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Abstract8

A review is presented for the research development of Stirling cycle engines for recovering
low and moderate temperature heat. The Stirling cycle engines are categorized into four
types, including kinetic, thermoacoustic, free-piston, and liquid piston types. The
working characteristics, features, technological details, and performances of the related
Stirling cycle engines are summarized. Upon comparing the available experimental results
and the technology potentials, the research directions and the possible applications of
different Stirling cycle engines are further discussed and identified. It is concluded that
kinetic Stirling engines and thermoacoustic engines have the greatest application prospect
in low and moderate temperature heat recoveries in terms of output power scale,
conversion efficiency, and costs. In particular, kinetic Stirling engines should be oriented
toward two directions for practical applications, including providing low-cost solutions for
low temperatures, and moderate efficient solutions with moderate costs for medium
temperatures. Thermoacoustic engines for low temperature applications are especially
attractive due to their low costs, high efficiencies, superior reliabilities, and simplicities
over the other mechanical Stirling engines. This work indicates that a cost effective
Stirling cycle engine is practical for recovering small-scale distributed low-grade thermal
energy from various sources.
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1. Introduction45

The continuous exhaustion of fossil fuels and the associated environmental impact have46

driven a growing interest in increasing energy efficiency and exploiting renewable energy47

sources. A large amount of low and moderate temperature heat is released from various48
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industrial processes. It was reported that more than one third energy consumption in the49

world is used by industries [1], of which about 20-50% is finally exhausted as the waste50

heat into atmosphere [2]. Low temperature renewable heat resources, such as geothermal51

and solar energy, are huge in quantity all over the world. Exploiting these low-grade52

waste and renewable energies provides significant opportunities for addressing the energy53

related problems, such as energy safety and shortage, greenhouse gas emission, and water54

dissipation, etc.55

Due to the great capability of recovering low-grade heat with potentially high56

efficiencies, Stirling cycle engines have attracted increasing attention in recent decades.57

They operate with a closed regenerative thermodynamic cycle that has the same58

theoretical thermal efficiency of the Carnot cycle. The compressible working fluid in a59

Stirling cycle engine, such as air, helium, hydrogen, and nitrogen, etc., experiences60

periodically compression and expansion at different temperature levels to convert thermal61

energy into mechanical work. The lack of valves and absence of periodic explosions in62

Stirling cycle engines enable them to be operated more quietly than other piston engines.63

In Stirling cycle engines, the thermal energy is externally supplied through recuperative64

heat exchangers. Therefore, they have a great flexibility to be powered by any kind of65

heat sources at any temperature levels. The Stirling cycle engines working at low and66

moderate temperatures with simple constructions and low costs have a wide application67

prospect for recovering small-scale distributed low-grade thermal energy.68

In the previous study by Kongtragool and Wongwises [3] in 2003, the general principles69

and a number of research works on the technological developments of Stirling cycle engines,70

solar-powered Stirling engines, and low temperature differential (LTD) Stirling engines were71

reviewed. The Stirling cycle engines described were mainly focused on the kinetic type72

engines working at relatively high temperatures. Stirling cycle engines for low temperature73

operations were briefly discussed and only several papers were covered. In 2008, Thombare74

and Verma [4] presented the fundamental information and detailed review of the past efforts75

taken for the developments of Stirling cycle engines and techniques used for engine analysis.76

They concluded that a Stirling cycle engine working with relatively low temperatures is77

potentially attractive for the future.78

In this paper, a large number of research works with emphasis on Stirling cycle79

engines operating at low and moderate temperatures will be presented. Various types and80

configurations of Stirling cycle engines will be introduced and reviewed to provide an81

insight of the technological details and system performances. The research directions and82

possible applications of different Stirling cycle engines are further discussed and identified83

for recovering low and moderate temperature heat.84
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2. Classifications of Stirling cycle engines85

2.1. Arrangement of pistons86

Stirling cycle engines can be categorized into alpha, beta and gamma types from the87

aspect of the arrangement of the pistons, as shown in Figure 1.88

Alpha type: Alpha Stirling engines have two power pistons in separate cylinders installed89

at either side of the cooler, regenerator and heater, as depicted in Figure 1(a). Both pistons90

need to transfer the work and have to be sealed to contain the high pressure working91

gas. The alpha type Stirling engine can be arranged in a double-acting configuration by92

interconnecting several alpha units in a series to form a loop. The power pistons of the93

adjacent units are merged into one, so that the power piston acts as not only the expansion94

piston for one unit but also the compression piston for the next unit.95

Beta type: Beta Stirling engines have one power piston and one displacer installed96

in the same cylinder, as shown in Figure 1(b). The displacer does not transfer work,97

and its only role is to displace the gas between the hot and cold spaces through the heat98

exchangers and the regenerator to complete the working cycle. The displacer does not have99

obvious pressure difference between both ends, but has a large temperature gradient along100

it. Therefore, it is typically made of a thin-wall cylinder with a low thermal conductivity.101

High temperature Stirling engines even need radiation shields placed inside the displacer to102

reduce the radiation loss. The variation of the expansion space is only determined by the103

movement of the displacer while that of the compression space is controlled by the power104

piston and the displacer simultaneously.105

Gamma type: Gamma Stirling engines have a similar piston-displacer configuration as106

beta type engines but are distinguished by having the power piston and the displacer placed107

in different cylinders, as shown in Figure 1(c). The compression space is split between108

two cylinders with a connecting tube. The gamma configuration has the disadvantage109

of reduced specific power due to the larger void volume in the compression space. The110

advantage is that it is more flexible for the drive system as the cylinders are separated.111

Besides, it is possible to design the displacer and the power piston with a large difference112

in dimensions for a gamma Stirling engine. This is critical for designing a LTD Stirling113

engine, as the displacer usually needs a much larger diameter to displace more gas flowing114

through the regenerator and heat exchangers.115

2.2. Drive system116

There are several types of drive systems that ensure the appropriate movements of the117

working gas to complete the Stirling cycle. From this perspective, Stirling engines can be118

classified into kinetic, thermoacoustic, free-piston, and liquid piston types.119

In kinetic Stirling engines, the mechanical pistons shown in Figure 1 are driven by120

kinetic drive mechanisms, such as the simple crank-slider, rhombic drives, and the others.121

The drive system is designed in such a way that the movement of the piston at the hot end122

should always leads that at the cold end.123
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Thermoacoustic Stirling engines are a special variant of conventional Stirling engine.124

The movement of the working gas is accomplished by using the acoustic wave in125

thermoacoustic Stirling engines. The mechanical pistons in conventional Stirling engines126

are completed eliminated by connecting the both ends of the regenerator with127

appropriate acoustic transfer tubes. Dummy gas pistons driven by the acoustic wave can128

be imagined to displace the working gas flowing through the regenerator and heat129

exchangers. Therefore, a thermoacoustic Stirling engine can be regarded as an acoustic130

wave drive system from this perspective.131

In free-piston Stirling engines, the mechanical pistons do not have any mechanical132

linkages. The movements of the pistons are self-adapted to the required conditions by using133

appropriate piston-spring resonant mechanisms. The thermodynamic process is strongly134

coupled to the piston-spring dynamics.135

Different from the kinetic and free-piston Stirling engines that have mechanical pistons,136

the liquid piston Stirling engine adopts liquid columns as the pistons. The oscillations of137

the heights of the liquid columns result in the displacements of the working gas between138

the hot and cold spaces.139

The configurations and features of different types of Stirling cycle engines will be140

introduced in detail in the following sections.141

3. Kinetic Stirling engine142

The reciprocating pistons in a Stirling engine should move in relationship to one143

another so that the volume variation in the expansion space leads that in the compression144

space. In a kinetic Stirling engine, the pistons are mechanically connected to a kinetic145

drive mechanism. The movements of the pistons are in approximate sinusoidal shapes146

with constant phase difference determined by the mechanical arrangements of the kinetic147

drive mechanism. Kinetic Stirling engines operating at high temperatures have been148

commercialized for applications in automobile, solar/dish system, submarine propulsion,149

and combined heating and cooling systems, etc. Since 1980s, especially in the last ten150

years, the kinetic Stirling engines operating at lower temperatures have acquired151

increasing interests for their potentials in applications of low-grade, waste, and renewable152

energy utilizations. Lots of work was conducted on LTD Stirling engines, which are153

typically operated below 100 ◦C. The low temperature working capability brings about154

many studies in low-cost low-tech solar-powered kinetic Stirling engines. Some155

researchers devoted into the developments of kinetic Stirling engines with better156

performances for medium temperature applications.157

3.1. Configurations and features158

Many different kinetic drive mechanisms have been adopted to control the movements of159

the mechanical pistons in Stirling engines, including the crank-slider, Ringbom, rhombic,160

swash-plate, and Ross-yoke drives, etc., some of which are illustrated in Figure 2. The161
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crank-slider drive mechanism is the most common drive for Stirling engines. The rhombic162

drive is typically used in single cylinder beta-type Stirling engines working at high pressures.163

The swash-plate drive is mainly adopted for four-cylinder double-acting Stirling engines164

for automobiles. The Ross-yoke drive is mostly used in small Stirling engines.165

Most of the previous LTD Stirling engines are the crank-slider drive gamma type, having166

a large and short displacer and a much smaller power piston. Some LTD Stirling engines167

only have the power piston linked to the crankshaft, while the displacer moves freely in168

response to the pressure difference between the inside of the engine and the atmosphere.169

