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2,549,464
ELECTRIC POWER SOURCE

Ralph V. L. Hartley, Summit, N. T., :Lés'ignur to
Bell Telephone Laboratories, Incorporated, New
York, N. Y., a corporation of New York
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Thermoacoustic Engine

Stack of plates
Heat exchanger
/ / Acoustical Resonator
=
= \

— 1 ‘gc \

Heat source Acoustic work



Thermo-acousto-mechanicafreducton
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Stack of plates

Heat exchanger
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Different architectures
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0 Heat source

= Solar dish
- Waste heat
1 Biomass

O ...
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Different architectures
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Standing wave thermoacoustic engine

» pand v are out of phase + stack
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Different architectures
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Different architectures
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EIectro-mechanlcaI transducer

Piezoelectric sensors
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Different architectures
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Heat source
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Electro-mechanical transducer

Piezoelectric sensors Electrodynamic sensors
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Qdrive’s 1S102M/A linear reciprocating
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Theory : engine design

o Case of traveling-wave loop thermoacoustic device

Analytical theory, but practically : Use of Delta-EC (or equivalent software)

High acoustic impedance at the
entrance of the regenerator

Feedback loop
(minimization of viscous losses)

% P and vin phase
sl (LI W(traveling wave condition)
|l
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— |

1 Thermal to acoustic efficiency rlta Q
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Theory : acousto-electric
coupling

0 Case of a linear alternator, seen as an electrodynamic loudspeaker

Diaphragm: §, M,,  Coil: LF' R,
1 1

_r'.'—\ | |II

ﬂl‘l'il
(“'\ A Magnet R,
Py Ry
-

Suspension

Fi(t) ‘ X Iu-emfm R L

Bl

Electrical network equivalent to the alternator



Theory : acousto-electric
couplin

Diaphragm: S, M, Coil: L, R, v(t) Rm K. M

A\ ol },ﬁ p(t) E ‘F(t) pf(t}‘
g S

o Electrical impedance

ZEE(W) = Re + jwLe + Ry,



Theory : acousto-electric
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Diaphragm: 5, M, Coil: L,, R,
&
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o Electrical impedance

ZEE(W) = Re + jwLe + Ry,

0 Mechanical impedance
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Theory : acousto-electric

coughng
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v(t) Rm Kn

— ‘ — £
| M
}m p(t) E% ‘F(t) Uemy (1) Ry, | |
S i

o Electrical impedance

Diaphragm: 5, M, Coil: L,, R,
&

- \

ZEE{W) = Re + jwLe + Ry,

0 Mechanical impedance

Ko

o Electrical current flowing through the loading resistor R

Bl Bl

fw) = Flw) ze(w)zm(w)wﬁ}:“"(“")'S{ze(w)zm(w)+8«f2




Theory : acousto-electric

coughng
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Diaphragm: 5, M,,  Coil: LII.. ' Ry v(t) R K M

it Re L.

SN

X

| |
|u¢mf (t) RL ¢

p(t) E ‘ F(t) Fr(t) ‘
S5

o Electric power dissipated in resistor R,
Bl

Bl

2

Pu(w) = gR{I - U*} = 2|I(w) "Ry = 2 |p()*S*Re

O Input acoustic power

p*

Zm(w) - Zet(w) + B2

1 1 1 i | w
PGZEQ{F'W*}:E%{P'ﬁ} :§|Plzﬁ{z—&}:%|p(w)|252-i}%{z Zai(w) }

L

m(':"}) . ZEI(W) + B2



Theory : acousto-electric

coughng
| 24 |

v(t) Rm  Km M, z(i’ R. L.

— — L —™
p(t) E ‘ F(t) Fi(t) ‘ Y |’”rcmf(’3) Ry ¢
5

Bl

0 Acoustic to electrical efficiency

5 BI i
Pw) E|Z, . (w)-Z4(w)+ B2
"TRW T, Za(w)
| {Zm@n-zawn+aﬁﬁ}

o IfLw<<R,thenR,=R,+R|

o Ifw=w,thenZ =R_

B BI’Ry,
=R (Ri+R.)2+ B (R, + R.)




