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ABSTRACT:
A thermoacoustic model is used to efficiently implement a bidirectional impulse turbine into a thermoacoustic

refrigerator. Experiments are done for several gas types and mean pressures to identify its influence on the turbine

efficiency. A scaling is investigated in an attempt to provide a unique function of the turbine efficiency for all

operating conditions. Furthermore, the ratio of acoustic power absorbed by the turbine over to the total amount of

available power is examined for varying conditions. Finally, the results are used to present a case study in which the

turbine is used to drive the fluid pumps of the device. The remaining acoustic power is used for cooling, thus

providing an off-grid thermoacoustic refrigerator that works purely with low-grade heat as an input.
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I. INTRODUCTION

Waste heat, or low-grade heat in general, can be con-

verted into acoustic power using the thermoacoustic effect.

Producing acoustic power in this manner can already be

done for a heat source that is only 30 K higher than the envi-

ronment.1 The produced acoustic power is mostly used to

provide refrigeration using the same thermoacoustic effect,

thereby proving cooling using, e.g., solar heat2 or waste

heat,3 without mechanically moving parts or harmful refrig-

erants. These thermoacoustic refrigerators only need elec-

tricity for pumps that circulate the working fluids through

the internal heat exchangers. It is possible to use a part of

the produced acoustic power, and convert it into electricity

for these pumps, such that the thermoacoustic refrigerator

works solely on the heat source.

So far, acoustic power has mostly been converted into

electricity by using a kind of loudspeaker referred to as a

linear alternator. This method is shown to be successful, but

has its limits in scaling towards industrial sizes.4 A promis-

ing alternative, especially for increasing scales, is the use of

a bidirectional turbine to convert acoustic power into elec-

tricity. In oscillating water columns (OWCs), bidirectional

turbines have been used to produce electric power up to the

MW range.5 In previous work, a bidirectional impulse tur-

bine was characterized under thermoacoustic conditions to

identify the relevant performance indicators, and provide

rules of scaling.6 Subsequently, the turbine has been opti-

mized under thermoacoustic conditions to reach an effi-

ciency of around 36%,7 which is in the same order as found

for OWCs.8

For both OWCs and the previous work, the turbine is

used under atmospheric conditions with air as a working

fluid. However, thermoacoustic devices generally work with

helium or other noble gases at elevated pressures between

10 and 40 bar. Initial indications have shown that a bidirec-

tional impulse turbine can reach an efficiency of 76% when

used in a thermoacoustic device at a mean pressure of

10 bar.9 In this work, this claim is investigated by imple-

menting the same bidirectional turbine as used in the previ-

ous work7 in a thermoacoustic refrigerator. The mean

pressure and the type of gas will be varied to investigate the

influence of it on the turbine efficiency. Furthermore, it is

investigated whether the scaling derived for air at 1 bar6 is

still valid for different pressures and working fluids.

Details about the thermoacoustic refrigerator, bidirec-

tional turbine, and the measurement procedure are given in

Sec. II. A thermoacoustic model is presented in Sec. III,

which is used to efficiently implement the turbine in the

refrigerator in Sec. IV. This will mainly focus on the perfor-

mance of the device as a whole, while implementing the

electricity production besides the refrigeration. For the iden-

tified configuration, the performance of the bidirectional tur-

bine is presented in Sec. V A for varying pressures and

gases, while the performance of the complete device is

treated in Sec. V B.

II. EXPERIMENTAL SET-UP

The bidirectional impulse turbine that will be used

throughout this work is based on a design for an OWC.10

Following the experiments from previous work under lab

conditions,7 the exact same turbine prototype will be imple-

mented in a thermoacoustic device here. This turbine has a

rotor shroud ring of 1 mm thickness, a tip clearance ofa)Electronic mail: timmer.mag@gmail.com, ORCID: 0000-0001-6008-8903.
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0.3 mm, and an axial spacing between the guide vanes and

