =»

input signal x(t)

Cross-power spectral density of x(t) and y(t)
examined at the forcing frequency

Power spectral density of x(t) examined at the
forcing frequency

A periodogram method helps to improve the signal to noise ratio. Statistical convergence
requires a large number of periods (typically more than 100).

©Sebastien Candel, June 2019
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G L _po

Qo Io Vo

Fv — G(W) CXP(ZQP)
Gain :

« relative fluctuation amplitude
» G>1 amplification

» G<1 attenuation

* Low pass filter

Phase :
« time lag Y = wT
» convective at low frequencies
» saturation at high frequencies

Conical Flame Transfer Function

 4FD=1.05,
Fvo=1.20 m/s,
= §V1rms=0.19 m/S

15SH4— — — — conv
H—a—— v=1.22ms ! f
[ ——— v=1.44nvs / f
H——-—— v=L.70m/s | , 4
———— num

phase (rad)
o

10° 10 0
©Sebastien Candel, June 2015 w* !
39
V- flame response
96 3

©Sebastien Candel, June 2019

kdAfdt_ ™

< 80F; .
7 64 -1
n
£ 48 -3z
7 =
% 32k 5
2 s
= 16p%5 TR =T et -

-~ i i i i ~

% s 10 15 20 25 30

Time (ms)

@ VF : f. = 100Hz, 7 = 23ms™!,
Vpms = 0.6ms™1, & = 1.11

Acoustic forcing synchronizes large vortices generated in shear layers that are responsible of rapid
flame surface destruction when impacting the flame periphery.

Durox et al. (2005)
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Vortex / flame interactions

®=0.8, V;=1.87m/s
v1=0.15m/s, f=150 Hz

[-+—Steady - v}=0.16 ~+-v=0.38]
B —

V (m/s)

The flame front motion is controlled by the shear layer dynamics. The time lag corresponds to the
travel time taken by a vortex to impinge the flame front ( convected at about 0.5 V,,,5). This time lag is

barely affected by the input level.

©Sebastien Candel, June 2019
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Vortex / flame interactions




Vortex / flame interactions

Effects of the modulation level

The perturbation level modifies the response of the flame operated at the

same conditions
Vims= 0.14 m/s

Vims= 0.38 m/s

When the perturbation level increases saturation occurs : energy is transferred to higher harmonics

and the gain examined at the forcing frequency drops.

44
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@ o~ b = Fvv—1
Qo Io Vo
F, = G(w) exp(ip)

Gain :

* relative fluctuation amplitude

* Large overshoot G>1

» Gain reduces with increasing v,
* Low pass filter

Phase :

stimelag ¢ = wr

* convective time lag independent
of the input level

V- Flame Transfer Function
2 T

——v]=0.14 m/s
~e=y1=0.20 m/s

_ ~e-y1 =030 m/s
AR -y} = 0.38 m/s
... --‘

g o)
8 e

“e

0.5} :
:
0 | g,
-
hel
<
R’
(0]
S 4m
=]
o
=
Q 2n_ .
O
W
<
=
o
O 1 1
0 100 200 300 400

Freq (Hz)
Durox et al. (2005)
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Self-induced instability of a premixed jet flame impinging
on a plate

The Rayleigh criterion
is often satisfied

/T P (O ()t > 0

Av or Ap AQ transfer function
Match of

m frequencies
and proper Instabilities
w phase

difference
Ap or Av AQ
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Instabilities are also observed in the case of unconfined flames

—

i

In domestic
burners

In radiant
burners

When the distance
of the piston is varied
Schafer et al. (2000)

The coupling between acoustics and combustion differs from the case of

confined flames and it is not well understood

Experimental set-up

Thermocouple Cooled plate
\ LDV
Microphone
—— >< I
\ CH*
filter
Gas
mixture
Microphone

Outlet diameter : 22 mm, L =100, 164 or 228 mm

CH, — air, Equivalence ratio : 0.95
Mean flow velocities : 1.20, 1.44 or 1.68 m/s

Cooled plate

6/20/2
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Zhang & Bray classification (1999)

Cool central core flame Envelope flame

Envelope flame Disk flame

100 \
S d 90
oun - 4
i Stead
pressure £ operatign
level (dB). /l
60 ? \“ il D. Durox, T. Schuller and S.
r Candel (2002) Proceedings of
L=100mm sot z the Combustion Institute, 29. 69-

= 1.44 m/s 0 5 10 15 20 25 30 76. Self-induced instability of a
1= 1.

. remixed jet flame impinging on
Burner to plate distance (mm) zplate : pINgINg

<l




Unsteady
operation

Z = 8.6 mm Medium tube
100 100 ey
Sound oo \ g ] ;
pressure | )" g °F
80 = [
level (dB) ® | = I
[ (% [
70} J\l L/ 7
X ! 2
60 | £
i z
Vi=144m/s O 5 10 15 20 25 30 0 1 2 3 4
Burner to plate distance (mm) Freq (kHz)
100
Sound 00
Pressure ~ t J
level (dB) so | '4 Unstea_ldy
; \ /' operation
AR
60 |
i z
L=100mm o,

=1
Vi=144m/s O 5 10 15 20 25 30
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100
Sound N
ressure |
fovel (@B 7] Unsteady
. \ operation
AR B
60
L = 100 mm z
Vi=144m/s O 5 10 15 20 25 30
Burner to plate distance (mm)
100 P
i L =100 mm
0t vi=1.44 m/s

80E 4
SERIAY:
: v LA

60 [

Sound pressure level (dB)

, Evolution of the fundamental
O e e e frequency
; / sawtooth pattern.

In this case, the frequency
is around 200Hz when the
sound pressure level is
highest.

N
w
o

(€2
o

Peak frequency (Hz)
S
S

[ z
1067750 15 20 25 30

Burner to plate distance (mm)




Velocity on the axis, at 1.5 mm above the nozzle exit and
heat release detected by the PM.
At z = 8.6 mm, the oscillation level is large

Z=28.6 mm

3

I(CH*) (arb.units)
N

LDV

AN
A4

NSNS

v, (m/s) --

phase difference : 31/2

5

10 15 20
Time (ms)

11

Acoustic response of the burner

-

o o
o [e2)
. — Y

Amp. of Pres. Osc. (arb units)

o o
o N) N
T

Freq (Hz)

0 100 200 300 400

Helmholtz resonator
bulk oscillation
inside the burner

S1\6€nd/®

S(z) z

wg = (251)/(V Legy)

out
S1
L =
</ / S(2)

dz + e

7N
V1 W

Micro

fo=202 Hz
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Instability model : driven Helmholtz resonator

dp’
k / —|— 1
—|— /Ul Sl _dt

i | o,

M
dt? dt

M =pSiLesy Effective mass of air in the pipe
R =051 System damping
k=pc?S2 |V Gas volume stiffness

The resonator is driven by external pressure
fluctuations p} at the burner outlet

13

I(t)

Instability model : origin of external pressure
fluctuations - Model of Price et al. (1969)

p(t) - dC
1) = Po (P )[ Q

| is the light intensity emitted by free radicals
A is the flame surface area

EREERIRE,
jo)

7, time delay between the source
and the measurement point

14
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Impinging flame
with acoustic forcing of the flow

§
\
}
Y

p'(r,t) = K(r) [d—Al]t—Ta

T. Schuller, D. Durox and S. Candel (2002) Combustion and
Flame, 128, 88-110. Dynamics of and noise radiated by a
perturbed impinging premixed jet flame.

15

Z=8.6 mm, L=100mm, v;=1.68 m/s

=20 2

. 2 N 2

g CH* &

§ "' MMicro d(I(;F*))/dt """ 11 g

Qo ' | =2
10

i ; -1
0 5 15 20

Time (ms)

The acoustic pressure and the time derivative of the heat
release are similar, confirming that the source is suitably
identified

16
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Transfer function
Velocity perturbations are

convected by the mean flow
along the flame front.

Fluctuations of the flame
surface A(t) are induced by
! these velocity perturbations
after a convective delay 7,
2 7. is of the order of Zz/v;.

A'(t) = n(v])i—r

n characterizes the coupling between the flame surface fluctuation and the velocity
perturbation

17

Transfer function PM - LDV
Z=8.6mm
20
E |
g 15
i‘ |
“ 10
o, B
E 5|« -
< N \l\'
0 o v 180
5 13 [}
3 90 X
I q ) %
] & o 2
i QO Q Y %
S 90 @
Q‘ “Q ‘|‘ '\
: : e -180
0 100 200 300 400 500
Freq (Hz)
The phase difference between the velocity and the heat release yields
a mean convective time which is of the order of z /v,

18



M

dQUi + Rd_vll

de? a kvy =|-S1—-

i) = K()[22],

A'(t) = n(v))e—r,

2.,/
d“v]

M dt2 :|t—7'

d?v} N Rdv’l

dt2 At + k?)ll = —SlK(T21)TL[

with 7 =7, + T¢

19

d?v] dv]
dt21 - 25w0d—t1 + wiv) = —N|

d?v}
dt2 ] t—T

where 5&)0 = R/(ZM) N = 51K<7’21)’n/M
Now 7, << 7. sothat T X~ T,
This equation has a solution at the resonant frequency fy if :

WwoT = (4m — 1)7r/2 where m=1,2,..

This imposes a condition on the convective delay:

WoTe ~ woT = 3w/2 (modulo 27)

20

6/20/2

1



6/20/2

woTe ~ woT = 3w/2 (modulo 2w) sothat for = 3mw/4, T /4, ...

1.4 [
| \ Theoretical model

f/}fgé \ \ NN

0.8 | N\

0.0 1.0 2.0 3.0 4.0

for

21

||||||||||||||

1.4 L.\

I \ Bl o e o
1.2
“» E-
L]

f/fo |
1.0 _

model ]

0.8 |

0.0 1.0 2.0 3.0 4.0




Conclusions

@ Strong instabilities may be induced
when a premixed flame anchored on
a burner rim impacts on a plate facing
the burner exhaust

@ [n this study the burner behaves
like a Helmholtz resonator

@ The frequency of oscillation evolves
with the burner to plate separation
around the fundamental resonance
frequency

@ Sudden annihilation of flame surface
area produces an intense source of
sound

@ Flame wall interactions could play a
Role in the development of combustion
instabilities

@ Even without a plate, if flame surface
variations are important and fast, and if
the sound influences the flow velocity,
then an instability can be triggered

23

100 e

90 f

Wl

Phase difference
between the heat

r
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Sound pressure level (dB)

60 [

50

velocity.

When the sound level is

/90

the highest, the phase
difference is close to

/2.
0

Then the heat release
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(30p) aseyq
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Combustion dynamics of inverted
conical flames

Confined flames Unconfined flames
- - N\ Vel —"— BN
| | [= E
Combustion chambers l l l l
Gas turbine Domestic Radiant
combustors burners burners

In low emission systems operating in premixed lean modes flames are less
well stabilized and more susceptible to external perturbations
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Experimental set-up

Flame

‘/

&

Microphone

-

CH*
Filter
(431nm)

D. Durox, T. Schuller and S. Candel (2005) Proceedings of

the Combustion Institute 30, 1717-1724. Combustion
dynamics of inverted conical flames.

©Sebastien Candel, June 2019

Inverted conical flame (ICF)

Steady flae

Diameter 22 mm

CH, - air

Equivalence Ratio : 0.92
Flow velocity : 2.05 m/s

3
Self-induced Instability
Certain conditions in terms
of equivalence ratio and flow rate
give rise to self induced instabilities 0 Q
FI l
Microphone aie/LDV
= op
Rod CH*
B Filter

(431nm)
— [ITTTTTTTTTITIT - Gas
—— B mixture

0V g O

Self-excited flame

atf=172 Hz
Equivalence ratio : 0.92

Flow velocity : 2.05 m/s
v'=0.14 m/s

©Sebastien Candel, June 2019
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Transfer function Q'

v’(r= 7 mm, z=0.8 mm)

Filter
(431nm)

mixture
E Driver unit

Self-excited flame
atf=100 Hz
Equivalence ratio : 0.92
Flow velocity : 2.05 m/s

vV41=0.14 m/s
©Sebastien Candel, June 2019 5
5
Describing function @=0.92 Vv4=2.05m/s
2 67
——v' =0.14 m/s =
~&= ! = 0.20 m/s | ] &
-y =0.30 m/s Y4
= --=--v) = 0.38 m/s §
S &
oy
(0]
3
=
- i [a W
0 I I
0 100 200 300 400 300 400

Freq (Hz)
@is nearly linear
convective lag
7, =8.6ms

©Sebastien Candel, June 2019
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Flame dynamics

Laser tomography of fresh stream seeded with oil droplets.

f=70Hz

®=0.8
V,;=1.87m/s
v=0.15m/s

©Sebastien Candel, June 2019 7

7

Flame dynamics

f=150 Hz

®=0.8
V,=1.87m/s
v'i=0.15m/s

©Sebastien Candel, June 2015 8

8
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Unsteady vorticity field

®=0.8
V,=1.87m/s, v4,=0.15m/s
f=150 Hz

| =—Steady ~e-v|=0.16 ~+-v{=038

V (m/s)

r (mm)

The vortices are convected at a velocity . ~ 0.5v,,,44

©Sebastien Candel, June 2019
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Helmholtz resonator Mechanism of instability
Bulk oscillation inside the burner

L=164 mm

[o) N
e T )

o o o
A O
N foe

o
N
T

L3

Amp. of Pres. Osc. (a.u.)

out )
S Micro M
Leff:/ L_dz + 6. oot

10

©Sebastien Candel, June 2019
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Mechanism of instability

Helmholtz resonator with driving

Ao’
+kvi = —Slﬂ

d?v} dv]
R—1
i dt

M
dt? dt

M = pSiL. ff Effective mass of gases
R =7051v System damping
k= pc*S;/V  Stiffness of the gas volume

The resonator is driven by external fluctuations p',

Signals measured in self-sustained instability case

®=092 V,;=2.05m/s v'1=0.14m/s f=172Hz

150

N

w
:?é
*

(eq) 2Inssaig

Flame LDV
a~

CH*
filter

100

{50
Pressure po'

\A/\/\/\O
S0 15 20 250
Time (ms)

—_

mixture of
gases

LDV (m/s) - CH* (arb.unit)
[N

(‘m'e) OIIN ---

(=}
o

pll(t) = B[IéjH*]t_Ta




Mechanism of instability

Iog.(t) = Gloi)i—r, pi(t) = Bllog i,

Time lag model:
the light intensity

fluctuation is p’(t)
proportional to the

delayed velocity \

fluctuation signal @
1l I]v'l |

AR,

=~

13

Steady flow streamlines

Averaged image
Average location of the flame

of the flame front  front positions
in the absence  jith a perturbation

of perturbation at 70 Hz
AL A
Ve N\
v1=0.15m/s
f=70Hz
®=0.8
Vg=1.87m/s

The dot

corresponds to

h =71.U. ~ 7.(0.50maz)

©Sebastien Candel, June 2019
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Mechanism of instability

dn’
—+ k@ﬁ_:: —wgl—JZL

d?v} dv}
R
i dt

M
dt? dt

pll (t) — B[I,C’H*]t—Ta

I&'H* (t) - G[/Ui]t—Tc

5162 25(,0() — R/M
VL. ) =GBS,/M

Wi =

15

Mechanism of instability

d?v} dvy 5 dvy
dt2 + 25&)0% + Wol1 = —Q[E} PR
Ta << T¢ T X Te

If ¥and Q are small, a linear analysis indicates that a
necessary condition to have an instability is:

woT belongs to [7/2,37 /2] modulo 27

16
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Mechanism of instability Instability
Frequency peak £,=163 Hz freq1u7e2n|ci|y
at the resonance °” \ f= z
2 6 .
——v = 0.14 m/s =)
e V{ =0.20 m/s| | g unstable
~¢-v; =0.30 m/s San
. -=--v} = 0.38 m/s 5
’S g unstable
A2x}
2
= unstable
0 i i = = | A HH
0 100 200 300 400 0 0 100 200 300 400
Freq (Hz) Freq (Hz)
@=0.92 Vy4=2.05m/s
17
Conclusions

@ Inverted conical flames are
sensitive to low frequency
acoustic excitations.

@ They behave like an amplifier in
a broad range of frequencies

@ The transfer function phase
increases linearly : the process
involves a convective delay

@ The main wrinkling of the flame
front is due to vortex structures
created in the shear layer

@ The strong rolling-up of the flame

induces a mutual

annihilation of neighboring

reactive elements

= Rapid variation of flame
surface area

= Important source of pressure
wave.

@ With ICF's, at low amplitude
modulation, entrainement of air
modifies the equivalence ratio
near the flame tip and the light
emission ceases to be
proportional to the heat release.

18
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The flame response can be characterized
in terms of a transfer function

. " —
u /U : Q'/Q
. / e
_Q/Q
u' /U
But the flame transfer function (FTF) only provides the linear growth rate in the
analysis of instabilities,

F(w)

/

p
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It is more informative to use the flame describing function
- " -
u' /U : Q'/Q

——p| COmbustion jr——p
Q'/Q
Flw,u') = / —
u' /U

The Flame Describing Function (FDF)

extends the transfer function concept to the ; —
nonlinear case p ‘

In the FDF the flame response depends on AT T I|"':‘|‘|l ""olylylrl‘”"‘ | *,“"'|||'¥‘|"‘ll“ t
the frequency and amplitude of the incident :
perturbation

A. Dowling (1999) Journal of Fluid Mechanics 394, 51-72. A kinematic model of a ducted flame.

N. Noiray, D. Durox, T. Schuller and S. Candel (2008) Journal of Fluid Mechanics 615, 139-167. A unified framework for
nonlinear combustion instability analysis based on the describing function.

F. Boudy, D. Durox, T. Schuller, G. Jomaas and S. Candel (2011) Journal of Engineering for gas turbine and power.
33, June. Article 061502. Describing function analysis of limit cycle in a multiple flame combustor.

oot om0 sveie e oo s ”9 It is more informative to use the flame describing
A unified framework for nonlinear combustion function

instability analysis based on the flame

describing function u/ / U
N. NOIRAY, D. DUROX, T. SCHULLER aND S. CANDEL — Combustlon

Ecole Centrale Paris, EM2C Laboratory, CNRS, 92295 Chatenay-Malabry, France

Q'/Q
—

(Received 6 March 2008 and in revised form 8 July 2008) —
. .

