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Abstract 
 
The performance of a working prototype, operated with and without water flow through the heat exchangers, was measured and found 

to be in reasonably close agreement to predictions from a simulation code, DELTAE, based on linear thermoacoustic theory. Further 
analysis and DELTAE simulations showed that the coefficient of performance may be significantly reduced when the stack temperature 
profile becomes non-linear, i.e. when the system is operated for a temperature span smaller than the optimal value for a given stack 
length. Guidelines to avoid this condition are provided. 
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1. Introduction 

Standing wave thermoacoustic cooling is achieved through 
the utilization of the energy in acoustic standing waves [1]. 
Periodic compression and expansion of gas, combined with 
heat transfer with solid, results in heat pumping from pressure 
node to pressure antinode.  

Standing wave thermoacoustic coolers developed so far 
were designed to target relatively low cooling temperatures, 
mostly for refrigeration applications. This required a relatively 
long stack compared with the resonator length, and a limited 
cooling load. For this reason, some standing wave ther-
moacoustic coolers could reach temperatures well below the 
freezing temperature of water but with cooling capacities less 
than 10 W [2-5]. Heat exchangers with a secondary fluid flow 
loop have not been used in most previous studies, in part due 
to the low cooling capacity considered.  

The cooling capacity of standing wave thermoacoustic coo-
lers has increased over recent years, as design efforts are being 
made to improve system performance [6-8] and find the best 
possible application for these systems [9]. Relatively high 
cooling loads and efficient cooling requires fin and tube heat 
exchangers with secondary fluid flow [6-8]. The largest-
capacity standing-wave thermoacoustic cooler to date 

achieved more than 2 kW of cooling power with a cold-side 
temperature of 10.4 °C [8]. 

The relatively sparse use of thermoacoustic coolers with 
secondary loop heat exchangers designed for low temperature 
lifts has resulted in a scarcity of investigations of the tempera-
ture profile along the stack and its effects on system perform-
ance. Wheatley at al. experimentally investigated the tempera-
ture profile along a thermoacoustic couple using a U-shape 
standing wave thermoacoustic cooler [10]. They showed that 
the temperature profile obeys an exponential decay curve 
when the temperature gradient across the thermoacoustic cou-
ple is close to a critical temperature gradient where the cooling 
capacity goes to zero. No detailed investigations have been 
reported for other conditions of interest for low temperature 
lift, moderate capacity applications.  

The purpose of this study was to characterize the perform-
ance of a standing-wave thermoacoustic cooler, in particular 
focusing on the role of the temperature profile along the stack. 
A standing-wave thermoacoustic cooler designed for a small-
capacity air-conditioning application with a relatively short 
stack was used. Performance measurements with and without 
water flow through the cold-side heat exchanger were made. 
The relation between system performance and stack tempera-
ture profile was established for various operating conditions, 
both for experimental data and numerical simulations. A re-
versal of the temperature gradient within the stack was ob-
served over the hot end of the stack in some conditions. Theo-
retical models are presented to explain the results, and estab-
lish limits over which this regime may be encountered.  
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2. Experimental apparatus  

2.1 Description of the thermoacoustic cooling system 

A schematic of the prototype used in this study is shown in 
Fig.1. The device, which is approximately one half-wave-
length long, was designed for operation in a nominally 55% 
helium-45% argon mixture, and the operating frequency was 
near 170 Hz [11]. The system is comprised of an electro-
dynamic linear actuator (or driver), two heat exchangers, the 
heat pumping element (stack), and the resonator system within 
an enclosed, sealed vessel. Key dimensions of the inside 
cross-section of the vessel are listed in Table 1. 

 
2.2 The vessel 

The system is made of aluminum modular sections, con-
nected using high-strength bolts. The main sections include, 
from left to right in Fig. 1, the back cavity, the driver, the area 
expansion, the hot heat exchanger, the stack, the cold heat 
exchanger, the area contraction, and finally the resonator. O-
ring seals prevent leakage between each section. All sections 
with the exception of the driver/back cavity and the resonator 
are assembled in a sandwich construction, and maintained 
using the aforementioned bolts. 

 
2.3 The driver and power source 

The system is driven by a moving-magnet electro-
mechanical transducer (CFIC Model B-300). The driver can 
provide up to about 210 W of acoustic power at 33 Hz, with 
an electro-acoustic transduction efficiency of 70 % and a max-
imum displacement of 6 mm. More information on the driver 

characteristics is available in Yarr and Corey [12]. Leaf 
springs were added in this study to increase the mechanical 
resonance frequency of the driver in-vacuo to 163 Hz. The 
operating frequency used ranged between 157.4 Hz and 172 
Hz depending on the gas mixture and the mean pressure. The 
increase in operating frequency increased the electrical resis-
tance of the coil in the driver and reduced the maximum elec-
troacoustic efficiency to 61 % [13]. A single-frequency sinu-
soidal signal was fed to a power amplifier (Techron Model 
5330) using a signal generator (Agilent E-1432A). Detailed 
information of the characteristics of the driver is available [13]. 