the rotor of 1 mm. The shaft power produced by the turbine

is converted into electricity by an electric motor (Hacker

A10–13L, Hacker Motor GmbH, Ergolding, Germany) that

is used as a generator. The three-phase power produced by

the generator is dissipated in an electrical load consisting of

sets of three precision resistors. To vary the turbine load for

different operating conditions, four resistances can be used

for the electrical load, namely R¼ 0.75, 2.0, 4.7, and

10 Ohm. The efficiency of the generator is calibrated for a

varying turbine rpm with all electrical loads. The shaft

power of the turbine, Pm, is calculated by dividing the mea-

sured electric power with the generator efficiency. More

details on the turbine design, calibration, and measurement

can be found in previous work.6,7

The turbine is implemented in a four-stage thermo-

acoustic refrigerator that is schematically shown to scale in

Fig. 1. The two vessels that produce acoustic power are

denoted as the engines, and the two vessels that provide

cooling are depicted as the heat pumps. In each of the ves-

sels, there are two heat exchangers that enclose the regener-

ator material in which the thermoacoustic effect occurs. In

the engines, thermal oil is used as the heat source to produce

the acoustic power. The input temperature, Tin, is measured

and can reach up to 200 �C for the presented experiments. In

the heat pumps, a water-glycol mixture is used as the

medium to transfer the cold. Besides the hot and cold heat

exchangers, each vessel has an ambient heat exchanger that

uses water as a working fluid. To make a fair comparison

between all experiments, the temperature of the cold circuit

is kept near the ambient temperature, which is stable at

20 �C. The acoustic power is produced in the direction from

the ambient heat exchanger to the hot heat exchanger, result-

ing in the acoustic power traveling through the device as

depicted in Fig. 1. More details on how the acoustic power

is exactly produced, as well as the design of the engines and

heat pumps is beyond the scope of this work, but can be

found in other literature on four-stage thermoacoustic

engines.1

The turbine is implemented in the feedback tube

between the second heat pump and the first engine, as shown

in Fig. 1. In Sec. IV, this configuration is shown to provide

the best performance in terms of produced acoustic power

for the entire device. Note that for practical reasons, the tur-

bine is implemented in a feedback tube with a 700 mm

straight part (denoted as long), which is in contrast to the

standard tubes with a 600 mm straight part (denoted as nor-

mal). To acoustically compensate for this extra length, a

long feedback tube is also used between engine #1 and

engine #2. All feedback tubes have a diameter of 54 mm,

which is slightly less than the 60 mm diameter of the tube

section in which the turbine is housed. The latter tube is

used since this is a section of the experimental lab set-up

from previous work,6,7 which ensures that the turbine per-

formance can be compared for an identical turbine and its

mount. To connect the tubes with a different diameter, a

rounded transition is made in the flange that connects the

sections. In Sec. V A, it is shown that this transition causes

some unwanted acoustic losses, which are accounted for in a

single experiment to show the influence thereof.

To measure the input power to the turbine, the acoustic

power is measured before and after it. This is done by using

four piezoresistive pressure sensors (P1–P4) from First

Sensor (First Sensor AG, Berlin, Germany) that have a

range of 0 to 20 bar to deal with the varying pressure experi-

ments. Using sets of two pressure sensors at the given dis-

tance, the local acoustic power is calculated using the

method given by Fusco et al.11 As shown in Fig. 1, a ther-

mocouple is used to measure the temperature in the middle

of the pressure sensors, such that the local gas properties for

the acoustic power calculation can be accurately deter-

mined. Even though the turbine is placed at the ambient side

of engine #1, the difference in temperature between both

sides of the turbine can easily reach 5 �C. With the measure-

ment of the acoustic power difference over the turbine, DE2,

and the shaft power produced by the turbine, the efficiency

is calculated as gt ¼ Pm=DE2. Following previous work,6 a

function that uniquely determines the turbine efficiency is

FIG. 1. Schematic of the thermoacoustic refrigerator with implemented bidirectional turbine (to scale). The pressure sensor locations (P1–P4) and tube

dimensions are given in mm. A detailed design of the turbine can be found in previous work (Refs. 6 and 7).
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found by scaling with the thermoacoustic input coefficient,

Cta, as follows:

Cta ¼
DE�2

/3 þ /2
; (1)

where DE�2 is the acoustic power drop over the turbine

scaled by qN3D5, with q the density, N the rotation rate, and

D the turbine diameter.6 The flow coefficient / is defined by

the ratio of the axial gas velocity, cx, over the blade speed,

U, where the gas velocity is deduced from the pressure sig-

nals using the method given by Fusco et al.11 More details

about the calculation of these performance indicators can be

found in previous work.6

During the experiments under varying operating condi-

tions, it is found that the pressure amplitude ranges from

about 2 to 20 kPa. Especially for the lowest amplitudes, this

is quite small with respect to the resolution of the pressure

sensors. This was found to be an issue for the phase differ-

ence between two adjacent pressure sensors, which initially

varied significantly, resulting in an inaccurate calculation of

the acoustic power. To deal with this issue, acoustic wave-

forms are sampled for 4 s instead of 1 s and sampled at 20

kHz, to more accurately determine the phase information.

Furthermore, by increasing the input temperature of the hot

oil relatively slowly, enough phase data are acquired to

make an accurate fit of the phase difference between the

pressure sensors as a function of the measured amplitude.

This phase information is then used to calculate the acoustic

power with sufficient accuracy. The latter is concluded from

the fact that the results were found to be repeatable, and

measuring with either increasing or decreasing oil tempera-

ture resulted in no significant difference when measuring

slow enough. As an indication, each experiment presented

in this work takes approximately one hour, in which the oil

temperature is slowly raised from about 100 �C to 200 �C.

The measurement points presented in this work are an aver-

age of twenty segments acquired by 4 s of sampling. The

standard deviation of these averaged results is typically no

more than 0.4% in turbine efficiency, which also decreases

for increasing pressure amplitudes due to the relatively bet-

ter resolution of the measurements. A typical measurement

with this standard deviation as an error bar will be presented

as the first result in Sec. V A.

III. THERMOACOUSTIC MODEL

In Sec. II, it is shown where the bidirectional turbine is

eventually implemented in the thermoacoustic refrigerator.

Since it is not straightforward to do this in thermoacoustic

devices without harming its performance, this location has

been determined by using a thermoacoustic model that can

predict the performance of a system for a given design. In

this section, details about the thermoacoustic model are pre-

sented. In Sec. IV, the model is validated with experiments,

and subsequently used to determine the aforementioned

location for the bidirectional turbine. In other work, a more

elaborate description of the model12 and its use for a practi-

cal application13 can be found.

