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Outline of Talk Logdon I

How? What?, Why? & Where?
Passive control of thermoacoustic instabilities

by heat exchangers
By use of

m Background - Thermoacoustic Instability
m Control Strategies - Active and Passive
m Motivation - Use of Heat exchangers

m Applications
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Background Imperial College
Thermoacoustic Instability London

What?, Why? & Where?
Passive control of thermoacoustic instabilities

by heat exchangers

m What physical phenomenon are we looking at?
m Why is this important?
m Where does this occur?
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Background Imperial College
WHAT is Thermoacoustic Instability? London

m Simple thermoacoustic device
® Rijke tube
Sound generated

—

Air moving out
T~

=

' Courtesy: Prof. Maria Heckl
L Keele University

Air moving in
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Background Imperial College
WHAT is Thermoacoustic Instability? London

m Simple thermoacoustic device
® Rijke tube

m Thermo + Acoustics

Sound waves perturb flame

Flame generating sound waves

Courtesy: Prof. Maria Heckl,
Dr. Sreenath Malamal Gopinathan
Keele University
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Background Imperial College
WHAT is Thermoacoustic Instability? London

m Simple thermoacoustic device
® Rijke tube
Heat transfer Acoustic
m Thermo + Acoustics [ fluctuations ] (flucluationsj
® Positive Feedback

Sound waves perturb flame

Positive feedback

Incident wave
AN

Flame generating sound waves

Courtesy: Prof. Maria Heckl,
Dr. Sreenath Malamal Gopinathan
Heat source/sink Keele University

T ———S—S
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Background Imperial College

WHY Thermoacoustic Instability? London
m Positive Feedback [Heanransfer] [ Acoustic j
fluctuations fluctuations

® |ncreasing pressure amplitudes — Thermoacoustic Instability
® Damage to structure

Positive feedback

Pressure

Time
High amplitude pressure
fluctuations

Damaged and undamaged burner assembly

Y. Huang and V. Yang, " Dynamics and stability of lean-premixed swirl-stabilized combustion”,
Progress in Energy and Combustion Science, Vol. 35, Issue 4, pp 203-364, (2009)
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Background Imperial College
WHERE does this occur? London

m Confined Heat source (or sink) + Acoustics

Industrial Gas turbine

furnace engine

Domestic Rocket engine
boiler (SABRE)
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Control Strategies Ifgggg?] orese

How?
Passive control of thermoacoustic instabilities

by heat exchangers

m How can we control this?
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Control Strategies
Active and Passive

m Break positive feedback
® Active Control or Passive Control

L

Air ——>
Combustion
Fuel ——> Flame products e
Air ——

—

Active Control

11 March 2020

Imperial College
London

Positive feedback
Helmholtz resonator
v
1ZHR
Air ——
Combustion
Fuel > Flame products
Air ——>

—

Passive Control I.”lR

Quarter-wave tube
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Control Strategies Imperial College
Passive control London

m Other passive control devices
® Acoustic liners

SWIRL VANES

FLAME TUBE
SECONDARY AIR AIR CASING
HOLES DILUTION AIR HOLES

Dissipative mechanism in liners

FUEL SPRAY
NOZzLE

PRIMARY ZONE

SEALING RING
CORRUGATED JOINT

INTERCONNECTOR

The jet engine, 5th Ed., Rolls-Royce plc, Derby, UK, (1996)
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L. Imperial College
Motivation Lo?ldon I

Passive control of thermoacoustic instabilities

by heat exchangers
By use of

m What is so special about heat exchangers?
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Motivation Imperial College
London

Heat Exchanger

m Heat exchangers
® Integral component of combustion systems
> No additions needed
® Act as both heat sink and acoustic scatterer/ dissipator
> Active/passive acoustic element

® Positive feedback — Thermoacoustic instability

Incident wave
AN

Shear layer

-
Flow
O ﬂ>>>>ﬂ,m >>>>ﬁ
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Imperial College
Summary London

m Thermoacoustic instability

Pressure

® Characterised by high amplitude pressure
fluctuations

® Often lead to structural damage

® Caused by positive feedback

Time

Acoustic
fluctuations

Heat transfer
fluctuations

Positive feedback
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Imperial College
Summary London

m Thermoacoustic instability
® Characterised by high amplitude pressure
fluctuations
® Often lead to structural damage
® Caused by positive feedback

Combustion

Flame products

e

m Control Strategies

® Active and Passive Helmholtz resonator

Combustion
products

—

Flame —_—

lr

Quarter-wave tube
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Imperial College
Summary London