This is also known as the LTD Ringbom Stirling engine. The Ross-yoke drive has been170

applied in some moderate temperature Stirling engines. However, no Stirling engines for171

low and medium temperature heat sources have ever been developed using Rhombic or172

swash-plate drives due to the complexity of the mechanical structures.173

The main features of kinetic Stirling engines are listed as follows,174

• Kinetic Stirling engines operating at high pressures need lubrication for moving175

components and special seals for pistons and rods to prevent gas leakage and oil176

pollution.177

• The linear reciprocating motions of pistons are all converted into rotation motions178

using different kinds of kinetic drives.179

• The phase difference of the power piston and displacer are mechanically fixed by the180

kinetic drive.181

• The displacements of pistons are fixed at any working conditions due to the constraints182

of mechanical linkages. Swash-plate drive Stirling engine with a variable plate angle is an183

exception.184

• The only way of adjusting power output of most kinetic Stirling engines except the185

swash-plate one is to vary the rotating speed.186

• An initial excitation should be provided to start kinetic Stirling engines if the heating187

temperature is sufficient high.188

189

3.2. LTD Stirling engine190

Most kinetic Stirling engines operating at low temperature differences are implemented191

in a gamma configuration and driven by the crank-slider or Ringbom drive mechanism.192

The gamma configuration enables the engines to have a large displacer and much smaller193

power piston arranged in different cylinders. As temperature difference is very low in these194

engines, the heat exchangers tend to have large surface areas for heat transfer, and the195

displacer is often very short. Many LTD Stirling engines use annular gap between displacer196

and cylinder rather than porous media as the regenerator. The detailed characteristics of197

LTD Stirling engine can be found in Ref. [3].198

Simple formulas based on empirical coefficients are usually used to assess the possible199

performance of Stirling engines at the initial design phase. Kongtragool and Wongwises [5]200

reviewed and discussed the available formulas for calculating the power output of Stirling201
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engines, including Malmo formula [6], Schmidt formula [7], West formula [8], Beale formula202

[6], and mean pressure power formula [9–11]. It is concluded that the mean pressure power203

formula is the most appropriate and simplest for estimating the power output of a gamma-204

configuration, LTD Stirling engine.205

3.2.1. Small LTD Stirling engine206

The developments of LTD Stirling engines started from Kolin [12] since 1980s. He207

built a number of small LTD Stirling engines, one of which was able to operate at a208

temperature difference of only 15 ◦C. Senft was also one of the pioneers of LTD Stirling209

engines. In 1991, Senft built a Ringbom LTD Stirling engine running with an ultra-low210

temperature difference of only 0.5 ◦C [13], which was the lowest temperature difference211

ever reported. After the pioneering work of Kolin and Senft, various model engines have212

been developed and even commercialized for demonstration and teaching purposes. In213

general, the commercial small LTD Stirling engine models typically have power output in214

the order of 1 to 10 mW, speed under 500 rpm with thermal efficiencies below 0.1% [14].215

For example, a test on a commercial gamma-type LTD Stirling engine model conducted216

by Jung and Won [15] showed that it started to run at a temperature difference of 6.5 ◦C.217

The rotating speed ranged from 48 rpm to 150 rpm, and the output power was about 0.3218

mW-2.5 mW when the temperature difference ranged from 6.5 ◦C to 19 ◦C.219

Robson [16] developed a LTD Ringbom Stirling engine based on a third order220

numerical analysis method. The experimental engine had a swept volume of 16 cm3 and221

four regenerator embedded inside the displacer. It started to run at a temperature222

difference of 62 ◦C. The engine speed ranged around 200-220 rpm when the temperature223

difference was in the region of 80 ◦C.224

Cinar et al. [17] investigated the effect of displacer material on the performance of a225

LTD Stirling engine. The engine was tested with two different displacers made of aluminum226

alloy and medium density fiberboard. The results indicated that the engine with the227

displacer made of medium density fiberboard had a better performance in the aspects of228

power output and torque. It started to run at the heating temperature of 235 ◦C with229

aluminum alloy displacer and only 115 ◦C with the medium density fiberboard displacer.230

The highest power provided by the medium density fiberboard displacer was 3.06 W at231

160 ◦C, while the power achieved by the aluminum alloy displacer was 2.59 W at 320 ◦C.232

The performance improvement was because of the lower thermal conductivity and lower233

density of the nonmetallic displacer.234

3.2.2. Large LTD Stirling engine235

The LTD Stirling engines discussed in the previous section are relatively small in output236

powers, which were typically in the scale of milliwatts. Some researchers tried to scale up237

the LTD Stirling engines to get much larger power outputs. Iwamoto et al. [18, 19]238

built a 300 W class LTD Stirling engine. A maximum output power of about 146 W was239

reported at a rotating speed of about 143 rpm when the heat source temperature was240
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130 ◦C. The indicated efficiency achieved 5% when it operated at the maximum output241

power. It reached approximately 50% of the Carnot efficiency at its rated speed. Later,242

they developed an even larger LTD Stirling engine at the power range of 1 kW. It was an243

alpha-type engine with two power pistons coaxially arranged. The diameter of the cylinder244

was 400 mm and the total weight of the engine was up to 2 tons. According to the reported245

data, it reached nearly 700 W under a temperature difference of only 80 ◦C [20–22]. Their246

results showed that it is technically possible for LTD Stirling engines to be scaled up to247

have power outputs of practical uses.248

Lloyd and his team [23, 24] proposed a LTD Stirling engine with heat exchangers and249

regenerators radially arranged in a drum-shaped vessel. A rotatory displacer occupied one250

third of the space in the drum-shaped vessel, and was actuated by a stepper motor to251

rotate back and forth to displace the gas through the wedge shaped regenerator and heat252

exchangers. The engine was aimed to generate an output power of 1 kW with a temperature253

difference of only 30 ◦C. A test engine was later constructed. However, only preliminary254

tests were conducted and no further results on the performance have been reported.255

Many companies have also shown their interests in developing large scale LTD Stirling256

engines up to hundreds to kilowatts for utilizing geothermal energy, solar energy, low-257

grade industrial waste heat, etc. However, few scientific literatures about the design and258

performances have been disclosed probably due to the commercial considerations.259

3.2.3. Solar-driven LTD Stirling engine260

The low temperature operating capability of the LTD Stirling engine makes it a good261

alternative for low-temperature solar power applications. Several concept design and262

numerical works have been conducted on solar-powered LTD Stirling engines since 2005.263

In the review paper of Thombare and Verma [4] about the technological development in264

Stirling cycle engines, it was noted that solar-powered double-acting LTD Stirling engines265

working at relatively low temperatures with helium as the working fluid were potentially266

attractive engines for the future. Abdullah et al. [25] presented the design considerations267

for a four-cylinder double-acting Stirling engine for solar applications at the heating268

temperature of 70 ◦C. Shazly et al. [26] carried out a thermal analysis of a small269

solar-powered LTD Stirling engine based on a heat transfer model and the Beale formula.270

Kerdchang et al. [27] conducted a conceptual design and numerical study of a271

solar-powered beta-type Stirling engine for the applications of circulating water for272

aeration. The unique features of the design were that R-11 was used as working fluid and273

check valves were employed for controlling the flow direction of fluid.274

More experimental solar-powered LTD Stirling engines were constructed and275

investigated. Tavakolpour et al. [28] built and tested a solar-powered LTD Stirling engine276

with two cylinders connected on one shaft. A flat-plate solar collector which reached a277

heating temperature of around 100 ◦C was employed as the in-built heat source. A finite278

heat transfer model was first used to calculate the gas temperatures in the hot and cold279

spaces. Classical Schmidt theory was then employed to evaluate the theoretical output280
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work and optimize phase angle according the obtained temperatures. It was indicated281

that the thermal efficiency can be effectively increased if the regenerator effectiveness is282

increased from zero to one. Experiments were then conducted on the engine without a283

regenerator, i.e. annual gap between displacer and cylinder as the regenerative passage.284

A maximum power of 0.27 W was reported on the engine operating at 14 rpm with a285

collector temperature of 110 ◦C and sink temperature of 25 ◦C.286

In the past ten years, Kongtragool and Wongwises conducted a series of work on LTD287

Stirling engines for solar energy utilizations. In 2005, they theoretically investigated the288

optimum absorber temperature of a once-reflecting full-conical concentrator for maximizing289

the overall efficiency of a solar-powered LTD Stirling engine [29]. In 2007, a twin power290

piston LTD Stirling engine was built [30]. It had two power pistons with a total swept291

volume of 893 cm3, and one displacer with a swept volume of 6394 cm3. The displacer also292

functioned as a moving regenerator which used stainless steel pot scourer as the regenerative293

matrix. The performance of the engine with ambient air as the working gas was first tested294

with a tungsten halogen lamp as the solar simulator. Maximum output powers ranged from295

0.88 W to 1.69 W when the heating temperature was within the range of 126 ◦C - 163296

◦C. The corresponding thermal efficiencies and speeds were around 0.5% and 50 rpm,297

respectively. When the engine was powered by a LPG burner, a maximum shaft power298

of 11.8 W at 133 rpm was achieved at 316 ◦C. Later, they built a similar LTD Stirling299

engine with four power pistons and much bigger swept volume [31, 32]. Similar levels of300

performance were obtained. In 2008, they constructed and tested a small single piston LTD301

Stirling engine driven by actual solar energy by using a parabolic-dish concentrator [33].302

A small DC generator was connected to the engine to generate electricity. A maximum303

electric power of 2.3 W with an overall efficiency of around 0.1% was reported.304

Boutammachte and Knorr [34] constructed two solar driven gamma-type LTD Stirling305

engine aiming for water pumping in developing countries with a simple, robust and low306

cost solution. One of the engines with a tubular cooler was depicted in Figure 3. The other307

engine had a similar configuration, but with a flat plate cold heat exchanger which had a308

much larger contact area with the working fluid, i.e. ambient air. Aluminum plate was used309

as the material of the radiation absorber for the hot end at the top of the engine. When310

the absorber received a radiation power of 1575 W at the solar radiation of 900 W/m2,311

both engines pumped about 6 m3 water per day for 10 m height. The corresponding power312

was 20.44 W with an efficiency of 1.3%. Measurements of the pressure-volume diagrams313

indicated that the engine with flat plate cold heat exchange had a larger cycle area, showing314

that a good cooling performance at the cold end had a positive effect. It was also found that315

the cover on the absorber was critical for minimizing the heat losses from the convection.316