A successful model should be able to predict the pres-

sure and flow rate in the entire device as a function of the

temperature at the heat exchangers, where the latter can be

regarded as control parameters. This can be done by split-

ting the entire system into smaller segments, for which a

local representation is determined. This is often done by

using an electrical analogy, where the pressure is regarded

as a voltage and the flow rate as a current. For simple sys-

tems, each segment can then be described as a combination

of electrical components, such as resistors, capacitors, and

inductors. By combining all segments into an electrical net-

work, it can be solved to find the pressure and velocity at all

locations. However, the usefulness of such a method

declines with the increased complexity of a system, espe-

cially when the segments are large with respect to the acous-

tic wavelength, such as for the feedback tubes.12

Similar to the electrical analogy, the model used in this

work uses a lumped system of circuit elements, but here the

individual segments are modeled with acoustic two-ports.

The advantage of such a description for a segment is that

only the transmission and reflection of the acoustic wave are

of importance, while the inner workings can be regarded as

a black box. This means that even if not all sections can be

modeled analytically, the overall system can still be solved

by experimentally measuring the transmission and reflection

of the unknown segments individually, as is done for the

entire system in this work. The latter is enough to fully char-

acterize the elements, and this approach remains valid for

segments that are large with respect to the acoustic

wavelength.12

To describe the use of acoustic two-ports in more detail,

two of them are depicted in Fig. 2 along with the local wave

components. The acoustic two-ports are fully described by

the four complex s-parameters, which are frequency depen-

dent. For each acoustic wave reaching a two-port (from

either side), the s-parameters determine how much of the

wave is transmitted and reflected. For example, for the inci-

dent wave at the first two-port (i1), the parameter s11a

FIG. 2. A cascade of two acoustic two-ports in series, where the incident waves are denoted by i and the reflected waves by r. The s-parameters of the seg-

ments (a) and (b) fully determine the transmission and reflection of each two-port.

J. Acoust. Soc. Am. 148 (3), September 2020 Timmer et al. 1705

https://doi.org/10.1121/10.0002001

https://doi.org/10.1121/10.0002001


determines the reflected part, and s21a the transmitted part.

Similarly, for reflected wave (r2) reaching this two-port

from the right hand side, s22a determines the reflected part

and s12a the transmitted part. By combining these effects,

the local wave components around two-port (a) are

described by a simple system of equations:

r1 ¼ s11ai1 þ s12ar2; (2)

i2 ¼ s21ai1 þ s22ar2: (3)

By rewriting these equations, they can be given in matrix-

vector form as follows:

i1

r1

� �
¼ 1

s21a

1 �s22a

s11a �Dsa

� �
i2

r2

� �
¼ Sa

� � i2
r2

� �
; (4)

where Dsa ¼ s11as22a � s21as12a. This matrix-vector form is

convenient because it allows one to simply cascade multiple

two-ports. By applying the same method for two-port (b),

the incident and reflected waves on both sides of the cascade

are described by:

i1

r1

� �
¼ Sa

� �
Sb

� � i3

r3

� �
¼ Sab

� � i3

r3

� �
; (5)

where ½Sab� follows from matrix multiplication, and deter-

mines the properties of an equivalent two-port for the entire

cascade. Since this procedure can be repeated for an arbi-

trary amount of two-ports, the entire thermoacoustic device

can be modeled by cascading all segments of the system.

Note that from the components of the determined incident

and reflected waves, the local pressure and flow rate can be

found at all junction planes.12

To solve the system of two-ports that models the

thermoacoustic device, only the s-parameters for all seg-

ments have to be known. For simple elements, they might

be determined analytically, but since the s-parameters hold a

physical meaning, they can also be measured.12,14 For this

work, only the segment with the bidirectional turbine has to

be added to the existing model of the thermoacoustic refrig-

erator, which is based on experimental measurements. This

has been done by implementing the turbine two-port as a

function of the frequency and the acoustic power absorbed

by the turbine, as measured in previous work.7 With all the

complex s-parameters known, and the given control parame-

ters in the form of temperatures at all regenerators, the sys-

tem can be solved. This is done by iteratively determining

the correct operating frequency, pressure amplitude, and

velocity amplitude for which the equivalent two-port of the

entire system is in balance, where the latter equates to the

reflection of the entire system (s11) to be equal to one. This

means that the acoustic signal at the input of the system is

the same as at the output, and thus a steady-state operating

point is found. The iterating procedure is started by identify-

ing the operating frequency, which is found by sweeping

over a range of frequencies and identifying the largest value

of s11 for an initial pressure and velocity estimate. For the

determined frequency, the velocity and, subsequently, the

pressure amplitude are iterated to find a combination that

yields s11 ¼ 1, which is the steady-state operating point. In

other words, the operating point is found for which the

acoustic power that is added to the system at the engine

stages, balances with the energy subtracted from the system

by the heat pumps, the turbine, and the acoustic losses. Note

that this is a solution to the thermoacoustic system, thus it

relates the acoustic power to the internal temperatures. By

using the measured performance of the gas-fluid heat

exchanger as a function of the acoustic velocity and fluid

flow rate through it, this is converted into the external tem-

peratures of the fluid circuits. In this latter form, the model

calculates the performance of the system in parameters that

are practically relevant, and can be measured for the actual

thermoacoustic device.