SWIRL VANES FLAME TUBE
SECONDARY AIR AIR CASING
HOLES

/" DILUTION AR HoLES

m Thermoacoustic instability

® Characterised by high amplitude pressure
fluctuations

® Often lead to structural damage

® Caused by positive feedback

m Control Strategies

FUEL $pRaY
NOZZLE

® Active and Passive
® Passive: Acoustic liners

CORRUGATED JOINT
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Imperial College
Summary London

m Thermoacoustic instability
® Characterised by high amplitude pressure
fluctuations
® Often lead to structural damage

® Caused by positive feedback O
m Control Strategies
® Active and Passive O
® Passive: Acoustic liners
m Heat exchangers

® Heat sink and Acoustic dissipator
® Active acoustic element
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Imperial College
London

Applications...
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WHERE does this occur? Imperial College

Domestic Boilers London
m Confined Heat source (or sink) + Acoustics
Industrial Gas turbine
furnace engine
Domestic Rocket engine
boiler (SABRE)
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Prediction of thermoacoustic instabilities
in domestic boilers

Collaborators
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Luck Peerlings
Susann Boij
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Modelling of Boiler
Heat exchanger modelling
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Stability predictions

Summary & Conclusions



Modelling of Boiler Imperial College
London

Idealised system

m Domestic boilers
® Burner + Heat exchanger

Fuel-Air mixture

—> Combustion chamber
Water out
—> Burner
Exhaust
— Heat Exchanger

Water in

Courtesy: Wolf (http://en.wolf-heiztechnik.de)

11 March 2020 Aswathy Surendran - Passive control of ther ic i ilities by heat 16/28




Modelling of Boiler Imperial College
London

Idealised system

m Domestic boilers

® Burner + Heat exchanger
® Radially symmetric

Fuel-Air mixture

Combustion chamber
Water out
Burner

Exhaust
Heat Exchanger

Water in

Courtesy: Wolf (http://en.wolf-heiztechnik.de)
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Modelling of Boiler Imperial College
Idealised system London

m Domestic boilers
® Burner + Heat exchanger
® Radially symmetric
*[Idealised combustion system FuekAir mbure

Combustion chamber

Water out
Burner
Exhaust
Heat Exchanger
Heat Source Heat Exchanger
‘IzL Water in
Piston
» 73 =
-
Ro @
— — —
P1 P . n el o
A~ PRy Y @ R, Courtesy: Wolf (http://en.wolf-heiztechnik.de)
r=0 z=ly =1L
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Imperial College
London

Modelling of Boiler

Assumptions

m 1-D acoustic waves, perpendicular to the rods
m Acoustically compact heat source
® Heat source thickness < acoustic wavelength

m Heat exchanger : Heat sink + Acoustic scatterer

m Inlet - open end and Outlet - closed end

Heat Source Heat Exchanger
O © R

s Pt [°H Piston
AN~ <
o [
123 12 @

YA YA EavAYAY: =2 R,
— ©°
=0 z=1ly r=1L

17/28
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Modelling of Boiler Imperial College
Heat Source London

m Infinitesimally thin, acoustically compact heat source
m Obeys “Simple” n— 7 law

PN

Qr (x,w) = nuy (x) €78 (x — If)

Courtesy: Dr. O. J. Teerling,
Bekaert Combustion Technology

Heat Source Heat Exchanger
O O R
@ Pist
p«lf» p; 1ston
(VA Ve s 2
Ry @
123 123 °H
EaYAYAY: YA YA =3 R,
(O
=0 z=1ly r=1L
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Modelling of Boiler Imperial College

Heat Exchanger London
| | Heat Slnk + ACOUStiC Scatterer Heat Sink A(:oust.li(: f;‘{uls!!lissi()u
eal 111 and reflection

® Spaced infinitesimal distance (Ax) apart ® \ ® / ®
m Heat sink - Transfer function e n & r
m Acoustic scattering - Quasi-steady model - v &

. . [+

m Net scattering behaviour -~ ~ &

* Combine both and let Ax — 0 e gt

Az

Heat Source

O™\

Piston
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Modelling of Boiler

Imperial College
Cavity backed Heat Exchanger London

m Rigid end — Cavity backing

R = R, + TeouTuoaRoe

1 — RyR,e2kslc
AL =1—|R.?

m R, : effective reflection coefficient at x = L

m Heat exchanger scattering coefficients : T, .4, Ry, Tg—u & Ry

Heat Source Heat Exchanger

O ©®© \nm

i 4+ @ " Piston
1
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Modelling of Boiler
Cavity backed Heat Exchanger

m Rigid end — Cavity backing

R =R, +

Imperial College
London

7—d~>u Tu~>d Rp e2ik4/c

1 — RyR, ekl

AL =1—|R.?

m R, : effective reflection coefficient at x = L

m Heat exchanger scattering coefficients :

