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GRAPHICAL ABSTRACT

Small-cell base station

Thermoacoustically-driven liquid metal magnetohydrodynamic generator

N

S

Small household appliances

PUBLIC SUMMARY
■   Developed  an  efficient  thermoacoustic  generator  with  high  reliability  due  to  the  absence  of  mechanical  moving

components.

■   Achieved a record thermal efficiency of 11.0%.

■   This  efficiency improves almost  one order  of  magnitude compared to  previously  reported values,  exceeding that  of
typical thermoelectric generators.
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Thermoacoustically-driven  liquid  metal  magnetohydrodynamic  generator
(TLMHDG)  is  promising  for  reliable  power  generation,  but  its  potential  is
limited by poor thermal efficiency due to improper acoustic matching. Here
we developed an efficient TLMHDG by integrating a liquid metal magneto-
hydrodynamic generator into the linear gaseous resonator of a Backhaus-
Swift engine, where the acoustic field is relatively robust. In experiments, a
thermal  efficiency  of  11.0%  and  an  average  electrical  power  output  of
13.5 W are achieved, at a heating temperature of 885 K. These results show
an improvement of almost one order of magnitude in thermal efficiency and
a onefold  increase in  power  output  compared to  previously  reported.  This
work underscores the potential of TLMHDG for efficient and reliable power
generation.

 INTRODUCTION
Traditional power generation technologies, such as diesel and gas turbine

engines, rely on complex mechanical moving parts, which reduces their relia-
bility,1,2 hindering  the  application  where  long-term  maintenance-free opera-
tion  is  needed.  Therefore,  it  is  urgent  to  develop  efficient  no-moving-parts
power generation technologies.

Existing  no-moving-parts power  generation  technologies  face  disadvan-
tages including low thermal efficiency, low electrical power output and unsta-
ble operation.3,4 Thermoelectric generators, for instance, have typical thermal
efficiencies  below  10%  (see Table  S3 in  the  Supplementary  Information  for
details)  due  to  the  low  figure  of  merit  of  the  material.5,6 Constrained  by  the
limited magnitude of the thermomagnetic effect, thermomagnetic generators’
electrical  power  output  is  commonly  of  the  order  of  10  mW,7,8 far  from  the
requirement  of  practical  applications.  Thermionic  energy  converters  can
reach  a  thermal  efficiency  typically  below  10%,  but  the  required  emitter
temperature  is  very  high  (commonly  above 1300 K).9 Thermophotovoltaic
generators can obtain a much higher electrical power output (beyond 100 W)
and  thermal  efficiency  (20%  to  40%),  but  they  generally  need  an  emitter
temperature  exceeding 1500 °C  and  their  stability  of  operation  depends  on
local solar density.10 These limitations highlight the need for reliable and effi-
cient no-moving-parts power generation technology.

Magnetohydrodynamic  (MHD)  generators,  which  harness  the  kinetic
energy of conductive fluids via electromagnetic induction to produce electric-
ity,  offer a promising way for no-moving-parts power generation technology
with high efficiency and reliability.11 The kinetic energy driving the fluid can be
supplied either by mechanical devices,  such as pumps, or by natural energy
sources,  including  wave  energy.12,13 Plasma  MHD  generators,  which  use
pumps  to  accelerate  the  conductive  fluids  (ionized  gases),  had  been  once
considered  a  leading  candidate  for  power  generation  in  the  1960s  to
1990s.14,15 However, the electrical conductivity of ionized gases is of the order
of  only  10  S/m,  which  suggests  the  requirement  of  extremely  high  velocity
(typically  of  the  order  of 1000 m/s)  for  the  magnetic  field  to  capture  the
kinetic energy.  Although  many  methods  exist  to  optimize  the  pump  perfor-
mance,16,17 getting such a high velocity is still a challenge in a closed plasma
MHD system.18,19 In contrast, the liquid metal MHD generator (LMHDG), which
exploits  liquid  metals  with  electrical  conductivity  of  the  order  of  106 S/m,
requires a much lower velocity of the fluid (around 1 m/s).20,21 The low veloc-
ity  indicates  the  possibility  of  oscillatory-mode  operation,  which  allows  the
utilization  of  kinetic  energy  from  oscillatory  motion  such  as  ocean  waves,

without the need of the complex recycling system.22 Following this, Liu et al.
developed  a  LMHDG  with  a  simple  structure,  which  is  powered  by  ocean
waves at a velocity of around 0.5 m/s and attains an electrical power output
of 1.1 kW.23 However, the stable operation of the system remains a problem
due to the intermittent and stochastic motion of ocean waves.24