IV. TURBINE IMPLEMENTATION

This section will focus on validating the thermoacoustic

model with experimental results and, subsequently, using

the model to implement a bidirectional turbine in a thermo-

acoustic refrigerator. The success of implementation is

quantified by looking at the performance of the complete

device. For a given input temperature of the hot oil, a higher

level of acoustic power running through the machine is

regarded as a better implementation of the turbine. In Sec.

V, the performance of the turbine itself will be presented for

the best implementation that is identified in this section.

As a benchmark for the turbine implementation, the

performance of the refrigerator without a turbine is calcu-

lated using the thermoacoustic model, and measured experi-

mentally. The resulting acoustic loop power as a function of

the input temperature of the oil is presented in Fig. 3. Just as

for all other cases in this section, the given results are for air

with a mean pressure of 10 bar. The first thing that can be

seen for the case with no turbine is that the model matches

the experimental results relatively well. The two things that

should mainly be examined are the onset temperature at

which the first acoustic power is produced, and the slope of

the acoustic power curve for subsequently increasing tem-

perature. Both of these characteristics also hold a physical

meaning, where the onset temperature quantitatively indi-

cates how well the device is acoustically matched, since a

low onset temperature means that even a small acoustic sig-

nal can already be sustained in the given device. The slope

is a measure for the acoustic losses in the system. The latter

also includes the acoustic power that will be absorbed by the

turbine, which is why the slope of the curves with a turbine

will not be as steep as the one without a turbine. However,

ideally the acoustic matching for a device with a turbine is

such that the onset temperature of 70 �C for the case with no

turbine is still reached.

For initial tests, the 700 mm feedback tube, including

the bidirectional turbine, is implemented with the turbine

near the second heat pump (see HP #2 in Fig. 1). All other

feedback tubes have been kept at the normal length of
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600 mm. Using this configuration, it is found that the bidi-

rectional turbine can indeed produce electric power inside

the thermoacoustic refrigerator, yet only at a low level. It

can be seen in Fig. 3 that both the model and experiments

show that the onset temperature of the device is significantly

increased due to the implementation of the turbine. The

experimentally measured 125 �C onset temperature is indic-

ative of bad acoustic matching, and should be improved by

implementing the turbine differently. What is interesting to

see from the experimental results though, is that the slope of

acoustic power increase is similar to the case of no turbine

at the moment when the turbine is not yet running. Once

there is sufficient power such that the turbine self-starts, the

acoustic loop power drops, and the slope decreases since the

turbine is absorbing acoustic power (and converting it into

electricity). The slope is now approximately equal to the

predicted value by the model, which does not account for

the starting behavior of the turbine.

With some good indications that the thermoacoustic

model can be used to predict trends in the performance of

the device, it is used to search for a better implementation of

the turbine. An evident attempt to improve the acoustic

matching is to account for the extra tube length introduced

by the turbine. It can be seen in Fig. 3 that the predicted

onset temperature is significantly lower when a longer feed-

back tube is introduced between engines #1 and #2. Besides

this, the location of the turbine and the extra feedback tube

have been varied in the model to find the optimal configura-

tion. The latter was found by keeping the additional longer

tube in place, while moving the turbine to the position just

before engine #1, as depicted in Fig. 1. It is experimentally

shown that this implementation is indeed significantly better

than the initial attempt, since the onset temperature can now

be extrapolated to be approximately 85 �C. Note that this is

not yet on par with the case of no turbine, which is most

likely caused by the presence of the turbine in only one of

the long tubes, still resulting in some acoustic mismatch.

This might be solved by using a dummy load in the feed-

back tube between engines #1 and #2, but this will also

introduce additional acoustic losses that lower the slope.

Therefore, the configuration of the device is kept as shown

in Fig. 1 in the remainder of this work, which will ensure

enough acoustic power for the turbine to be investigated for

a large range of operating conditions.

The results presented in this section indicate that the

thermoacoustic model is a useful tool in predicting the per-

formance of a device in question. Even though the absolute

value of the acoustic power can still vary significantly, it is

shown that the predicted trends are in accordance with

experimental results. The latter makes the model sufficiently

useful, since the main purpose of the model is only to guide

in designing and optimizing thermoacoustic devices.

Another useful property of the model is to predict the oper-

ating frequency of the machine. For the given turbine imple-

mentation, the frequency with air as a working fluid is

calculated to be 23.4 Hz, which is confirmed by the experi-

ments. Predicting the operating frequency is especially use-

ful to determine the ratio of gas mixtures, without having to

accurately measure how much gas is added. Since the speed

of sound is different for air, helium, and argon, which will

be used in this work, it is possible to determine the mixture

ratio of two gases from the experimentally measured fre-

quency. The gas mixtures that are used in Sec. V are deter-

mined in this manner. Finally, it is worth noting that both

the model and experimental results for different gas types

provide the same conclusions about the turbine implementa-

tion as presented for air in this section.