Analysis of combustion instabilities relies in most cases on linear analysis but most Q/ Q
observations of these processes are carried out in the nonlinear regime where the
system oscillates at a limit cycle. The objective of this paper is to deal with these /
two manifestations of combustion instabilities in a unified framework. The flame f w u - —_——
is recognized as the main nonlinear element in the system and its response to 9 jpm—
perturbations is characterized in terms of generalized transfer functions which assume / l }
that the gain and phase depend on the amplitude level of the input. This ‘describing u
function” framework implies that the funda al frequency is predomi and that
the higher harmonics generated in the nonlinear element are weak because the higher
frequencies are filtered out by the other components of the system. Based on this R Y
idea, a methodology is proposed to investigate the nonlinear stability of burners by ,
associating the flame describing function with a frequency-domain analysis of the p
burner acoustics. These elements yield a nonlinear dispersion relation which can be N ]
solved, yielding growth rates and eigenfrequencies, which depend on the amplitude 1 :
level of perturbations impinging on the flame. This method is used to investigate AMARLLLAAARARREEL AR !J Il “ (I1AA L1 | I ' LI t
the regimes of oscillation of a well-controlled experiment. The system includes a V UL 1V 01| l i ’ ’ I | | I 1l Il ' ' I | 1111
resonant upstream manifold formed by a duct having a continuously adjustable
length and a combustion region comprising a large number of flames stabilized on
a multipoint injection system. The growth rates and eigenfrequencies are determined
for a wide range of duct lengths. For certain values of this parameter we find a
positive growth rate for vanishingly small amplitude levels, indicating that the system
is linearly unstable. The growth rate then changes as the amplitude is increased
and eventually vanishes for a finite amplitude, indicating the existence of a limit ihi H
cycle. For other values of the length, the growth rate is initially negative, becomes The Flame Descrlblng FunCtIon (FDF) eXtendS the
positive for a finite amplitude and drops to zero for a higher value. This indicates H H
that the system is linearly stable but nonlinearly unstable. Using calculated growth tranSfer funCtlon Concept to the non“near case
rates it is possible to predict amplitudes of oscillation when the system operates on
a limit cycle. Mode switching and instability triggering may also be anticipated by
comparing the growth rate curves. Theoretical results are found to be in excellent

agreement with me_usuremenl_s. indicating that the ﬂzm_le degcribing_func(ion_GFDF) In the FDF the ﬂame response depends on the
methodology constitutes a suitable framework for nonlinear instability analysis. frequenCy and amplltude Of the |nC|dent pertu rbat|on




T Q'/Q

e | COMBDUSTION [y

The flame response may be characterized The flame response may be characterized
in terms of a transfer function by a describing function. The transfer
functions depend on the input level

Q'/Q n_ Q/Q
S i Flw,u') = —7—
' JU v /u
The flame transfer function (FTF) o ,
only provides the linear growth rate The flame describing function

/ (FDF) gives access to the

2 nonlinear growth rates. It can

. be used to determine limit

| 'l"‘-ﬂ'| ,Illwl‘l'xl"u il “;'llll\lll""“ t cycle amplitudes and nonlinear
features like mode switching,

triggering and hysteresis

F(w)

p

WLAARRRLLL
iy i

©Sebastien Candel, June 2019

5

Nonlinear dynamics and
flame describing function
concepts
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A framework for nonlinear instability analysis

Microphone M1

doh o Flame is anchored
and photomultiplier
/_ on a perforated plate

~— M J
Hot wire ' ' ’ . .

probe ‘ . ‘ A

h

Resonant F3d NN
manifold i -
\ L 1]] D El
Piston
Ve
P Multipoint injection
Air + CH, combustor

» DiameterD : 70 mm

Equivalence ratio: ® = (0.86 » Depth L easily adjustable : from 90
Volumetric flow rate : 7 = 5.410 3 kg s™* to 750 mm
Thermal power : 14.4 kW * Unconfined reaction layer

©Sebastien Candel, June 2019

Combustion regimes
Depending on the burner depth L combustion
is either stable or unstable.

JAMMUR
g

L

EM2C,CNRS,ECP

N. Noiray, D. Durox, T. Schuller and S. Candel (2008) Journal of Fluid Mechanics 615, 139-167. A unified framework for
nonlinear combustion instability analysis based on the describing function.

N. Noiray, D. Durox, T. Schuller and S. Candel (2009) International Journal of Aeroacoustics. 8, 157-176. A method for
estimating the noise level of unstable combustion based on the flame describing function.
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Flames dynamics

EM2C,CNRS,ECP

Oscillation cycle (f=530 Hz) in a typical unstable situation (high amplitude sound radiation
> 110 dB at 40 cm from the burner)

9
. Typical self-sustained oscillations
Limit cycle
r—)%
20 r g ’ '
o spark noise Pressure 5 I
‘gg 0 } ALY
: L
=20 L . 34 )
lighting Heat release E |
\\\\\\\\\\\\\\\\\\\ 1755 ,
"8 <.
» o}
3 i = , 0 Prediction of limit cycle amplitude
g Flow velocity : constitutes a central challenge
& : f i A
< l
=
0 . . . .
0 0.05 0.1 0.15 02 0.25
Time (s)
L — 460 mimn Henri Poincaré
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Driving and coupling leading to self-sustained oscillations

Flame describing e y Combustion noise

) . and collective effects
function S
Feedback
Action
N
Burner
acoustics
©Sebastien Candel, June 2019
11
Nonlinear flame response
47

u;ms/a : : (b)

0.09 o ..... 37r
——0.16 L
——0.28 2x
——0.34

0.38 1n

o : _ : : : |+~ _ . : 0
0 500 1000 0 500 1000
f(Hz) f(Hz)

The flame response can be characterized in terms of a describing function

.7-"(w u’) . Q/@ _Relative heat release fluctuation
’ Y /u Relative velocity fluctuation

F (wp, [¢]) = G (wy, |u']) e (er|+])

12
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Flame Describing Function

Gain Phase

13

P = P, exp(—iwt)
W= W, + w;
p = p,, exp(—iw,t) exp(w;t)
wy =27 f W
Angular frequency Growth rate

The system is unstable if | w; > 0

The complex roots of the dispersion relation

Hw)=0

characterize the stability of the system

14
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P = P, exp(—iwt) W = wy + w;

Flw,u') =

' /u

FDF: Flame transfer function
depends on input level

H(w,u") =0

Dispersion relation
depends on amplitude

800

f 675

550

02

04

ui‘ms/ﬂ

3 T
j—L\: 04
200 200 |
e 203 L =35 cm
: [ 3
100 =% 100 b( | E mode 2
\ |
I 0.2 \
0 0 o
: 3/4 wave
! 0.1
06 650 700 750 800 850

Type 1 trajectory in state space

System is
unstable when

w; >0

w; = w; (v /u)

Growth rate becomes
a function of amplitude

Limitcycle: w; = 0

Positive growth rate indicates that small perturbations are amplified

The limit cycle is obtained when the growth rate vanishes (negligible damping) or when the growth
©Sebastien Candel, June 2019

rate equals the damping rate (finite damping)

15

F(w,u) =

FDF: Flame transfer function
depends on input level

Type 2 trajectory in state-space
When the perturbation level exceeds a certain amplitude threshold the
growth rate become positive ((perturbations are amplified )

' /u

P = pyexp(—iwt) W= w,+ iw;

_Q/Q

H(w,u') =0

Dispersion relation
depends on amplitude

500

point

»
\\7 Triggering

0.2

04

u;ms/ﬂ

0.6

-100

| Limit
~ cycle

100

Wi

100

-100

3

System is
unstable when

w; >0

w; = w;(u' /)

Growth rate becomes
a function of amplitude

AN | 0.5
I
I 1S
/If“ 204
AN
I
: 03
I
1
00 400 500 600 700

6/20/2

16



Positive growth rate contours in a « burner depth -
velocity fluctuations amplitude » diagram

1/4 wave 3/4 wave 5/4 wave
\ N |
: \ L=021 |[L=043 |L=06
0.5 0.5
= =
g g
\3}- \35-
0.3 0.3
0,1 0.1
0.2 0.4 0.6 0O 100 O 100 O 100
L Wi Wi Wi
Triggering Mode
switching
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Frequency shift during growth of oscillation

Experimental measurements Modelling

£

B

S

o 0

[

-

=

< 530

& ,

~ 300 Limit cycle
0075 08 085 09 41057 02 0.6

t() -

Suitable estimation of the limit cycle amplitude and of the frequency shift during the
growth of oscillation
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Prediction of the limit cycle amplitudes and of hysteresis

Cavity size L Cavity size L
progressively increased progressively decreased
1500f | 1500f .,
\ %q% Lighting
point
1000 - 1000 N \
FooA f
500 &n@ 500
0.6 Lighting point 06
0.4 04
5 S
= 02 = 02
0

19
Prediction of mode switching after a large amplitude perturbation
;ﬂ}hﬂﬂnﬂill:\@:
Régime de combustion stable
. e ; e ' 'I . i
=7
Mode switching takes place when combustion is perturbed by blowing the flame
collection with a lateral air blowing
20
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Extension to generic configurations

Upstream
manifold

—

General view of combustion system Side view of flame collection

F. Boudy, D. Durox, T. Schuller, G. Jomaas and S. Candel (2010) Describing function analysis of limit cycle in a multiple flame
combustor. Paper ASME GT2010-22372. J. of Eng. for gas turbine and power. 33, June 2011.

F. Boudy, D. Durox, T. Schuller, and S. Candel (2011) Proceedings of the Combustion Institute 33. 1121-1128. Nonlinear mode
triggering in a multiple flame combustor
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Feedback resonant loop

Flow

! Combustion |

oty T et f— ¢

Acoustics

Culick et al. (2001) Proceedings RTO/VKI

0.2

0.1

0

-0.1

PRESSURE at the
HEAD END

-0.

2
500 550 600 650 700 750 800 850 900
NONDIMENSIONAL TIME, ra/L

950

1000
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o 0.03
0.02
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4.5

P (x,t) = ﬁz N (£)Yn ()

Combustion dynamics
Candel et al. (1996) In « Unsteady combustion »

Schlieren images of a conical flame
subjected to acoustic modulation

Many experiments concerning thermoacoustic instabilities indicate
that the main nonlinearity results from the flame oscillation

* Ww
r 4200
S 1o° £
E 1V, from LDV dI(ty/de O_;
>t g
ok =gl N
I S B — . E
0 5 10 15

time (ms)

o
=
[e=]

/dt (arb. unit)

p’, (Pa),dCH

Linear treatment of acoustic

with wave equation

1 82p/

Vi - 5o
c? Ot

=0

4 [ Nonlinear flame )

Q' /@~ o)

4 [ Linear acoustic ]

P /Pmean ~ ©O(0.01)

Need of nonlinear treatment
of flame / flow interaction

Q' /a

u'/a

F(w, [u']) =
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Objectives

(1) Provide modeling elements to
assess thermoacoustic
instabilities

(2) Develop a nonlinear stability
analysis based on the Flame
Describing Function, a
nonlinear extension of Flame
Transfer Function concepts

(83) Show how to anticipate
several nonlinear phenomena
often observed in combustors

(4) Analyze limitations of the
FDF framework

Outline

1. Experimental configuration

2. Linear stability analysis with
Flame Transfer Function (FTF)

3. Nonlinear analysis with Flame
Describing Function (FDF)

4. Nonlinear modeling results

1. Current issues using FDF
framework

2. Conclusions

Experimental setup

Burner schematic

AR

Feeding ©  [\Wave guide
= - +microphone

U

dres 1]

ail T
040

Perforated
plate

Feeding
manifold

Injector holes —;

. Pressure
Piston — plugs
Premixing

pipe

o -
Air

Methane (CHy)

Flexible configuration offering possibilities to analyze combustion instabilities

with and without confinement tube

6/20/2



6/20/2

Close-up views of the burner

Perforated plate
. . ) 420 holes of ID 2 mm OR
Piston and feeding manifold 189 holes of ID 3 mm

Feeding
manifold

Typical transition to self-sustained oscillation
For a given flow operating condition, stability depends on the feeding manifold

L4 and flame confinement L, lengths

T
spark noise

B

Ac. Pressure
(Pa)
=)

34

-20
lighting

02 0.25

0.15

0.05 0.1
Time (s)

During unstable operation, after ignition and transient growth, oscillations
of flow variables reach a limit cycle




Typical flame oscillations

Stable regime Unstable regime
Feeding manifold (7,;) 0.25 m Feeding manifold ( 7,; ) 0.29 m
Confinement tube (1,5) 0.1 m Confinement tube ( 15) 0.1 m

No flame motion SPL = 80 dB

Example of stable and unstable regimes

Régime de combustion stable

Equilibre stable non-ascillant

L=25 cm

10
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Exploration as a function of feeding manifold length L,

Frequencies and pressure

inside the feeding manifold
1200

Air-Methane mixture
Confinement 10 cm
¢ =1.03

?\ Pressure outside the

confinement tube

oo}
(=
(=]

IS
S
(=)

~

25

=

g

9]

=

=

2

)

— Jnstabl I~

S-é Lastanpile. % 130

= 150 = o

— é 20000 O 120r° o oo 0,00

;g 1440 % k3 T T o “oco00”
L g 130 g 110

éﬁ) 120 % 100

2o ¥ =0

=]
2 o M| 3 M,
3 02 03 04 05 2 %002 03 04 05
Feeding manifold L; (m) Feeding manifold L; (m)

The oscillation frequencies at limit cycles lie close to, but do not always match,
the eigenmodes of the combustor
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Exploration as a function of feeding manifold length L;

Frequencies and pressure

inside the feeding manifold
1200

Air-Methane mixture
Confinement 10 cm

E 800

= ¢ =1.03

=]

(]

S 400

éﬂ Pressure outside the

nstable . confinement tube

= bt 2 130

= 150 =

— "3 120}ss04500° % o
e g | 09900000000 0000 E’ %0500 °°ooo°° o0 45 °°°°o°°°°°

> o 110 '

5 130 é

n 2 100

g 120 . Stable g o

- 110 DS _7\[2 g % _7\{1

£ =
o 2 1055705 04 05 2 80

3 . i . : ) 02 03 04 05

Feeding manifold L; (m) Feeding manifold L; (m)

The oscillation frequencies at limit cycles lie close to, but do not always match,
the eigenmodes of the combustor
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Exploration as a function of feeding manifold length L,

Frequencies and pressure

inside the feeding manifold

1200
~
Z

= 800) N

: thm

= A

g 400
é )\\w
— [Unstable
% + + \( +
5 190 ) 2 p—
< 14@)@
o

E 130]

2 120 Stable

A <>
@™,
=]
5 1055703 04 03

Feeding manifold L; (m)

—~

Air-Methane mixture

Confinement 10 cm
¢ =1.03

Pressure outside the

confinement tube

%130

= o o

.g 12016000400 oﬁwéb q%&ﬂfy%“bf
© 110 ,

=]

£ 100

5 90 =

el

: M,
o

2 05203 02 05

Feeding manifold L; (m)

The oscillation frequencies at limit cycles lie close to, but do not always match,
the eigenmodes of the combustor
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Sound pressure level (dB) Frequency (Hz)

Self-sustained instabilities for different confinement tubes L,

L, =10cm

» L, =20cm

» L, =30cm

]

1200

800

400

150

130)
120
110
100

Acoustic eigenmodes

1200

800

o
400%\

Feeding manifold L; (m)

150 o,
0009000900003°9%000V0 Q“‘ﬁfqhuuuh
140

0 140/,

130 .
o 120
110 o
02 03 04 05 100 0.2 0.3 04 05

Feeding manifold L; (m)

1200

800

150
140%"%%&0@“""
130
120
110
100

02 03 04 05
Feeding manifold L; (m)

Bands of instabilities also depend on flame confinement. The system with the long
confinement tube is always unstable. Larger deviations of limit cycle oscillation
frequency from acoustic modes are observed for increased confinement tube lengths

14

6/20/2



Outline

1. Experimental configuration

2. Linear stability analysis with Flame Transfer
Function (FTF)

3. Nonlinear analysis with Flame Describing
Function (FDF)

4. Nonlinear modeling results
1. Current issues using FDF framework

2. Conclusions

15
P Different modeling approaches
> Combustion
M(w)X =F
Acoustics  |¢
M
A B C
v v v
Acoustic Analysis Linear Stability analysis Nonlinear stability
EREWEES
No unsteady flame Flame Transfer Function (FTF) Flame Describing }:unction
F=0 F = F(w) F = F(w,|u])
Acoustic modes and modal structure Initial oscillation frequency and Instability frequencies and growth
exponential growth rate evolution

No information on unstable modes No information at limit cycle, limited  Limit cycle amplitude, frequency
to the prediction of linearly unstable  shift, hysteresis, mode switching,
modes triggering

16
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A — Acoustic analysis :

M(w)X =0

Boundary and
matching conditions

p1,c1, T, ki | p2,c2,To, ko + /
Uy = 0
— e~ pl2,L2 =0
L} L
<1
0 — > Syuy g = S1u) 1,
/ /
< \01 N Z2 pQ,O = pl,L1
Ly Lo
1 —1 0 0 AT 0
iko L —iko L —
‘ 0 ‘O g2t g2 L2 Aj B 0
6Z/€1L1 e—zlel _1 _1 A;— - 0
Sl eile]_ _ Sl —ilel SQ 82 A* 0
picy pici pac2 pac2 2
N v
M X

Solution : X = X exp(—iwt)

w is a real number w = 27 f

17

solutions of det(M) = 0

Confinement 10 cm ¢= 1.03
1200

—
N

Z 800
>

C

400

Frequenc

02 03 04 05
Feeding manifold L; (m)

Comparison between predictions and measurements

Frequencies measured at limit cycles are compared to the eigenmodes

Limit cycle frequencies lie
close but are shifted with
respect to the acoustic
predicted modes

The stable band between
L4=0.23 and 0.26 m is not
predicted

Switch between the different
acoustic mode remains
unexplained

18
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B - Linear stability analysis :

1.5
p1,c1, 11,k p2,C2, o, k G I
1,€1,41, M1 25 C25 L 25V
0.5
} L O
AL o :
0 e Flame Transfer Function (FTF)
= = tp(Wr
F(w) e G(wy)e
Solution : X = X exp(—iwt) w is now a complex number

W= w, + 1w;

w, = 27 f : Angular oscillation frequency
w; Growth rate : instability when w; > 0

19

FTF determination

==+ Air + CH,

Air + CHy —=
Loudspeaker
F— Iog/lon ~ Q'/Q 12 S
U,//l_j, u’/ﬂ a 0.9
0.6
Instability bands are determined by the 03
phase of the FTF w; > 0 ol
0 200 400 600 800 1000
T < ¢ < 2w modulo 27 f (Hz)

20
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Comparison between predictions with FTF and measurements

900

120 Th =
q WN 720f S
= 80 Zsa0
= 120 EI
e} ol
6 80 %W 180
_ 800 % \0\ 800‘ 3 4})0(H;0;J 800 1000
T 600 afh 6008 | Oscillation frequencies at
— \. 1 limit cycle (almost) lie
400 S — ‘"~ within instability bands
2000 02 04 0.6 082001_10-; : At
Ly (m) © radius Amplitudes of oscillation
(mm) remain unknown
21
Qutline
1. Experimental configuration
2. Linear stability analysis with Flame Transfer
Function (FTF)
3. Nonlinear analysis with Flame Describing
Function (FDF)
4. Nonlinear modeling results
1. Current issues using FDF framework
2. Conclusions
22
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Solution : X = X exp(—iwt)
w = W, + 1w;
wr = wy(|u
w; = CL)Z(|

C - Nonlinear stability analysis : M(w)X = F(w,

Flw, W) =

[w])

w
Flame Describing Functign (FDF)

ol

Wr

G(wy, |ul|)ei<p(wr,IU'|)

//U
w is a complex number that depends
on the input level

’|): Angular oscillation frequency
u’|) : Growth rate : instability when w; > 0

23

Nonlinear stability analyses

x=0

. >
T

ug—p G< 0/(( D D

Flame-holder Grrnn=0

2a "G>0 2b
r
U —
¢ =E(r 1) O D

Dowling (1999) JFM 394

Describing Function (DF) has been
used to account for the nonlinear
saturation associated with flashback.