To  address  the  limitations  of  the  system  stability,  acoustic  waves  are
proposed to drive LMHDG. This has been relatively well  studied by using an
electric-driven  acoustic  source  to  drive  LMHDG,  with  the  conversion  rate
from acoustic power to electricity in the range of 24% to 45%.25,26 Since high-
density  acoustic  waves  can  be  efficiently  obtained  through  thermoacoustic
engines by consuming thermal energy,27,28 a thermoacoustically-driven liquid
metal MHD generator  (TLMHDG)  can be  conceived  by  coupling  a  thermoa-
coustic  engine  and  a  LMHDG.29-31 Due  to  the  extremely  simple  structure  of
both the thermoacoustic engine and LMHDG, TLMHDG can operate without
any mechanical moving part, thus possessing the advantage of high reliabil-
ity.32 Such a heat-driven power generation system features a wide operating
temperature  range  and  can  be  adapted  to  various  heat  sources,  including
geothermal,  solar  and  nuclear  energy.33,34 Given  these,  TLMHDG  has  been
listed as a main alternative for long-term power generation by the European
Commission.35 So far, the only existing prototype of TLMHDG was developed
by Brekis et al., whose electrical power output and thermal efficiency are 6.5
W and 1.3%, respectively.36 This efficiency is far from their theoretical predic-
tions,37 which is primarily due to the improper acoustic matching between the
thermoacoustic  engine and LMHDG. Moreover,  the efficiency can be further
improved  by  optimizing  structural  parameters  of  the  components,  such  as
the fin geometry of the heat exchanger.38,39

Up  until  now,  TLMHDG  faces  the  challenge  of  poor  thermal  efficiency.
Herein, we  develop  a  TLMHDG  that  integrates  a  traveling  wave  thermoa-
coustic  engine  with  a  LMHDG.  To  address  the  acoustic  matching  problem,
we have  integrated  a  LMHDG  into  the  linear  gaseous  resonator  of  a  Back-
haus-Swift  thermoacoustic  engine  where  the  acoustic  field  is  relatively
robust. Specifically, owing to the closed end of the standing-wave resonator,
the acoustic field in the resonant tube is relatively insensitive to variations in
the geometric parameters of the resonant tube, allowing considerable design
flexibility. Based on this configuration, we first roughly determined the struc-
tural  parameters  according  to  the  target  resonant  frequency  of  the  system.
Then,  the  geometric  dimensions  of  LMHDG  and  the  thermoacoustic  engine
were  optimized  in  sequence  to  achieve  acoustic  impedance  matching  and
improve the thermal efficiency of the system. In experiments, we significantly
improved  the  thermal  efficiency  of  this  technology  by  almost  one  order  of
magnitude  compared  to  previous  studies,  thereby  further  underscoring  the
potential of TLMHDG for clean, efficient and reliable power generation.

 MATERIALS AND METHODS
 Details of experimental prototype

Figure  S1 depicts the  experimental  setup,  whose  main  geometric  dimen-
sions are given in Table S1 and S2. The geometric parameters of the compo-
nents are optimized via a simulation model to achieve acoustic matching.

 Details of measurement
In this  study,  the parameters involved in  the measurements are the reso-

nant  frequency,  pressure,  temperature,  and  power.  The  pressure  contains
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mean pressure pm and pressure amplitude ∣p1∣,  which were measured by
a  piezoresistive  pressure  sensor  (GE  Druck  UNIK 5000)  and  a  piezoelectric
pressure sensor (PCB Piezotronics 113B26), respectively. The temperature at
HHX  was  measured  by  a  K-type  thermocouple  (Kepson  KPS-IN600).  The
temperature at the ambient heat exchanger (AHX) and the secondary ambi-
ent heat exchanger (AHX2) was recorded using a water chiller. The net heat-
ing power Qh is defined as the difference between the total heating power and
the heat  leakage,  where  the  latter  is  the  power  required to  maintain  HHX at
the  target  temperature  when  the  system  is  not  oscillating.  Both  the  total

heating power and the heat leakage (see Experimental Section in the Supple-
mentary  Information  for  detailed  derivation)  were  determined  by  measuring
the  power  consumption  of  cartridge  heaters  via  a  power  supply  (KIKUSUI
PCR500M)  when  the  thermal  equilibrium  is  reached.  The  output  current
flowing through Re was recorded using an inductive current sensor (Chauvin
Arnoux  MA  200),  while  the  value  of Re was  measured  via  a  micro-ohm
meter (Testkey tk2512). Electrical power output was calculated according to
Ohm's law.