V. RESULTS

In this section, the performance of the implemented tur-

bine is investigated for a wide range of operating conditions.

The pressure of the working fluid will be varied from 10 bar

down to 3 bar, which is the limit at which there is still suffi-

cient acoustic power available for the turbine. Sweeps of

increasing oil temperature are performed for several genera-

tor loads at each pressure. Furthermore, helium, argon, and

an air-helium mixture are used as a working fluid besides

air. As described in Sec. IV, the ratio of the air-helium mix-

ture is determined from the measured frequency of 36.5 Hz,

yielding a mass ratio of 40% air and 60% helium. Note that

for the full helium and argon measurements, there is still air

at ambient pressure left in the device when filling, which

accounts for approximately 10% of the mass. This is

accounted for in calculating the acoustic power, but for clar-

ity the mixtures are simply referred to as pure helium and

argon. For the varying operating conditions, Sec. V A will

FIG. 3. (Color online) Acoustic power in front of the turbine section as a

function of the oil input temperature. The solid lines represent results from

the thermoacoustic model, while the markers denote experimental results.

The bullets (�) represent a working turbine and the square markers (�) are

for the turbine either not running yet or not being present at all. The legend

denotes the turbine location, which is just after the second heat pump (HP

#2) or in front of engine #1, as depicted in Fig. 1. It further describes the

length of the feedback tube between engine #1 (with turbine) and engine #2

(without turbine), which is either the normal 600 mm or the longer 700 mm

length.
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start with examining the turbine efficiency as a function of

the acoustic power absorbed by the turbine. Subsequently, it

is investigated whether scaling the performance using Eq. 1

still holds for varying gas types and pressures. In Sec. V B,

the refrigerator and turbine combination are considered as a

whole, looking at the amount of acoustic power absorbed by

the turbine and thus, how much is left over for refrigeration

purposes.

A. Turbine performance

Figure 4 presents the turbine efficiency for a measure-

ment with helium at the given pressure and generator load,

along with the standard deviation of the averaged results as

an error bar. It can be seen that the maximum turbine effi-

ciency is approximately 32%, which is significantly less

than the 36% that was measured under lab conditions in pre-

vious work for air at 1 bar.7 This difference could be caused

by the different operating conditions, but later in this section

it is shown that this is not the case. The fact that the mea-

sured efficiency is lower is actually caused by the transition

from a 54 mm tube to a 60 mm tube in the flanges around

the turbine section (see Fig. 1), which was not present in the

set-up of the previous work. This transition introduces some

additional acoustic losses, which are incorrectly ascribed to

the absorbed acoustic power of the turbine since the mea-

surement is done in the 54 mm tubes. To identify the magni-

tude of these losses, the experiment is repeated without a

turbine using the same set-up. The loss in acoustic power

between the upstream and downstream measurement is

found to linearly increase as a function of the acoustic loop

power, and reach approximately 2 W at a loop power of 100

W. By subtracting the acoustic losses as a function of the

current loop power, the turbine efficiency is recalculated

and shown in Fig. 4 as well. With this correction, the

maximum turbine efficiency is now just above 36%, which

is in the same range as the previous measurements.

Nevertheless, the results in the remainder of this work are

presented without such a correction, since it is not deemed

necessary for comparing the turbine efficiency as a function

of varying operating conditions.

Following the previous measurement with helium, it is

interesting to see how increasing and decreasing the mean

pressure in the device will influence the turbine efficiency. In

Fig. 5, the turbine efficiency is given for measurements with

three different mean pressures using helium. It can be seen

that the maximum turbine efficiency remains constant at

32% when decreasing the mean pressure from 7.2 to 4.8 bar.

The maximum turbine efficiency also does not vary when

further increasing the mean pressure and changing the load

to the generator. From this it can be concluded that the mean

pressure in the device does not affect the maximum turbine

efficiency. This is in contrast with the rising efficiency for

increasing mean pressure shown in other work,9 where a

76% turbine efficiency is reached at 10 bar. Correspondence

about the measurement procedure from this other work has

provided additional details that are not available in literature.

This revealed that the acoustic power in front of the turbine

was not directly measured, but estimated from the pressure

amplitudes in the vessels using a model similar to the one

presented in Sec. III. Furthermore, assumptions are made

about the amount of acoustic power that is absorbed by the

turbine, while this is heavily dependent on the operating con-

ditions, as will be shown in Sec. V B. Due to these estima-

tions, it is likely that the measurements in the current work

provide more realistic results, since the acoustic power is

directly measured on both sides of the turbine. Therefore, it

can be said that the maximum turbine efficiency is actually

not dependent on the mean pressure of the working fluid.

Since it is determined that there is no influence of the

generator load and the mean pressure, it is allowed to vary

these in an attempt to reach a maximum in turbine

FIG. 4. Turbine efficiency as a function of the acoustic power absorbed by

the turbine. The legend depicts the operating conditions, where the cor-

rected results represent turbine efficiency as calculated when incorporating

a correction for the acoustic losses at the tube transitions. The error bars for

the normal results depict the standard deviation of averaging 20 measure-

ment points for each given turbine efficiency.