Nonlinear Gain
Linear Phase

Possibility to determine limit
cycle levels. The method is
limited to linearly unstable
modes

Noiray et al. (2008) JFM 615

The Flame Describing Function has
been devised to include the nonlinear
dependance of the phase lag

Nonlinear Gain
Nonlinear Phase

Possibility to determine limit cycle
levels. The method encompasses
linearly unstable modes and nonlinearly
unstable modes

24
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FDF determination
FTF FDF

U—s{ Flo,) —0O' U sl F (i, || Y=

The FTF is determined for a

The FDF is determined by a set of FTF
single input level

measured for increasing input levels

Q'/Q

e

0.5

0 500 1000 1500 0 500 1000 1500

25

Outline

1. Experimental configuration

2. Linear stability analysis with Flame Transfer
Function (FTF)

3. Nonlinear analysis with Flame Describing
Function (FDF)

4. Nonlinear modeling results

1. Current issues using FDF framework

2. Conclusions
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Use of FDF for stability analysis

\ o Glw, /)i 1)
Q/Q o . <Q’/Q>
u'/a | os —o0x u'/a
f(Hz) f(Hz)
Growth rates are calculated separetly for the 3 modes using the following procedure
=0 F=F(w,|ui]) F=Fw,ul)  F=F(w,|u,)

w(le/| =0) = w(ui]) — w(lul) - w(lup])

These growth rates and frequencies depend on the fluctuation amplitude :
wy; = wy(u' /1)
w; = w;i(u'/a)

This procedure is repeated for each length L; of the feeding manifold

27
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Stability analysis for mode 1 : Analysis of a linearly unstable mode

Growth rates w=w;(|u’ |,L1) are calculated for the first eigenmode of the

combustor
600,
= 0.8 d
B T~ — 400
L N SRR AP
g T e —
206 N |
A B 07 [ [ ¥ | e R A Db bR Ll
S ' i
5 3 o0 Wi >0
<
= 400
= Stable band for mode 1 02 04 0.6 0.8
g / U
< urms/ bulk
o1 02 03 04 0.5 Limit cycle is reached when o; equals zero. The
' . T : ‘ method yields the limit cycle oscillation level
Feeding manifold L (m) and oscillation frequency.

Regions where w; is negative are linearly stable
Linearly unstable mode : Positive growth rate for infinitesimally small amplitude

28



Stability analysis for mode 1 : Analysis of a nonlinearly unstable mode

= 0.8 ]
bg - 600
~

% Mode 1 — 400,

0.6 '

> T
g T SO L = SN

z 3 ______________
E 0.4 -

? f -400

< 02| 02 04 0.6 038
" Uy / Ubulk

0.1 0.2 0.3 0.4 0.5
Feeding manifold L; (m)

Nonlinearly unstable mode : Negative growth rate for small perturbation
amplitudes, but positive values above a certain threshold.
Limit cycle is reached when w; = 0
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Stability analysis for mode 2 and 3
=038
bg Mode 2 is linearly unstable
\§ 06 for most of the feeding
< manifold lengths
3
= 04
=]
g £08
<< 0.2 §
0.1 02 03 0.4 0.5 206
Feeding manifold L; (m) =
3
£ 04 Mode 3
Mode 3 is linearly unstable for § Mode 3
most of the feeding manifold E— 02
lengths 0.1 02 03 04 0.5
Feeding manifold L; (m)
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Amplitude v’ /@

Bifurcation diagram

Obtained by superposition of instability bands calculated for each mode separately

0.8

o
a

0.4

| wmm Timit cycle |

0.2 0.3 04
Feeding manifold L; (m)

0.5

1

w; in s~
3" mode
97 ode 150 300
1°¢ mode 250 ?QO
0 250 500

Instability bands of different
modes can overlap

This diagram can be used
to determine :

A. Limit cycles
B. Hysteresis
C. Switching and triggering

31
Limit cycle (A) and hysteresis (B) predictions
L,=0.15m —> [,=0.54 m
Acoustic eigenmodes

= 1200 Q\ 0.8 [=="Timit cycle |
.

£ 800

&

£ 400 £ 06
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= E
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= 130
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Feeding manifold Ly (m) Feeding manifold L; (m)
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Limit cycle (A) and hysteresis (B) predictions

L4=0.15m —> L4=0.54 m

Sound pressure level (dB) Frequency (Hz)

Acoustic eigenmodes

1200 g\
800
400
[Unstable
150
mm%
14
130
120 @
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110 able /\ 12
100
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Feeding manifold L; (m)

0.8 | wmm limit cycle |
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0.2

0.1 0.2 0.3 04 0.5
Feeding manifold Ly (m)
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Limit cycle (A) and hysteresis (B) predictions
L1=0.15m —> L4=0.54 m
Acoustic eigenmodes

E 1900 0.8 | e limit cycle |
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S 800

=
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Feeding manifold L; (m) Feeding manifold L; (m)
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L=0.54 m —> [4=0.15m

Sound pressure level (dB) Frequency (Hz)
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400

15

140

13

120 %
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Unstablq

0

Of o

. My
02 03 04 05
Feeding manifold L; (m)

Limit cycle (A) and hysteresis (B) predictions

0.8t | e limit cycle |

Amplitude v’ /4

0.1 0.2 0.3 0.4 0.5
Feeding manifold Ly (m)
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Limit cycle (A) and hysteresis (B) predictions

L,=0.54 m —> [4=0.15m
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L=0.54 m —> [4=0.15m
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Limit cycle (A) and hysteresis (B) predictions
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Mode switching

S

00,
Switch

S
El !
,

"‘Fi“‘i‘ !
jii | | | I “\

t(s)
Change of frequency and

oscillation level in the absence
of external perturbation

C. Analysis of mode switching and triggering

Mode triggering

500

~~ {Tri ri
S riggering

Qﬂ 0

N—

Q, I

t(s)
Change of frequency and
oscillation level due to an external

perturbation of finite amplitude

This problem is often evoked, Wicker et al. (1996), Dowling (1997), Culick (2001),
Lieuwen et al. (2002), Lieuwen (2003), Stow et al. (2004).

It is shown here that these phenomena can be explained within the Flame Describing
Function (FDF) framework.

38
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Analysis of mode triggering

The system is set where mode 2 is linearly unstable and mode 1 nonlinearly unstable

mm mode 1
== mode 2

== mode 3 —
{ A
0.6 0.6
= = =
S 3 S
= 2 o4 2 o4
@ @ mode 1| «
= § . § mode 2 | g
3 3 3
0.2 0.2 l
0.1 02 03 04 05 06 0 250 500 0 800 1600
Ly (m) w; —a (s7')  Frequency (Hz)
A : Unstable — 2 limit cycles In this case, the limit cycle level reached by mode 2 is
B : Stable — No limit cycle close but lower than the threshold level to trigger mode 1 :
C : Unstable — 1 limit cycle use of an external perturbation is needed.

Boudy et al. (2011) Proc. Comb. Inst. 33

39
Mode triggering
FDF calculation prediction Experiment
Switch 2" (1313 Hz) ) 15t (447 Hz) :
A B : Triggering assisted with an external pulse
LT
I w [
1 s
5 2 T’“
20 @
01 02 03 04 05 06 < §
. . . B . . S
Ly (m) 9:/ 500 _4*:
L 06 L0 drn, £%-500 1600 §
2 3 1200 =
=) =)
S0/ mete1] 3 %Y 1313 Hz 800 &
g g 400 Z.
\§L mode 2 \§L o
02 02 =
0 250 500 0 800 1600
wi —a (571 Frequency (Hz)
40
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Analysis of mode switching
The system is set where mode 3 is linearly unstable and mode 2 nonlinearly unstable
mm mode 1
== mode 2
== mode 3 —
; : e
0.6
=
S
Q 0.4
mode 2 E
mode 3|_ £
S
0.2
0.1 02 03 04 05 06 0 100 200 0 800 1600
L; (m) wi —a (s71)  Frequency (Hz)
A Unstable — 2 limit cycles In this case, the limit cycle level reached by mode 3 is
B : Stable — No limit cycle close but sligthly higher than the threshold level to trigger
C : Unstable — 1 limit cycle mode 2 : the system naturally switches to mode 2.
41
Natural mode switching
FDF calculation prediction Experiment
Switch 3 (769 Hz) ) 29 (465 Hz) 1
- : Switch naturally to mode 2 during growth
| a
| 'y
! £ _
zr T
> =
= =
0.1 02 03 04 05 06 & 500 ]
Ll (m) Tv/ %
5 0 : =
c 2 : ! ‘
0.6 0.6 £-500 . - : ®
= < 465 Hz 2 137 . g0 =
2 32 737Hz | /492 Hz B
Q 0.4 Q 0.4 U 400 %
§ ' mode 2 § ' 769 Hz ! m g
= mode 3| £ o
~. O -
) 02 ) 02 0 O;[l‘ime (s) 02 -
0 100 200 0 800 1600
w; —a (s7')  Frequency (Hz)
42



Validation of FDF framework

Unconfined laminar flames I Confined laminar flames
Noiray et al. (2008) JFM 615 Boudy et al. (2011) JEGTP 133

Confined Turbulent swirling flame
Palies et al. (2011) C&F 158

Possibility to anticipate

maniora. Flame A Limit cycle amplitudes
e & @ @ WIS I Limit cycle frequencies (including
wam| @ @ i yermien frequency shift)
WEI e e | © @ © s Hysteresis
A:r ; ' 100 150 200 ADUU/U;:"::Nbelmm] Trlggerlng
= Mode switching
43
Qutline
1. Experimental configuration
2. Linear stability analysis with Flame Transfer
Function (FTF)
3. Nonlinear analysis with Flame Describing
Function (FDF)
4. Nonlinear modeling results
1. Current issues using FDF framework
2. Conclusions
44
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Stable amplitude

400
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10° 800,
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|p/ 10} = 400
10| | 0f
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0 500 1000 1500 789§00 —400 0 400 800
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107 © .
, 10° o 1%
) :
'], 8
) -130.
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Limit cycles with variable amplitude
) Unstable amplitude

400
p' o
=400

—80(

009 0.1 on QT 0B 0
ig: o0
| /|1oj; ol
Pl o
107 Nl
LT T TIT J5s

00
0 500 1000 1500 800 0 _gop 0, 800
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80
400
/
P o
400

-800

009 01 OIT 002 003 014 015 0l6
100
10° =
/1102 800
|p |‘0"~ o 0
107 J
10 .
LT TTT =8 —

0 500 1000 1500 p(t)

800 -800 _
0 p(t—T)

l The amplitude and frequency of the limit cycle is not always fixed at a certain value l

45
Analysis of cases featuring multiple frequencies
Experiments indicate that multiple unstable modes may coexist for some conditions.
One of such example is presented here
Stable limit cycle Galloping limit cycle
] e
I |
< of AR
A !
t(s)
This problem is often evoked, Sterling (1993), Moeck et al. (2010), Lamraoui et al. (2011),
Kabiraj et al. (2011)
It is shown here that some of these features can be explained through the
nonlinear flame dynamics within the Flame Describing Function (FDF) framework.
46
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Analysis of a configuration with two simultaneously unstable modes

O Single or main frequency
® Secondary frequency

1600
N
T
>
O
% 800}
=
g L
= 400%~
€S ... Side band
0.1 012 013 0’.4 0’.5 016 0’.7
== Feeding Manifold L; (m)
47
Pressure measurements for L, =0.58 m
= Mode 3 = Mode 2
800
400 '
/
p 0O
—400
—800G 09 0.1 0.11 0.12 0.13 0.14
Time (s)
6
10, 1 800
N ©
| / 100 &\
P’ 0
10, =
A I 1 O P A
0 500 1000 1500 800 0 _gop O 800
Frequency (Hz) p(t—7) p(t)
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w;, mode 3 (s71)

Analysis of the bifurcation diagram in the region where two simultaneously unstable modes were observed

0 150 300
w;, mode 2 (s_l)—

0 250 500
w;, mode 1 (7! e ——

0 250 . 500

/Ubuik

/
urms

-
|
|

0.
1

0

0.2 0.3

two frequencies) occur.

0.4 0.5 0.6 0.7

Feeding Manifold L; (m)

Overlap of mode 3 linearly unstable and mode 2 nonlinearly unstable. The objective is to delineate cases where
mode switching (single frequency at limit cycle) or simultaneous modes oscillations (galloping limit cycle with

49

Mode switching
100

(a) Adapted from Boudy et al.
- (2011) Proc. Comb. Inst.

0.2 /0.4 0.6 0.8
uTms /Ubulk

@L1=0.54m—L2:0.1m

The product of the slopes of the growth
rates is negative

Growth rate trajectories

Two modes sustained
600

(b)

0.4 0,.8 1.2 1.6
urms/UbUlk

The product of the slopes of the growth
rates is positive

50
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Conclusions

FDF framework allows predictions of instability frequency and amplitude during
thermoacoustic self-sustained oscillations

When modes overlap different nonlinear phenomena can be anticipated leading
to hysteresis, triggering and mode switching, which are well retrieved by
predictions

Current efforts aim at predicting self-sustained oscillations featuring multiple
frequencies. FDF calculations allow to consider situations where one unstable
mode takes over or two modes coexist

Generalization of the FDF framework to predict variable amplitude limit cycles is
in progress

©Sebastien Candel, June 2019
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Balance of the
acoustic energy
within the system

Acoustic response
of the combustor

Control techniques

Acoustic losses at
the boundaries
Acoustic gain of the
combustion process

Acoustic energy
balance positive :
potential
thermoacoustic
coupling

Frequency

©Sebastien Candel, June 2015

Balance of the
acoustic energy
within the system

Acoustic response
of the combustor

Control techniques

Acoustic
damping

Acoustic losses at
the boundaries and
in the volume

Gain

of the Acoustic gain of the
Process § combustion process

>

A 4

Frequency

First strategy : increase losses by inserting liners, Helmholtz resonators,
quarter wave cavities perforated bias flow systems...

6/20/2



Reactive flow simulation
Compressible flow solver AVBP :

* 4 million cells, 3D calculations
* No flame thickening

* 1 step Arrhenius kinetics

* Modulated velocity inlet

* Non reflecting outlet

* Periodic lateral boundaries

* TTGC scheme

©Sebastien Candel, June 2015

Acoustic excitation
(f=650Hz)

3D simulation

of a system equipped
with a dynamic phase
converter

N. Noiray, D. Durox, T. Schuller and S. Candel (2009) Proceedings of the
Combustion Institute. 32, 3163-3170. Dynamic phase converter for
passive control of combustion instabilities.

©Sebastien Candel, June 2019
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Dynamical control of instabilities

(O A novel concept developed to control

(O A Dynamical Phase Converter

(O Technology adapted to pratical

flame dynamics relies on mode conversion

(DPC) demonstrated
experimentally and numerically

Simulation of mode
conversion in a duct

configurations (patent)

N. Noiray, D. Durox, T. Schuller and S. Candel (2007) Proceedings of the Combustion Institute. 31. 1283-1290. Passive control of combustion
instabilities involving premixed flames anchored on perforated plates.

N. Noiray, D. Durox, T. Schuller and S. Candel (2008) A novel strategy for passive control of combustion instabilities. ASME 2008 Gas
turbine technical congress and exposition, Berlin, Germany, GT2008-51520.

N. Noiray, D. Durox, T. Schuller and S. Candel (2009) Proceedings of the Combustion Institute. 32, 3163-3170. Dynamic phase converter for passive
control of combustion instabilities.

ANANANANANA KA A

--- Top : coherent flame
mmm response to incoming
perturbations. Bottom :

response of the system
equipped with the DPC

Active control concepts

iy Flow L, Combustion sy,

Acoustic
Feedback

Controller

©Sebastien Candel, June 2015
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Active control

Active methods: theoretical studies during the
50’s.

Tsien (1952), Marble (1953), Crocco and Cheng
(1956)...Sensitive time lag model was introduced to
analyze rocket instabilities and their control.

Actuator Amplifier

Sensor
Fuel
Oxidizer = | - £
E Rocket motor Frank Marble and H.S. Tsien
in China
S. Candel (2002) Proceedings of the Combustion Institute, 29. 1-28. Combustion dynamics and control : progress
and challenges. (Hottel Lecture).

9

Practical demonstrations of concept achieved in the 1980’s: Dines
1984, Bloxsidge et al. 1987, Poinsot et al. 1987, Billoud et al (1992)...

Further studies in the 1990’s : additional demonstrations, actuator
developments, low-order modeling of control, control algorithms (self-
tuning, state feedback, robust control, adaptive and self-adaptive
control...),

More recent work : actuators and sensors for practical applications,
scale-up and application in real systems, control modeling,
multidimensional simulation

10



L
Ampllfler
Adaptlve

Adaptive control of combustion instabilities

Microphone

G. Billoud, C. Huynh Huu, M. A.
Galland, S.M. Candel (1992) Comb. Sci.
and Tech. 81, 257. Adaptive active control

controller of combustion instabilities.
11
N Active control system
oo ) Fiter
/
Secondaryj
air MOOG Valve MOOG valve

Power supply

Air

Air flowmeter ;
Air flowmeter %\
* or PMT
Air Heater m ===

N

Filter H

©Sebastien Candel, June 2015

Fuel
tank

Fuel —
flowmeter

D. Bernier, S. Ducruix, F. Lacas, S. Candel, N. Robart and T. Poinsot (2003) Combustion Science and Technology 175, 993-
1013. Transfer function measurements in a model combustor : application to active instability control.

12
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Schematic Active Control of the Siemens model Vx4.3A

heavy duty gas turbine
Plenum Controller Piezo pressure
chamber transducer
D \J DDV valve Burner Rlngb t
Pilot gas Pilot tube combustor
ring line feed line
Compressor Turbine
discharge inlet
©Sebastien Candel, June 2019 Adapted from Hermann (2001)
13
EEEEEE—— Numerical simulation of active
control with low order models
Low order

' dynamical model '

y 4
h Controller

@ Difficulty in modeling complex nonlinear dynamics
and in describing actuator effects

@ Useful as a guide for controller development

Tsien (1952), Marble and Cox (1953), Crocco and Cheng (1955), Bloxsidge (1984), Lang et al (1987),
Culick et al (1991), Yang and Fung (1992), McManus et al (1993), Koshigoe et al (1995), Annaswamy
et al. (1998), Paschereit (1998) ...

14
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Block diagrams representation of active control
systems
Combustion H(s)
+ + U
Acoustics G(s)
+ + p
Actuator Sensor A(s) B(s)
) (—
L~ Controller |— V(s)
Representation of combustor Transfer function
coupled to an external control loop description of the system
15
G
+ Combustion +
+ H g
+
Bt
Actuator Sensor — S S, .,
/ y r- e=d—yr
Adaptive N Sensor
controller w
( r S LMS —
Adaptlve control SyStem Transfer function representation
of adaptive control
H : combustion
G : acoustic feedback

W : LMS filter

S , S : actuator transfer
function and secondary path
between actuator and sensor

16



Numerical simulation of

a active control with CFD
software tools

p—

@ Less well documented

@ Important requirements
in terms of computer ressources

@ Difficulties in actuator description and in coupling
the flow solver to the controller

17

Adaptive controller

Actuator

Vortex driven instabilities and conceptual adaptive control system
Objective : Reduce vortex driven instabilities in large solid propellant solid rocket motors.