3.3. Moderate temperature kinetic Stirling engine317

Moderate solar concentration to temperature levels of 250 ◦C - 450 ◦C may be of interest318

for power generations using solar/Stirling systems with lower costs compared to those of319

high temperature solar concentrations. Different from the low-cost LTD Stirling engines320
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that do not have regenerators and use ambient air as working gas, most of the moderate321

temperature Stirling engines have regenerators made of porous media and use pressured322

gas as working fluid to get better performances.323

The effects of regenerator types and materials on the performances have been324

intensively investigated for moderate temperature Stirling engines. In 2008, Isshiki et al.325

[35] experimentally studied and compared the performances of a beta-type Stirling engine326

using layered-plate type and stainless wire-mesh type regenerators. The results indicated327

that the layered-plate type regenerator showed better performance compared to the328

wire-mesh one. It was explained that the flow resistance through layered-plate was much329

smaller because the flow through layered-plate was laminar while that through the330

wire-mesh became middle region of laminar flow and turbulent flow. The enlarged heat331

transfer area of layered-plate compared to that of the wire-mesh was considered to be the332

other reason. The achieved shaft power ranged from about 22 W to 91.4 W when the333

temperature difference was in the range of 180 ◦C - 330 ◦C.334

Karabulut et al. [36–38] designed and manufactured a beta-type Stirling engine with335

a displacer driven by a novel lever mechanism, as shown in Figure 4. The engine was336

aimed for low and moderate temperature energy sources at the ranges of 200 ◦C - 500 ◦C.337

Two different displacer cylinders, including the one with a smooth inner surface and the338

other one with rectangular slots augmented inner surface, were tested and compared as339

the regenerative channels. The results showed that the engine with the slotted cylinder340

provided about 50% higher power than that of the smooth cylinder due to the enlarged341

heat transfer area. Maximum power output was obtained as about 52 W at 453 rpm342

when it worked at 200 ◦C with 2.8 bar air [37]. The thermal efficiency reached as high343

as 15%, corresponding to 41% of the Carnot efficiency. When the engine was charged344

with helium, the minimum heating temperature for the engine to run was measured to be345

118 ◦C [38]. The maximum power was measured as 183 W at 4 bar charge pressure and346

260 ◦C heating temperature. It was reported that the motion of the displacer governed347

by the lever mechanism was able to have a better approach to theoretical Stirling cycle.348

Comparisons with the crank-drive and Rhombic-drive engines based on thermodynamic349

analysis indicated that the lever-drive engine has the highest work per cycle at the same350

charge pressure [36].351

Chen et al. [39] built a prototype helium-charged twin power piston gamma-type352

Stirling engine, as shown in Figure 5. Annular gas between the displacer and its cylinder353

was first adopted as the regenerative channel for the prototype engine. A numerical354

investigation showed that the regeneration effectiveness posed crucial impact on the355

engine’s performance. Running the prototype engine at a heating temperature of 200 ◦C356

gave a power output of 3.6 W at a speed of 104 rpm in the experiment. Later, they357

modified the displacer into a moving regenerator, and carried out experimental studies on358

effects of several regenerator parameters on the overall performances [40]. It was found359

the copper stacked-woven screen was a superior regenerator material than the stainless360

steel one for their Stirling engine. They pointed out that how the regenerator matrices361
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were placed relatively to the direction of gas flow was an important factor affecting the362

overall performance. Better performance was found when the screens were installed363

perpendicular to the screen surfaces. The output power of the engine ranged from about364

10 W to 100 W at the heating temperature range of 200 ◦C - 400 ◦C. The efficiency365

ranged approximately from 1% to 10%. Recently, they developed a three-dimensional366

compressible computational fluid dynamics code to study the heat transfer characteristics367

of the twin power piston Stirling engine [41]. It was found that the impingement was the368

dominant heat transfer mechanism in the expansion and compression spaces, and369

temperature distribution across the engine volume at any moment was highly370

non-uniform. Their results showed that the heat transfer was so complex that the371

treatment of constant heat transfer coefficients by some zero- or one-dimensional models372

was inadequate to reflect the reality.373

Gheith et al. [42] experimentally studied the performances of an air-charged gamma-374

type Stirling engine with different regenerator materials. The piston and the displacer were375

connected to a shaft with a phase difference of 90◦, as shown Figure 6. Performances of376

the engine with four different materials including stainless steel, copper, aluminum, and377

Monel 400 were characterized. The stainless steel was proved to be the best regenerator378

material in consideration of the performance and the problem of oxidation. By optimizing379

the porosity of the stainless steel regenerator, the engine produced brake powers of 200 W380

- 300 W at the heating temperatures of 300 ◦C - 500 ◦C. The maximum relative Carnot381

efficiency reached more than 20% at 300 ◦C.382

Sripakagorn and Srikam [43] designed and experimentally investigated a prototype beta-383

type Stirling engine aiming for concentrating solar power generation, as depicted in Figure384

7. The heating temperature was designed between 350 ◦C and 500 ◦C, which is the typical385

temperature range available from the parabolic trough solar collector. The displacer was386

designed to have a length to diameter ratio of 1.35, which was between the typical values of387

LTD Stirling engines (less than unity) and the high temperature ones (3-4). Stainless steel388

mesh of #80 was filled in the annual regenerator as the regenerative material. The engine389

was tested to have a maximum power of 26.6 W and a highest efficiency of about 5.5%390

with 7 bar air at the heating temperature of 350 ◦C. When the heating temperature was391

increased to 500 ◦C, the maximum output power and efficiency reached 95.4 W and 9.35%,392

respectively. Their comparisons of the dimensionless West numbers and the specific powers393

of previous prototypes showed that the developed moderate temperature Stirling engine394

had a comparable specific power over some of the high temperature ones with simpler and395

less costly development.396

Aside from the above experimental work, a number of design works of moderate397

temperature Stirling engines for solar thermal applications were conducted by Tlili et al.398

[44] and He et al. [45, 46].399
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3.4. Summary400

Kinetic Stirling engines operating at low and moderate temperature differences have401

been reviewed. Table 1 collects the reported experimental results, including those of LTD402

Stirling engines and moderate temperature Stirling engines. All the reported LTD403

Stirling engines were in gamma configurations and typically used ambient pressure air as404

the working gas. The working temperature differences were around or less than 100 ◦C.405

As the temperature and working pressure were very low, the rotating speeds were406

typically within 300 rpm. Most of the reported LTD Stirling engines were small in size407

with power outputs of less than 10 W and efficiencies below 1%. This is mainly because408

that they were manufactured with low-cost materials, assembled with low accuracy and409

filled with low pressure air. Several larger LTD Stirling engine prototypes filled with410

pressurized air showed that it is possible to achieve the power output up to several411

hundred watts with much higher efficiencies. Although the performance of the developed412

LTD Stirling engines is relatively limited, the low requirements for heat source413

temperature and the low costs for manufacturing make them attractive for low414

temperature heat recoveries, especially when the price is first priority. To achieve a large415

power and a good efficiency, LTD Stirling engines should be designed with a large size416

and filled with pressurized working gas.417

Most of the kinetic Stirling engines operating at medium temperatures used charged418

helium or air as working gas. The rotating speed typically ranged from 300 rpm to 600419

rpm. The power outputs and efficiencies were both much higher than those of LTD420

Stirling engines. They have made a compromise between the low performances of LTD421

Stirling engines and the high prices of the high temperature ones. They have potential422

applications in solar power generations at low concentration ratios. Compared to423

advanced and expensive high temperature solar concentration technology, the average424

concentration solution to temperature levels around 250 ◦C - 450 ◦C has economic425

advantages and much lower requirements for high temperature materials.426

4. Thermoacoustic Stirling engine427

Conventional Stirling engines need mechanical parts to maintain the Stirling cycle and428

to produce work. In 1979, Ceperley [47, 48] recognized that the phasing between the429

pressure and velocity of the working gas in the regenerator of a Stirling system is the same430

as that in a traveling acoustic wave, i.e. near zero. He proposed to use acoustic wave rather431

than moving pistons to provide the control of the gas motion and gas pressure for a Stirling432

cycle, and presented the earliest concepts of thermoacoustic Stirling engines [49, 50]. The433

thermoacoustic Stirling engine is also known as the traveling-wave thermoacoustic engine.434

The practical thermoacoustic Stirling engine was first realized by Yazaki et al. [51] but had435

a very low efficiency. Backhaus and Swift [52] made a breakthrough in the development436

of thermoacoustic Stirling engine in 1999. The engine was capable of converting thermal437

energy into acoustic power with an efficiency of 30%, corresponding to 41% of Carnot438

12



efficiency. The demonstrated great features of lacking hot moving parts and potentially439

high efficiency of thermoacoustic Stirling engines have attracted worldwide interest into440

the field since then [53–62]. Up to now, thermoacoustic Stirling engines have achieved the441

highest efficiency up to 49% of Carnot efficiency [63] and acoustic power up to tens of442

kilowatts [55].443

4.1. Configurations and features444

The earliest thermoacoustic Stirling engine developed by Yazaki et al. [51] is a looped445

type, as illustrated in Figure 8(a). It is also named as pure traveling-wave thermoacoustic446

engine sometimes. It consists of a looped tube with a thermoacoustic core placed inside.447

The thermoacoustic core includes a hot heat exchanger, a regenerator, and a cold heat448

exchanger. The looped tube connecting both sides of the thermoacoustic core places the449

same roles of pistons in conventional Stirling engines. The length of the tube is typically450

one-wavelength at the first oscillation mode. Spontaneous gas oscillation occurs when451

the temperature difference across the regenerator exceeds a certain value. The acoustic452

oscillation reaches a saturated state when the power generation from the thermoacoustic453

core is balanced by the power dissipated in the tube and extracted from a load if any.454