 
2.4 The stack 

The stack is made of a 76 µm thick polyester film, and 254 
µm thick nylon wire constructed by using the wire as a spacer 
and rolling the film into a cylinder. The wire adheres to the 
film crosswise and the 2.54 cm wide film is then rolled up, 
resulting in thousands of small parallel channels in which the 
gas oscillates. The spacing between the nylon wire varied 
between a few millimeters and a few centimeters. The diame-
ter of the stack section was about 161 cm.  

 
2.5 The heat exchanger and secondary water loop 

Two identical custom-made fin-tube heat exchangers were 
used as the hot and cold heat exchangers. They were made of 
aluminum and had tubes 1.9 mm wide and 7.9 mm deep. The 
fin spacing of the heat exchanger was 0.54 mm. The sche-
matic of the heat exchanger is shown in Fig. 2. 

A temperature controlled water loop as shown in Fig. 3 was 

Table 1. Key dimensions of the vessel, in millimeters. 
 

Section Upstream 
Diameter 

Downstream 
Diameter Length 

Back Cavity 168 163 203 

Driver Housing 89 114 184 

Conical Enlargement 93 152 85 

Hot Heat Exchanger 152 161 25 

Stack 161 161 25 

Cold Heat Exchanger 161 152 25 

Conical Reduction 152 67 136 

Resonator Tube 67 67 743 
 

Leaf Spring
Driver Piston

Stack Cold Heat ExchangerHot Heat Exchanger

Resonator Tube

Conical ReductionConical EnlargementBack Cavity
 

 
Fig. 1. Schematic of the standing wave thermoacoustic cooler. Dimen-
sions of the parts are listed in Table 1. 

 
 

Fig. 2. Schematic of the heat exchanger (dimensions in millimeters). 
 

 
 
Fig. 3. Schematic of the temperature controlled closed water loop. The 
flow direction is described by the arrows. 
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used to control boundary conditions for the heat exchangers. 
The water temperatures were controlled by a chiller (Tek-
Temp Instrument, TKD-100) and two water heaters (Van-
guard, 81VP15S) using silicon controlled rectifier power con-
trollers (Cristal Controls, CCPA-30-1-A-S3). Detailed infor-
mation about the heat exchangers and the water loop is avail-
able in Ref. 11. 
 

3. Measurement procedures and experimental verifi-
cations 

The frequency of the input signal was varied in order to find 
the resonance frequency of the system. For all the measure-
ments, the driver was operated at frequencies near the acoustic 
resonance of the system for consistency. The electroacoustic 
efficiencies for most cases were higher at frequencies off the 
resonance because the mechanical resonance frequency of the 
driver did not match the acoustic resonance frequency [13, 14]. 
 
3.1 Instrumentation 

Temperature, differential temperature, water flow rate, 
acoustic pressure, and acceleration signals were measured to 
evaluate the acoustic power and heat exchange rates. Arrays 
of four Type T thermocouples (Omega, fine wire type) having 
uncertainties of 0.5 C were positioned to capture the average 
gas temperatures near the ends of the stack and the exchangers. 
Within the secondary water loop, type T thermocouple probes 
(Omega) and differential thermopiles (Delta-T Company 75X) 
were installed to measure the temperature change of the water 
between inlet and outlet of each exchanger. The sensor uncer-
tainties were 0.5 C and 0.08 C, respectively. The volume flow 
rate of water through each heat exchanger was measured with 
precision axial paddle wheel turbine type flow meters (JLC 
International IR-Opflow). The uncertainty of the flow meter 
was 0.01 % of the measured value. The differential tempera-
ture of water across the heat exchangers was used to evaluate 
the heat delivery to the gas in the cold exchanger and the heat 
rejection from the gas in the hot exchanger. A piezoelectric 
dynamic pressure sensor (PCB, 102A03) in a port near the 
piston was used to measure driver acoustic pressure. An ac-
celerometer (PCB, 353B13) mounted on the carriage of the 
linear motor was used to measure piston acceleration. The 
input acoustic power was calculated based on accelerometer 
and driver pressure signals. The electrical power input to the 
driver was estimated by using the voltage of the driver coil 
measured with a voltage divider, and the coil current meas-
ured using a current probe. All the measured data were re-
corded. More detailed information about the instrumentation 
is available in Ref. 11. 