FIG. 5. Turbine efficiency as a function of the acoustic power absorbed by

the turbine. The legend depicts the operating conditions for the different

measurements with helium.
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efficiency, while still making a fair comparison between dif-

ferent working fluids. The results for such a study are given

in Fig. 6, where the turbine efficiency is given for measure-

ments with helium, air, argon, and the air-helium mixture

for varying generator loads and mean pressures. It can be

seen that, despite the wide range in operating conditions, the

maximum turbine efficiency is still around 32% for all

cases. Therefore, it can be concluded that the type of work-

ing fluid also has no influence on the maximum turbine effi-

ciency. Note that the acoustic frequency varies from 22 Hz

for argon to 53 Hz for helium, thus showing that the fre-

quency also has no influence on the maximum turbine effi-

ciency, confirming what was measured in previous work for

a single gas type and pressure.6

Besides the maximum turbine efficiency, the previous

work showed that over the entire measurement range, the

turbine efficiency can be scaled uniquely with the thermo-

acoustic input coefficient,6 as given in Eq. 1. Since the pre-

sent work also varies the gas type and the mean pressure,

next to the acoustic frequency and generator load, it is inter-

esting to see whether this scaling still holds. Figure 7

presents the turbine efficiency as a function of the thermo-

acoustic input coefficient for all results that have been pre-

sented so far, thus including the measurement for which the

acoustic power is corrected. This latter result is interesting

since it can be compared with the measurement from previ-

ous work under lab conditions,6 which is also shown in

Fig. 7. Focusing first on the results from this work, it can be

seen that scaling with the thermoacoustic input coefficient

works relatively well. Considering that for all operating con-

ditions there is a wide spread in turbine efficiency as a func-

tion of DE2, using Cta as a performance indicator provides

an almost unique function of the turbine efficiency.

However, it is hard to conclude whether this scaling exactly

holds, since a discrepancy of a few percent in Cta is clearly

visible between the different results. By checking additional

measurements that are not shown in this work, no consistent

trend in either gas type or pressure was found. This leaves

the acoustic power losses in the tube transition as a possible

explanation for the slight differences in scaling. Comparing

the measurement with corrected acoustic power to the lab

results, quite a good agreement is found in turbine effi-

ciency, especially since the gas type, mean pressure, genera-

tor load, and acoustic frequency are all different for these

measurements. This shows that the thermoacoustic input

coefficient can likely still be used to find the maximum

turbine efficiency for any operating conditions. More confi-

dence in such a conclusion could be provided by similar

measurements that do not need any correction for the acous-

tic power.

B. Combined performance

The results presented so far have purely focused on the

turbine, without regarding the entire device under varying

operating conditions. For the latter, not only the efficiency

of the turbine is of importance, but also the amount of

acoustic power that is absorbed with respect to the total

amount available. This is especially true for a combination

such as the present device, since any acoustic power that is

absorbed by the turbine is not available for refrigeration

purposes anymore. In the following, the acoustic power

absorption is given for a varying load, mean pressure, and

gas type, after which the power distribution in the entire

device is examined under typical thermoacoustic conditions.

In Fig. 8(a), the ratio of the absorbed acoustic power

over the total amount of loop power is given for a varying

load to the generator. First of all, it can be seen that for a

given load, relatively more acoustic power is absorbed as

the loop power increases. Second, for an available amount

of acoustic loop power, the turbine absorbs more as the

FIG. 6. (Color online) Turbine efficiency as a function of the acoustic

power absorbed by the turbine. The legend depicts the operating conditions

for the different measurements with helium, air, argon, and an air-helium

mixture.

FIG. 7. (Color online) Turbine efficiency as a function of the thermo-

acoustic input coefficient. Details about the operating conditions of the dif-

ferent measurements can be found in the legends of Figs. 4, 5, and 6. The

dashed line with diamond markers represents the measurement with air at 1

bar and 10 Ohm generator load from previous work (Ref. 7).
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resistance to the generator is increased. Note that increasing

the resistance means that the load to the turbine is actually

reduced, thus increasing the rpm for given operating condi-

tions. To explain the aforementioned two effects in acoustic

power absorption, the real part of the normalized turbine

impedance is presented in Fig. 8(b) for the same measure-

ments. The real part of the turbine impedance can be

regarded as the flow resistance, and it can be seen that it has

a clear correlation with the amount of acoustic power that is

absorbed. In previous work,6 it was shown that increasing

the turbine rpm causes a larger real part of the turbine

impedance and, therefore, more acoustic power absorption.

Since the rpm will increase for both a larger acoustic loop

power and an increased load resistance for a given loop

power, the larger associated impedance explains why more

acoustic power is absorbed by the turbine for such

conditions.

This section started by presenting results for a varying

generator load, since this is the main way to vary the absorbed

acoustic power during operation. This is typically necessary

when the thermoacoustic device does not operate at a single

point, e.g., due to fluctuations in the (low-grade) heat source or

the ambient temperature. However, as can be seen in Fig. 8(a),

the difference in absorbed acoustic power by the turbine is

only a few percent between the largest and smallest load.