The process from stationary to a stable oscillation state is called the onset process and the455

minimal temperature required is the onset temperature. The looped type thermoacoustic456

Stirling engine had very limited performances, mainly due to the large viscous losses caused457

by the high flow velocity in the regenerator.458

Another type of thermoacoustic Stirling engine, which is invented by Backhaus and459

Swift [52, 64], is shown in Figure 8(b). The traveling-wave loop is placed near the velocity460

node of the standing-wave resonator, resulting in the effective reduction of viscous losses461

in the regenerator and the great improvement of performances. Therefore, it is also called462

the traveling-standing wave hybrid thermoacoustic engine. The acoustic power flows from463

the cold side to the hot side of the regenerator and gets amplified by the energy conversion464

effect of the Stirling cycle. A portion of the amplified acoustic power feeds back again to465

the regenerator through the loop tube, while the rest goes into the resonator and the load466

as the output power.467

Except for the above thermoacoustic Stirling engine based traveling-wave phasing, a468

thermoacoustic engine based on standing-wave phasing (near 90◦) has much simpler469

structure [65, 66], as shown in Figure 8(c). The engine is in a straight line configuration470

with thermoacoustic core placed near one end. Deliberate imperfect heat exchange471

between the gas and the solid wall of the channels in the stack is required in order to472

have the right time delay between the gas motion and heat exchange to realize the energy473

conversion. It is therefore instinct irreversible and does not actually undergo the474

reversible Stirling cycle. Standing-wave thermoacoustic engine can be regarded as a475

simplified version of the thermoacoustic Stirling engine that does not have any feedback476

mechanism of the work. Though the efficiency of a standing-wave thermoacoustic engine477

is not as high as a thermoacoustic Stirling engine, it shares the similar working478
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characteristics and advantages but with simpler configurations. Therefore, the previous479

works on the standing-wave thermoacoustic engines operating at low temperatures are480

also included in this review.481

The configurations of thermoacoustic engines are not limited to the above three types.482

Various acoustic networks can be designed to create the appropriate working conditions for483

thermoacoustic core. The thermoacoustic engines shown in Figure 8 do not illustrate any484

acoustic load to extract the power, and the generated acoustic power is therefore dissipated485

in the resonators. Heat-driven refrigeration without any moving parts can be realized if486

a regenerative refrigerator is connected to the engine [57, 67, 68]. Another promising487

application of the thermoacoustic engine is to drive acoustic-electric convertors to generate488

electricity, such as linear alternators [69–73], loudspeakers [74, 75], piezoelectric transducers489

[76, 77], turbines [78], etc. Linear thermoacoustic theory [79] is widely adopted in designing490

and characterizing various types of thermoacoustic heat engines. A thermoacoustic software491

DeltaEC [80] developed by Los Alamos Laboratory based on the frequency-domain linear492

thermoacoustic theory can be used as the platform to build thermoacoustic models.493

The main features of thermoacoustic engines are listed as follows,494

• They are free of mechanical moving components at non-ambient temperatures. Only495

tubes and several heat exchangers are needed to fabricate the engine. No precise496

fabrication and assemble of the components are required.497

• Lubrication and oil pollution problems that trouble conventional Stirling engines do not498

exist in thermoacoustic engines.499

• They have very high reliability and low cost, due to the elimination of moving500

components.501

• They achieve self-excited oscillation if heating temperature exceeds the onset502

temperature, which is a critical parameter indicating the lowest temperature that a503

thermoacoustic engine can utilize.504

• The oscillation frequency is mainly determined by the geometries of the engine and the505

acoustic speed of the working gas.506

507

The onset temperatures of thermoacoutic engines are typically around 100 ◦C - 300 ◦C.508

Some thermoacoustic engines can even start to work at as low as dozens of degrees Celsius.509

They are therefore considered as a promising technology for low-grade heat recovery with510

low costs and high reliabilities. Most of the early prototypes were designed to operate511

at relative high temperatures at the range of 400 ◦C - 700 ◦C. More recently, increasing512

efforts have been directed toward developing thermoacoustic engines for low temperature513

heat sources.514

4.2. Multi-core thermoacoustic Stirling engine515

Thermoacoustic engines typically have only one thermoacoustic core for high516

temperature operations. However, it is challenge to achieve a high performance at low517

operating temperatures if only one core is adopted. Some researcher proposed to place518
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multiple thermoacoustic cores in a thermoacoustic Stirling engine to enhance the519

thermoacoustic conversion effect and reduce the required onset temperature.520

Biwa et al. [81] experimentally studied the effect of multiple cores on the onset521

temperature of a hybrid thermoacoustic Stirling engine. The quality factors at different522

numbers of thermoacoustic cores were measured to predict the onset temperature. It was523

demonstrated that the installation of the multiple thermoacoustic cores at suitable524

positions along the feedback loop can remarkably enhance acoustic power production525

while overcoming energy dissipation. The onset temperature difference decreased from526

226.5 ◦C for one thermoacoustic core to only 56.6 ◦C using five cores. It was concluded527

that use of multiple cores offers an easy and effective method to decrease the onset528

temperature and was beneficial for operating at low temperatures.529

de Blok [82] pointed out that utilizing low temperature differences from solar vacuum530

tube collectors or waste heat in the range of 70 ◦C - 200 ◦C seems to be the most promising531

field of applications for thermoacoustic systems. He proposed a novel acoustic configuration532

for thermoaoustic Stirling engines, as shown in Figure 9. A bypass tube is added in the533

loop tube, and two thermoacoustic cores are placed in the traveling-wave phase spot. In534

order to reduce the flow rate in the cores to suppress the viscous losses, the diameters of535

the cores are enlarged. The two-stage amplification of the acoustic power and the effective536

control of viscous losses enable the system to have a much lower onset temperature over537

the previously developed thermoacoustic engines. When the ambient air was used as the538

working gas, an onset temperature difference of only 65 ◦C was demonstrated in a prototype539

engine. The measured acoustic power flowed through the feedback tube was about 78 W540

at the temperature difference of 128 ◦C.541

In 2013, de Blok [83] built a low-cost thermoacoustic Stirling electric generator for rural542

and developing areas, as shown in Figure 10. The system had two thermoacoustic cores543

placed closely in a loop tube. A low-cost loudspeaker was installed in the loop tube to544

convert the acoustic energy into electricity. The onset temperature of the thermoacoustic545

Stirling electric generator was about 140 ◦C with air at 200 kPa as the working gas. The546

system provided a net output acoustic power of 52 W at the heating temperature of 330547

◦C. The loudspeaker converted the acoustic power into 22 W electricity with a conversion548

efficiency of 41%. The overall efficiency of the system achieved only 2% due to the modest549

efficiency of the loudspeaker.550

Hasegawa et al. [84] performed a numerical calculation for a thermoacoustic refrigerator551

driven by a three-cores thermoacoustic Stirling engine, as shown in Figure 11. The objective552

of the work was to design a configuration that enables a low temperature operation with553

high efficiency. Their results showed that the system started to work at a temperature554

difference of 110.8 ◦C. Maximum efficiency of the whole system can achieve over 21% of555

Carnot efficiency when the temperature difference was 217.4 ◦C, which was equivalent to556

levels typically found in industrial waste heat.557
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4.3. Looped-type multi-stage thermoacoustic Stirling engine558

In 2010, de Blok [60] proposed a novel four-stage thermoacoustic Stirling engine in559

a looped configuration, as shown in Figure 12. It is similar to double-acting Stirling560

engines with four same units connected by double-acting pistons. The difference is that561

the four-stage thermoacoustic Stirling engine uses acoustic waves sustained by the 1/4562

wavelength feedback tubes to act as the double-acting pistons. The cross-sectional areas of563

the thermoacoustic cores are increased relatively to those of the feedback tubes to reduce564

the viscous losses.565

As multiple amplifications of the acoustic power are employed in the engine, the system566

can work efficiently at low temperature ranges. In one demonstrative prototype with567

ambient air as the working gas, a maximum power output of 18 W was obtained at the568

temperature difference of 132 ◦C [60]. The efficiency was estimated to be 8%, corresponding569

to 27% of the Carnot efficiency. In another prototype engine pressurized with argon gas570

at 2.1 MPa, the onset temperature difference reached as low as 30 ◦C. When using helium571

as the working gas, the acoustic power in the loop was measured to be 250 W. They572

later built a larger looped-type thermoacoustic Stirling engine with three stages as the573

prime movers while the last one as the refrigerator [85]. It was reported that the engine574

successfully converted 20 kW waste heat into 1.64 kW acoustic output power dissipated575

by the refrigerator at the heating temperature of only 99 ◦C. The corresponding efficiency576

was up to 38% of Carnot efficiency, showing a good perspective in low-grade heat recovery577

for this type of system. Based on the proven four-stage concept, a thermoacoustic power578

generator capable of converting 100 kW waste heat at 130 ◦C - 150 ◦C from a paper plant579

into 10 kW electricity was reported to be under construction.580

Although only several demonstrative prototypes have been built up to now, the581

impressive results demonstrated by the looped-type multi-stage thermoacoustic Stirling582

engine show great potentials for this type of system to be practically used in low583

temperature heat utilizations. Currently, it is becoming a new direction that attracts584

many groups involved into developing similar multi-stage thermoacoustic Stirling engines.585