Theory : thermo-electric

coughng
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P

o Thermal to electrical efficiency Nie = S

O

Not so easy to predict from separate study of each part of the device

Strong coupling between themoacoustic resonator and alternator

The device has to be designed as a whole
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0 Introduction
O Theory
1 Some realizations (non-exhaustive)

0 Future development



Martini et al.,

Standing waves devices

Stirling engine power system, US Patent (1974)

172
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DISPLAC. ; ? g
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p/smcm—/ 2 ¢ /68
DRIVE v FILED Vidica \ : :
PISTON ELECTRIC MOTOR OR PRESSURE RESERVOIR Piezoelectric stack
DRIVE PULSE OPERATED DISPLACER 1
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Standing waves devices
e .

Huelsz et al., Magneto-hydro-dynamical transduction, 2006




Standing waves devices
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Huelsz et al., Magneto-hydro-dynamical transduction, 2006

Keolian et al., Thermoacoustic piezoelectric generator,
US Patent (2010)

Application : Diesel truck waste heat recovery



Standing waves devices
e .

Last development in Energy harvesting
Smoker et al., Nouh et al., 2012 - 2014

Coupling Spring
(&)

o Input heating power : Q, =40 W
o Output electric power : Pel =0,12 mW
o Acoustic to electric efficiency : n_, = 10%

= Global efficiency : n =3.10%%

1
Helmholtz
Resonator Stack Element ub

: .F-i.t'..‘:i »Diaphragm Piezo-Diaphragm
(2m) (1)

Low efficiency, but can be miniaturized and distributed

o Still in progress...



Traveling waves devices

e 7
S. Backhaus et al., Los Alamos Lab., 2004

Regenerator

HHx
Electrodynamic alternator \ / CH
N _ X

o /
e 5]
o

n
J

o]
Q
25 cm

e Fluide : He, 55 Bar

e Volume :
Vca»varr = 0.6 |.

Vit > 21|

e Performance :
f ~ 120 Hz
T, ~ 600 °C
Qr < 400 W
QEFmax ~ 58 W
Nmax ~ 18 %




Traveling waves devices

e
Yu et al., Score project, 2012

Low cost electricity generator for rural area driven by biomass

pr —
o Fluide : air, 1 Bar [ ; Ratu chx
Liope
¢ Volume : l ! Ce
[ =425 m, R=2.7 3 6.4 cm o, W, .§ R --||-|
Vior > 10 | Ve —<e-
REG T Rieg § (=10
o Performance : 2
f ~ 70 Hz v X Wl ’rw;m
e . = | .; L i Lm
SANSES
Q@ < 500 W T\ | (ﬁr—g Ca o
Qu ~ 116 W e L
Mmax = 3 % 2rcHXFD EE iYa* s F—"-‘- | 5*“'3 T
ALT: ALT

i ,..f'PIatﬂn
P2 . FBP
. . Stub ‘t (waveguide)
Classical loudspeaker set in the loop Displacement

Sensor —r




Traveling waves devices
e

Hekyom, 2011 : Demonstrator of thermoacoustic electricity generator

2/9

o P_,=800W
0 T, =950°C

FIG.2

2 Q-Drive transducers

Electric feedback loop

0 For more information, ask M. X. FRANCOIS



Traveling waves devices

| 34
Research Program of China, 2010 — 2014, Sun et al., Wu et al.

Thermoacoustic electric generator coupled to a solar dish

_—feedback tube

plastic membrane

Home made 1kW
alternators

[EEEEE
Ny Y NeZ ]
...... M| resonance tube

| EEReE N RN

moving magnet

windin

flexumbearing/m Fluide : He (95,5%) Ar (4,5%), 40 Bar
1 Performance :

f=64 Hz

T,,=650°C

Pel max = 1040 W (*)

nmax = 19,8% (*)

* In lab conditions



Traveling waves devices
Bl

Qnergy, TASE-3 project, 2014

Produces 1 kW of electrical power during solar operation

Qnergy's TASE-3 thermoacoustic Stirling engine during operation at the company's test facility in Ogden, Utah.



Traveling waves devices

Research Program of China, 2014, Wu et al.