Tu—)da RLI7 Td—>u & Rd

Heat Source

Heat Exchanger

O © Ry
pfr p; _»is Piston
(VA Va Ve s _ﬁ;
Ro ) e O |f==
Py 12 i
YA YA N\ f R,
=0 z=1ly r=1L
fe———1
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Heat exchanger modelling Imperial College
Heat sink London

m Transfer Function (HTF) : complex quantity
Qn/Qn
b/

0, = (u;' n Uz_) (C_?h/ﬁz) {|HTF| ei<l>(HTF)}

. . . . A i
m Obtained from numerical simulations

m Approximated using Least squares

HTF =

., 1
E ] r l--- @ = 0.5m/s (sim)
0.8 E r 1| = @ = 1.0m/s (sim)
06 £ 1 < 1F | o a—osms Eapprox;
@ 0. B t % @ =1.0m/s (approx
E E 1 & r O @=15m/s (ai‘;rox)
= og4Lb 1= [
E 1 ® o5p
0.2F B L
F(a) i L/
0 I T I A I O | 0 I T Y A
0 250 500 750 1000 0 250 500 750 1000
Frequency [Hz| Frequency [Hz|
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Heat exchanger modelling
Acoustic scattering

Imperial College
London

m Quasi-steady model S R
N E 1| — Model
® Approximated geometry 0. 3 08F | o f= 150Hz
—0 El 06k 3| o f=250Hz
. . = 0. 1 — 06F E .
m Experimentally validated <, I il £ 8ot
14+ M) ps T R 1+ M 02E(a) E 02k E|
2 p2 —_— 1_)2 2 1 p [)EHMH\MHMHMHE OE \MHMHMHMHE
(1 _ Ml) pl— Rl T2—>1 (1 _ Mz) p 0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05
1 P 1:”‘“”“”‘”“1“:
Ti-2, p ; E El E E
(Tio, Rr) (o1, Re) 0. \\VW 08 ( E
P 24 _ El £ ]
AN NV = 0 ER ]
My — S My —> £ o T E
0’\\\\\\\\\\\\\\\\\\\’ 0’ Tl v b b ad
©) ® 0 001 0.02 0.03 0.04 0.05 0 001 0.02 0.03 0.04 0.05
Mach Number Mach Number
Surendran, A., Heckl, M. A., Peerlings, L., Boij, S., Bodén, H., and Hirschberg, A., “Aeroacoustic
response of an array of tubes with and without bias-flow”, Journal of Sound and Vibration, Vol. 434,
pp. 1-16,(2018).
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Heat exchanger modelling

Total Scattering Matrix

Heat Sink

Imperial College
London

Acoustic transmission
and reflection

m Heat Sink + Acoustic Scatterer ® \ ® / ®
m Combine at Ax — 0 o . &
+ R + o~ s @
Py | Tu—)d d P> Py Py <« Py
—| - [oH
Py R, Ta—u| |Pa PR PR = —
x =l r=1L
[SM]hex e————>1
Az
- lg’ -
Py \o ) by
— » <. -
: Heat Sink Duct (Az) Tube row :
2 fad fau Py
. i | H -
' o '
. | S— o N —
Py, 92d — G4u 1 Py
5 [SM]ns [SM]¢r ;
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Solution methodology Imperial College
Eigenvalue problem London

Heat Source Heat Exchanger

+ 4+ _!_: Piston

Open end \/dl\f‘ \/\I}’\f‘ @
o 5

+o—ikil — R p— gk r 23 @ R

p; € = Rop; € N\ “~N\N\ — 3
z=0 T =l T =

fe——
le At x = L end

Across heat source

[ p2— —Ikz( If) — RLP elk2(L—/f) ]

pi+pr =p3 +p5
C(riop) | (o) _ rnaln

pic1 p2c2 p1ciS
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Solution methodology

Eigenvalue problem

Heat Source

O O

Imperial College
London

Heat Exchanger

Ry
@ Piston
Pi 24 =
@3
Ry ) . «
<A ~ R - Ry
+ 0 (O}
p:L O z=0 r =l T =
fe——
Y(Q)] |PL] = I
v %= o
P> 0
Newton .
det[Y(Q)]=0 —m8 > Qn=wm +i0m
Raphson
5. 1< 0 Stable
1> 0 Unstable
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Solution methodology

Eigenvalue problem

Heat Source

O O

Imperial College
London

Heat Exchanger

Ry
o p2+ % Piston
Ry . 5 E;:
<A <R - Ry
+ 0 @°
plﬁ 0 r=0 r=1 x=
fe——
y(@)] P | = le
@) [Be| = o
23 0
Newton .
det[Y(Q)] =0 — > Q= wm+i0m
Raphson
5. 1< 0 Stable Linear stability
™ 1> 0 Unstable of the first mode
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- — Imperial College
Stability predictions Het Soure et Excanges LONCION