Diminish the pressure oscillation by injecting a liquid oxidizer through an actuator. This
oxidizer reacts with the surrounding hot gases. If properly phased this will reduce the
oscillation

M. Mettenleiter, E. Haile and S. Candel (2000) Journal of Sound and Vibration. 230, 761-789. Adaptive control of aeroacoustic

instabilities.
J. Anthoine, M. Mettenleiter, O. Repellin, J.M. Buchlin and S. Candel (2003) Journal of Sound and Vibration 262, (5) 1009-1046.
Influence of adaptive control on vortex driven instabilities in a scaled model of solid propellant motors.

6/20/2
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(1)
Vortices shed by baffle
G (2)
Vortices shed by propellant edge
(3)

Vortices shed by turning flow originating from propellant

©Sebastien Candel, June 2015

19
T + : + At
m )
Number Acoustic Convective Acoustic Delay of conversion
of vortices  period time time from convective
to acoustic mode
At = oT
m— « ll+M]E>f kU m — o
f Uk 1-M I 1+kM
J. E. Rossiter (1964) Wind-tunnel experiments on the flow over rectangular cavities at subsonic
and transonic speeds. Aero. Res. Counc. R&M, No. 3438.
20
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©Sebastien Candel, June 2015

Model scale model of
segmented solid rocket
. © Orifice plate engine
Test section [ |
Fan N
Baffle Nozzle
a \T 4 J
D U  Fan
| — I e e
1
3l
G
Driver unit Pressure
fluctuation
) Control ) D .
b algorithm D N
1.2 kHz 100 Hz - 1.2 kHz
J. Anthoine, M. Mettenleiter, O. Repellin, J.M. Buchlin and S. Candel (2003) Journal of Sound and Vibration 262, (5)
1009-1046. Influence of adaptive control on vortex driven instabilities in a scaled model of solid propellant motors.

N
=

F 24 M

23 U

22
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dB dB
138 20 | 136
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130 | 18 130
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SN A A |
0 100 200 aoh  &oh  &00 600 700 0 100 200 300 400 500 600 700
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. q .Y[ ] Frequency [Hz] UO [m S ]
Without adaptive control Controler operating
Contours of pressure fluctuations as a function of to frequency and mean flow velocity
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Multidimensional simulation of active control

Actuator description by distributed source terms

pn+1 =5 p'n,+1+ t

(pw)™ = (pu)™* +{(dtws)u,
(o)™ = (pv)™* +|(8tws)vs
(PE)™ = (pE)™ + (8tws)(e + U?)

Actuator e

i

Solid\propellant

Rocket motor

Controller

©Sebastien Candel, June 2019 \—
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Actuator

) Rocket motor Nozzle

SoIid,\propeIIant

Controller | — Coupling of flow
\ solver with an
adaptive controller

Actuator

Sensors
sources f, =41 MH;z

Input jq Output

LRF| | Identification | —LPF

f Control algorithm L_I

%’ f;‘(mtrol = 20 kHZ

OSebastien Candel, June 2019
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Actuator Sensors
sources  f . = 4.1 MHz /
/

Input N ql/ Output
files ; files
Sierra
LPF — LPF

f Identification i f

I Control algorithm J

% Jeonror = 20 kHz

This mismatch rapidly deteriorates the simulation
The problem is suppressed by placing low pass filters at the controller input and output

25

Controller switched on

Pressure signal at the nozzle entrance

4.15 B
o Initial level 1 Final
level
4.056
4 .
3.95 - L : L L

L I I I L 1
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22

Controller switched on

T T T S ——

Actuator signal

3
2
1
0

-1

-2

3l L L L L L L L L L
0.0: 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22
Time

26
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Vortex shedding under controlled operation (pressure fluctuation level is reduced by controller)

M. Mettenleiter, F. Vuillot and S. Candel (2002) A/AA Journal 40, 860-868. Numerical simulation of active control
in unstable rocket motors.
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Background

Thermoacoustic instabilities cause serious problems in a wide
range of combustion industrial applications

Causes : Resonant coupling between flames and burner acoustics

. ! ./
Consequences: | — u' @ [Combuston |
Structural vibration (sometimes destruction)
Heat fluxes enhancement to the boundaries /
Flame extinction W 1 [ Acoustcs .
/ / /
p p 94
ot

Solutions :  Active control

Passive control

©Sebastien Candel, June 2015

3

Passive control techniques

First strategy : modify the losses
Helmholtz resonators,
perfortated linings,

quarter wave cavities, baffles [ Acoustic losses ]

y boundary conditions

Balance of the
acoustic Acoustic gain induced
energy within by the flame
the system

injectors

baffle blade

Acoustic thrust chamber
response
of the i
combustor Frequency baffle hub




Second strategy : modify the gain

by acting on the flame dynamics

Passive control techniques

Acoustic losses :
boundary conditions

3
Balance of the
acoustic Acoustic gain induced
energy within by the flame
the system
N
Acoustic
response
of the combustor
Frequency
Microphone M; and Fl hored
T ames anchnored on
Photomultiplier /— the perforated plate Perforated plate
— = g 400 holes
:I J hole radius 1 mm
. holes spacing 3 mm
Resonant cavity § u P
PistU k § “i:p p :‘l'

Eqg.ratio: & — .86

Thermal power : 14.4 kW

Mass flow rate : 7 = 5.410 3 kg s

Burner diameter D : 70 mm
Adjustable burner depth [, from
90 to 750 mm

Unconfined flame configuration

6/20/2
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Combustion regimes

L

PR |

Stable regime

Depending on the burner size [,, the combustion

regime is either stable or unstable. M

( Flame dynamics )

Oscillation cycle (f= 530
Hz) for a typical
unstable combustion
regime.

The SPL exceeds 110
dB, 40 cm away from
the flames




Burner size influence

QQ Transform the acoustic perturbations which impinge

’

o Burner size L (m)
T 0 0.2 0.4 0.6 0.8
¢ ;Unstable 35 cm
2120
9 -
2
[7)]
g 100 Micro.
o
2 """
3 80 Stable .
%) >
_800F RN L
£ . % "
Q - N
2 600 \ . “
5} \ b2
= ., ~, N A\l
g N, .
= .
400 Al B )
0 02 04 0.6 08
Profondeur L (m)
9
Dynamic Phase Converter
(DPC) Principle (Patent FR 0705344)
f N/ N\
:Qi Make use of the multiple flame configuration
and try to avoid the coherent response of the flames
to acoustic perturbations
\ J
, - 1 =
Problem : the acoustic wavelengths are much larger than [e))
the flame dimensions (acoustic perturbations propagate at %
the sound speed) so it is not possible to decouple the é
individual flames from each others with an acoustic-based ®
| device y E
= e
Yz N N E
>
g

on the flames to hydrodynamic perturbations (convective

vortices) which travel at the mean velocity (much lower than the
sound speed)

\

10
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Create a shear layer by adding a
constriction, an orifice plate or a
sudden expansion in the injectors

Steady state,
identical flames

The out-of-phase response of the flames to an
acoustic perturbation hinders the growth of
oscillations

\ ;
Ul )
\ )
vl / coherent
| [/ vortex
\>sheddmg(/ /
/ o a

(gs0 St

Acoustic perturbation

—

©Sebastien Candel, June 2019

Instead of suffering the coherent vortex shedding (possible mechanism yielding
thermo-acoustic instability) it is here used to suppress the resonant coupling

[N
[y

The target frequency is fixed f

The phase difference between the
two types of flames is

Acpz%rf%

where U., is the vortices velocity
and Al is the stagger distance

In order to achieve an opposite
motion (Ay =), Al has to be
defined as

ucv

Al =
! of

\ L /
/ coherent ¢
/ vortex
*\_shedding
' \

7 \,

©Sebastien Candel, June 2015
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[Convection velocity]

\
Forced flow experiments :
confined jet - LDV centerline
measurements

\. J

©Sebastien Candel, June 2015

5 5B
4

OB LORIB IO

oSoo0000
@
=

-1 0 1 2

z/D
» Uy, ~bulk velocity

Q-criterion isosurface \
g&.ﬁ
= T S Koy

Numerical LES simulations :

code AVBP (Cerfacs), 1.7 M cells,
compressible flow, 3D, pulsed velocity
inlet, non-reflecting outlet boundary,
TTGC scheme, f=1000 Hz, channel diameter and
bulk velocity : D=2mm, U=2m/s

13

©Sebastien Candel, June 2019

Reactive flow simulation

Compressible LES solver AVBP :

* 4 million of cells, 3D

* Non-thickened flame

* 1 step reaction

* Pulsed velocity inlet

* Non reflecting outlet boundary
* Periodic boundary conditions
* TTGC scheme

Dynamic phase converter
forced flow simulations and experiments

1
: SR

| ? tt
é ;lntHHHHHH::::
mHHHTTHHHH

Hf”H

Acoustic excitation
(f=650Hz)

[EEN
H
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Color contours :
Reaction rate

A= 52cm

1cm

Inlet condition :

% =0.65 ms’
f =650 Hz
v = 0.1 cos(27 ft)

©Sebastien Candel, June 2015

velocity

0.5cm

0.3cm

Gray contours :
Axial fluctuating

15

DPC Injector

e )

' Velocity measurements '

[ Al =4 mm
U, =5.3ms™ !
» Nominal frequency

f= Y L 660 1y

0.5 500 Hz, shghtly off de51gn

2Al

t (ms)
(0] 1.5 3.1 4.6 6.2

0.25

" 650 Hz, on des1gn -0.25

16
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Photomult

iplier

Classic injector

DPC equipped injector

!—I—\

Injector

©Sebastien Candel, June 2015

Chemiluminescence signal
Fe % ¥
$

N
Be
0O
0

e

%
& a o

¥ oW

&

Loudspeaker Sig.

P o & U

-2 2 4 6 8
Temps (ms)

Standard injector

Camera Photomultiplier

1 e SN

Injector

35 8

3 .C%b Y 1 Chemiluminescence signal

25 g E c'»':-,..'- '.".-L-..."-'-w"-.._"..@
2 E _é 2

0 Q
15° = 0/\/\/\/\/\
1 -2 2 3
Temps (ms)

DPC equipped injector

— [S] [ w w
n o G
Chemilum. Sig.

—_
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/\ Standard injector

O Injector including constrictions

| Unforced operation '

at the same axial level (no Nominal Uz
staggering) frequency f= oAl 1215 Hz
( @® Dynamic phase converter
(DPC) 120 o
g APAAD pp PDA
< u] u] (]
. < 1000 o o
Microphone s & e oo ® ° .
__—fan 80 ®
° o« °° °
Injector L, 2000 . °
5 oo
™ 1000 O g AA o
LT AQh
0 0.2 0.4
Ly (m)

©Sebastien Candel, June 2019
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20 | Features of the DPC '

Advantages :
® Simple sizing method,
® Low requirement in terms of space and mass,
® Minor modification of the injection geometry,
Lo Broad band effictiveness,

[ Drawbacks : N
© A trade-off between additional head loss (which depends on the
constrictions dimensions) and vortices strength has to be considered to
alter as less as possible the steady state performance
© Eigenmodes far from the nominal frequency may arise but could be

Lsuppressed with additional damping devices )

©Sebastien Candel, June 2019
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[ Conclusions

7

@ A new passive control strategy was developed. A hydrodynamic instability is
used to suppress a thermo-acoustic instability.

@ The dynamic phase converter was successfully tested numerically and
experimentally :

e under forced flow operation
e without forcing

@ The configuration features small scale laminar flames but the principle

Lcould be transferred to larger turbulent flames.

21
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Swirling flame dynamics

@ Swirl is used in jet engines
systems to stabilize combustion

@ It serves to anchor the flame
in modern lean premixed gas
turbines

@ Itis exploited in a variety of
other combustion processes

@ Swirling flame dynamics
constitutes a central issue in
many applications

GE-Snecma CFM56 Alstom gas turbine

Combustion stabilization and swirl

@ Stabilization relies on a central recirculation
zone (CRZ) formed by hot combustion products
which continuously initiate the reaction process

@ Swirling flames are more compact than flames
anchored on a bluff body allowing a notable
reduction in the chamber size

@ However, swirling combustors often develop
self-sustained oscillations which have serious
consequences

@ There are many other dynamical issues i
which arise in practical systems .
and deserve fundamental investigations faye darggiathis

transition piece

from a gas turbine

©Sebastien Candel, June 2019
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Objectives

@ Examine the interaction between a swirler and axial acoustic
waves

@ Determine effects of this interaction and obtain the flame
response in terms of a describing function

@ Use the describing function in the analysis of a generic system
comprising a single injector

S. Candel, D. Durox, T. Schuller, J.F. Bourgouin and J. Moeck (2014) Annual Review of Fluid
Mechanics. 46, 147-173. Dynamics of swirling flames.

,YFIame tube

=

LS 4

Injector
and swirler

Confined swirling flame

Upstream

\manifold
©Sebastien Candel, June 2019
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Phase (rad)

’U.I/Ub =0.3
—°'u'/Ub =041
L S |
_°"U,//Ub =0.51
1

B —//U, = 0.72

L an a4

0 100

200

300 400

Frequency (Hz)

Experimental flame describing function

d=0.7 Uy=267Tms !

©Sebastien Candel, June 2019

f=60Hz Phase f=%Hz

),
ﬁ “\_]. ,_

Distributions of phase average

volumetric heat release

7

©Sebastien Candel, June 2019

G Examine interactions between swirlers and axial acoustic waves
Acoustics in a duct
/ /
U U

L

Acoustics in duct with swirler

/

e

Determine

@Flow field induced on the downstream side of the swirler
@Phase velocities and disturbance amplitudes

;X

2 P

(o]
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Proc. R. Soc. Lond. A. 357, 323-344 (1977)
Printed tn Great Britain

The interaction of entropy
fluctuations with turbine blade rows; a mechanism
of turbojet engine noise

By N. A. CumpsTY} AND F. E. MARBLE]
+ Whittle Laboratory, University Engineering Department, Madingley Road,
Cambridge CB3 OEL, UK.
I Division of Engineering and Applied Science, California Institute of Technology,
California, US.A.

. |

(Communicated by Sir William Hawthorne, F.R.S. — Received 23 November 1976) Frank Marble

Nick Cumpsty

Entropy wave

|

s'/cp

©Sebastien Candel, June 2019 Blade row '
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(A) Actuator disk analysis

Uu 5
Sanai=NERE EEYw 2NN
/
2

Based on the theory of Marble & Cumpsty (1977) :

Incident
A e AR ' T and reflected
up = —expw| = -1t | +——expiw| — = —1 acoustic
pe ¢ pe _ ¢ wave
,_ A ([ .
5 Uy = —expiw| — —t Acoustic mode
= pc C
S Z
2 ’Ué — B exp iw (__ _ t) Convective (vorticity)
8 U mode
8

[N
o
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oo

fo= Gl ul = lugsit f

co-q) -m-q !

-

Velocity fluctuation [m s ]

1B /
% U2
f=60Hz&uw_=1ms™"
-2
0O 5 10 15 20 25 30 35 40 45 50

Times [ms]

(B) Filtered velocity signals

/ / )
| U = uptan 0
| 0y =25°
i
100Hz u. =1ms™!

0 5 10 15 20 25 30
Times [ms]

11

@ Axial and azimuthal
velocities are measured with LDV

@ Cross-spectral density analysis provides the
phase and corresponding velocity

—Ub — 2.67ms "
f =60Hz B
£ — 100 Hz d = 22mm
, L = 50mm
| U /Ub = 0.5

©Sebastien Candel, June 2019

(C) Experiments

Loudspeaker,
>

12
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(C) Experimental phase data

4 ; 4n ;
o f =60 Hz o f=100 Hz
3n v 3n v / __,-".
=) Uy = 3.1ms " =) U Convective,.-*
=2n / , -] =2 mode .=’ 1
2 U Convective  _a~ 2 A Uy = 3.2ms !
- .
E x mode ,.=-% £ ,r«'/
g / . .
= U Acoustic mode " U Acoustic mode
0 D-_D__n_-u—-n--n-—ﬂ-ﬂ--n--n--n. 0 D’ﬂ"n’_n_ﬂ‘n-.n_a-ﬂ“n'{'-
0O 10 20 30 40 50 60 70 0O 10 20 30 40 50 60 70

Length [mm] Length [mm]

u’ Acoustic mode U’ Convective mode

P. Palies, D. Durox, T. Schuller and S. Candel (2011) Journal of Fluid Mechanics. 672,545-569. Acoustic-
convective mode conversion in an airfoil cascade.

©Sebastien Candel, June 2019
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(D) Mode conversion

|

L u/ll

Mode conversion at the swirler generates
@ An axial acoustic wave
@ An azimuthal velocity fluctuation in the 3D case or a
transverse velocity fluctuation in the 2D case.
This corresponds to a convective vorticity mode

There are important consequences on the flame dynamics

©Sebastien Candel, June 2019
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This interaction is reflected in the flame
describing function

1 - Flame tube

2 - Injector ,‘v"n
tﬂﬁ%ﬁ 3 .aﬁ

3 - Swirler Swirling flame with laser beams

Global view of the experiment 3 - Swirler

Uy = 267ms™!, (Flame A)

Up = 413ms™' (Flame g) ® (
S = 0.55 (Swirl number) \“"&v’;’ ®
k\ A

¢ = 0.7 (Equivalence ratio)

Close-up view of the axial swirler

15

The flame response can be characterizedin terms of a transfer function

u' /U Q'/Q

——— | COMDUSHION |
_Q/Q
u [U

But the flame transfer function(FTF) only provides the linear growth rate in
the analysis of instabilities, /

/

D

F(w)

Ml 1.|‘1|‘|| "']|]{\‘|'|lljl' HLLLE ‘\?I||Il‘]||’|‘|‘ t

©Sebastien Candel, June 2019
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It is more informative to use the flame describing function

u /U

Q'/Q
>

Combustion

Q6
u' /U

The Flame Describing Function (FDF) extends the

Flw,u')

transfer function concept to the nonlinear case ;
p
In the FDF the flame response depends on the
frequency and amplitude of the incident

LLLLARRRRLIE
T Ti

""|‘|l\'|'|'|" AT ‘:||||J|l|xlll.,, ¢

perturbation

N. Noiray, D. Durox, T. Schuller and S. Candel (2008) Journal of Fluid Mechanics 615, 139-167. Aun
nonlinear combustion instability analysis based on the describing function.

ified framework for

17

Nonlinear analysis

Comparison between limit cycle

L is the size of the upstream manifold

The FDF can be used to predict

Nonlinear triggering and mode switching

Nonlinear mode triggering in a multiple flame combustor.

Miaoptone My oot Multiple Growth rate contours amplitudes predicted and measured
flames , | . 06
~—] fat g ' A
EEtH B |
= /o
Hot 3 oal/ oo&b\ / o
probe L2 Ve o &
; \5 = o £ /
Resonant cavity 2 (;0
S 02
= o o
PlstU >
0
[ 0.2 04 0.6
Air + CH, 0.2 044L 0.6 I

Limit cycle amplitudes and frequencies (including frequency shift)

F. Boudy, D. Durox, T. Schuller, and S. Candel (2011) Proceedings of the Combustion Institute 33. 1121-1128.

F. Boudy, D. Durox, T. Schuller, G. Jomaas and S. Candel (2011) Journal of Engineering for gas turbine and
power. 33, June. Article 061502. Describing function analysis of limit cycle in a multiple flame combustor.