 

 

ẆWW
Figure 1.  (A) System structure of the TLMHDG. T-type K thermocouple, p-pressure sensor, AHX-ambient heat exchanger, REG-regenerator, HHX-hot heat exchanger, TBT-
thermal buffer tube,  AHX2-secondary ambient heat exchanger.  (B) Diagram of the lumped-element model of the TLMHDG. -time-averaged acoustic power, p1-acoustic
pressure, U1-volumetric velocity, C-acoustic compliance, R-acoustic resistance, L-acoustic inertance, the subscripts lq, fb, comp, res, c and h represent liquid metal, feed-
back tube,  compliance,  resonant tube,  cold end and hot end of REG, respectively.  Specific expressions for these acoustic parameters can be found in the Supplementary
Information.
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 RESULTS AND DISCUSSION
 Concept and mechanism of TLMHDG

The proposed TLMHDG, shown in Figure 1A,  consists of  a traveling wave
thermoacoustic  engine  and  a  LMHDG.  The  former  converts  thermal  energy
into acoustic power via the thermoacoustic effect, while the latter transduces
acoustic  power  into  electricity  through  the  electromagnetic  induction.  The
configuration of the engine follows Backhaus and Swift’s classical one,40 but
with  a  liquid  metal  piston.  The  configuration  of  LMHDG  is  based  on  the
design of an efficient LMHDG developed in our previous work.26 The system
operates as follows: when an axial temperature gradient is established along
REG  by  heating  HHX  (under  a  heating  temperature Th)  and  cooling  AHX
(under a cooling temperature Tc)  of the engine, a self-excited oscillation can
be  triggered  via  the  thermoacoustic  effect.  The  acoustic  power  from  the
oscillation  is  transmitted  through  TBT and  AHX2.  Then  part  of  the  acoustic
power enters the front chamber and drives the liquid metal to oscillate across
the magnetic field.  Due to the electromagnetic induction,  positive and nega-
tive  charge  carriers  are  separated  toward  opposite  electrodes  respectively,
thereby establishing an electrical  potential  difference.  The remaining acous-
tic  power  travels  through  the  feedback  tube  and  the  compliance  tube,  and
finally goes back to REG.

The integration of the two subsystems, i.e., the thermoacoustic engine and
LMHDG, forms a strongly interacting acoustic network.  To illustrate this,  we
employ  a  lumped-element  model  in  which  acoustic  pressure  (p1) and  volu-
metric velocity (U1) are treated as analogs to voltage and current respectively
in  an  alternating  electrical  circuit.  The  main  components  of  the  system  are
modeled as  acoustic  compliances,  acoustic  resistances  and  acoustic  iner-
tances, similar to electrical components,41,42 as shown in Figure 1B. The entire
system  forms  a  circuit  in  which  each  component  is  dynamically  coupled
through shared interface variables (i.e., p1 and U1) as well as boundary condi-
tions (e.g., the grounding), resulting in the strong mutual dependence among
the components. It should be noted that the liquid metal piston and the reso-
nant tube constitute a resonator, with the resonant tube functioning as a gas
spring. This gas spring considers only the acoustic compliance of  the reso-
nant tube (Cres), since the acoustic inertance of the resonant tube (Lres) is only
0.14% of that of LMHDG (Llq) and can thus be ignored.

Therefore,  selecting  parameters  for  LMHDG  is  also  a  key  consideration
during  the  design,  besides  the  issue  of  electromagnetic  induction  which  is
obviously important. One example is its influence on the resonant frequency
(f), which is  expressed as (see Numerical  Analysis  Section and Figure S2 in
the Supplementary Information for detailed derivation): 

f=
1
2π

√
1

CqLq

+
1

CresLq

+
1

Lq(CcompTh/Tc+Cf)
(1)

where Llq and Clq denote the acoustic inertance and the acoustic compliance
of  the  liquid  metal  channel,  respectively.  The  acoustic  compliances  of  the
compliance tube, the front chamber and the resonant tube are represented by
Ccomp, Cf and Cres,  respectively.  As  a  result,  the  structural  parameters  of  the
system were roughly determined according to the target resonant frequency.