O ® ™\

m mn @- Piston
b2 Py -3
m /. - Ir plane AN~ AN~ &
. Ro - » o @ (==
m Time lag : 0 < 7 < Tperiod/2 A | R = B,
® Unstable (Rayleigh criterion) =0 v, =1
[

— = 1 ’
E 175 El
= = o8| -
= 150 z
2 2 06f B
g 125 § Unstable
s s 04f 1
g 100 g
z Z o 02] 1
< & <
= ™ = e

02 03 04 0. 01 02 03 04 05

Cavity length () [m] Cavity length () [m]

Surendran, A., Heckl, M. A., Hosseini, N., and Teerling, O. J., “Passive control of instabilities in com-
bustion systems with heat exchanger”, International Journal of Spray and Combustion Dynamics, Vol.
10, Issue 4, pp 362-379, (2018).

Surendran, A., Heckl, M. A., Hosseini, N., and Teerling, O. J., “Corrigendum - Passive control of in-
stabilities in combustion systems with heat exchanger”, International Journal of Spray and Combus-
tion Dynamics, Vol. 10, Issue 4, pp 393-398, (2018).
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Imperial College

Stablllty pred'Ctlons Heat Source Heat Exchanger London
© \ @ By
@- Piston
124 23 =
m /. - Ir plane AN~ AN~ &
Ro _ _ @ @ —
m Influence of fre g £ <
quency o “— ? R,
— =0 x =l x=1L
B 175 —
3 ke
= 150
g B 0.5 e 0.5 Frrr 0.5 e
H r(a) ] £ (b) E [(o) % o a—osm/s
k| 12 04F 1 o4f v o a— Lom/s
8 5 1 r 1 r —— 5= L5m/s
H 100 03F B 0.3F ] 03F
B 7 02f 1 o2f =1 0a2F E
5 1 r = r 1
Cavity length (I,) [m] 01p T 01F ] 01F ]
- O’ANA = = T 0’ ] 0’ = TR R
E 0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
g* Unstable Frequency (f) [Hz| Frequency (f) [Hz| Frequency (f) [Hz]
- region
2 f . .
3 Tube row Heat Sink Hex - combined
=]
2
2 .-"Stable
3 region
4

Cavity length (lc) [m]
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Stability predictions

Heat Source

Imperial College
London

© \ ©] Ry
st ot @- Piston
1 2 =
m /. - Ir plane A A~ @& e
Ry - = @ (==
m Influence of cavity length A~ [ %3; R,
. x=0 x =l T =
B 175 —
= ke
E 190 057kdu“““““““_ T 0.5
3 ra ] n n
< 125 04F E E 04F
g W 03f 3 F 0.3F e
5 C 1 C L AT
£ 5 Tl = F 02F -
r A r r 4
Cavity length (I.) [m] 0.1F A/j/e/"/‘y B r 4 0.1F 3
. 0:\ —'“ﬁjfumuf ¥ = £ e
£ 01 02 03 04 05 01 02 03 04 05 01 02 03 04 05
g Unstable Cavity length (I.) [m] Cavity length (I.) [m] Cavity length (I.) [m]
= region
H Tube row Heat Sink Hex - combined
=]
g le Srabl
L able
F | === 7 region
e~}

Cavity length (l¢) [m]
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Imperial College

Stability predictions Heat Soue ot Exctanger LONDON
© \ ©] Ry
P e !,» Piston
m /. - Ir plane AN~ AN~ &
Ry - - = @ (==
m Influence of velocity AR S~ ARAY %3; R,
— =0 r =1l z=1
e 175
= le
E 10 0457(‘”“”“”‘”_ 0.57(‘1’”“”“”‘”_ 0.57‘(‘)‘“”“”‘”
8 pla ] £ - ] [le
< 125 04F E 04F o E 04F
g W 03f 1 o03f 4 o03f E
3 < L ] L ] L ]
£ 5 02F E 02F . E 02F E
L ] L = ] L ]
Cavity length (1) [w] 01p 01p 7 01p E
. L. TOr I B BRI B RR Lot v v vy 0
&) % 2 %05 1.5 2 0% 05 T 15 2
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Stability predictions Hest Source ot Exctanger LONDON
© \ @ By
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Stability predictions Imperial College

ili London
Stability maps 1 1 1 -onadon
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Summary & Conclusions

m Aim: To study the passive instability control
potential of heat exchangers

m Crucial parameters

® Cavity length and Mean velocity
® Also depends on the dominant phenomenon

m Outlook:

11 March 2020

units with hex

® Aimed at clean and compact combustion

® Improved design flexibility

Aswathy Surendran - Passive control of ther

Tube row

Heat Sink

by heat

Heat source location (Is) [m]

Heat source location (Is) [m]

Imperial College

London

Unstable
region
!
u

region

Cavity length (Ic) [m]
Unstable

region
- f
@

region

Cavity length (Ic) [m]
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