3 kW double-acting thermoacoustic Stirling electric generator

1 Fluide : He 50 Bar

1 Performance :
f=86Hz
T, =650°C
Pel max =1570 W
Nmax = 16,8%

expansion space

expansion piston

moving magnet

winding

secondary ambient compression piston
e " compression space
thermal buffer tube

heater block ., necting tube LS55
XY

LR

LK

(RS
900

/l,,¢

’
4,
Ly

regenerator

main ambient
heat exchanger
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Future development
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Key points

1 Heat exchangers
0 Alternators

1 Thermoacoustic process



Future development
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Future development
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Other alternators?

| 42
Thermo Acoustic Power Program, ASTER, K. de Block, 2013

o For more information, ask K. de Block




Other alternators?

MHD Electric Generator, A. Alemany et al., 2010

High magnetic
=1 s Load

permeability matenal

Magnetic field lines

Oscillation of the induced

Coil connected magnetic field

with the load Permanent magnet

o For more information, see presentation of A. Alemany



Thermoacoustic process

optimization
m_

0 Control of non linear effects

1 For example : Acoustic streaming

Gedeon streaming

minor losses

0000000000
)
PAASKASAN]

Rayleigh streaming

E\i&% T  nonlinear propagation
= I _q.]-

=N

1 Sire

1 For more information, see presentation of H. Bailliet




Thermoacoustic process

optimization
o

0 Active tuning of acoustic oscillations in a thermo-acoustic power generator

Work in progress at « Laboratoire d’Acoustique de I'Université du Maine » (LAUM)

Experimental setup - ¢ - Gh

Auxiliary source

Alternator

]

% A “EE Ha
Auxiliary source Re:

[1] C. Olivier, G. Penelet, G. Poignand and P. Lotton . « Active
control of thermoacoustic amplification in a thermo-acousto-
electric engine », Journal of Applied Physics, vol. 115 [17], 2014.

|



Thermoacoustic process

optimization

0 Active tuning of acoustic oscillations in a thermo-acoustic power generator

Thermoacoustic core:
Ambiant heat exchanger
Regenerator

Hot heat exchanger

Thermal buffer tube electrodynamic loudspeaker
Ambiant heat exchanger Monacor SPH 170C

v
=
. &

@ Frequency: 40 Hz
@ Onset condition: Qp = 60 W, AT =401 K

@ Fluid : air
@ Ambient temperature : 295 K Qh =140 W, DR = 3,2%,% =0.71 %, AT¢= 452 K

@ Low efficiency: engine = study model (modular, limited budget,
low efficiency alternator) but designed to work closed to its
maximum value.




Thermoacoustic process

optimization
b

0 Experimental results : case with internal auxiliary source

s

_ Wel (G=0)+AWel

Qh+Ws
Auxiliary source
o Efficiency n versus @for different G % -

: i@ :

. 1)

1 &

» i

. Eliin

| 1 = 2

B i f

1 -2
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\ AN f f

\, Nf f
AN
S
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0.3}
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H 0 - ¢
................ Q 4507
> Q
. o6 g :
= ’ L7 O~ O-0) L b
-y

= 0.2} ; = 7
'\cl ! S, ~ " " 5:
= b g1 B q ---------------- -4 g m————— g
400[ :
0.1 & :
¥ Ry o 5
\ | i 350 | | © | |
U5 080 270 360 0 90 18

¢ |°| .
Qp=70W, G=0(-), 10(-),40(0), 70 (+), 135 (o) or 190(0),
without active control (--)



Thermoacoustic process

optimization
b

o Efficiency n versus G for @= @optimal

0,57

0,4}

7 [7]

0,31

0.2r

0,1

0 50 100 150 200 250
Gain G [ ]

Q, =70 W (o), 100W (o), without active control {(..)

o AWel (o) : additional power produced

1 WIls (®) : power supplied to the auxiliart
source



Thermoacoustic process

optimization
mb

o0 Active control applied on a high power thermoacoustic compact engine
(currently being built at LAUM)

@ Fluid : helium
@ Static pressure : 22 Bars

@ Heatinput: 1000 W
@ Efficiency (theoretical): 20 %
@ Electric power: 200 W

alternator:
Qdrive 1S 132D

Work in progress ...



the famons car race

Thank you for your attention ...

The thermoacoustic team

Pierrick LOTTON Guillaume PENELET Gaglle POIGNAND Come OLIVIER
(Senior Researcher) (Associate Professor) (Research Engineer) {PhD Student)