4.4. Standing-wave thermoacoustic engine586

The standing-wave thermoacoustic engine is also possible for recovering low and587

moderate temperature thermal energy. In 1988, Migliori and Swift [86] built a588

standing-wave thermoacoustic one using liquid sodium as the working fluid. The engine589

was able to produce 18 W of acoustic power with 990 W of heat for an efficiency of 1.8%590

at 360 ◦C temperature difference across the stack. As liquid sodium was used, a591

magnetohydrodynamic transducer can be directly coupled to the engine to transform the592

acoustic power into electric power with high efficiency.593

Some researches focused on developing miniature thermoacoustic engines to drive594

piezoelectric devices to convert waste heat into electricity. In 2008, McLaughlin [76]595

coupled a piezoelectric transducer to a high frequency standing-wave thermoacoustic596

engine. The system was tuned to be resonant at 1.58 kHz by adjusting geometries of the597
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engine and the installation of piezoelectric element. The coupled generator was able to598

produce an output electric power of 2 mW at 155 ◦C. The corresponding efficiency of599

heat to sound of the miniature engine was reported to be 20% of the Carnot efficiency at600

the maximum power output.601

Jensen and Raspet [87] investigated the potential of a simple high frequency, air filled,602

standing-wave thermoacoustic engine to be competitive with other small generator603

technologies such as thermoelectric devices for waste heat power conversions. They604

designed a miniature thermoacoustic generator with a unimorph piezoelectric transducer605

installed at the middle of a thermoacoustic engine pair, as illustrated in Figure 13. The606

calculations indicated that the system can generate 0.42 W electric power with an input607

power of 16 W at 100 ◦C. The efficiency is around 10% of the Carnot efficiency, which is608

competitive with currently available thermoelectric generators.609

Mumith et al. [88] presented an assessment and design of a large scale standing-wave610

thermoacoustic engine to utilize waste heat from baking ovens in biscuit manufacturing.611

Their calculations showed that it is possible to recover waste heat to deliver an output612

acoustic power of 1022.2 W with a thermal efficiency of 5.38% at a comparatively low613

temperature of 150 ◦C.614

The working fluid has significant effect on the low-temperature operation of the615

standing-wave thermoacoustic engines. Noda and Ueda [89] measured the onset616

temperatures of a standing-wave thermoacoustic engine working with dry air, water617

vapor mixed air and ethanol vapor mixed air. The experimental results showed that the618

onset temperature differences for the above conditions were 290 ◦C, 56 ◦C and 47 ◦C,619

respectively. Furthermore, the lowest temperature difference while maintaining the620

thermoacoustic oscillations was only 42 ◦C and 21 ◦C under the second and third621

conditions, respectively. Their studies provided a good direction for designing622

thermoacoustic engines working at low temperatures from the aspect of working fluid.623

4.5. Summary624

The thermoacoustic engine has been considered as a good candidate for low-grade625

heat recoveries since its invention. However, most of previous researches were focused on626

developing high performance thermoacoustic systems operating at relatively high627

temperature ranges of 400 ◦C - 700 ◦C. Nowadays, it becomes a trend to design various628

types of thermoacoustic systems for low temperature operations. The experimental629

results of the related works have been summarized in Table 2.630

Applying multiple thermoacoustic cores in the thermoacoustic Stirling engines has631

been proven to be an effective way of decreasing the working temperatures. The looped632

type multi-stage configuration of thermoacoustic Stirling engines proposed by de Blok633

[60] showed the greatest potentials for high-efficient economical utilizations of very low634

temperature thermal energy. Miniature standing-wave thermoacoustic power generations635

using piezoelectric transducers are very simple, cheap and reliable. They may be useful to636

provide the small amount of electric power for small electronic elements using the waste637
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heat. Last but not least, employing special working fluid such as vapor, sodium is also638

beneficial for low-temperature thermoacoustic engines.639

Compared with the mechanical Stirling engines, the thermoacoustic systems are much640

simpler in construction, more reliable and cheaper. The thermoacoustic engines for low641

and moderate temperature heat recoveries will be a very promising direction for the642

thermoacoustic field. More efforts need to be made to improve the efficiency and power643

outputs, and explore more efficient ways of extracting the generated acoustic power.644

5. Free-piston Stirling engine645

Kinetic Stirling engines use the kinematic drive mechanisms to couple the reciprocating646

elements. Instead, reciprocating elements are coupled to springs in a free-piston Stirling647

engine and move entirely in response to spring forces acting upon them. Free-piston Stirling648

engine is therefore a dynamic resonant system. The resonant frequency is determined by649

the mass of the moving elements and the stiffness provided by the springs. Although it650

seems mechanical simple, free-piston Stirling engine is the most difficult and complicated651

to put it into practice. For low and moderate temperature applications, the simplicity and652

costs of the technology are usually the greatest concerns. Therefore, much fewer free-piston653

Stirling engines have been built to operate at low and moderate temperatures.654

5.1. Configurations and features655

There are numerous variants of the configurations of free-piston Stirling engines [90].656

The unique feature that they share is the use of springs to provide the reciprocating force657

for the moving elements. One of the common piston-displacer configurations is shown658

in Figure 14. The spring connected to the displacer and power piston can be either gas659

spring or mechanical spring, or even the both. The mass-spring mechanisms are elaborately660

designed to make the displacer and power piston oscillating resonantly with a leading phase661

of the displacer. The type shown here is actually a beta free-piston Stirling engine. There662

are also alpha and gamma types in free-piston Stirling engines. If the power piston is663

replaced by a diaphragm, it is a special free-piston Stirling engine called the diaphragm664

Stirling engine.665

The main characteristics of the free-piston Stirling engines are as follows.666

• The free-piston Stirling engine is a resonant system operating at a more or less constant667

frequency.668

• It has self-starting capability. When it is heated up, the system changes into an669

unstable equilibrium state and starts to oscillate automatically without any requirement670

for external excitation.671

• Displacements of moving pistons change accordingly with the load. If more loads are672

added, the displacements decrease.673

• Both displacer and power piston move linearly inside the cylinders. No side thrust is674

exerted by the reciprocating elements against cylinder walls.675
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• The requirement for lubrication is reduced to the level that working gas rather than oil676

is used as the lubricant. Oil-free operation eliminates the problem of regenerator677

contamination.678

• Cylinders are hermetically sealed thereby eliminating entirely the problems of dynamic679

seals of kinetic Stirling engines.680

• Its operation is more quiet and stable compared to kinetic Stirling engines.681

682

5.2. Piston-displacer free-piston Stirling engine683

5.2.1. Small free-piston Stirling engine684

Nakajima et al. [91] developed two micro Stirling engines with the dimensions of several685

centimeters and weights of about 10 g. A relatively large and short displacer and a much686

smaller power piston in a gamma arrangement which are similar to the LTD Stirling engine687

were used. The displacer was connected to the power piston through a spring while the688

other side of the power piston was exposed to ambient air or connected to a load if necessary.689

Aside from the spring connected, the displacers were either connected to another spring or690

embedded with a magnet to provide an additional restoring force. One engine with a swept691

volume of 11 cm3 had an output power of about 20 mW with an operating frequency of692

about 10 Hz when the heating and cold walls were kept at 100 ◦C and 0 ◦C respectively. The693

other engine, with a swept volume of 0.05 cm3, had an output power of about 10 mW at 10694

Hz with the same operating temperatures. The comparisons between the power-to-weight695

ratios of the micro Stirling engines and the other actuators showed that micro Stirling696

engines had potentials for a number of micro-actuator or micro-heat pump applications.697

Kwankaomeng et al. [92] investigated the stabilities and performance of a beta free-698

piston Stirling engine with ambient air as working gas. The cylinders were made of stainless699

steel, while the power piston and displacer were made of brass and aluminum respectively700

for low friction. The piston was designed to have a maximum swept volume of 17.2 cm3.701

The engine was then tested with a linear alternator connected to the piston rod to generate702

electricity. The hot end temperature was maintained at the range of 120 ◦C - 150 ◦C. The703

tests showed that the engine operated at frequencies of 5.9-7.0 Hz. The maximum power704

of 0.68 W with the maximum efficiency of 5.6% was achieved at 6.4 Hz.705

5.2.2. Large free-piston Stirling engine706

In 1987, Dochat [93] from Mechanical Technology Incorporated (MTI) presented the707

experimental results of a 25 kWe-scale free-piston Stirling engine designed for space708

power generation. The Stirling engine was composed of two 12.5 kWe-scale units in an709

opposed configuration, as shown in Figure 15. Each unit consisted of a free-piston710

Stirling engine and a moving-magnet linear alternator. Molten salt was used as the heat711

transfer fluid to circulate through the shell side of the shell-tube hot heat exchangers.712

The cold heat exchangers were kept at about 42 ◦C. The system was designed to operate713

at a frequency of 105 Hz with 150 bar helium as the working gas. The results showed714
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that the engine achieved a piston PV power of 19 kW at 357 ◦C with a thermal efficiency715

of 19.1%. The highest efficiency reached about 28% with a PV power of about 7 kW at716

this temperature. They also demonstrated that the engine was capable of operating at717

much lower temperatures. When the heating temperature was 237 ◦C, the engine718

generated a photovoltaic powers of 5.35 kW with an efficiency of 11.3%. This work719

showed that large and more carefully designed free piston Stirling engines for low720

temperatures could achieve a fairly well performance. However, very little work has been721

done on high performance free-piston Stirling engines operating at low temperatures due722

to the great complexity and high cost for the development.723

5.3. Diaphragm Stirling engine724

If the power piston in a free-piston Stirling engine is replaced by a diaphragm, the725

mechanical friction and wear are eliminated. This kind of special free-piston Stirling726

engine is called the diaphragm Stirling engine, invented by Cooke-Yarborough in the727

1960s as a long-lived radioisotope power generator with a substantially higher efficiency728

than thermoelectric systems at the time [90, 94]. The disadvantage of diaphragm Stirling729

engine is the low power density because of the much smaller swept volumes of diaphragms730

compared to those of pistons. Several prototypes using propane or strontium-90 titanate731

as the heat sources were developed at the time. The power outputs of these engines were732

dozens of watts and the efficiencies were around 10%. One of the prototypes generated733