According to Equation 1, f is highly sensitive to the geometry of the liquid
metal  channel  of  LMHDG.  For  example,  a  10%  change  in  the  length  of  the

liquid  metal  channel  (corresponding  to  the
variation  of  0.26  kg  of  the  liquid  metal  in  the
presented  system)  approximately  leads  to  a
10%  change  in Llq, which  results  in  6%  varia-
tion  in f.  Since f is  a  fundamental  parameter,
such  variation  will  lead  to  significant  and
complicated  changes  in  the  acoustic  field

characterized  by p1 and U1. This  may  damage  the  thermoacoustic  conver-
sion of the engine that is highly sensitive to the acoustic field43 and lead to the
acoustic  mismatching  between  LMHDG  and  the  engine.  In  the  worst  case,
this  mismatching is  even likely  to  result  in  a  complete  failure.  Such delicate
dependence is the most challenging, and arguably the most intriguing aspect
of this system.

To  overcome  this  challenge  and  improve  the  performance,  we  carefully
designed  the  configuration  of  the  engine  and  LMHDG,  and  experimentally
adjusted geometries of components including the lengths of the liquid metal
channel  and  the  resonant  tube,  the  electrical  load  (reflected  by K),  as  well
as Th and  the  mean  pressure  (pm).  These  will  be  shown  in  the  following
discussion.

 Characteristics of the thermoacoustic engine (B=0)
When the magnetic field is removed (i.e., the magnetic flux density B is 0),

TLMHDG  degrades  into  a  thermoacoustic  engine  which  is  the  source  of
acoustic power. Moreover, in the engine, f and the pressure amplitude ∣p1∣

are  key  parameters  that  characterize  the  acoustic  field  and  the  acoustic
power,  respectively.  As  described  in  the “Concept  and  mechanism  of
TLMHDG” section, f and ∣p1∣ are  highly  sensitive  to  the  geometry  of  the
liquid  metal  channel.  To  address  this,  channels  with  different  geometries,
including a circular cross section and rectangular cross sections with aspect
ratios of 1:1,  2:1 and 3:1,  were tested. All  geometries share the same cross-
sectional area.

(Th/Tc−1)U1,c

For these geometries, the corresponding variations of f with Th are shown
in Figure 2A. f increases with the growth of Th,  whose trend slightly deviates
from  the  theoretical  predictions  from  Equation  1.  The  reason  behind  this  is
the  overestimated  influence  of Th on  the  volumetric-velocity  source

 (see Figure 1B), which neglects the viscous and thermal relax-
ation  effects  of  a  practical  REG.42 Additionally, f decreases  with  the  rising
aspect  ratio  of  the  rectangular  cross-sectional  channel.  This  trend  is
attributed  to  the  rise  of Llq caused  by  the  increased  boundary  layer  effect
from the decreased hydraulic radius (see Equation 1 and Equation S14 in the
Supplementary  Information).  Consequently,  the  highest f of  15.2  Hz  is
obtained  with  an  aspect  ratio  of  1:1.  The  value  of f in  this  work  is  between
12.0 Hz and 17.0 Hz,  which is significantly lower than that of classical  ther-
moacoustic engines.44 However, this range falls in the proper frequencies for
efficient electromagnetic  transition  of  LMHDG,  which  has  been  demon-
strated in  our  previous work.45 This resonant  frequency range is  a  prerequi-
site for efficient and stable operation of the system.

The value of ∣p1∣ at the front chamber increases with the rise of Th,  as
shown  in Figure  2B,  reflecting  the  amplified  acoustic  power  delivered  to
LMHDG. When a circular cross-sectional channel is utilized, the system yields
the highest ∣p1∣, reaching 1.04 bar at Th=573 K. In contrast, when the rect-
angular cross-sectional channels are used, the value of ∣p1∣ decreases as
the aspect ratio increases due to greater viscous losses, with the peak value
of  0.62  bar  obtained  with  an  aspect  ratio  of  1:1.  This  is  because  a  larger
aspect ratio results in a smaller hydraulic radius, which leads to an increased
flow resistance in the channel. Despite its superior acoustic performance, the
circular cross-sectional channel is not a good choice for LMHDG due to the
difficulties  in  electrode  placement,  electromagnetic  coupling  and  nonlinear
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liquid  metal  channel  on  (A)  Resonant  frequency f
and (B)  Pressure  amplitude  ∣p1∣,  where  the
dashed  lines  indicate  calculated  results,  while  the
dots  correspond  to  experimental  data. pm=2.0
MPa.