6/20/2
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m Linear analysis

Microphone M; and Multiple
Photomultiplier ﬂ
S —— ames

LTI o W77/ ANWAAIVEY 77000 S S A4 ot——l ! I
o1 0.2 0.4 0.6 02 04 0.6
L L

L is the size of the upstream manifold

Linear analysis provides an indication on growth rates but yields no information on
limit cycle amplitudes and frequency shifting during instability growth

Linear analysis also gives no indication on nonlinear triggering and mode switching
and misses many of the complexities observed in practice

19
Y 10 Experimental

Flw,u') = Q /9 determination of the

Flame tube u' /U Flame Describing
Injector Function

Swirler
Hotwire

Hotwire is located on the
upstream side of the swirler
Upstream

manifold
Honey-
comb

CH4

i
4+ — -

Air
%E A loudspeaker is at the
base of the burner

©Sebastien Candel, June 2019 LOUdpeaker
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Freq (Hz)

swirler and turbulent swirling flames.

1.5 u'/Uy = 0.194
—o—1' =0.36
5 1 X . :
8 ) . AR —o—ll' b=0.48
o5t N | g,
471
EREA:
2om
H=i
[aWy
n.
-_- " " i A
0 100 200 300 400

Flame Describing Function

Operating Point B : U, =4.16 m/s

=0.6 1
The characteristic frequencies of the

gain response scale with a Strouhal

number based on the bulk velocity

It is interesting to examine the maximum
and minimum responses of the flame

P. Paliés, D. Durox, T. Schuller and S. Candel (2010) Combustion and Flame. 157(9) 1698-1717. The combined dynamics of

6/20/2
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©Sebastien Candel, June 2015 30
20
R
S
1.0 8
0
—0—30 mm
N 130mm
2
£ n

0 - L
0 100 200/ 300 400 500

Frequency (Hz)

T. Komarek , W. Polifke (2010) Journal of Engineering for Gas Turbine and Power, 132:061503, Impact of swirl fluctuations on
the flame response of a perfectly premixed swirl burner.
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Effect of mode conversion process on flame dynamics

. ./
Axial u/ Vortex > Q 1
fluctuati A
p— & uctuation rollup Q -
wave = ]_—( I) _ QI/Q
Azimuthal | /> Swirl S7 Q' MYy
fluctuation |_U »  number ——
fluctuation || § Q 1

/

/ / /
Uj = ujexp(icb) S: _ % Y
v U

S Vo Ug
Two mechanisms combine to define the flame
response to incident perturbations :

@ Swirl number fluctuations
@ Vortex rollup of the flame sheet

23
Velocity components at the injector exhaust and swirl number fluctuations
l T T T T T T T T T T T
/ = 60 Hz
v
x2 o
Vg2
Vg3’ '
1 1 1 1 1 1 1 1 1 1 1
o 60 120 180 240 300 360 420 480 540 600 660 720
1 T T T T T T T T T T T
15 6'0 1:10 léo :30 3(50 3&0 41_0 4220 S;O 600 6(10 720
Phase [°]
P. Paliés, D. Durox, T. Schuller, and S. Candel (2011) Combustion and Flame. 157 1698-1717. The combined
dynamics of swirler and turbulent swirling flames.
24
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Velocity components at the injector exhaust and swirl number fluctuations
- f=90Hz

1 i { I 1 1 1 1
0 60 120 180 240 300 360 420 430 540 600 660 720

_] 1 1 1 1 1 1 1 1 1 1 1
0 60 120 180 240 300 360 420 480 540 600 660 720
Phase [°]

P. Paliés, D. Durox, T. Schuller, and S. Candel (2011) Combustion and Flame. 157 1698-1717. The combined dynamics of
swirler and turbulent swirling flames.

25

Swirling flames dynamics f=60 Hz f=90Hz Flame A

Swirl number fluctuations act at the base
of the flame and influence the flame angle

' 7 Q(Wm ™)
18.107
60°
Vortex rollup g
acts at the extremity of the flame 10 RES
10.107

ON A%

240°

Depending on the frequency, these mechanisms interfer
constructively or destructively to determine the transfer
function gain

26

2.107

©Sebastien Candel, June 2019
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Flame dynamics can also be investigated with Large Eddy Simulations

Mesh : 6 millions cells

Full
AVBP LES flow solver computational
domain
Timestep: 1.25 x 10~ s {:ulsrene
Subgrid model : WALE Injector
Ambient

domain

Thickened Flame Model
(thickening factor F=3.3)

Phase locked averaging

over 9 periods of Upstream

modulation cavity
©Sebastien Candel, June 2019
27
. . Experimental
Experiment Simulation andpsimulated
f=60 Hz f=90 Hz f=60 Hz f=90 Hz
? . flame
) B W) dynamics
Q(Wm™)E7— — N/ V y
F] 1.8E8 P. Palies, D. Durox, T. Schuller,
L.Y.M. Gicquel and S. Candel
V V (2011) Physics of Fluids, 23.
— NN e N doi 10.1063/1.3553276.
Acoustically perturbed turbulent
1 14E8 premixed swirling flame.
—lwl—m»—lwf—
1.0E8 Q(Wm_g)
—|H,—180“ I:;l - 2E8
6.0E7 - 1.5E8
—V[— 240° % 1E8
0.5E7
2.0E7 Q @
'\ ﬁ' -0
N e VAT
28
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Flame transfer function modeling

The flame transfer function can be deduced from a perturbed level set equation

oG
a ! + (VO +SDH) . VGl = —Vq- VGO
(1)

Kinematic equation for a perturbed swirling flame :

oG
L + (Vo + STOH) VG = —v1 - VGo + STl ’VG()‘
8t (1) (2)

The flame motion is controlled by :
(1) Velocity fluctuations v, (described by Schuller et al. 2003)

(2) Fluctuations in turbulent burning velocity St (2)

6/20/2
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Swirling flame transfer function

Kinematic equation for a perturbed swirling V-flame:
1-VGo + S, |VGo|

Effects of turbulent

0G
L + (Vo + STOI’I) . VGl = —V

ot
(1) FTF of a Igmingr V-flame submitted burning velocity
to convective disturbances J g /S
T1 TO
Fa) =75 X [1-FulE
v / v
x X
(2) Fluctuations of the turbulent burning velocity St,/St g
result from swirl number oscillations modeled in terms T — @ C
of the incident perturbations v’, and v’y STO U v
(3) Azimuthal disturbances convected by the mean flow vl v’
downstream the swirler feature a phase lag at the burner _—9 - ex (Z¢)
outlet with respect to axial perturbations, which is a Vo Uz
function of the distance to the swirler outlet r

30



Transfer function of swirling flames

2
3N

v

O-dy

Vg2 U2 | " e
— = — exp(i¢) z s
Vg2  Uz2 e R
":_ﬁ :'3:,1"
-0
S _ v . .
in(w) = Fip(w) [1 (C+xexp(ig))|
1 J l ) D20 40 60 80 100 120 140
Y Y Frequency [Hz]
FTF of a V flame Swirl number
fluctuations
2 Flama A B ~m-Fxperiment . Flame ®-Experiment
15 y 2 Feme s .lg. —Ilhm-rrm a
3 Ea 2
N
3 2
, ¢ 3
)% 4Ax E‘
'@‘41 ;i Ehd T
a = a - -og
i k3
'.;. 30100 “:‘YIFGU:EI‘:{";;? 300 350 400 kil 50 100 lf’—.‘}eq;::;‘, l“?‘:"r 00 350 400 8
31
Flame transfer function modeling
Flame A, U, =2.67 m/s
Flame A & -®m-Experiment

Gain

mmm Theoretical

50 100 150

200

Frequency [Hz]

250 300 350 400

Good agreement
between theory
and experiment

Minimum and
maximum locations
are well retrieved

The phase is
slightly
overestimated in
the model

©Sebastien Candel, June 2015
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O ow »[@)>Flow

—(2) Combustion

Q'/Q
—

@ p

L |‘.|‘.\‘l‘ v‘,‘llll“'l"'l,", "hll]l“'lﬁ"' t

@ Acoustics

Anticipate mode switching, triggering,

Predict combustion system instabilities
Determine amplitudes and frequencies at limit cycles.

hysteresis...

G Use the describing function to analyze a generic system comprising a single

injector

©Sebastien Candel, June 2019
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Prediction of instabilities

Four flame tube lengths /5
I3 =100 mm
I3 =150 mm
I3 =200 mm
I3 =400 mm

Three upstream manifold lengths /;
short: [;,=117 mm
medium : /; =181 mm
long : l; =245 mm

Two operating points
A:U,=2.67m/s
B:U,=4.13m/s

Microphone M1

—_— R

¢ 70

922 3

=

LTI .

—_ -~—

= c-

i
Microphone MO

Physical system Model

34
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A—— e The flame response is represented by the

Flow  cwmms flame describing function
dynamics sy Combustion

D ossmmm— Q//Q
- Acoustics ‘ F(W U) ’U//U

@ When this is combined with a network description of the system acoustics one
obtains a nonlinear dispersion relation

/
D(w,u’) =0
@ The complex roots of this relation depend on the amplitude level
/ . /
w=wr(u) + iw;(u)

@ When the growth rate is greater than the damping rate the perturbation grows

/ - . . /
wi('u, ) > o The limit cycle is obtained when wi(u ) =«
35
Combining the balance of mass - 1 dlnp LV.ou=— g
and the balance of energy dt pcp T’
Linearizing around the mean state 1 Op - 1
assuming a low Mach number and :> —E + V- 5 !
isobaric combustion region Poco Poco
Integrating over a control volume V 1 op _ y—1,
with no pressure jump across the flame — / [POCU o TV ou (V= v | poc ¢ |V
Assuming that the flame is compact -1 .
with respect to the wavelength — / u'-ndS = ¢ dv
POCO 1%
The difference between the volumetric flow rates Plane 2 Plane 3
is determined by fluctuations in heat release rate : .
/ % [
AN\
~v—1 %\\ |
/ / / =< - —
Sauly|—|Sauh|= 5@ e B ke
0 %o & m
©Sebastien Candel, June 2019 S
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Theoretical modeling

Combining an acoustic analysis with the jump condition
expressed previously one obtains the following system : 1

etk ekl -1 -1 0 0 Ay 0
1 1 0 0 0 0 B |0
S1 ikily =51 —ikily —S3 Sa B
pi1c1 € pic1 € 2C2 pP2C2, 0 0 A2 = 0 i
0 0 KS> ezk2l2 KSo e—zkglg —Ss3 S3 32 0 A
p2C2 p2c2 p3c3 p3C3 2
0 0 0 0 etksls  o=thals | | Ag| |0 T l
0 0 eikzlg e—ik?zlz _1 _]_ B3 O Bz
A1
\ ] 4
1
M

The determinant of this matrix must vanish D(w,u') = Det/M] = 0
Roots of this dispersion relation D(w,u’) depend on the

geometrical characteristics and on the flame response. B,
/
K =K(w,u)
. / ~ —7 . J—
Convention a = ae wt W = Wy + Ww; Wy = 27Tf ©Sebastien Candel, June 2019
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Results of instability analysis
Time traces of pressure and heat release rate for flame A with the
short upstream manifold
= OO -~-l3 = 100 mm - O -+13 = 400 mm
£, 300 S 300 A TN 0 A oA A
g I ’\ 3 % f.' P
a2 0 2 Of*x.",rx:uf\‘
3 _ S _ g $ y .o ] $
£ -300 £-s00f W YV OV v W
1 1
05 05
: 4l ;‘“a s, ‘.'"", f'- I
Q, (Poececee®ee,ee?®%%0,0,00%000, c%0ev00000es Q, Oj '. ? . : ‘L ¢ ° u‘ .U.
(] b s 2
05 osf M v
Short burner & Flame A Short burner & Flame A
T20 30 40 50 60 20 30 40 50 60
Time [ms] Time [ms]
Stable case Unstable case
38
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. _ Results : flame A
Frequency - Growth rate trajectories for stable and unstable cases
/
u' Uy u' /Uy,
119 07 108
stable unstable
06 107} 0.6
S S
=118 — 08 =
105 ‘
3’ q 04 ?
a:) \ 03 g
5117 3 103 Ny
E 02 = "~ Limit cycle
‘ ’ 0.1
0 101 : :
16 30 o 80 0 30 O 80 120 150
Growth rate Wi (S_l) Gl‘OW‘[h rate UJz S
Medium upstream manifold — Flame tube /I; = 100 mm Long upstream manifold — Flame tube I; =400 mm
Trajectory is on the left of the gray zone indicating that Trajectory is on the right of the gray zone indicating that the
the system is stable as observed during experiments system is unstable as observed during experiments for this
for this configuration configuration. Limit cycle : f=102 Hz — u/U, = 0.78
P. Palies, D. Durox, T. Schuller and S. Candel (2011) Combustion and Flame, 158, 1980-1991. Swirling flame instability analysis based on the
flame describing function methodology.
C.F. Silva, F. Nicoud, T. Schuller, D. Durox, and S. Candel (2013) Combustion and Flame. 160, 1743-1754. Combining a Helmholtz solver

with the Flame Describing Function to combustion instability in a swirled combustor.
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Combustion dynamics
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Modal analysis of chamber
acoustics

Rectangular cavities
Cylindrical cavities
Annular cavities




@ Itis now useful to examine the modal response of cavities. We will
successively consider rectangular and cylindrical enclosures. For simplicity
one assumes rigid wall or pressure release boundary conditions. More
general situations may also be handled with modal concepts but they are not

considered in this study.

A rectangular chamber with rigid walls
We first consider a rectangular chamber bounded by rigid walls

z

L

©Sebastien Candel, June 2019
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@ Harmonic disturbances in the cavity may be written in the
form ‘
p(x,t) = U(x)e "
\Il(a:) satisfies the Helmholtz equation and rigid wall boundary conditions

V20 + k20 =0
ov/on=0 on S

@ The eigenfunctions which satisfy this boundary value problem and the
corresponding eigenvalues form an infinite set of solutions.

For a rectangular cavity one may search the eigenfunctions by making use of
a factored form

©Sebastien Candel, June 2015
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When this expression is substituted in the Helmholtz equation one obtains
X Y A

+ =+
X Y A

+k*=0

@ The method of separation of variables indicates at once that each of the three
terms which appear on the left side of this equation must be constant. It is
convenient to write these constants as

2 2 2
—k2, —k2, —k
respectively so that
X// 4+ k2 Y// + k2 Z// + ]432
The constants appearing in these equations are related by

K=k + k4 K

©Sebastien Candel, June 2019

5

@ Consider now the boundary conditions for the function X(aj)
These conditions are obtained by specifying that

oV/Oon=0 onzx=0andonz=1I[,
which yield

(dX/dz) _, =0, (dX/dx) =0

=0 =l

The solutionof X" + k22X =0
which satisfies the boundary condition at x=0 has the form

X(x) =acosk,x
The other boundary condition is satisfied if

sink,l, =0
This requires that Kk, = n,7/l,

©Sebastien Candel, June 2019
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Similar considerations finally yield

Ny T Ny TY N,mTz
Uoonyn, (&) = Acos cos ——= cos

Lo L, I

and the corresponding eigenvalues takes the form

k2 ) Ny 2+ ny 2+ n, 2
= T — < _~
Ry L L, .

Each mode is specified by a set of three integer indices.
The corresponding eigenfrequencies are of the form

n 2 n 2 n 2
2 2 2 T My _z
=2t |(72) +(32) + () ]

©Sebastien Candel, June 2019

7

and the resonance frequencies of the cavity are given by

o T/ m\2 oo\ 2 0\ 211/2
— || £ Y _Z
o =5((2) +(22) + (%) |

Application

A rectangular chamber is filled with hot gases at a temperature T=2000 K
ly =1, =0.10m, [, =0.20m

The mixture is characterized by a specific heat ratio

v = 1.4 and a gas constant r = R/W = 287J/kgK

Calculate the eigenfrequencies corresponding to the first few modes
(1,0,0), (0,1,0), (0,0,1), (1,1,0), (1,0,1), (0,1,1) and (1,1,1).

©Sebastien Candel, June 2019
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The speed of sound in the cavity is:

1/2

¢ = [(1.4)(287)(2000)] '~ = 896.4m/s

The eigenfrequencies are given by

T/ ma\ 2 o\ 2 0\ 2 1/2

_ O ("= Ny Nz
fnmnynz—2[<lx> +<ly) +(lz> ]
fo.01 =c¢/2l, = 2241 Hz
f1.00 = fo1,0=c/2l, = 4480 Hz
fron = for1 = (¢/21.)(5)*? = 5011 Hz
fiio = (¢/20.)(2)Y? = 6338 Hz
fii1 = (¢/20,)(9)Y/? = 6723 Hz

©Sebastien Candel, June 2019
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A cylindrical cavity with rigid walls

@The chamber has a radius a and a length L
U(r,0,z) = R(r)©(0)Z(z)

Substituting this expression

1/ / /! /!
R_+li+i2@__|_z__|_k2:0

R rR 14 0O Z
@Applying the method of separation of variables one finds that

7'+ k2Z =0, 0" +n*0©=0
1

R'+-R 4+ (kK -k - —=)R=0
T

©Sebastien Candel, June 2019
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kT =k* — k2

@ With this definition the radial equation becomes
2

1
R'+ —R + (k¥ - %)R:o

@ The solution of this set of problems now proceeds as follows. First consider the
longitudinal equation and the relevant boundary conditions

7"+ k2Z =0

(dz/dz),_, =0, (dZ/dz) _, =0

The function Z which satisfies this problem is of form

Z(z) =cosk,z, k,=qn/L

©Sebastien Candel, June 2019
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Next let us examine the azimuthal equation

O +n’0 =0

@ The solution of this equation must be periodic with respect to the azimuthal angle

O(0) = O(0 + 2r)
The general solution of this problem takes the form

0(0) = Ce™ 4 De™™?
Finally consider the radial problem
" 1 / 2 n2
R'4+-R + (k1 ——=)R=0, (dR/dr) __ =0
T r r=a

©Sebastien Candel, June 2019
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The general solution of the radial differential equation may be written in terms of
Bessel functions

R(r) = AJ,(k.ir)+ BY,(k.7)

@ Since the Bessel function Y, is singular as =0 one deduces that the
coefficient B vanishes

The boundary condition on the rigid cylinder yields

J;L(]{?J_CL) =0
Consider the roots of the following equation
J (Qmn) =0

@ The radial wave numbers corresponding to these roots are of the form

kJ_mn — amn/a

©Sebastien Candel, June 2019
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It is sometimes more convenient to express the radial wavenumbers in terms of
the roots of the following characteristic equation

!
S (7 Bmn) =0
The wavenumbers then take the form

kLmn — 71-B’mn/a

The modes of the closed cylindrical cavity take the following general form

Uring (1,0, 2) = Jp(kLmnT) cos %(aeme + be'?)

and the corresponding eigenfrequencies are given by

) = k2 + K

(wmnq
C

©Sebastien Candel, June 2015
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or more explicitely

7Tﬁmn>2 4 (q_ﬂ')Q} 1/2

g =[P 4 (1

@ The frequencies associated with the cavity modes may be cast in the simple form

fma = 51222+ ()]

©Sebastien Candel, June 2019
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A liquid rocket engine has a length L=1 m and a radius a=0.3 m. The gas
temperature inside the chamber is T=3000 K and the gases have the following
properties v = 1.3, r = 460 J/kg K

Determine the first few eigenfrequencies by considering that the rocket chamber
behaves like a rigid enclosure.