 
3.2 Experimental accuracy 

To check the accuracy of the experimental data, the relative 
uncertainty in the estimated heat transfer rates, and the ther-
modynamic first law imbalances of the heat transfer rates and 
the acoustic power were calculated. The heat transfer rate on 

either the hot or the cold side was estimated using [15] 
 

wwww TCVQ ∆= ρ ,
 

 (1) 
 

where, Q  is the heat transfer rate, wρ is the density of water, 
wV  is the volume flow rate of water, wC is the specific heat 

of water, and wT∆ is the differential water temperature across 
the heat exchanger. Using the known uncertainties of the sen-
sors for temperature, differential temperature, and volume 
flow rate, the relative uncertainty (or fractional uncertainty) of 
the heat transfer rate estimate was calculated from [16]: 
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In Eq. (2), δ and Rδ  denote absolute and relative uncer-

tainties, respectively. The contribution from the density is 
small compared to other terms; therefore it was neglected. 

As another verification of the measured data, especially for 
the measurement with water flow through the cold-side heat 
exchanger, the thermodynamic first law imbalance ratio was 
also calculated. The metric for the overall data accuracy, is 
defined as 
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where Imb  is the imbalance ratio, acW  is the measured 
acoustic power near piston, cQ  is the heat-transfer rate at the 
cold side heat exchanger, and hQ  is the heat-transfer rate at 
the hot side heat exchanger. 
 
4. Overall system performance 
4.1 Measurements without water flow through the cold-side 

heat exchanger 

The overall performance of the thermoacoustic cooler was 
measured without water flow through the cold-side heat ex-
changer. The cold-side heat exchanger was placed next to the 
stack, disconnected from the water loop. The water inside the 
cold-side heat exchanger was evacuated. Two different helium 
and argon mixtures (55 % helium and 44 % helium) were used 
at a gauge mean pressure of 0.690 MPa.  

The room temperature was initially measured. The hot-side 
water temperature was then set to the measured room tem-
perature, through the use of an SCR power controller. Rela-
tively high water flow rates ranging between 29 ml/s and 42 
ml/s were chosen for the hot-side heat exchanger to ensure 
effective heat transfer between the hot-side stack end and the 
heat exchanger and to minimize any heat flow from the hot-
side stack end to the cold side.  

Acoustic power from the driver and the heat transfer rate 
through the hot-side heat exchanger were determined by using 
the measured water flow rate, the differential water tem-
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perature, the acoustic pressure at the driver, and the accelera-
tion of the piston. The coefficient of performance (COP) of 
the thermoacoustic cooler was estimated from the acoustic 
power input and the measured hot-side heat transfer rate [15] 
by using 

 

ac

ach

W
WQ

COP
−

= .
 

 (4) 

 
4.1.1 Experimental results 

Table 2 shows the measured properties and calculated quan-
tities. For all cases, the relative uncertainties in hot-side heat 
transfer rates, hRQδ , estimated using (2) were less than 23 %. 
Most of the uncertainties resulted from small differential water 
temperatures. The cold-side stack-end gas temperature is plot-
ted with respect to the acoustic power input in Fig. 4. As the 

acoustic power increased, the gas temperature decreased. 
When the acoustic power was about 42 W, the gas tempera-
ture reached 11.8 °C. For the data sets in Fig. 4, the elec-
troacoustic efficiency varied between 45.3 % and 52.6 %. The 
room temperature for all the data points measured on four 
different days varied between 21.9 °C and 23.4 °C. The im-
balance heat, defined as the difference between the measured 
hot-side heat transfer rate and the acoustic power input, is then 
indicative of the total heat transferred from the cold side along 
the stack. This quantity can be considered the cooling load to 
the system. The COP was calculated based on the imbalance 
heat and plotted with respect to the acoustic power input in 
Fig. 5. As expected, the COP decreased as the acoustic power 
increased.  

 
4.1.2 Comparisons with linear acoustic model predictions 

Efforts were made to compare the experimental results with 

0 10 20 30 40 5010

12

14

16

18

T gc
 (o C

)

Wac (W)  
 
Fig. 4. Measured cold-side stack-end gas temperature vs. acoustic
power input. No water flow through cold heat exchanger. O: 55 % 
helium and 45 % argon mixture, : 44 % helium and 56 % argon mix-
ture. Data are plotted with error bars. 

 

Table 2. Measured data without water flow through cold heat exchanger. All the data were obtained at a mean pressure of 0.69 MPa. 
 