10.7 W electrical power with an efficiency of 13.7% when the heat source was at 292 ◦C734

[90]. It was reported that the prototype engines had together total 126,000 hours of735

operation without any failure of the critical flexing components including the diaphragm736

and displacer spring, showing the good reliability of the metal diaphragm structures.737

In 2014, Steiner and Archibald [95] developed a diaphragm Stirling engine as shown in738

Figure 16. The diaphragm was connected to the drive shaft through a folded spring tube739

with a large stiffness. Two flexure structures with tuned resonant frequency acted as the740

displacer. The main feature of the engine was the lack of high tolerance sliding seals741

which enabled it to have a low cost and long life. The displacement of the diaphragm was742

within 1 mm which was one or two orders smaller than those of pistons in traditional743

Stirling engines. In order the make the power density comparable with traditional744

Stirling engines, high pressure at 9 MPa and high operating frequency at 500 Hz were745

adopted. They underlined that the inertance of the working gas was not negligible at the746

high pressure and high frequency. Therefore, the traditional Stirling engine analysis747

methods were not applicable to model the system. Instead, a thermoacoustic model built748

with DeltaEC was successfully adopted to characterize the engine as a traveling-wave749

thermoacoustic engine (or thermoacoustic Stirling engine) with mechanical resonators.750

Experimental results showed that the engine started to oscillate at 80 ◦C above the751

ambient temperature. More than 400 W mechanical power with an efficiency of about752

13% was achieved at 300 ◦C heating temperature. When it was operated at 500 ◦C, the753

engine obtained a thermal efficiency of 21% and an output power of 580 W.754
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There are also several studies using silicone as the diaphragmmaterial [96–98]. However,755

the system can only withstand ambient filling pressure, and had very limited power outputs.756

The above studies indicate that high frequency and high pressure are critical approaches757

for improving the power outputs of diaphragm Stirling engines for practical uses.758

5.4. Summary759

Previous experimental results of different types of free-piston Stirling engines working760

at low and moderate temperatures are consolidated in Table 3. It shows that the operating761

frequencies are typically less than 10 Hz when ambient pressure air is used as working gas.762

The power outputs and efficiencies are limited to less than ten watts and 10%, respectively.763

However, the systems that used the high pressure helium gas and operated high frequencies764

showed much better performances. The power densities were remarkably increased. The765

obtained power were more than hundreds watts with efficiencies of more than 10% at 200766

◦C - 350 ◦C.767

Free-piston Stirling engines working at high heating temperatures have been768

commercially or militarily applied in micro-CHP systems, solar power generations, space769

power generations, etc. The reviewed studies show that it is also possible to develop a770

free-piston Stirling engine with a good output performance for low and moderate771

temperature heat recoveries, in which a metal-diaphragm Stirling engine working at high772

pressure and high frequency is of particular interest. However, as the simplicity and costs773

are usually greatest concerns for practical applications at low and moderate774

temperatures, free-piston Stirling engines may face great challenges in these aspects.775

6. Liquid piston Stirling engine776

A liquid piston Stirling engine is a type of Stirling engine in which water columns play777

the role of pistons. One type of the liquid piston Stirling engine is the well-known Fluidyne778

engine, invented by West [100] in 1969. The volume variations inside the engine are only779

accomplished by liquid pistons in a Fluidyne engine or Fluidyne for short. The liquid780

pistons move freely in response to the gravity and the pressure acting on them. Some liquid781

piston Stirling engines have both liquid and solid pistons, which can be regarded as the782

combination of Fluidyne and kinetic LTD Stirling engines. As the water is typically used783

as the liquid piston, most of the liquid piston Stirling engines were built for water pumping,784

particularly for irrigation or drainage pumping in developing countries or in circumstance785

where electricity may not be available. Liquid piston Stirling engines have very simple786

structures and can be built with very low cost materials. The operating temperatures787

can be as low as several tens degrees Celsius in some cases. Therefore, the recoveries of788

low-grade heat with very low costs may be realized for liquid piston Stirling engines.789
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6.1. Configurations and features790

Figure 17 shows a basic configuration for the Fluidyne engines. If the liquid column791

in the displacer cylinder is set into oscillation, it forces the working gas above to oscillate792

between the hot and cold spaces. The temperature variations of the working gas result793

in the pressure oscillations, which further drive the liquid column in the output tube to794

move up and down. The applied heat is therefore converted into work in the form of the795

periodical motion of the output liquid column. The length of the hot end column in the796

displacer is shorter than the cold end one. Consequently, the hot end column responds797

more quickly and the phase of the movement at the hot end always leads that of the cold798

end, which is exactly the required phase relation for the Stirling cycle.799

Liquid piston Stirling engines have dry and wet operation modes, which are800

distinguished by whether substantial evaporation occurs from the liquid in the hot801

cylinder. When the vapor component of the working fluid is dominant in the cycle, and it802

is called wet operation mode [101, 102]. Otherwise, it is dry mode. The power output of803

liquid piston Stirling engine at the wet operation mode may be increased by a factor of804

two or three at the expense of decreasing efficiency [103].805

If check valves are adopted in the output column, the oscillating motion of the liquid806

column can be converted into the pumping actions. Figure 18 shows two simplest ways to807

extract the energy for water pumping.808

The main features of liquid piston Stirling engine are summarized as follows,809

• Liquid pistons avoid the sliding mechanical seal and accurately dimensioned cylinders,810

which provide great flexibility in mechanical design with much simpler constructions.811

• The frequency of liquid piston Stirling engine is typically within 2 Hz, due to the low812

nature frequency of the liquid pistons. West stated that the upper limit of frequency set813

by liquid surface instabilities for reasonable strokes may be in the range of 8 Hz - 16 Hz814

[8].815

• The mean pressure is usually 1 bar with air as the working gas. Increasing the mean816

pressure may eject the liquid out of the output tube. A double-acting liquid piston817

Stirling engine in which three or four U-tubes are connected in series can be filled with818

higher pressure and operates at higher frequency [103].819

• Liquid piston Stirling engine can attain self-excited oscillations when a sufficient820

temperature difference is achieved between its hot and cold spaces. The operating821

temperatures are typically within 100 ◦C.822

• Small diameter tube instead of regenerator is typically used in a liquid piston Stirling823

engine for heat regeneration between the hot and cold cycles.824

825

6.2. Fluidyne engine/pump826

The working principles and dynamics of Fluidyne engines have been theoretically827

explained by West [103–105], Elrod [106], Geissow [107], Stammers [108], Özdemir and828

Özgüç [109]. One of the earliest experimental Fluidyne pumps was built by West [104] in829
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1971. It was the liquid coupled type, and constructed from copper and brass pipes. A830

maximum pumping rate of 0.37 m3/hour was achieved with a head of 1.6 m at the831

heating power of 530 W, corresponding to an output power of about 1.6 W. The highest832

efficiency was about 0.35% at the heating temperature of 90 ◦C. The technology was later833

transferred to Metal Box Company of India Ltd. for commercial applications of irrigation834

pumping in developing countries. The machine with a concentric cylinder operating at835

dry mode was reported to have a pumping rate of 9.5 m3/hour at a head of 3 m with an836

efficiency of 7% [103]. Based on the Fluidyne engine designed by West, more similar837

prototypes were later built and tested [102, 110]. The largest one had a throughput of838

more than 15 m3/hour and a head of almost 4 m [111].839

Mosby [112] tested a small scale Fluidyne pump in the loaded and unloaded840

configuration to evaluate the effect of geometric changes on the operating characteristics.841

A pumping rate of 0.37 l/min through a head of 0.25 m with an overall efficiency of842

0.15% was achieved. The operating temperature and the frequency were about 70-90 ◦C843

and 1.2 Hz, respectively. Bell [113] built and tested a solar-powered Fluidyne pump for844

irrigation water pumping. A maximum pumping rate of about 1.9 l/min with a head of845

1.22 m and a highest efficiency of 0.18% were achieved. In 2011, Stevens constructed a846

liquid piston Stirling engine powered by a 1.2 m2 Fresnel lens concentrating solar energy847

[114]. The engine operated at the heating temperature of around 93 ◦C and the cold end848

temperature of about 85 ◦C with a frequency of 1.06 Hz.849

Recently, Yang et al. [115] proposed an integrated, two-cylinder Fluidyne engine, as850

shown in Figure 19. They utilized computer aided design and one-step, planar machining to851

precisely fabricate the rectangle tubing. Spontaneous oscillation was achieved at a constant852

2.2 W heating power per cylinder. Maximum peak amplitude of 10.5 mm was obtained853

in the output column at 7 W per cylinder. The tested operating frequency was around854

2.53 Hz. A periodical variation of the amplitude was observed due to the differences in the855

resonant frequencies of the left and right cylinders. They also observed that the amplitudes856

of oscillation at the liquid pistons increased by 23% when the output column was sealed,857

which was explained to result from an improved matching of the load to the internal858

resistances of the engine. The pumping operation of the Fluidyne engine showed that the859

two-cylinder engine reached flow rates of 23 ml/min for a zero head, and 19 ml/min for a860

head of 5 cm. The efficiency of the engine was 0.1% when provided with 4 W of heat per861

cylinder, and 0.016% when operated for pumping.862

6.3. Two-phase liquid piston thermofluidic engine863

In 2004, Smith [116–118] proposed a novel two-phase “Non-Inertive-Feedback864

Thermofluidic Engine” which is similar to a wet Fluidyne engine but does not rely on865

fluid inertia to operate. A series of theoretical and experimental work was later done by866

Markides and Solanki et al. to investigate the dynamics [119, 120], heat transfer867

[121, 122], losses [123], pumping characteristics [124], and working fluid selection [125] for868

the engine. The schematic of the engine is shown in Figure 20. The working fluid869
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experiences periodical evaporation and condensation at the heat exchangers when the870

pressure variations drive the liquid to oscillate through a feedback system. Even though871

the thermodynamic cycle of the engine is not strictly based on Stirling cycle, we872

categorize it into liquid piston Stirling engine because its configuration and critical873

operating characteristics are very similar to those of liquid piston Stirling engines. The874

operating frequency was also at low values of about 0.1 Hz - 0.4 Hz. The phase change875

characteristics permit the system to have the potential of higher power densities.876