The sound velocity in the chamber is

¢ = [(1.3)(460)(3000)]*/2 = 1339.4m/s

The eigenfrequencies are given by

frna =5[22+ ()]

Consider first the purely longitudinal modes characterized by m=0 and n=0.
Calculate the various frequencies as a home work problem

16
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G Modal analysis in annular configurations
z
O?p 2 9% 028_2p 0
C R o2 R2002 = 922

Harmonic modes are governed by a Helmholtz equation

c? 3229 28229 2
RPopz T o2 TP

Purely azimuthal modes

P = aexp(inf — iw,t) + bexp(—inf — iw,t)

nc C
Wn = & fn:nf

©Sebastien Candel, June 2019
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A standing mode in an annular chamber

s=0,a=1b=-1 20

0.2 0.2
1.6 1.6
1.2 1.2
0.1 08 0.1 .5
0.4 0.4

—04 —0.4

—0.1 =08 03 —08

—-12 -1.2

16 -1.6

—0.2 _920 —0.2 _20

—02 =01 0.0 0.1 0.2 . —0.2 —0.1 0.0 0.1 0.2

The nodal line is horizontal

©Sebastien Candel, June 2019
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Purely longitudinal modes

P = Ym (2) exp(—iwn,t)

Y (2) = cos(kp2)
1
fm = 2m—1)(7)
Mixed mode
2. C\2 2/ €\271/2
mn — ey 2m — —
fum = 0*(55)? + (2m = 1))’
_ 1762, (CN\271/2 _ ¢
©Sebastien Candel, June 2019 fll N I:(P) —l_ (4l) ] flo 4l
19
Open Rigid Open
boundary [z wall A boundary 12z
[
20
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Temperature
distribution

in a geometry
with unequal
lateral walls

Pressure distribution

corresponding to the
1A1L mode in the

geometry with
unequal lateral walls

Pressure distribution
corresponding to the
1A1L mode in the
geometry with equal
lateral walls

400 450 500 550 600 650 700
Length of outer side wall [, (mm)

Blue : eigenfrequency evolution as a function
of the lateral wall length (equal lengths)

Red : eigenfrequency evolution in the unequal
length case

G. Vignat (2020) PhD Thesis, CentraleSupélec,
University Paris-Saclay
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Combustion dynamics
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Annular combustor dynamics

@ Annular combustors are used in many
practical systems like jet engines and
gas turbines

@ In these devices combustion oscillations may
be coupled by azimuthal modes

Q Because the diameter is the largest
dimension, these modes occur in the lower
frequency range where the flames
established in the chamber are most
susceptible to perturbations

@ Azimuthal modes are usually less
well damped than the longitudinal modes

@ Azimuthal coupling raises scientific
and technical issues

Annular combustor dynamics constitutes a
central issue in many current applications

6/20/2



Overview of swirling flame dynamics research

Single Annular
injector e = il systems
systems [fkimas=ll \ith multiple

injectors
Theory . . :
Simulations Theory Simulations Experiments
Experiments
Very Relatively A few Very few
large number large recent model scale
of investigations number simulations experiments

G. Vignat, D. Durox, T. Schuller and S. Candel (2020) Combustion Science and Technology. Combustion dynamics of annular systems.
doi.org/10.1080/00102202.2020.1734583

L. Gicquel, G. Staffelbach, T. Poinsot, Progress in Energy and Combustion Science 38 (6)(2012) 782—817. Large Eddy Simulations of gaseous
flames in gas turbine combustion chambers.

Y. Huang, V. Yang, Progress in Energy and Combustion Science 35 (4) (2009) 293-364. Dynamics and stability of lean-premixed swirl-stabilized
combustion.

T. C. Lieuwen, V. Yang (eds.), Combustion instabilities in gas turbines, Vol. 210 of Progress in Astronautics and Aeronautics, American
Institute of Aeronautics and Astronautics, Inc., 2005.

@ High pressure

G Real systems and laboratory scale annular combustors

Annular chamber

CFM 56 turbofan Annular combustor MICCA2  Annular combustor MICCA-Spray

@ Annular geometry @ Annular geometry @ Annular geometry
@ Multiple swirled injectors @ Multiple swirled injectors @ Multiple swirled injectors
@ Liquid phase injection @ Premixed (propane/air) @ Liquid injection (heptane/air)

(kerosene /air) . ,
@ Atmospheric pressure @ Atmospheric pressure

4
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MICCA: Premixed CsHg/Air

Bourgouin, JF, Durox, D, Schuller, T, Beaunier, J, Candel, S (2013)
Ignition dynamics of an annular combustor equipped with multiple
swirling injectors, Combust Flame 160, pp. 1398-1413.

N. A. Worth and J.R. Dawson (2013) Proc. of the Combust. Inst. 34, 3127-

3134. Self-excited circumferential instabilities in a model annular gas turbine
combustor: global flame dynamics.

Two driver units modulate the flow
Hot wire records the velocity fluctuation ¢’

', ¢
Photomultiplier records the heat release .

; : Quartz Flow .., Combustion
rate fluctuation @’ . .. tube
Photomultiplier + OH* filter / .
d. = 68.5 mm m
o Feedback

,,,,,, =
i FDF measurements

\MPI

y \MP2 ./ / —
.5 P oy — 221 /0

0] [ﬁ]ﬁ Gaseous Driver unit B U/ (w) /U

v flow

Driver unit Gaseous
flow

Noiray, N., Durox, D., Schuller, T., &
)/ Candel, S. (2008). A unified framework for
L,,_,,J Nt nonlinear combustion instability analysis
based on the flame describing function.
Journal of Fluid Mechanics. 615, 139-167.

Liauid
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Experimental methodology

Experimental
observations
Instability data

Single burner:
flame dynamics

MICCA-Spray #
4

Changes in the flame shape

:ﬂnduce modifications of the Theoretical
ame response framework |
Geometrical Transfer ¥ i,:\‘ -
modifications of function WS ‘\
the injector tayloring \\ ‘ g
FDF N
measurements SICCA-Spray set up

MICCA annular combustor fed by premixed air and propane

2

The MICCA annular combustor Injectors feature in this case
an exhaust cup and the flames
spread in the lateral direction




Five microphones Pr1 to Pr5

Experimental setup
An intensified high speed CCD camera

Detailed view

Pr3 High speed of a swirler
camera
3.5 m from
the center o
the annular
chamber
Pra
|
| || Jauartz tubes
~ |
o (.
Il .
+ i o
s i
i 1Dy =035m{| || Radial 3
S I 11 swirlers g
\% CgHg + AlI' % 2
~ oS
~ /E/. /[TT Swirler 8 &
o
o @
lenum - ®» S
p 70 plenum 16 injectors ©3

Five microphones Pr1 to Pr5
An intensified high speed CCD camera

Experimental setup

High speed

\ camera
3.5 m from
the center o

the annular
chamber
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@ Annular systems with multiple matrix
injectors (MICCA 3)

@ Summary points

MICCA 2

MICCA 3

Swirling injectors Matrix injectors

11

Purely azimuthal modes

G Modal structures in annular systems

d?p B c? 9%p _62@ _0
ot?2  R? 062 022

Harmonic modes are governed by a
Helmholtz equation

282 232
w2907 T 522

+wip=0

Pn = aexp(inf — iw,t) + bexp(—ind — iwyt)

nc
Wn: —

R

fa=n

12
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Open boundary Purely longitudinal modes

g m = Um(2) exp(—iwt)
'S ’
g& Y (2) = c08 (K 2)

1
_Rigid T kml = (m — 5)'”

@ fn = (2m —1)()

Mixed modes Fom = [nz(%)2 +(2m — 1)2(5)2]1/2
c C . 971/2 _ ¢
fu = [(73)2 + (47)2] fo= 7
13
Temperature fnum=2‘l'r_$g Hz  foum 1=L71E'3A9 Hz Modal
[0 = 792 He identification

The mode 1LOA
approximately
corresponds

to m=1, n=0

Temperature

The mode 1L1A
approximately
corresponds

to m=1,n=1

400 600 800 10001200 1400

14
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Longitudinal mode 1LOA
(252 Hz)

Microphone signals

[—Mic 1 —Mic 2 —Mic 3 —Mic 4 —Mic 5

Pressure (Pa)
[=]

2.006 2.008 2.01

Time (s)

2.004

—
N
I
=
[an)
o
=2
>
)
<
[}
=]
<3
Qo
=
o
2
<)
o

1.5 2
Frequency (kHz)

25

2.012

15

First azimuthal mode (1A)

The pressure field is a sum of two waves rotating in the

counterclockwise and clockwise directions

p(0,t) = aexp(if — iwt) + bexp(—if — iwt)

|(l| — |b| s = -1: rotating mode in the clockwise direction

s = 0: standing mode

~ lal+1p]

s = 1: rotating mode in the counterclockwise direction

This spin ratio differs from that introduced by Evesque et al.(203)

$=0.00, a=1.00,b=1.00 $=0.00,a=1.00,b = 1.00
0.2 2

=-2.00,b =0.00 s =1.00, a=-2.00, b =0.00

s=1.00,a
0.2

0.1 0.1 0.1

0.0 0.0 0.0

=0.1 =0.1 =0.1

-02 —02

0.0

—0.1

-0.2 -0.1 0.0 0.1 0. -—Ul -0.1 0.0 0.1 0.2

Standing (s=0)

“02 —o1

—0.2
—0.2 —0.1 0.0 0.1 0.

Spinning (s=1)

0.0 0.1 0.

S. Evesque, W. Polifke and C. Pankiewitz (2003) Spinning and azimuthally standing acoustic modes in annular combustors.

AIAA Paper 2003-3182.
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Pressure signal reconstruction and spin ratio determination
p(0,t) = aexp(if — iwt) + bexp(—if — iwt)
The wave amplitudes a and b can be determined from microphone data
D1 exp(if) exp(—if;)

P2 exp(ith) exp(=ith) |  (qexp(—iwr) aexp(—iwt) S lal —1D]
S : : ><(bexp(—iwr)) (bexp(—iwr)) =(M"M)"M"P s

g . lal + |b]
P exp(if,) exp(—ib,)

P M

[—Mic 1 — Mic 2 — Mic 3 —Mic 4 — Mic 5 [—Mic 1 —Mic 2 — Mic 3 — Mic 4 — Mic 5]

300

200f

100F S

4 _100FS

ol DN,
1 200+

Pressure (Pa)

300, 5755 2.576 2.5765 2,577 2.5775 2,578 25785 2579 20 {5355 1.036 1.9365 1.937 19575 1,936 1.9385 1.939
Time (s) Time (s)
Standing mode Rotating mode
Svmbols : experimental data. Continuous lines : reconstructed sianals

17

Pressure (Pa)

Standing mode

The spin ratio is close to zero. This

Pr5 corresponds to a standing mode

| —Mic 1 — Mic 2 — Mic 3 — Mic 4 — Mic 5]

2.5755 2.576 2.5765 2.577 2.5775 2.578 2.5785 2.579
Time (s)

18
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Standing mode

Flame dynamics coupled by the 1A1L mode at a frequency =792 Hz

ok * g A s
tr;vs}-i-' ST e P
T : o

J.F. Bourgouin, D. Durox, T. Schuller, J. Moeck and S. Candel (2013) ASME Paper GT 2013-95010. Self-sustained Instabilities
in an Annular Combustor Coupled by Azimuthal and Longitudinal Acoustic Modes.

19

Instability coupled by a rotating
mode 1A1L at a frequency of
=792 Hz

s=1.00,a=-2.00,b=0.00 s =1.00, a=-2.00,b =0.00

0.2 0.2

0.1 0.1

0.0 0.0,

-0.1 —0.1

-0.2 —0.2
-02 =01 0.0 0.1 0.2 -02  —01 0.0 0.1 0.

The spin ratio is close to one. The mode y=n

rotates in the counterclockwise direction Sl w5

- "’! )
P . B iy
Vtoedd g !“i x
#':ﬁ‘ o 8 LB e
- Be f"@ Wi

i

6, e oy
ol Sk i WQ:::!

[—Mic 1 —Mic 2 — Mic 3 —Mic 4 — Mic 5

Pressure (Pa)

1.0355 1.936 1.0365 1.037 1.0375 1.038 1.0385 1.039
Time (s)

20
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Continuous switching from a quasi-spinning mode to a standinging mode

Mic 4

Mic 5|

[—Mic1 —Mic2 — Mic3

Pressure (Pa)

R

S

15 2 25 35
. .Time (s)
spinning standing
[—Mic 1 — Mic 2 —Mic 3 — Mic 4 — Mic 5|
300
. . . . —_ 200 b,
p(0,t) = aexp(if — iwt) + bexp(—if — iwt) £ 100y AT s
2 , (spinning) z ° (L ARANY /
[JExperimental spin ratio PDF & 100873 N
|(1| - |b| 15l b ——Gaussian approximation -200 e
= — : ; : 300 i i i i
|[l| + |b| 1.9355 1.936 1.9365 ]r.iﬂr?g(;).%% 1.938 1.9385 1.939
—Mic 1 —Mic 2 — Mic 3 —Mic 4 — Mic 5\
300
s=+1or-1: spinning 200be . =% B
s =0: standing 5 . £ oo, a £ N A 2
Spin ratio ’ (standing) 3 © K 7% . AN
@ 100 e 3 =
J.F. Bourgouin, D. Durox, T. Schuller, J. Moeck and S. Candel (2013) ASME S ol N NS YR -
Paper GT 2013-95010. Self-sustained Instabilities in an Annular Combustor Coupled 300

by Azimuthal and Longitudinal Acoustic Modes.

25755 2.576 2.5765 2.577 2.5775 2.578 2.5785 2.579
Time (s)
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A calculated rotating mode in a gas turbine combustor

<D 1:}'1 = = Pressure [Pa]
ThRs 8.30e+05
L

8.18e+05

38.36000 ms

G. Staffelbach, L.Y.M. Gicquel, G. Boudier and T. Poinsot (2009) Proc. Combust. Inst. 32, 2909-2916.
Large Eddy Simulation of self-excited azimuthal modes in annular combustors.

P. Wolf, G. Staffelbach, L.Y.M. Gicquel, J.D Muller and T. Poinsot (2012) Combust. Flame 159, 3398-
3413. Acoustic and large eddy simulation of azimuthal modes in annular combustion chambers.
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Pressure [Pa]

EE 2 00 0 0 . s
7.80e+05 7.92e+05 8.05e+ -+ -+
T : i

Temperature

363 945 1527 2109 2691

38.360 ms

P. Wolf, G. Staffelbach, A. Roux, L. Gicquel, T. Poinsot and and V. Moureau (2009) C.R. Meca. 337,
385-394. Massively parallel LES of azimuthal thermo-acoustic instabilities in annular combustors.

P. Wolf, G. Staffelbach, L.Y.M. Gicquel, J.D Muller and T. Poinsot (2012) Combust. Flame 159, 3398-
3413. Acoustic and large eddy simulation of azimuthal modes in annular combustion chambers.
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Pressure [Pa]
8.30e+05

Pressure [Pa] COTEM
8.30e+05

N
CTEM

8.18¢+05 8.18¢+05

7.80e+05

38.97000 ms 39.65900 ms

=725 Hz
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Annular
enclosure

Swirlers—— =

Pressure :I
tappings
]

Grid— |

Flow _____——
divider

Plenum— "

Flow

Ethylene

. /
straightener & \
grid .
Air +
—= =

Ethylene

N. A. Worth and J.R. Dawson (2013) Proc. of the Combust. Inst. 34, 3127-3134. Self-excited circumferential
instabilities in a model annular gas turbine combustor: global flame dynamics.
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Side Schematic Overhead Schematic|
Annular——— 4 l

enclosure l l

switers—__|

Pressu
tappings
Grid

Air +

Air +
Lex  Ethylene LI “Ethylene

:h] N coces
itor

High speed
camera +
intensifier

Annular—~ g

bumer

I
Imaging
Set-up

Air

Long injection
tubes, stabilization
by a bluff body, low
swirl. Variable
spacing

N. A. Worth and J.R. Dawson (2013) Proc. of the Combust. Inst. 34, 3127-3134. Self-excited
circumferential instabilities in a model annular gas turbine combustor: global flame dynamics.
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Heat release rate fluctuations (standing azimuthal mode)
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MICCA3 Experimental setup

To better understand what determines the structure of the azimuthal
modes, it is interesting to work on an annular chamber operating with
flames that are simpler than turbulent flames.This is done here by
making use of matrix injectors formed by perforated plates

29

MICCAS with laminar matrix injectors
R e— | Cylindrical
/ /m~ N concentric
N o quartz tubes
e L ~ Combustion
: chamber
Sixteen
injectors Chamber
backplane
Matrix Upstream
burner plenum
Waveguide outlet
Laminar conical flames stabilised on a single
matrix burner




Experimental setup

Cut through annular chamber

%de=0.4m%

Quartz

i )/tube

Perforated
plate

1.:

Plenum

C3H3+Air

16 perforated plates
thickness 6 mm

89 holes, diameter 2mm
on a square mesh of 3 mm

8 feeding lines
40
33

Top view

showing waveguide microphone taps (MC) and

plenum microphone locations (MP)

Symmetry line

High speed
camera

Me(11:1 2 “I"~--.,<._,,_,_,
B

Camera E|

Mp(14:15)

31

Azimuthal coupling modes

Slanted 1.2

35thSymposium
1
<
Spinning %
ASME

GT2014-25067 0.6t

/////,,

Spinning
(486 Hz)
Standing
(495 Hz)
Standing
"~ N3L Meeting
Munich

__ 1 June 18-21, 2013
Chugging
o Standing
o Slanted

< Spinning

1.5 2
Bulk velocity u, (m.s_1)

&_Longi
Z%)L W Axial
: (320 Hz)
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| 4 "'
||\ ‘i Experiments in MICCA 2 annular combustor with matrix
\ Injectors (spinning, standing, slanted modes)
TS sc h

Standing mode

v =2.12m s 1p = 1.11

@ Close to the nodal line, the flames move with a small amplitude of vibration. At
90° from this line, the flames oscillate vigorously, and they are blown-off on
their periphery.

34



Standing azimuthal mode

vo =2.12m s 1 =1.11

@ Phase average of the oscillation, from the images recorded by the intensified high
speed camera at 12500 fr/s. Images are plotted in false color

35

Standing azimuthal mode
High speed film : 12500 frames/s

NodaI" Line

DRAMMARAT

Injector close to the nodal line

36
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Standing azimuthal mode

High speed film : 12500 frames/s

Injector at 90° from the nodal line

37

Standing azimuthal mode
High speed movie : 12500 frames/s

NodaI" Line

Injector between the nodal line and the orthogonal
location

38
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In the combustion chamber
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Spinning mode

$=096 and up=149ms’"!

\—Mm —wmos —os ;MC7‘

R e

1000 1002 1004 1006 1008 1010
Time (ms)

Pressure (Pa)

\ WP ——MP3 ——WPs ——WP7 ||

TG -

0 ; ; ; ;
1000 1002 1004 1006 1008 1010
Time (ms)

Pressure (Pa)

Pressure signals recorded by microphones in the chamber (top) and in the plenum
(bottom) for the spinning mode
ASME TurboExpo, June,16-20, 2014, Disseldorf, Germany.
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Direct imaging of unstable regime

Standard video (25 frames/s) of the combustor
under spinning mode oscillation

Pressure nodal line

Propane - Air f=450 Hz
¢ =1.14 and up = 1.33m.s !