Furthermore, to ensure a high efficiency, the flow conditions

should be such that the turbine operates around the right

thermoacoustic input coefficient (see Fig. 7). Due to this lim-

ited range of tuning possibilities during operation, it should

be made sure that the acoustic power absorption is already

around the required value. When large changes are needed

for the latter, the turbine can be placed in an entirely differ-

ent impedance region of the device, such as a perpendicular

tube section, often referred to as a stub. Furthermore, the gas

type and the mean pressure can also have a large influence

on the absorbed acoustic power, as will be shown for a single

turbine position next.

Table I presents the absorbed acoustic power ratio and

real part of the normalized turbine impedance for varying

generator load, mean pressure, and gas type. The results are

given at an acoustic loop power of 50 W, which is chosen

since it is the largest power that could be reached for 3.4 bar

air. The values for the varying generator load at 10 bar

helium correspond to the measurements presented in Fig. 8.

Just as the results with a varying load, it can be seen from

Table I that changes in the absorbed acoustic power for the

other measurements again correlate with the real part of the

turbine impedance. When reducing the mean pressure of air

from 9.6 to 3.4 bar, the ratio of absorbed acoustic power

increases from 0.19 up to 0.28. This shows that the mean

pressure of the device has a big influence on the relative

amount of acoustic power that is absorbed, while in Fig. 5 it

is shown that there is no influence on the maximum turbine

efficiency. Note that although thermoacoustic devices will

generally not operate at these smallest pressures, they do

often run at a mean pressure significantly larger than 10 bar,

which would result in a smaller amount of absorbed acoustic

power. The remaining results that are given in Table I are

for varying gas types with 2 Ohm generator load and a mean

pressure of approximately 10 bar. The results show that the

ratio of absorbed acoustic power increases from 0.15 for

helium up to 0.21 for argon, between which are the values

for the air-helium mixture and pure air. Since helium has the

smallest characteristic impedance (z0), followed by air and

finally argon, this indicates that relatively more acoustic

power is absorbed as the characteristic impedance of the

working fluid increases.

Now that the acoustic power absorption and the perfor-

mance of the turbine have been identified for a wide range

of operating conditions, there is enough information to apply

this to practical use cases. As an example, a case study is

FIG. 8. (Color online) The ratio of absorbed acoustic power over input

power (a) and the real part of the normalized turbine impedance (b) as a

function of the acoustic loop power in front of the turbine. Results are pre-

sented from the point where the turbine absorbs at least 5 W acoustic power.

The legend depicts the generator load for the measurements with helium at

10.0 bar mean pressure.
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presented for the thermoacoustic refrigerator with electricity

production that is treated in this work. The amount of elec-

tricity produced by the turbine will be set such that it can

exactly power the three pumps that are needed for the fluid

circuits of the heat exchangers. This provides an off-grid

system, for which, in this case, all of the remaining acoustic

power will be used to provide refrigeration in the heat

pumps. Note that, similar to the current study, one can also

use the remaining acoustic power to (partly) produce addi-

tional electricity.

The case study is based on the measured values for the

air-helium mixture at 9.8 bar mean pressure with a 2 Ohm

generator load. To provide an energy balance of the system,

the input power of the heat source, Qin, and the cooling

power, Qcold, have to be known. Since these are not mea-

sured during the turbine experiments, the input temperature

and acoustic loop power are used to estimate these from

measurements for a similar, yet significantly larger, four-

stage thermoacoustic refrigerator. For the cooling power,

this is done by using the acoustic power that is left after the

turbine has used enough to produce electricity for the

pumps. Since the latter is around 20 W, there is 62 W of

acoustic power needed for the turbine when assuming a gen-

erator efficiency of 90% and a turbine efficiency of 36%.

From the measurement with the air-helium mixture, it is

found that 31 W of acoustic power is absorbed by a single

turbine when the input temperature is around 200 �C.

Therefore, using two turbines will provide exactly enough

electricity for the pumps at this operating point, while using

two turbines will also have the added benefit of a better

acoustic matching (as described in Sec. IV). For the other

input temperatures that are considered in the case study, it is

assumed that one or several turbines can be used such that

they absorb 62 W of acoustic power as well.

Table II presents the results of the case study, where the

performance of the off-grid thermoacoustic refrigerator is

given as a function of the input temperature of the heat

source. The first thing to notice is that an input temperature

of at least 163 �C is needed to run the system. For this input

temperature and corresponding input power, just enough

acoustic power is produced such that the turbines can power

the pumps. Since the pump power does not change, increas-

ing the input temperature from this point onwards will pro-

vide a surplus of acoustic power that can be used for

refrigeration. A way to quantify the refrigeration perfor-

mance is to look at the ratio of cooling power over the input

power, which is defined as the coefficient of performance

(COP). For 175 �C input temperature the COP is only 0.12,

but it can be seen that this quickly rises with increasing tem-

perature. As a comparison, it is shown in Table II that for a

200 �C input temperature, a COP of 0.53 is acquired when

all acoustic power is used for refrigeration (in which case

external power is of course needed for the pumps). In the

off-grid version, approximately half of this performance is

still reached at 200 �C. Furthermore, as the input tempera-

ture is further increased, the pump power becomes less rele-

vant, and the COP of the off-grid version will converge

towards the refrigeration only version. What will remain is

the added capital costs of the machine due to the additional

components producing electricity. Depending on the specific

use case, it should be determined whether the added cost

and complexity of the off-grid system is worth it. This might

especially be the case for remote locations where the elec-

tricity grid is not stable or even present. For such cases,

where the possibility of running off-grid is critical, a refrig-

erator working purely on a heat source could be much

preferred over conventional systems.