However, the close arrangements of the hot and cold heat exchangers cause a large877

amount of heat loss, and limit the overall efficiency. The engine has been experimentally878

demonstrated to have an operating temperature difference as low as 50 ◦C [116].879

6.4. Solid-liquid hybrid piston Stirling water pump880

Some liquid piston Stirling engines have both solid and liquid pistons. Orda and881

Mahkamov [126] developed three prototypes of liquid piston Stirling engines for water882

pumping, as shown in Figure 21. The first prototype used a piston-actuator connected to883

a spring to enhance the stability of the operation of the Fluidyne engine. The working884

temperature in the hot cylinder varied between 75 ◦C and 95 ◦C, and the mean pressure885

changed in the range of 0.8 bar - 1.6 bar. The maximum pumping rates of 0.5 m3/hour,886

1.5 m3/hour, and 2 m3/hour had been achieved when the heating powers were 0.8 kW, 2887

kW and 3 kW, respectively. The thermal efficiency ranged from 0.2 % to 0.5%. Based on888

the first prototype liquid piston Stirling engine, another two engines that were coupled889

with solar collectors were then developed. The water in the hot cylinder was circulated890

through the solar collectors to transfer the absorbed thermal energy at about 75 ◦C - 95891

◦C to power the liquid piston Stirling engines. For the second prototype, the pumping892

rate ranged from 0.22 m3/hour to 0.65 m3/hour when the intensity of the solar radiation893

changed from 660 W/m2 to 750 W/m2. The third prototype was able to pump water894

with a rate of 0.7 m3/hour at a head of 1.5 m when the radiation intensity was 850895

W/m2. In their tests, they observed that the pulsating motion of the water increased the896

efficiency of the solar collectors by 10% due to the enhancement of heat transfer.897

Although Orda and Mahkamov’s liquid piston water pumps have solid pistons, the898

displacer and the power piston contacting the working fluid are still liquid columns.899

Whereas, some solid-liquid hybrid piston Stirling engines adopt both types of pistons to900

shift the working gas [127–130]. Klüppel and Gurgel [131] developed a solid-liquid hybrid901

piston Stirling pump, as shown in Figure 22. The solid displacer shifts the working gas902

between the hot and cold ends which experiences heating and cooling periodically. The903

temperature variations change the pressure inside the chamber and drive the liquid piston904

below to pump water. The engine is actually a combination of Fluidyne engine and905

normal solid-piston Stirling engine, in which the liquid piston acts as the power piston.906

Their experimental engine operated at the hot and cold temperatures of 92 ◦C and 28 ◦C907

with air as working gas. The frequency varied between 0.36 Hz and 0.14 Hz. It was908

observed that the performance was decreased after about 1 hour of work due to a slow909
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dissolution of the working gas in the pumped water. They suggested the water may be910

separated from the working gas by an oil floating film or a diaphragm at the liquid911

surface.912

Klerk and Rallis [132] built a LTD gamma-type Stirling engine for rural water pumping.913

The system consisted of two LTD Stirling engines with their displacer cylinders connected914

to either side of a water-filled U-tube. The two LTD Stirling engines operated out of phase915

to each other due to the reverse motions of the two surfaces of the U-shaped liquid piston.916

A diaphragm pump connected to the cold gas chamber was used to convert the generated917

pressure variations into water pumping. The prototype was heated by means of two 100918

W light bulbs that resulted in a temperature difference of about 35 ◦C. Maximum power919

was achieved at a head of just over 1 m and a flow rate of 54 l/hour.920

Jokar and Tavakolpour-Saleh [133] proposed a solar-powered active LTD Stirling pump921

with a liquid power piston and a solid controllable displacer, as illustrated by Figure 23. A922

flat plate solar collect was used as the heat source of the pump. The reciprocating movement923

of the solid displacer was actively controlled by a controllable DC geared motor, which was924

proposed to be powered by a small solar panel. The generated pressure variation in the gas925

chamber was transferred through a tube to drive the liquid power piston to pump water.926

As the displacer was actively controlled, the movement of the liquid piston can be tuned927

into the resonance state to have a better pumping capacity. Besides, discontinuous motion928

of the displacer was possible so that a better heat transfer was acquired. An experimental929

prototype was constructed, and tested under solar radiation intensity of about 720 W/m2.930

The collector temperature and the cooling temperature were about 117 ◦C and 21 ◦C931

respectively. The results showed that the motor speed had an optimum value for a more932

pumping capacity. The tested pumping powers were at the range of 1.6 W-4.3 W. The933

maximum pumping rate of 3.16 m3/hour was achieved at the head of 0.5 m.934

6.5. Summary935

Table 4 lists the experimental results of some of the reported liquid piston Stirling936

engines. Most of the liquid piston Stirling engine was tested for pumping water. It shows937

that the practical liquid piston Stirling engines operate at relatively low temperatures and938

low frequencies. The achieved power output was less than 20 W, and the efficiency was939

less than 5%. It is difficult to pressurize the system, as the liquid may be spilled out.940

Liquid piston Stirling engines can be simply constructed with low cost materials and941

assembled with very low precision. The good features of simple structure, low cost, easy942

construction partly overcome the disadvantages of low power and efficiency. They are943

possible for applications in recovering free or low-cost low-grade heat, such as irrigation944

water pumping in rural districts using solar power, industrial waste heat or biomass energy.945
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7. Discussions946

The developments of Stirling cycle engines for recovering low and moderate temperature947

heat have been reviewed. The available experimental results of the powers and thermal948

efficiencies of the developed Stirling cycle engines are collected in Figure 24.949

The kinetic Stirling engines attained the most research attentions. Numerous kinetic950

Stirling engines with powers from milliwatts to kilowatts were developed at different951

ranges of temperature differences. They showed good flexibility to the temperatures of952

heat sources. According to the reviewed work, two promising directions for kinetic953

Stirling engines have been identified for practical applications. The first one is to develop954

low-pressure large-scale LTD kinetic Stirling engines with low cost materials and simple955

fabrication processes for relatively low temperature heat sources, such as geothermal956

energy, hot water from solar collector, etc. The efficiencies of the LTD Stirling engines957

might be not as high as the high-temperature pressurized Stirling engines. However, it958

could still be attractive when the low-grade heat is abundant and inexpensive, and the959

overall investments of the systems are relatively low. Another direction for the kinetic960

Stirling engines might be oriented toward the applications for medium temperature heat961

at the ranges of 250 ◦C - 450 ◦C. The solar concentrating systems with moderate962

concentration achieving the above moderate temperatures are much cheaper than the963

strong concentration systems which call upon an advanced and heavy technology.964

Besides, lots of industrial processes also exhaust the waste heat at these temperatures. If965

the kinetic Stirling engines are designed and operated with moderate efficiencies and966

costs for recovering the above heat sources, they may fill the gap between the cheap but967

low-efficient Stirling solutions for low temperature heat sources and the high-efficient but968

expensive solutions for high temperature heat sources.969

Development of thermoacoustic engines for low and moderate temperatures has been970

just started recently. Several configurations proposed recently have showed their great971

potentials in recovering the low-grade heat with very scalable powers. The greatest feature972

of thermoacoustic systems is the lacking of hot moving components, which enables them to973

have simple structure, high reliability, and low cost. They may be of particular interest for974

recovering heat sources with temperature less than 100 ◦C from industrial processes and975

solar power. The thermoacoustic engines can be used to directly drive a thermoacoustic976

heat pump or refrigerator to realize heating or cooling without any mechanical moving977

parts with minimum maintenance. They can also be used to convert the input heat to978

electricity by coupling acoustoelectric conversion devices. More work should be conducted979

to investigate the effective ways of extracting the generated acoustic power.980

Much less work was conducted on free-piston Stirling engines for low and moderate981

temperature applications, probably due to the difficulties and costs for the design and982

fabrication of such high-tech systems. The free-piston Stirling engines have much larger983

specific power with higher efficiencies. For low and moderate temperature applications,984

the cost is a great concern, which might be the biggest obstacle for the free-piston Stirling985
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engines.986

The liquid piston Stirling engines have the capability to operate at very low987

temperatures. They are extremely simple and robust and can be easily built with cheap988

materials in daily life. However, the power output of liquid piston Stirling engine is989

typically limited to several watts with a very low efficiency, which limits the potentials for990

practical applications. Liquid piston Stirling engines are typically used for pumping991

water. They are more appropriate for low flow rate irrigation water pumping in rural992

districts using heat sources with little or no cost, such as solar power, biomass energy, etc.993

8. Conclusions994

A detailed literature review of the research efforts made on Stirling cycle engines995

focused on low and moderate temperatures has been performed. The aim is to provide996

comprehensive information about Stirling cycle engines which are possible for low-grade997

heat utilizations. The Stirling cycle engines of interest are categorized into kinetic,998

thermoacoustic, free-piston, and liquid piston types from the aspect of the drive999

mechanism to complete the Stirling cycle. Based on the reviewed technological details1000

and the potentials identified, it is concluded that the kinetic and thermoacoustic Stirling1001

engines appear to have considerable potentials in providing cost-effective and1002

energy-efficient solutions for recovering low and moderate temperature heat. Further1003

developments of kinetic Stirling engines with large dimensions made from low-cost1004

materials are encouraged for low-temperature waste heat. Moderate efficient kinetic1005

Stirling engine operating at moderate temperatures may find applications for1006

low-concentration solar thermal heat utilization. Several configurations of thermoacoustic1007

engines have demonstrated good capability to recover low temperature heat around 1001008

