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Central Italy energy consumption by source in the last 24h
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GT combustion is studied in laboratory burners
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GT combustion is studied in laboratory burners
Thermocouple

Combustion Chamber

Sensor
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GT combustion is studied in laboratory burners

Thermoacoustic Instability -ombustion Chamber
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Thermoacoustic coupling first discussed in 18th and 19t" century

Doct(;r Higgins’
tube
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Lord Rayleigh
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Thermoacoustic coupling stems from heat-sound interaction

Turbulence
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Thermoacoustic coupling stems from heat-sound interaction

Turbulence
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Thermoacoustic coupling stems from heat-sound interaction

Turbulence
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Thermoacoustic coupling concerns today’s practical systems

Rocket
engines
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Thermoacoustics can be modelled with different levels of detail
Model detail

» Real physics
Experiment
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Thermoacoustics can be modelled with different levels of detail

Experiment

i
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Thermoacoustics can be modelled with different levels of detail

Experiment
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Thermoacoustics can be modelled with different levels of detail
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Thermoacoustics can be modelled with different levels of detail

Experiment
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Thermoacoustics can be modelled with different levels of detail

p(x,t) = i Vi (x)n;(t) »
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Changing oscillator’s elements to reproduce different dynamics
p(x,t) = g%(w)m(t)
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Changing oscillator’s elements to reproduce different dynamics

i+ wén = 2vi — g(n,1) +HE)

Noise color < Spectral content
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Changing oscillator’s elements to reproduce different dynamics

i+ wgn = 2vn — g(n, 1) +§
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Changing oscillator’s elements to reproduce different dynamics

i1+ win = 2v) — g(n,n) + &

0.3

-0.3 | —1)s 0
7

D MAVT Department of Mechanical and Process Engineering
CAPS Combustion and Acoustics for Power & Propulsion Systems Lab

7 - 0.5

0
— Bn
o)
—pBn — 5n°
—aatan(asn) — [ + _f—;r]:‘ — %7]‘"
o Data o Data
-0.5
s 0.3 -0.5 0 0.5

n

Choice #4: Nonlinearity

Giacomo Bonciolini | 5/8/19



Model | | | —

Elements | ;
lv"y/\

k Delay - NL / \ “Noise Color / \ Two Modes /
1)

0

My PhD

Transients

3 \ 5 X 7,
| p / t :
@bcritical Tippiry \Bifurcation Dodgy KThermal Inertiy

D MAVT Department of Mechanical and Process Engineering

Giacomo Bonciolini | 5/8/19 | 23
CAPS Combustion and Acoustics for Power & Propulsion Systems Lab



Thermoacoustics depends on operating conditions
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Thermoacoustics depends on operating conditions
Unstable Range
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Transient Thermoacoustics is a relevant problem for Gas Turbines

Central Italy energy consumption by source in the last 24h
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The transient thermoacoustics trilogy

Experiments and modelling of rate-
dependent transition delay in a
stochastic subcritical bifurcation
Royal Society Open Science
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The dynamics changes for different fuel/air ratios

P(p) | | | P(4)
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The dynamics changes for different fuel/air ratios
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Transient dynamics is explored by ramping the fuel/air ratio

(mCH4 /mair)

¢ =

0.635¢t l (mCH4 /mair) stoich.
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This cycle is repeated 100 times
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Transient dynamics is explored by ramping the fuel/air ratio

Fold point ¢

Quasi-steady ramps:
Hysteresis

& Hopf point

D MAVT Department of Mechanical and Process Engineering

Giacomo Bonciolini | 5/8/19 | 31
CAPS Combustion and Acoustics for Power & Propulsion Systems Lab



Transient dynamics is explored by ramping the fuel/air ratio

Fuel/air ratio ramped

up&down continuously Bifurcation delay
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Transient dynamics is explored by ramping the fuel/air ratio

Fuel/air ratio ramped

up&down continuously High-A inertial effects

Bifurcation delay
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Tipping delay depends on the ramp rate

Faster ramp
->more delay
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Tipping delay is observed experimentally
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The model can reproduce the thermoacoustic bifurcation
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The model can reproduce the transient dynamics
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Tipping delay is a risk
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Tipping delay is a risk
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Tipping delay is a risk
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Tipping delay is a risk

R= 10 rad/s> R= 50 rad/s?
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5000 realizations of the process
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Tipping delay is a risk

| Higher triggered
RHigher More gLimit C?/gle
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The transient thermoacoustics trilogy
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Two consecutive and mirrored supercritical bifurcations

20 I I I I I I \ \ \
— | Can we dodge ) P(4)
15 - i the bifurcation | Pm"(m;“)
= \\by ramping fast?
E 10| - |
R Stable o Stable 0.5
5 B [
. Unstable =

12,5 13 13.5 14 145 15 155 16 16.5 17 175 18 185 19 19.5 20

D MAVT Department of Mechanical and Process Engineering

Maj [ /5] | 5819 | 44
CAPS Combustion and Acoustics for Power & Propulsion Systems Lab air g Giacomo Bonciolini



Transient dynamics is explored with multiple ramp experiments

1.1 @ 0.69
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Transient dynamics is explored with multiple ramp experiments

1.1 ) 0.6Y
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Transient dynamics is explored with multiple ramp experiments

1.1 @ 0.69
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Transient statistics depends on the ramp time

Stationary reference |
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Transient statistics depends on the ramp time

20 | Statlonary reference B
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The model can reproduce the observed transient dynamics

a) Experiments
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The model can be used for preliminary risk estimation

Stationary mapping - Oscillation frequency fO — w0/27r
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The model can be used for preliminary risk estimation
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The model can predict the dodge probability

2 1.= 1.198

Drift Diffusion
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The model can predict the dodge probability
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The model can predict the dodge probability
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A fast growth is harder to dodge
Prs = Phiide)

Slow growth Fast growth
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The transient thermoacoustics trilogy

Effect of wall thermal inertia upon
transient thermoacoustic dynamics of
a swirl-stabilized flame
Proceedings of the Combustion Institute

D MAVT Department of Mechanical and Process Engineering

Giacomo Bonciolini | 5/8/19 | 57
CAPS Combustion and Acoustics for Power & Propulsion Systems Lab



The configuration is modified
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The current configuration features as well a double bifurcation
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Flame topology change is the instability driver
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Flame topology change is the instability driver
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Flame topology change is the instability driver
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The instability driving mechanism has changed
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Wall temperature is the bifurcation parameter
Thermal Wall Flame .
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Thermal inertia defines the transient dynamics
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Thermal inertia defines the transient dynamics

Thermal Wall Flame -
[ Power ] [Temperature]»[ Shape ]»{ Stabliity ]
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The model can reproduce the observed dynamics

®:36/ . p T w%p — 2V(t)p — Kp2p -+ g(t)

Thermal
Relaxation

“ t
A v(t) = a,T(t)" +b,T(t) + ¢,
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The model can reproduce the observed dynamics
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Summary
» Thermoacoustic bifurcation: operating point < stability

» Many aspects contribute to the system dynamics
ik T
)
» Transient thermoacoustics shows peculiar phenomena
» Nonlinear oscillator model to understand the physics and
perform additional analyses ———— W
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