 
 

REPORT    Thermophysics & Energy   

4  　　　The Innovation Energy 3(1): 100139, January 21, 2026 www.the-innovation.org/energy

https://www.the-innovation.org/energy
https://www.the-innovation.org/energy
https://www.the-innovation.org/energy


 

0.0 0.1 0.2 0.3 0.4
−3

−2

−1

0

1

2

3

p 1
 (

ba
r)

Time (s)

  p1

−400

−300

−200

−100

0

100

200

300

400

500

  output electrical current

O
ut

pu
t 

el
ec

tr
ic

al
 c

ur
re

nt
 (

A
)

0.82 0.84 0.86 0.88 0.90 0.92 0.94
4

5

6

7

8

9

P
av

g 
(W

)

K

  Pavg

1.40

1.45

1.50

1.55

1.60

1.65

1.70

  |p1|

|p
1|

  (
ba

r)

160 170 180 190 200 210 220

6

8

10

12

14

16

f  
(H

z)

Length of liquid metal channel (mm)

   f 

1.0

1.1

1.2

1.3

1.4

1.5

  |p1|

|p
1|

  (
ba

r)

170 180 190 200 210

7.0

7.5

8.0

8.5

9.0

P
av

g 
(W

)

Length of liquid metal channel (mm)

  Pavg

6.5%

7.0%

7.5%

8.0%

8.5%

9.0%

 

 

200 400 600 800 1000 1200 1400
8

10

12

14

16

18

20

f  
(H

z)

Length of resonant tube (mm)

   f 
0.5

1.0

1.5

2.0

2.5

  |p1|

|p
1
|  

(b
ar

)

200 400 600 800 1000 1200 1400
0

2

4

6

8

10

12

14

P
av

g 
(W

)

Length of resonant tube (mm)

  Pavg

A B

C D

E F

0%

2%

4%

6%

8%

10%

12%

  

 

Figure 3.  Output characteristics of  TLMHDG (A)  Waveforms of  acoustic  pressure p1 and output  electrical  current  where pm=3.0 MPa, Th=873 K and K=0.91;  (B)  Variations of
pressure amplitude ∣p1∣ and average electrical power output Pavg with different load ratios K, pm=3.0 MPa, Th=873 K; (C) Effects of the length of the liquid metal channel on
resonant frequency f and ∣p1∣, where pm=2.0 MPa, Th=593 K, the dashed and the solid lines represent calculated and experimental results, respectively; (D) Effects of the length
of the liquid metal channel on Pavg and the thermal efficiencyη, where pm=3.0 MPa, Th=873 K, with K being optimized for highest Pavg; (E) Effects of the length of the resonant tube
on f and ∣p1∣, where the dashed lines and the solid lines represent calculated and experimental results, respectively; (F) Effects of the length of the resonant tube on Pavg and η,
where pm=3.0 MPa, Th=873 K, with K being optimized for highest Pavg.

  Thermophysics & Energy     REPORT

The Innovation Energy 3(1): 100139, January 21, 2026　　　  5



boundary-layer  problems.45 Therefore,  a  rectangular  channel  with  a  cross-
sectional  aspect  ratio  of  1:1  is  utilized  in  the  following  experiments.  This
design enables LMHDG to provide an acoustic impedance adapted to that of
the engine.

 Characteristics of TLMHDG (B=0.65 T)
In this section, the operational characteristics of TLMHDG, including output

electrical current, ∣p1∣, f, average electrical power output (Pavg) and thermal
efficiency (η,  defined as the ratio of Pavg over the net heating power Qh)  in a
magnetic field (B=0.65 T) will be presented. The detailed error analysis for the
experimental  measurements  has  been  included  in  the  Error  analysis  of  the
Supplementary Information.