◦C with scalable power outputs with the advantages of great simplicity and high1009

reliability. Low-grade heat recoveries will be an important and promising research and1010

application orientation of thermoacoustic engines. More efforts should be put in exploring1011

efficient ways of extracting the acoustic power generated in the thermoacoustic engines.1012

The main challenges for free-piston Stirling engines in the applications of low1013

temperature heat recovery lie in the difficulty of development and the relatively high1014

costs. Diaphragm type free-piston Stirling engines operating at high pressure and high1015

frequency may provide a possible way out of the above problems. Though liquid piston1016

Stirling engines have the simplest structure and lowest costs for construction, their low1017

power density and limited efficiency remain the biggest barrier for large-scale1018

applications. Small-scale water pumping using costless heat for irrigation in rural1019

districts seems more realistic for liquid piston Stirling engines.1020
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Table captions1350

Table 1: Experimental results of low and moderate temperature kinetic Stirling engines1351

(∆T : temperature difference; Th: heating temperature).1352

Table 2: Experimental results of low and moderate temperature thermoacoustic engines1353

(∆T : temperature difference; Th: heating temperature).1354

Table 3: Experimental results of low and moderate temperature free-piston Stirling1355

engines (∆T : temperature difference; Th: heating temperature).1356

Table 4: Experimental results of liquid piston Stirling engines. (∆T : temperature1357

difference; Th: heating temperature).1358
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Figure captions1359

Figure 1: Three basic types of arrangements of pistons in Stirling engines (C: cooler; R:1360

regenerator; H: heater; DP: displacer; PP: power piston).1361

Figure 2: Kinetic drive mechanisms used for Stirling engines: (a) crank-slider drive; (b)1362

Rhombic drive; (c) swash-plate drive; (d) Ross-yoke drive.1363

Figure 3: Solar driven low temperature differential Stirling engine by Boutammachte and1364

Knorr (Reprinted from Boutammachte and Knorr [34], Copyright 2012 from Elsevier).1365

Figure 4: Lever-drive low and moderate temperature Stirling engine by Karabulut et al.:1366

(a) schematic; (b) photograph (Reprinted from Karabulut et al. [38], Copyright 20091367

from Elsevier).1368

Figure 5: Twin power piston gamma-type Stirling engine by Chen et al.: (a) schematic;1369

(b) photograph (Reprinted from Chen et al. [39], Copyright 2012 from Elsevier).1370

Figure 6: Gamma-type Stirling engine used in Ref [42] (Reprinted from Gheith et al.1371

[42], Copyright 2014 from Elsevier).1372

Figure 7: Moderate temperature Stirling engine by Sripakagorn and Srikam: (a)1373

schematic; (b) photograph (Reprinted from Sripakagorn and Srikam [43], Copyright 20101374

from Elsevier).1375

Figure 8: Basic types of thermoacoustic engines: (a) looped type thermoacoustic1376

Stirling engine (pure traveling-wave type); (b) Loop-branched thermoacoustic Stirling1377

(traveling-standing wave hybrid type); (c) standing-wave thermoacoustic engine.1378

Figure 9: Low operating temperature thermoacoustic Stirling engine proposed by de1379

Blok (Reprinted from de Blok [82], Copyright 2008 from Acoustical Society of America).1380

Figure 10: Thermoacoustic Stirling electric generator using two cores (Reprinted from1381

de Blok [83], Copyright 2013 from Aster Thermoacoustics).1382

Figure 11: Thermoacoustic refrigerator driven by multi-core thermoacoustic Stirling1383

engine (Reprinted from Hasegawa et al. [84], Copyright 2013 from Elsevier).1384

Figure 12: Four-stage thermoacoustic Stirling engine proposed by de Blok (Reprinted1385

from de Blok [60], Copyright 2010 from ASME).1386

Figure 13: Standing-wave thermoacoustic engines driving a unimorph piezoelectric1387

transducer (Reprinted from Jensen and Raspet [87], Copyright 2009 from Acoustical1388

Society of America).1389

Figure 14: Typical configuration of free-piston Stirling engines.1390

Figure 15: 25 kWe-scale free-piston Stirling engine for space power generation1391

(Reprinted from Dochat [93], Copyright 1987 from Elsevier).1392

Figure 16: Diaphragm Stirling engine built by Steiner and Archibald (Reprinted from1393

Steiner and Archibald [95], Copyright 2013 from Elsevier).1394

Figure 17: Basic configuration of liquid piston Stirling engine (Fluidyne engine).1395

Figure 18: Basic concepts of Fluidyne pump: (a) liquid coupled; (2) gas coupled.1396

Figure 19: An integrated, two-cylinder Fluidyne engine developed by Yang et al.1397

(Reprinted from Yang et al. [115], Copyright 2014 from AIP Publishing LLC).1398
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Figure 20: Non-Inertive-Feedback Thermofluidic engine (Reprinted from Markides et al.1399

[121], Copyright 2012 from Elsevier).1400

Figure 21: Liquid piston Stirling water pumps built by Orda and Mahkamov: (a) first1401

prototype: co-axial type; (b) second prototype: U-type coupled with solar collectors; (c)1402

third prototype: co-axial type coupled with solar collectors (Reprinted from Orda and1403

Mahkamov [126], Copyright 2004 from ASME).1404

Figure 22: Solid-liquid hybrid piston Stirling pump proposed by Klüppel and Gurgel1405

(Reprinted from Klüppel and Gurgel [131], Copyright 1998 from Elsevier).1406

Figure 23: Solar-powered active LTD liquid piston Stirling pump developed by Jokar1407

and Tavakolpour-Saleh (Reprinted from Jokar and Tavakolpour-Saleh [133], Copyright1408

2015 from Elsevier).1409

Figure 24: Available experimental results of (a) power and (b) thermal efficiency of the1410

developed Stirling cycle engines.1411
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Figure 1: Three basic types of arrangements of pistons in Stirling engines (C: cooler; R: regenerator; H:
heater; DP: displacer; PP: power piston).
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Figure 2: Kinetic drive mechanisms used for Stirling engines: (a) crank-slider drive; (b) Rhombic drive; (c)
swash-plate drive; (d) Ross-yoke drive.
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Figure 3: Solar driven low temperature differential Stirling engine by Boutammachte and Knorr (Reprinted
from Boutammachte and Knorr [34], Copyright 2012 from Elsevier).
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Figure 4: Lever-drive low and moderate temperature Stirling engine by Karabulut et al.: (a) schematic;
(b) photograph (Reprinted from Karabulut et al. [38], Copyright 2009 from Elsevier).
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Figure 5: Twin power piston gamma-type Stirling engine by Chen et al.: (a) schematic; (b) photograph
(Reprinted from Chen et al. [39], Copyright 2012 from Elsevier).
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Figure 6: Gamma-type Stirling engine used in Ref [42] (Reprinted from Gheith et al. [42], Copyright 2014
from Elsevier).
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Figure 7: Moderate temperature Stirling engine by Sripakagorn and Srikam: (a) schematic; (b) photograph
(Reprinted from Sripakagorn and Srikam [43], Copyright 2010 from Elsevier).
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Figure 8: Basic types of thermoacoustic engines: (a) looped type thermoacoustic Stirling engine (pure traveling-
wave type); (b) Loop-branched thermoacoustic Stirling (traveling-standing wave hybrid type); (c) standing-wave
thermoacoustic engine.
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Figure 9: Low operating temperature thermoacoustic Stirling engine proposed by de Blok (Reprinted from
de Blok [82], Copyright 2008 from Acoustical Society of America).
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Figure 10: Thermoacoustic Stirling electric generator using two cores (Reprinted from de Blok [83],
Copyright 2013 from Aster Thermoacoustics).
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Figure 11: Thermoacoustic refrigerator driven by multi-core thermoacoustic Stirling engine (Reprinted from
Hasegawa et al. [84], Copyright 2013 from Elsevier).
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Figure 12: Four-stage thermoacoustic Stirling engine proposed by de Blok (Reprinted from de Blok [60],
Copyright 2010 from ASME).
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Figure 13: Standing-wave thermoacoustic engines driving a unimorph piezoelectric transducer (Reprinted
from Jensen and Raspet [87], Copyright 2009 from Acoustical Society of America).
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Figure 14: Typical configuration of free-piston Stirling engines.
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Figure 15: 25 kWe-scale free-piston Stirling engine for space power generation (Reprinted from Dochat [93],
Copyright 1987 from Elsevier).
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Figure 16: Diaphragm Stirling engine built by Steiner and Archibald (Reprinted from Steiner and Archibald
[95], Copyright 2013 from Elsevier).
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Figure 17: Basic configuration of liquid piston Stirling engine (Fluidyne engine).
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Figure 18: Basic concepts of Fluidyne pump: (a) liquid coupled; (2) gas coupled.
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Figure 19: An integrated, two-cylinder Fluidyne engine developed by Yang et al. (Reprinted from Yang et
al. [115], Copyright 2014 from AIP Publishing LLC).
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Figure 20: Non-Inertive-Feedback Thermofluidic engine (Reprinted from Markides et al. [121], Copyright
2012 from Elsevier).
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Figure 21: Liquid piston Stirling water pumps built by Orda and Mahkamov: (a) first prototype: co-axial type; (b)
second prototype: U-type coupled with solar collectors; (c) third prototype: co-axial type coupled with solar collectors
(Reprinted from Orda and Mahkamov [126], Copyright 2004 from ASME).
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Figure 22: Solid-liquid hybrid piston Stirling pump proposed by Klüppel and Gurgel (Reprinted from
Klüppel and Gurgel [131], Copyright 1998 from Elsevier).
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Figure 23: Solar-powered active LTD liquid piston Stirling pump developed by Jokar and Tavakolpour-Saleh
(Reprinted from Jokar and Tavakolpour-Saleh [133], Copyright 2015 from Elsevier).
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Figure 24: Available experimental results of (a) power and (b) thermal efficiency of the developed Stirling
cycle engines.

69