41
Spinning mode
100 I [~ ﬂ : 2
80 ! 1.8
60§ : 4 16
T 40} gp g 1.4
> a0} 12 o
5 0 1 =
2 o0} i 0.8
& -40 g % 0.6
-60} ; 10.4
80— = -MC1 ——McC7] |- = -Hl ——H7]{02
-100 : : : : 0
2 4 6 8 10
Time (ms)

Pressure and photomultiplier signals corresponding to a spinning mode for a bulk velocity
U, =1.49 m.s™" and an equivalence ratio ¢ = 0.96.

In black: microphone signals MC1 and MC?7 in the chamber.
In red: photomultipliers signals H1 and H7.

ASME TurboExpo, June,16-20, 2014, Dusseldorf, Germany.
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Spinning mode
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The nodal lines feature an angular shift which can be explained (see lecture tomorrow morning)
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The slanted mode

@ Images are recorded by an Intensified CMOS camera at a frame rate set at 12500 Hz.
@ Each phase of the sequence is averaged over 1000 instantaneous images.

@ Some reflections on the transparent walls are visible in the neighborhood of the two sides
of the image
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The slanted mode

Time evolution of the light intensity for the 8 injectors
located on the same side with respect to the line of
symmetry, from injector 14 up to injector 5

—e—1Inj 14 —=Inj16 + Inj2

-v- Inj4
-o—1Inj 15 --m--Inj 1 +—1Inj 3

o Inj 54

While the pressure signals
are in phase in the plenum, the light intensity
signals are out of phase

Light intensity (arb. unit)

0 1
0 1 2 3 4 5 . . .
Time (ms) 35th International Symposium on Combustion, Aug. 3-8, 2014
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The slanted mode
Flame Describing Function (FDF) at the frequency of oscillation
ot T 0.4 : : : 1.2
OH* filter :
= 0 L f = 450 Hz 41
S R =
S -04 Tom, 0.8 -
-— " —> ~
g 08 S 0.6 3
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8 -1.2 o 04 —
Low porogs:itg = g
© .16 02 o
] b >
,,,,,,,,, _g -2 1 1 0
e 0 0.5 1 1.5 2 2.5
Loudspeaker ul/U
The flame describing function is Flame response on a single matrix burner versus the relative
determined in a single injector amplitude of an axial perturbation at the frequency of 450 Hz.
configuration that is modulated
externally by a driver unit. 35th International Symposium on Combustion, San Francisco Aug. 3-8, 2014
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The slanted mode
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Light intensity (arb. unit)

Heat release rate (arb. unit)

O 1 1 1 1
0 1 2 3 4 5 0 1 2 3 4 5
Time (ms) Time (ms)
Measured heat release rate signals Reconstructed heat release rate signals

35th International Symposium on Combustion, San Francisco Aug. 3-8, 2014
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Summary points

@ The annular system with swirling injectors features
various types of thermo-acoustic oscillations

Q Analysis of pressure signals indicates a continuous
switching between standing and spinning modes. The
greatest probability corresponds to the standing
mode

Q A well established spinning mode is observed in
the annular burner equipped with matrix injectors

Q The nodal lines in the plenum and chamber feature
an angular shift
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Summary points

In the slanted pattern case the acoustic field comprises an axial mode and
a standing azimuthal mode which have coinciding frequencies

This combination produces a pressure pattern with a
maximum amplitude of oscillation on one side of the
annulus while the amplitude is minimal on the other side

Using the flame describing function one can explain the time shift in the
flame motions at the various injectors which takes the form of
a wave sweeping the different injectors

Q It is shown that the phase shift evolution in the light intensity of the different
injectors is a direct result of the nonlinear response of these elements
when they are subjected to large velocity oscillations

35th International Symposium on Combustion, San Francisco Aug. 3-8, 2014
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MICCA-Spray (liquid spray injection of n-heptane or dodecane

Thermocouple MC7
0

High Speed
Camera +
Intensifier

Side view of MICCA Spra
pray Schematic top view showing locations of

the photomultiplier and chamber microphone
arrays
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Large amplitude azimuthal instabilities in MICCA-Spray leading to partial blow-off

n-Heptane (liquid) / air

Equivalence ratio : 0.87
Bulk velocity : 46 m/s
Power : 115 kW

_— pan

First Ciean Sky
prize 2018

K. Prieur, D. Durox, T. Schuller and S. Candel (2017) J. Eng. Gas Turbines Power. 140, 031503. Strong
azimuthal instabilities in a spray annular chamber with intermittent partial blow-off.
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Partial flame blow off in MICCA-Spray in the presence of an azimuthal
standing mode of high amplitude (4000 Pa peak)
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Extinction des flammes situées au voisinage de la ligne nodale

Flames located near the nodal line of the azimuthal mode are blown-off during a period of 20 ms when
the level of fluctuation exceeds 4000 Pa
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Annular combustion
dynamics modeling

T. Schuller, T. Poinsot and S. Candel (2020) Journal of Fluid Mechanics. Vol. 894, P1-1-P1-95. Dynamics and
control of premixed combustion systems based on the flame transfer and describing functions.
doi:10.1017/jfm.2020.239
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P==x (R 1+R€)
V
s
/ 1 /
e
(a) Annular combustor (b) Unwrapping (c) Equivalent rectangular combustor

FIGURE 21. (a) Annular combustor system. The distance between the inner and outer cylinders
forming the side walls is small compared to the mean radius d << (R; + R¢)/2. (b) The
annular combustor is unwrapped by cutting the geometry by an axial plane. (c) The equivalent
rectangular combustor has a width P = 7(R; + R.), its length is equal to that of the initial
annular system. The depth is equal to the distance between the inner and outer cylinders

d= R. — R;.
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Compact Flame Discrete Flame
Dynamical Model (CFDM) Source Model (DFSM)
P=n(R;+R,) R P P=mn(R;+tR,)
X V V °
u'ZT Q' l Qj] 8(X _Xj) [
z Flame sheet ' N g langeg 0oo o\oﬂz 0000
a u 4 a
Y (a) CFDM (b) DFSM

Ficure 22. (a) Compact Flame Dynamical Model (CFDM). The combustion region is thin
compared to the wavelength and it is treated as a discontinuity separating an upstream region
1 from a downstream region 2. (b) Discrete Flame Source Model (DFSM). Combustion takes
place in a set of N discrete flames acting like point sources. The point sources are separated by
a distance Az such that NAz = P.
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J J

where (ij)Q + (kjy)? = k? = (w/c;)* Jj=1,2

+ —_
Aj andAj

system in the transverse and axial directions

m=20,1,2,...

This pressure field needs to comply with the acoustic boundary conditions of the

Due to the periodicity of the pressure field in the transverse direction

exp(ikj, P) = exp(ik;,,0) =1, ie. k7P =2m(m+1)
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y=0(D/2) kiyy = (m+1)0
Yi(y) = cos(k},y) Y;i(y) = sin(kjyy)

= (A 4 Betbre) gy 1),
S (Ceikzxﬂf + De_ikzxx) ¢2(y>

For the axial velocity components, one gets

~ k x 7 —1 T
piCiul = kl (A K12 _ Btk )%(y),
1
~ k X 1 —1
PaCaltly = ]j (Cee — ) 4 (y)
2

In these expressions, P = w(R; + R.) = wD is the mean perimeter
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For the transverse acoustic velocity components, one has

1
km
2

where 9} (y) = —sin(k},y) if ¢;(y) = cos(k},y)
and ¢’ (y) = cos(kfyy) if ¢;(y) = sin(k]}y)

The acoustic field also needs to comply with the jump conditions for the axial
flow components across the flame sheet

Assuming that they can be represented by their specific admittances

B1 = pycius/p1 and Po = pycatia/po

6/20/2

59

One is left with the same dispersion relation as for pure axial modes

%— 1(1+0F) =

This general expression sets the wave numbers k1, and ko,

and thus fully defines the angular frequencies w
1/2

2
Lm _ (W) + (kja)? where j = 1 or 2

Cj

To fully characterize the axial acoustic field, one needs to specify
the upstream (7 and downstream [y admittances
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Nonlinear interaction between the precessing vortex core and acoustic oscillations
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Figure 15: Spectral distributions of photomultiplier (a) and microphone (b) signals, ¢ = 0.69,

up = 9.9m.s™'. One vertical half of the photomultipliers field of view is masked, and the signal

has been normalized by the mean value. The microphone is located outside of the flame tube.

fi. fa, and fp denote interaction, acoustic and helical-mode frequency, respectively.

j% ::.fﬁ “.fﬁ
J.P. Moeck, J.F. Bourgouin, D. Durox, T. Schuller and S. Candel (2012) Combustion and Flame, 159, 2650-2668.
Nonlinear interaction between a precessing vortex core and acoustic oscillations in a turbulent swirling flame.
70

6/20/2



b=0° ¢ = 60°

y (mm)

¢ = 180°

y (mm)

= (mm) z (mm)

-20-10 0 10 20 -20-10 O 10 20 -20-10 0 10 20

z (mm)

Figure 19: Phase-averaged images of the light intensity deviation from the mean distribution in
the burner gathered from a top view at the interaction frequency (254 Hz).

J.P. Moeck, J.F. Bourgouin, D. Durox, T. Schuller and S. Candel (2012) Combustion and Flame, 159, 2650-2668.
Nonlinear interaction between a precessing vortex core and acoustic oscillations in a turbulent swirling flame.
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MICCAZ2 configuration

MICCA 2 is equipped with
16 matrix injectors

Camera 1
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The dual mode region is where the spinning and standing regions overlap. The hatched area is where
the chugging mode is manifested. The blank area corresponds to the lean extinction limits of the

chamber
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High-speed snapshots of the full annular combustion chamber during a spinning mode cycle (T = 2 ms).
The mode is rotating in a counter-clockwise direction and the maximum luminosity reached by each
flame during the cycle is the same for all burners.

t=0ms t=0.5ms

t=1ms t=1.5ms

High-speed images of the full annular combustion chamber during a standing mode cycle (T = 2
ms). The nodal line (dashed line) is fixed between two burners. The thickness of the curved line
gives an indication on the oscillation level. The flames next to the nodal line have a lower
amplitude of oscillation than those situated near the anti-nodal region




a1
o
[

- Exp 1 ‘ ‘ ‘ 500 —— ‘ ‘ ‘ :
< sool| - B2 Soibed
N Ml === R ] [
= - o0 —~ Ej/m
g * JEan N 495) PP\ ]
B 495/ S0 =) -
=] P .-
Q - >
=, 490¢ ”,, Wt g |
& / - g =
485 / g
%@ ;, P ’] =)
B e
2. 480 "’ ‘ 3
= o S
g 475} ® Clusging | =
u inning - ¢ i > inning - ¢ increases ||
470 ‘ ‘ ‘ Sf?ligﬁiﬁg - ﬁldri‘ccrfe;;eci 480 ‘ : gfﬂndini - ﬁ doi:re(\fsiss
0.9 1 11 1.2 1.3 1.4 1.04 1.06 1.08 11 1.12
Left: hysteresis cycles for operating conditions indicated in. Arrows indicate
the path followed during the experiment. When gb increases from 0.9 to
1.1 a spinning mode arises. When ¢ is diminished from 1.2t0 1.1 a
standing mode prevails. Right: zoom on the loop for ranging between 1.03
and 1.13.
| | ‘—Chugging‘l | I %Chugging 3
500 —— Spinning 1 5007 Standing 2
= =
& &
0 0
& o}
-500¢ -500
-500 0 500 -500 0 500
pMP2 (Pa) pMP2 (Pa)

State space maps of the pressure signals ( tma:z: =04s ) recorded by microphones MP2 and
MP3 in the plenum separated by a 90° angular shift

6/20/2



Conclusion

Q Multiple longitudinal and azimuthal modes are observed in the annular configuration in regions

which in general do not overlap

Spinning and standing modes with stable limit cycles are observed for the same flow operating
conditions in a limited « Dual mode » domain

The oscillation arising in this « Dual mode » region depends on the path taken to reach the
operating point. If is increased, with the same air mass flow rate, from lean conditions to the
target value, a spinning mode is obtained. If (D is decreased from rich conditions, a standing
mode is manifested at the target conditions

The spinning and standing modes do not switch from one to the other but instead when a mode
arises, it is locked on.

Q The chugging oscillation observed just outside the region of azimuthal instability contains

information that can be used to predict the azimuthal mode structure that will be established in
the « Dual mode » domain.

It would be interesting to see if these observations can be explained by recent theoretical
analysis like (Ghirardo et al., 2015) which allow the coexistence of both spinning and standing
modes for the same operating conditions. This is however not straightforward since the theory
relies on a nonlinear time invariant relationship between heat release rate and pressure
fluctuation in the chamber

K. Prieur, D. Durox, J. Beaunier, T. Schuller and S. Candel (2017) Combustion and Flame. 175, 283-291.
A hysteresis phenomenon leading to spinning or standing azimuthal instabilities in an annular combustor.
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Dynamics

Historical perspective (RANS, DNS, LES)
Laminar flame dynamics

Large eddy simulation of turbulent flames
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Annular systems azimuthal instabilities
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Trends in computational flame dynamics

1960 2000

AN

CFD beginnings New CFD
(Computational (Computational Flame
Fluid Dynamics) Dynamics)

1960

Numerical combustion

Simulation is crucial to the development
of advanced combustion concepts

Direct Large Reynolds
simulation eddy average
simulation Navier-Stokes
equations
All temporal Large scales are Equations are
and spatial calculated, small averaged and
scales scales are Reynolds
are calculated represented stresses and
by subgrid scale turbulent fluxes
models are modeled
Laboratory Applications

* _
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Ozone decomposition flame

1954 Os+M —>0+0,+ M
O+ 03 — 20,
Flame
©S. ’
Candel, Hy/air flame 5
2013

Flame vortex
interactions

1987

Reynolds
average
simulation
of turbulent

simulation
2| of ignition

Computational flame dynamics timeline

2013

t=17.5ms

2015

TIKI

100 683 1267 1850 2433 3017 3600

{ =32.5ms

Reactive shear layer
Flashback
Combustion 2010
- acoustic
! {9 coupling
) H Transcritical combustion
5
. . Computational flame dynamics timeline
201 1 Pressure [Pa)
2012 _
Calculated y Multiple
rotating mode # cryogenic jets
in an annular under
combustor transverse
T modulation

Ignition
dynamics of
an annular
combustor

Triggered
combustion
instability of a
full rocket engine
(42 injectors)
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Large Eddy Simulations in fluid mechanics
(observed in the Web of Science)

Large eddy simulations appear in the late 1980th

(1) Much of the current modeling effort in combustion is carried
out in the LES framework

” - wn o ~ =) o = wn o ~ ) o = — o~
o = o = o o o = = =3 =1 =3 = = = -
o o o o = o o =1 =3 = =1 =1 =1 = = =
] o) - - - - - o o o o o o o o I

o - o m
=3 = =3 =
= =1 =1 =
o o o o

Over two hundred publications per year featuring these two keywords




Direct simulation of premixed flames is feasible if...

Az

A minimum of 72 points
is used to discretize the flame

0 =nlAzx
N [
Ax =l PR

N > (Re;)3/4 (N/n)? > Re;Da

This limits direct simulation to low Reynolds and
Damkohler numbers

N =1000 N°=10°

n = 2() toresolve the flame N3
Re, < N*/3 = 10*
Re;Da < (N/n)? = 2500

If one chooses Rel = 250
then Da < 10

In simulations of turbulent flames at Damkoéhler numbers greater than unity (typical of combustion
conditions where the chemical time is short compared to the mechanical time) the Reynolds number

can only take moderate values

6/20/2
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This restricts the domain accessible to direct simulation

102
U @ Thickened
— S
S L /\\ 2
Q
1[04 Thickened
10 S .
\\ wrinkled
\/ flames
10°

Zone accessible to
-1 direct simulation
10 B N=109points

(@)
Wrinkled flames

| |
107! 100 10 102 1/6 103

T. Poinsot, S. Candel and A. Trouvé (1996) Progress in Energy and Combustion Science. 21, 531-576.
Direct numerical simulation of premixed turbulent combustion.

11

Combustion dynamics of flames interacting with equivalence ratio perturbations

Conical flame perturbed by Inverted flame perturbed by
equivalence ratio modulations equivalence ratio modulations

flames submitted to equivalence ratio nonuniformities.

A.L. Birbaud, S. Ducruix, D . Durox and S. Candel (2008) Combustion and Flame. 154, 356-367. The nonlinear response of inverted « V »-

12
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A.L. Birbaud, S. Ducruix, D . Durox and S. Candel (2008) Combustion and Flame. 154, 356-367. The nonlinear response of inverted « V »-

Conical flame perturbed by
equivalence ratio modulations

0.05
0.04
0.03
0.02

flames submitted to equivalence ratio nonuniformities.

Combustion dynamics of flames interacting with equivalence ratio perturbations

= 121
| 095
0.70

Velocity field perturbed by
equivalence ratio modulations

13

(@

(a-e) Methane mass fraction distributions
during a cycle. @(t) = ¢g + @1 sinwt

f=375Hz, ¢'/¢ = 0.1, $ =0.8

(f) Relative heat release and
equivalence ratio perturbation

14
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(2) It is hoped that LES will allow to analyze practica

ABB's gas turbine Type 13E -
for 50 cycles, 148-160 MW :

| applications

15

The future clearly lies in Large Eddy Simulations

E ( k.) Power spectral density

FE ( k) Power spectral density

/N

All | lculaYsd Large scales Small scales
scales are calcuia are calculated are modeled
< i <):(>A
k; Wavenumber k; kc Wavenumber
Direct simulation Large Eddy Simulation
ke~ 1/A
DNS LES

16

6/20/2



Large eddy simulation of turbulent combustion

Dissipative

scales In direct simulation,
dissipative scales and
flame must be resolved
Ssggss ylk on the grid

Flame

(S0
1
EEEED

W

-
L

N

i

() ()
Ax
Eiy Sl SO
i _’A“.! ::J HT:
Zf:‘ Flame ERBGS Th'” f'°”t . P¥° Thickened Is Spatially
T NN fl [y filtered
2 © @ © " fame
N
ol In large eddy simulations the small scales are modeled but the grid is too rough to resolve the
g flame :
© ® The flame is replaced by a thin front (d)
8 ® The flame is artificially thickened (e)
® The flame is spatially filtered (f)
17

The thickened flame method

LES methods are now widely used to examine combustion dynamics and instabilities. LES naturally
describes the flame motion induced by the large scales

One effective model in premixed combustion relies on the
artificial thickening of the flame so that it can be calculated
on a relatively coarse grid.

This method, originally proposed by Bracco and O’'Rourke in
a different context, was later explored by Thibaut and
Candel (1998) in a simulation of oscillations in a dump
configuration.

S T
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

D. Thibaut and S. Candel (1998) Combustion and Flame, 113, 51-65. Numerical study of unsteady turbulent premixed combustion.
Application to flashback simulation.

18
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Combined with a subgrid scale efficiency function the flame thickening method (FTM) has been
extensively exploited to investigate combustion dynamics in premixed gas turbine combustors

[ I B s 1
[Te 450 815 760 e45 1110 1975 1440 1605 1770 1835 3100

Temperature
distribution

L Wreacl: 40 -36.7 -33.4 -30.1 26.8 23.5 -20.2 -16.9 -13.6 -10.3 -7 |

Heat release
rate distribution

S. Ducruix, T. Poinsot and S. Candel (2002) Large eddy simulation of combustion instabilities in a swirled combustor. In Turbulent mixing and combustion, A. Pollard and S.
Candel, eds. Kluwer, Dodrecht, Chapter 31, pp. 357-366.