The waveforms of p1 and the output electrical current of a typical case are
shown in Figure 3A. These sinusoidal waveforms reflect the oscillatory nature
of the whole system. ∣p1∣ of  the waveform is 1.10 bar,  bringing about an
output current with an amplitude of 330 A. A phase difference of 88.7° exists
between  the  waveforms  of p1 and  the  output  electrical  current.  This  is
because p1 and U1 have a phase difference of approximately 90° due to the
standing-wave  resonator  of  the  engine,43 while U1 and  the  output  electrical
current  are  almost  in  phase  because  of  the  resistive-dominated  electrical
load.26

K=Re/(Re+Ri)
Ri

The values of Pavg (defined as the time-averaged Joule heating in the elec-
trical  resistance Re) and  ∣p1∣ under  different  load  ratios K ( ,
where  is the internal resistance of LMHDG) are shown in Figure 3B. Ideally,
the relationship between Pavg and K follows.46
 

Pavg =
1
2
K(1−K)VlqσlqB2⟨|u1|⟩

2 (2)

σlq |u1|

|u1|
|u1|

where , Vlq and  denote the electrical  conductivity,  the volume and the
velocity  amplitude  of  the  liquid  metal,  respectively.  According  to  Equation  2,
the system should obtain its peak Pavg at K=0.50 if  is fixed. However, due
to the complex acoustic coupling in TLMHDG,  varies with the change of
K,  resulting  in  the  peak  value  of Pavg (8.5  W)  occurring  at K=0.86 in  experi-
ments. The decrease of Pavg when K goes above 0.86 reflects the mismatch-
ing  between  the  engine  and  LMHDG,  indicating  that  a  large  electrical  load
may exceed the output ability of the engine.

θp1−U1

The  influences  of  the  length  of  the  liquid  metal  channel  on  the  output
performance  of  the  system,  including f, ∣p1∣, Pavg and η,  are  shown  in
Figures 3C and 3D. f decreases with the increased length of the liquid metal
channel,  which  is  primarily  due  to  a  larger Llq (see  Equation  1  and Equation
S11). Moreover,  the  value  of  ∣p1∣ shows an increasing  trend,  indicating  a
rise  of  acoustic  power  output  into  LMHDG.  Consequently,  when  the  length
increases from 170 mm to 210 mm, the value of Pavg rises from 7.1 W to 8.7
W. After the initial increase, the value of η reaches a plateau when the length
of the liquid metal channel exceeds 200 mm. In the following experiments, a
length of  210 mm is  considered the  optimal  and will  be  used in  the  subse-
quent discussions. Moreover, to verify this, the axial distribution of the acous-
tic field in the system has been analyzed using Sage software (see Figure S3
in  the  Supplementary  Information).  A  traveling-wave  dominated  field  is
established in REG, with the phase difference between p1 and U1 rang-
ing from -17 ° to 55 ° in REG. This indicates that a proper acoustic matching
has been achieved in the system.47

Furthermore,  the influences of the length of
the  resonant  tube  on  the  output  performance
of TLMHDG, including f, ∣p1∣, Pavg and η, are
presented  in Figures  3E and  3F. f decreases
with  the  rising  length  of  the  resonant  tube,
which  is  due  to  the  increased Cres from  the
longer resonant tube (see Equation 1). ∣p1∣,
Pavg and η share  similar  trends:  they  increase

rapidly  with  the  initial  increase  of  the  length,  then  grow  slowly  when  the
length  exceeds  700  mm.  This  nonlinear  trend  is  attributed  to  the  complex
impact  of f on  the  acoustic  field  (see  the “Concept  and  mechanism  of
TLMHDG” section), which is determined by the specific design of the system.
In summary,  the  value  of  ∣p1∣ increases  to  1.45  bar  with  the  increased
lengths of the liquid metal channel (up to 210 mm) and the resonant tube (up
to 1400 mm). This indicates a rise in the acoustic power output into LMHDG,
which  in  turn  leads  to  an  increase  in  thermal  efficiency.  Consequently,  with
these  lengths,  the  peak Pavg of  9.6  W  is  obtained  at  a  frequency  of  15.4  Hz
with η of 9.6% under Th=873 K and pm=3.0 MPa.