VI. CONCLUSIONS

To implement a bidirectional impulse turbine into a

thermoacoustic refrigerator, a model is presented that can

predict the acoustic power in the device as a function of the

input temperature. The thermoacoustic model is experimen-

tally validated for configurations both with and without a

turbine. Subsequently, the model is used to implement the

turbine at a good location in the device, hereby focusing on

the acoustic matching quantified by the onset temperature

where oscillations start. For the identified turbine implemen-

tation, sufficient acoustic power can be generated by the

TABLE I. The real part of the normalized turbine impedance, real(zt)/z0,

and the ratio of absorbed acoustic power over input power, DE2=E2;in, for

varying operating conditions. Results are given at 50 W acoustic loop

power for a varying gas type, mean pressure, Pm, and generator load, R.

Gas Pm (bar) R (Ohm) real(zt)/z0 DE2=E2;in

Helium 10.0 0.75 0.09 0.14

10.0 2 0.10 0.15

10.0 4.7 0.12 0.16

10.0 10 0.14 0.17

Air 9.6 2 0.18 0.19

7.1 2 0.21 0.21

5.4 2 0.24 0.24

3.4 2 0.26 0.28

Air-Helium 9.8 2 0.14 0.18

Argon 9.8 2 0.19 0.21

TABLE II. Performance of the thermoacoustic refrigerator as a function of

the input temperature of the heat source. The acoustic loop power, E2;in, is

derived from the measurements for the air-helium mixture at 9.8 bar with a

2 Ohm load. With 62 W of loop power absorbed by the turbine, 20 W of

electricity is produced to run the pumps. The remaining acoustic power is

converted into cooling power, Qcold. With the input power from the heat

source, Qin, the COP is defined as Qcold/Qin.

Tin (�C) Qin (W)] E2;in (W)] Qcold (W)] COP

163 249 62 0 0

175 285 83 34 0.12

200 360 120 93 0.26

225 435 158 154 0.35

250 510 195 213 0.42

200 360 120 192a 0.53a

aValue when no turbine is present, and the pumps are driven by external

power.

J. Acoust. Soc. Am. 148 (3), September 2020 Timmer et al. 1711

https://doi.org/10.1121/10.0002001

https://doi.org/10.1121/10.0002001


device to investigate the turbine under a wide range of oper-

ating conditions. In future work, more effort should be taken

to implement the turbine with a better acoustic matching,

which can, e.g., be done by adjusting more feedback tube

sizes, or introducing a second turbine to form a matching

pair.

For the implemented turbine with helium as a working

fluid, it is shown that electric power can indeed be produced

in the thermoacoustic refrigerator. After correcting for

acoustic losses at two flange connections, the maximum effi-

ciency of the turbine is found to be 36%, which is equal to

the measured efficiency for the same turbine in previous lab

experiments.

The mean pressure in the device is varied, which

resulted in no significant change in the maximum turbine

efficiency. This is found to be in contrast with other work,

where the efficiency drastically increases as a function of

the mean pressure. It is concluded that the results from this

work are most likely correct, since the acoustic power to the

turbine was more correctly measured in a direct manner.

Besides the mean pressure, the generator load and the gas

type were also varied. For helium, air, argon, and an air-

helium mixture, the maximum turbine efficiency was found

to be approximately the same for all pressures and generator

loads. This constant maximum efficiency is convenient

when designing a thermoacoustic engine, since the gas type

and mean pressure can be chosen such that they are optimal

for the rest of the device. Furthermore, this shows that the

bidirectional turbine can be further optimized under lab con-

ditions, after which the same performance can be expected

with actual thermoacoustic conditions.

For all measurements under varying operating condi-

tions, it is shown that the turbine efficiency is approximately

a unique function of the thermoacoustic input coefficient.

Furthermore, for the measurement with corrected acoustic

power, a good agreement is found with the results from pre-

vious work under drastically different conditions. This indi-

cates that this scaling can be used to identify the point at

which the turbine operates at its maximum efficiency.

Besides the most efficient point, it is shown how much

acoustic power the turbine absorbs for the varying operating

conditions. The acoustic power absorption is shown to be

directly correlated with the real part of the normalized tur-

bine impedance. By taking both the measures for the maxi-

mum turbine efficiency and the absorbed acoustic power

into account, the turbine can be correctly implemented in a

thermoacoustic device.

A case study is given which shows such an implementa-

tion, where the turbine is used to produce enough electric

power to drive the fluid pumps, while the remaining acoustic

power is used for refrigeration. The threshold for operation

of the given device is found to be 163 �C for the temperature

of the heat source. As the input temperature is increased

above this value, the amount of cooling power and the COP

rise, while the acoustic power needed for the turbine to drive

the pumps becomes increasingly less relevant. The given

case study shows that a thermoacoustic refrigerator running

purely on a heat source is a viable option, especially when

there is a need for off-grid operation.
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