19
Swirling flame calculations with LES and complex chemistry give
access to practical applications
Tabulated Thermochemistry for Compressible flows formalism (FTACLES)
| o AVBP
Iso Contour T = 1400K y
Air b &
623K — 8.1 million nodes,
40.2 million cells,
CH4 180 000 CPU hours
388 K (With 2000 cores
" e A the restitution time
Air AN & is about 1 week)
623 K o - : &
‘elocity 5 - @f.‘MZC & 0.8
) : ’ " — = 0.
0 14 29 43 57 72 86 100 A._)".
» Aoy
R. Vicquelin, B. Fiorina, S. Payet, N. Darabiha& O. Gicquel 2011 Coupling tabulated chemistry with
compressible CFD solvers. Proceedings of the Combustion Institute 33 (1), 1481-1488.
P. Auzillon, O. Gicquel, N. Darabiha, D. Veynante, B. Fiorina (2012) A Filtered Tabulated Chemistry model
for LES of stratified flames. Combustion and Flame, 159 (8), pp.2704-2717.

20
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Ignition of an annular combustor

Simulation

Experiment

M. Philip, M. Boileau, R. Vicquelin, T. Schmitt, D. Durox, J.F. Bourgouin and S. Candel (2014) Physics of fluids, 26, 091106. doi: 10.1063/1.4893452. Ignition sequence

in a multi-injector combustor.

M. Philip, M. Boileau, R. Vicquelin, T. Schmitt, D. Durox, J.F. Bourgouin, S. Candel (2015). Journal of Eng. Gas Turbines Power (ASME) 137(3), 031501 GTP14-1375
doi: 10.1115/1.4028265. Simulation of the ignition process in an annular multiple-injector combustor and comparison with experiments.

21

Light round ignition of the MICCA combustor. Experiment and simulation. Uy,
-

©  Simulation

Experiment © Simulation Experiment
M. Philip, M. Boileau, R. Vicquelin, T. Schmitt, D. Durox, J.F. Bourgouin, S. Candel (2015) Journal of Engineering for Gas Turbine and Power

(ASME) 137(3),

- N
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t=30ms

Nk

"y rae | t=20ms u - ».
Comparison between experimental and numerical flame configurations for
liquid n-heptane injection. = 0.8, P = 79.8 kW

T. Lancien, D. Durox, K. Prieur, S. Candel and R. Vicquelin (2017) J. Eng. Gas Turbines Power 140(2), 021504.
Large Eddy Simulation of light-round in an annular combustor with liquid spray Injection and comparison with experiments

23

Principle of the VHAM

Y, =

¥

h

Multiple injector combustor (MIC) equipped with a Very High Amplitude Modulator
(VHAM) mounted on the « Mascotte » cryogenic combustion testbench

24
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PARTNERSHIP FOR . ; . 4 - - LES-HF Project team
4% ADVANCED COMPUTING : ’

IN EURCPE L B IR X —1 (EM2C-Cerfacs)

[0S. Candel, 2019

Region of interest

Geometry

Multiple injector combustor

GCH, =>
Mesh characteristics L0 —>
11 800 000 nodes GCH. >
63 300 000 elements !

6 elements behind the injector lip

2

(]

Large eddy simulation of cryogenic flames in the multiple injector combustor (MIC). AVBP-RG
Pressure is above critical.

PARTNERSHIP FOR

IN EUROPE

LES-HF Project team (EMZC Cerfacs)
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The transverse acoustic modulation
induces a significant reduction in flame

length

Cryogenic flames are developing
in the absence of acoustic modulation

27

Experimental results

Experimental
pressure signals

APIP,, (%)

2 3 4 5
Time (VT)
Numerical results
] Simulated

pressure signals

=

L)

0
OPIP,, (%)

NOL awN

-0.01 0.01 1 2 3 4 5

. - _ ./

Outlet nozzles

Structure modale obtenue dans la chambre au
moyen d’une simulation numérique de la
modulation par le VHAM

28



Large eddy simulation of cryogenic flames in the multiple injector combustor (MIC). Pressure is AVBP-RG
above critical. Flames interact with the 1T1L mode induced by the Very High Amplitude Modulator

S 4 N L 1
> '; PARTNERSHIP FOR 1 - B a7
v % ADVANCED COMPUTING - v»\ Nl 4 | z B
*)(, >\ IN EUROCPE v 4

LES-HF Project team (EMZC Cerfacs)

29

Simulation of a cryogenic engine comprising 42 coaxial injectors (BKD)
44.5

Nbr of elements
A 70M

Mesh size

near the injector
14.8 P AX =50pum

21.5

CPU time
on BlueGene Q
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ Y. 1M hours for 10ms

Temperature
distribution in the
engine in the
absence of
instability

TK]
_— T ee—
100 683 1267 1850 2433 3017 3600

A. Urbano, L. Selle, G. Staffelbach, B. Cuenot, T. Schmitt, S. Ducruix and S. Candel (2016) Combustion and Flame. 169, 129-140.
Exploration of combustion instability triggering using Large Eddy Simulation of a multiple injector Liquid Rocket Engine.

A. Urbano, Q. Douasbin, L. Selle, G. Staffelbach, B. Cuenot, T. Schmitt, S. Ducruix and S. Candel (2017) Proceedings of the
Combustion Institute, 36. Study of flame response to transverse acoustic modes from the LES of a 42-injector rocket engine.

30
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1| Power spectral density
=or : from simulation

N -6of ‘ .

@ .70 ‘ ‘

@ o | ; Power spectral density of a pressure
-o0f i | signal in a regime of a high frequency
100 : : . g . .

SR S A instability (Operating point LP4)
f [kHz]
(b) LP4-LES: f; = 10,700 Hz, fo =
21,400 Hz.
“or 1 Measured power
-50F spectral density

E-GO

E -70

2 80 : A. Urbano, L. Selle, G. Staffelbach, B. Cuenot, T.

* oo} i A Schmitt, S. Ducruix and S. Candel (2016)

100 E i Combustion and Flame. 169, 129-140. Exploration
& L 4 = 2 - of combustion instability triggering using Large
f [kHz] Eddy Simulation of a multiple injector Liquid Rocket
(d) LP4-experiment: f; = 10,260 Hz, fo = Engine.
20, 500 Hz.
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Ignition of a homogeneous reactor
Ignition under non premixed conditions
Light round in an annular combustor
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Ow

Ignition of a homogeneous reactor

/ ow + 0g =10 t;

0q

The adiabatic reactor contains a homogeneous reactive mixture
at an initial temperature T, with initial mass fractions Ygy and Yoo

It is assumed that a single step reaction takes place
vpF +v50 — P

with a reaction rate following Arrhenius kinetics

: E
w = BCrCop, exp(—ﬁ)

Species concentrations may be wriiten in terms of massa fractions

Cr = pYr/Wp, Co = pYo/Wo

The reaction rate becomes
Bp? E

—_F vy _=
WoWp © F exXp(=5r)

w
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The ignition is governed by a first order differential equation together with
algebraic expressions for the fuel and oxidizer mass fractions

pcvi—f = (—AF)w
w= Wifjfo YrYo exp(—%)
Yr=Ypo—c (V_%E) (T —To)
Yo =Yoo — CU(V_IOA—WE)(T —Tp)

An asymptotic analysis based assuming a large activation energy indicates
that the perturbation of temperature with respect to the initial temperature is
governed by the following differential equation

d T, (—~AE)Bp E T

dt(TO T eWeWoesToYroYou eXp(_RTO)eXp(?O)

where & = RTO/E is a small parameter

This expression features a characteristic time

RT() Cy To WF WO E

E (—AE)Bp YroYoo xp(Z7r)

t; =
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Inserting this definition in the differential equation for the temperature
perturbation one finds

ATy /Ty) T
) o)

The temperature perturbation features a logarithmic behavior

T In(1 t ) 611 /Ty
— = — 1IN — — [
To t; 4
When t << t; the perturbation in 2|
temperature is small. When { approaches ti '

this perturbation increases without bound 0 -

0 ()2 | 'O.4A 06 08 |

© = (T —To)/(Ty, — To)
1.5¢ 1
7t
Tu=800 K
Tb=2000 K
Da=0.5E6

0.5t  Ta=12000K I

0 01 02 03 04

Temperature evolution as a function of time
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Propane

Non-premixed multiple injectorcombustor
Combustor

Laser induced fluorescence of OH

Filter

Injector

9 LOx
Nozzle
CCDh
Ll:lsetr camera
shee Cylindrical

Mirror

-

f

Frequency Mirror
doubler

10




Spark plug

Ignition of the multiple injector combustor
(imaging by laser induced fluorescence of OH)

11

5 o A m(\ B A / G0 e

Direct simulation of ignition in homogeneous turbulence (T. Poinsot)

12
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a gas turbine engine.

M. Boileau, G. Staffelbach, B. Cuenot, T. Poinsot and C. Bérat (2008) Combust. Flame 154, 2-22. LES of ignition in

13

CFM 56 turbofan

@ Annular geometry
@ Multiple swirled injectors

@ Liquid phase injection
(kerosine /air)

@ High pressure

Ignition dynamics in annular combustors

Annular combustor MICCA2

Annular chamber

@ Annular geometry
@ Multiple swirled injectors
@ Premixed (propane/air)

@ Atmospheric pressure

Annular combustor MICCA-Spray

@ Annular geometry
@ Multiple swirled injectors
@ Liquid injection (heptane/air)

@ Atmopsheric pressure

14
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Ignition dynamics in an annular combustor

High speed imaging
Frame rate

f. =1/6000s
Exposure duration

T = 16.6 us
Operating point

Bulk injection velocity

Up=12.2m/s

Equivalence ratio

¢ =0.76
Thermal power
Py =40kW
: J.F. Bourgouin, D. Durox, T. Schuller, J. Beaunier and S. Pth = 40kW, Ub = 12.2m/s, phl =0.76
Candel (2013) Combust. and Flame, 160, 1398-1413. EM2C CNRS-ECP

Ignition dynamics of an annular combustor equipped with
multiple swirling injectors.

©S. Candel

supported by ANR and Snecma

[N
(S}

Light round ignition of the MICCA2 combustor

MICCAZ2 under nominal operation

J.F. Bourgouin, D. Durox, T. Schuller, J. Beaunier and S. Candel (2013) Combust.
and Flame, 160, 1398-1413. Ignition dynamics of an annular combustor equipped with
multiple swirling injectors.

16
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Light round ignition of the MICCA combustor. Experiment and simulation.

Experiment © Simjlatiaw Experiment © Simulatio?

M. Philip, M. Boileau, R. Vicquelin, T. Schmitt, D. Durox, J.F. Bourgouin, S. Candel (2015) Journal of Engineering for Gas Turbine and Power
(ASME) 137(3), 031501 Simulation of the ignition process in an annular multiple-injector combustor and comparison with experiments.
== '_,I e

PARTNERSHIP FOR ’ s
i
ADVANCED COMPUTING ’,‘g
IN EUROPE 5 Ve

1

Experiment © Experiment ©

M. Philip, M. Boileau, R. Vicquelin, T. Schmitt, D. Durox, J.F. Bourgouin, S. Candel (2015) Journal of Engineering for Gas Turbine and Power
(ASME) 137(3), 031501 Simulation of the ignition process in an annular multiple-injector combustor and comparison with experiments.

-
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X
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Flame fronts merging time [ms]

1
Ubulk [m.s ]

stand for the time lags determined from LES calculations

Flame fronts merging delay as a function of the bulk injection velocity. The magenta star symbols

19

Experiment: light emission intensity from
the flame represented in false colors

M. Philip, M. Boileau, R. Vicquelin, T. Schmitt, D. Durox, J.F. Bourgouin and S. Candel
(2014) Physics of fluids, 26, 091106. Ignition sequence in a multi-injector combustor.

-
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Large Eddy Simulation of the light
round process

M. Philip, M. Boileau, R. Vicquelin, T. Schmitt, D. Durox,
J.F. Bourgouin, S. Candel (2015) Journal of Engineering
for Gas Turbine and Power (ASME) 137(3), 031501
Simulation of the ignition process in an annular multiple-
injector combustor and comparison with experiments.

20
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Light round ignition in MICCA-Spray

Propane/air Heptane/air Dodecane/air
03 H8 premixed 07 H16 spray injection 012H26 spray injection

Filmed at 6000 fps, slowed down at 24 fps

K. Prieur, D. Durox, J. Beaunier, T. Schuller and S. Candel (2017) Proceedings of the Combustion Institute. 36,
3717-3724. Ignition dynamics in an annular combustor for liquid spray and premixed gaseous injection.

21

Flame and spray dynamics during the light-round
process in an annular system equipped with multiple
swirl spray injectors

Kevin Prieur, Daniel Durox, Guillaume Vignat, Thierry Schuller, Sébastien Candel

K. Prieur, D. Durox, G. Vignat, T. Schuller and S. Candel (2018) Flame and spray dynamics during the
light-round process in an annular system equipped with multiple swirl spray injectors. ASME Turbo-expo
ASME GT2018-78640 Journal of Engineering for Gas Turbines and Power JUNE 2019, Vol. 141 / 061007-11

Agence Nationale de la Recherche|

[ ]
université @mzc b I & SAFRAN
PARIS-SACLAY CentraleSupélec F
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Experimental Study of Ignition in Laboratory Scale Annular Combustors

Swirled Injector forms a Hollow Impact of Fuel Volatility on the Light-
one Spray C,Hqg/Air Round Ignition Time in MICCA-Spray

L - Y oy
S ~ 65 70 75 80 8 90 95

50

MR Y
RY -y 0

B Propane
@ Ileptanc
’ Dodecane

10 -

Uy=31lms '

N 0.8 0.9 1 11

=

[1] Prieur, K, Durox, D, Beaunier, J, Schuller, T, Candel, S, Ignition Dynamics in an Annular Combustor for Liquid
Spray and Premixed Gaseous Injection, Proc Comb Inst, 2016

23

MICCA: An Annular Laboratory Scale Combustion Chamber

Steel tube used as inner wall to show
the wall temperature distribution and
illustrate the position of the flames.

24
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16 injectors

MICCA-Spray: An Annular Combustion Chamber with Swirl Spray Injectors

Backplane
. d; = 8 mm
Injector Outlet drin
Ubulk = 7502

Outlet Cone
swirler T
Liquid Fuel  E|3l5/] +)
Atomizer E A td
MainBody
Y d = 3mm
RO = 5mim

25

Liquid
n-heptane

MICCA-Spray: An Annular Combustion Chamber

@ Simplex atomizer
| @ Hollow cone spray

@ n-heptane droplets

: @ d32 = 27um

C: vertical laser sheet

A-B: horizontal laser sheet

6/20/2
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MICCA-Spray: Light-Round Process

Steps of the ignition process in an annular

combustor

n-heptane (liquid) / air

@ Initiation of a hot gas kernel by the spark

@ Expansion of the kernel leading to the
ignition of the first injector

@ Creation of two flame branches

@ Propagation of these branches

@ Flame merging

Equivalence ratio: 0.89

Bulk velocity: 31 m/s

Thermal power: 80 kW Phantom v2512
6 000 fps, 1280x800 pixels, Exposure At = 166 us

400 — 470 nm filter for CH* emissions

27

MICCA-Spray: Travelling Flame Branch

MC4 / M @ Preheated combustor walls (870 K)
@ Single spark plug ignition

@ Central steel plate
A single flame branch is filmed.

“—MP3 @ n-Heptane (liquid) / Air

, @ ¢=0.89
Field of view
] Upulk = 311118_1
@ P =80kW

Camera 1

28
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MICCA-Spray: Travelling Flame Branch

29

MICCA-Spray: Travelling Flame Branch

25 30

Zone |l

The volumetric expansion of the burned gases drives the movement of the flame.
Zone I: Close to the backplane, velocity mainly in the azimuthal direction,

vg ~ 15 —20ms!
Zone |I: Both azimuthal and axial components, vo ~ v, and [[v]| ~ 10 — 15ms™",

30
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MICCA-Spray: Changes in Flame Shape during the Light-Round Process

31

MICCA-Spray: Changes in Flame Shape during the Light-Round Process

Direct CH- emission imaging The ignition process is repeated several times.

5rps 21lms 37Ims 53.ms 69Ims 85.ms

sy YR PENFYYyYyY

R A A A A A A

Shape B

Transition from Shape A to Shape B
in approximately 7, = 40 ms

TARINTY

Abel transform

32
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True-color low-speed images of the light-round in the MICCA combustion chamber
under premixed propane-air conditions with ¢ = 0.76 and P = 60kW.

SICCA-Spray measurements

Photomultiplier

Quartz tube

Hot wire
\

Loudspeaker

!

@v

\% d. = 70 mm
wavc'/guidc

MA
§MP1
MP2

Loudspeaker|

@EF
[ o

Liquid fuel

le Watercooled

2.5 10
93l Velocity thot
L -8
2.1 H
~~ - 76 N
3 S
g 19 2
3 4 ™
17+
L J— 19
1.5F —_—u 1
= = =Umcan
gy
1.3 : P ‘ o 0
-10 0 10 OH*2hight Imtensity4o 50

t (ms)

Velocity u(t) and flame luminosity /(t) signals during

ignition of the single SICCA-Spray injector. The black-dotted
line corresponds to the mean velocity at nominal operating
conditions.
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0 ms 8 ms 16 ms 24 ms 32 ms 40 ms 48 ms
1 2 1 ' Il 2 1 4»

Three ignition sequences of the SICCA burner equipped with the premixed
swirled injector with ¢ = 0.76 and P = 3.75 kW

35

Pressure perturbation associated with the rate of change of heat release is given by

p'(r,t) 7_1/‘, : QQ'(”O:t—|'“—T0|/Co)dV(ro)

- 4meg? lr —1o| Ot

The heat release occupies a compact region. One may use the heat release rate
integrated over the whole region

, oy —11d
 Awcd r o di

p

In principle this expression is only valid in the farfield but it has been used under
similar conditions with some success to estimate near field pressure
perturbations (for example by Noiray et al)
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To get the rate of change of heat release rate one uses
N/ 4 —
AQ >~ (80) (10" )W At =410"3s
(results of calculations by Thea Lancien)

40" L A0 0 v st

Y

dt (4) (10—3)
0.4 1 1
I~ (2)(10%)= !~ -
P 4%(340)2( (10 )7“ b= 55'077“

Forr=0.02m p/ ~ 2750 Pa

The pressure disturbance induced by the rate of change of the heat release

6/20/2

rate is of the order of 3000 Pa
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_ + Experimental Pressure loss measurements

Injector head loss 8 ;m‘g;lal Uo 1 in the SICCA-Spray burner as
1 ) £ 6 . afunction of the velocity at the
— _ < hot-wire probe position. The
Ap 2 apuo a1 value at the nominal operating
2 conditions is indicated by a
0 red dot
0 1 2 3
Model M1 e
/

dv 1 1 A _

T vl == p2 Vs = u/up
dt 2 2 opug r=1/(oup)
Model M2
1 d?v, dv, 1 1 Ap’

= T+ Vi =~ + —
wg dt dt 2 2 opu

0 0
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Velocity obtained at the hot wire position using model M1 (blue) and M2 (red). The velocity
measured by the hot wire is shown as a thin black line. The pressure perturbation used for the
present calculation is shown as a thicker black line on top, associated with the right axis.
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