Subsequently,  the values of Pavg and η were tested under different Th and
pm,  as  shown  in Figures  4A and  4B.  It  is  found  that  the  system  maintains
steady operation over a wide range of mean pressures from 2.0 MPa to 3.2
MPa, owing to the relatively robust acoustic field established by the Backhaus-
Swift  thermoacoustic  engine.48 Moreover,  at  a  fixed pm, Pavg increases  with
the  rising Th.  The  reason  behind  this  is  the  increased  volumetric-velocity
source (see Figure 1B), which amplifies the acoustic power generated by REG
through  the  thermoacoustic  effect,  as  well  as  the  acoustic  power  output  to
LMHDG.  At  a  fixed Th,  the  higher pm leads  to  a  larger Pavg,  because  the
exchanged  thermal  energy  through  heat  exchangers  is  enhanced  from  the
higher heat capacity of the working gas. Similarly, values of η show increased
trends with the growth of Th and pm.  Given the pressure-resistant  design of
the system that is primarily determined by the allowable stress of the materi-
als, the highest pm and Th in the experiments are 3.2 MPa and 885 K, respec-
tively. Under these conditions, the system reaches the highest η of 11.0% and
Pavg of 13.5 W, corresponding to an amplitude of the output electrical current
of 700 A, with K of 0.82. This efficiency corresponds to 16.4% of the theoreti-
cal limit with a cooling temperature of 293 K. Importantly, the gas composi-
tion is a very fundamental parameter which governs sound speed, even small
variations in  gas  composition  can  cause  a  significant  effect  on  the  perfor-
mance of the system.49

Furthermore,  a  5-hour  long-term  operation  test  has  been  performed  (see
Figure S4 in the Supplementary Information).  The system maintained stable
electrical power  generation  during  the  test,  with  a  maximum  relative  devia-
tion  of  2.7%.  After  operation,  the  liquid  metal  showed no  noticeable  surface
oxidation, indicating that its electrical conductivity was preserved. This stabil-
ity  is  attributed to the pre-filling of  the liquid metal  channel  with the protec-
tion of nitrogen, which minimized the oxygen content and ensured sufficient
stability of the liquid metal for long-term operation.

In Figure 5, η of TLMHDG is compared with that of the existing TLMHDG,50

as  well  as  that  of  thermoelectric  generators,  thermionic  energy  converters
and  thermophotovoltaic  generators  (see Table  S6 in  the  Supplementary
Information for  details).9,51 Obviously, η of  the proposed TLMHDG shows an
improvement of almost one order of magnitude higher over the system in the
'SpaceTRIPS'  project.36 Further,  this  value  of η surpasses  those  of  typical
thermoelectric  generators  (a  few  state-of-the-art  thermoelectric  generators
have a higher thermal efficiency,52 but not representative). Compared to ther-
mophotovoltaic  generators  and  thermionic  energy  converters,  the  proposed
TLMHDG requires a much lower Th, thus enabling the use of a broader range
of  heat  sources.  These  advantages  indicate  that  TLMHDG  is  a  promising
alternative for reliable and efficient power generation operating below a heat-
ing temperature of 1000 K.
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 CONCLUSION
TLMHDG  is  promising  for  reliable  power  generation,  but  this  potential  is

limited by its  poor  thermal  efficiency due to  improper  acoustic  matching.  In
this work, we have integrated a LMHDG into the linear gaseous resonator of a
Backhaus-Swift  thermoacoustic  engine  where  the  acoustic  field  is  relatively
robust,  and  have  carefully  designed  and  optimized  main  components,  thus
developed  an  efficient  TLMHDG.  Experimental  results  show  that  a  thermal
efficiency of 11.0% and an average electrical power output of 13.5 W under a
heating temperature of  885 K can be obtained,  which is  an improvement of
almost one order of magnitude in thermal efficiency and a onefold increase in
output power compared to previously reported. This efficiency is comparable
to or  even  superior  to  that  of  typical  thermoelectric  generators.  In  experi-
ments,  we  found  that  tuning  the  load  ratio  into  the  range  of  0.80  to  0.88  is
effective in improving the performance of the system. Additional  techniques
to  improve  the  performance  include  adjusting  the  length  of  both  the  liquid
metal  channel  and  the  resonant  tube,  as  well  as  increasing  the  heating
temperature and the mean pressure.

Future  strategies  to  improve  electrical  power  output  mainly  focus  on
increasing the velocity amplitude of the liquid metal, which may be achieved
by raising the resonant  frequency.  Thermal  efficiency could  be improved by
reducing  losses  from  eddy  currents  and  end  currents  in  the  liquid  metal
during  electromagnetic  transitions,  through the  use  of  a  multi-layered  liquid
metal  channel  and  the  enhanced  magnetic  field  near  the  channel  ends,
respectively.
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