No He % acW  
(W) 

DRη  
(%) 

hQ  
(W) 

h acQ W−  
(W) COP Tgh 

(K) 
Tgc 
(K) 

DR 
(%) R hQδ (%) 

1 55 15.00 52.4 43.3 28.3 1.89 295.9 288.4 4.6 15.4 

2 55 24.71 52.5 63.5 38.8 1.57 296.1 287.1 5.8 10.3 

3 55 31.81 52.6 73.6 41.8 1.31 296.4 286.5 6.5 8.9 

4 44 10.10 50.2 30.7 20.6 2.04 295.2 288.9 4.0 22.3 

5 44 15.30 50.4 41.8 26.5 1.73 295.3 287.8 4.9 16.7 

6 44 24.58 50.2 59.4 34.8 1.42 295.4 286.4 6.0 11.8 

7 44 32.03 49.7 69.6 37.6 1.17 295.8 285.8 6.8 10.1 

8 44 42.32 48.6 84.4 42.1 0.99 295.9 284.9 7.6 8.2 

9 55 15.12 46.8 38.6 23.5 1.56 295.2 287.5 4.6 13.0 

10 55 25.08 46.7 56.4 31.4 1.25 295.5 286.1 5.7 8.7 

11 55 33.46 46.3 70.0 36.5 1.09 295.6 285.4 6.5 7.1 

12 55 44.23 45.3 81.5 37.3 0.84 296.1 284.8 7.4 6.1 

13 55 10.21 47.2 33.3 23.1 2.26 294.9 288.6 3.8 20.0 

14 55 15.98 47.5 42.2 26.2 1.64 295.3 287.5 4.7 16.0 

15 55 25.17 47.6 58.7 33.5 1.33 295.5 286.3 5.8 11.5 

16 55 33.67 47.2 72.2 38.5 1.14 295.6 285.4 6.5 9.4 

17 55 44.57 45.5 87.4 42.8 0.96 295.8 284.6 7.4 7.8 
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Fig. 5. COP vs. acoustic power input. No water flow through cold heat 
exchanger. O: 55 % helium and 45 % argon mixture, : 44 % helium 
and 56 % argon mixture. Data are plotted with error bars. 
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predictions from a computer model, DELTAE, based on linear 
acoustic theory [17]. The inner dimensions of the modules 
between the driver piston and the resonator tube were mod-
eled based on Table 1. For heat exchangers, although the heat 
exchanger housing was 2.54 cm, the thickness of the heat 
exchanger along the flow direction was 1.27 cm. The other 
portion of the housing was modeled as a duct. For comparison, 
some of the measured variables were used as target vectors 
[18] in DELTAE. These include the stack-end gas tempera-
tures, the phase angle between pressure and velocity at the 
driver, the pressure and velocity amplitudes at the driver, and 
a zero enthalpy flux condition at the termination end. The 
guess vectors [18] used included the mean pressure at the 
driver, the amplitude and phase of the pressure at the driver, 
the volume velocity amplitude at the driver, and the heat trans-
fer rates at both heat exchangers. The only system loss in-
cluded in the model (automatically calculated in DELTAE) 
was the acoustic power dissipation in each module. In the 
model, the modules from the cold-side heat exchanger to the 
resonator tube were insulated. 

Fig. 6 compares the COP obtained from DELTAE 
(COPDTE) with the measured COP (COPm). The 45° line in the 
Fig. represents perfect agreement. The data points are plotted 
with their relative uncertainties indicated by error bars. For 
small acoustic power, the measured COP was much higher 
than the predictions from DELTAE. As the acoustic power 
increased, the measured COP approached the DELTAE pre-
dictions. The large discrepancies for small acoustic power are 
believed to be caused by relatively high uncertainties in the 
cooling rate estimates for these conditions. As the acoustic 
power increases, the uncertainties decrease. The differences in 
performance for the two different mixtures were small. 

 
4.2 Measurements with water flow through the cold-side heat 

exchanger 
The overall system performance was measured with the 

cold-side heat exchanger connected to the secondary water 
loop. The water flow rate through the cold-side heat ex-
changer was held at 11 ml/s to ensure relatively large changes 
in water temperature and acceptable accuracy. For the hot-side, 
a flow rate of 40 ml/s was used to ensure effective heat re-
moval. Such large water flow rate on the hot-side helped in 

maintaining a cold-side gas temperature near room tempera-
ture, thereby minimizing heat gain to the shell. Two different 
helium and argon mixtures (55 % helium and 44 % helium) 
were tested for gauge mean pressures of 0.345 MPa, 0.690 
MPa, 1.034 MPa and 1.379 MPa. The COP of the ther-
moacoustic cooler was estimated by using Eq. (4). In this rela-
tion, the cooling rate is determined from an overall energy 
balance to account for heat gains to the thermoacoustic fluid 
from both the cold-side heat exchanger and the shell. The 
imbalance heat was estimated by Eq. (3) to compare the cool-
ing rate estimated with the heat exchanger with the cooling 
rate directly estimated by using the measured inlet and outlet 
water conditions for the cold-side heat exchanger. 

 
4.2.1 Results 

Tables 3 and 4 show the data obtained for two different 
mixtures obtained on two different days. For all the measured 
data, the relative uncertainties in hot-side heat transfer rates, 

hRQδ , were within 10 %. The imbalance heat was mostly 
within 15 %, and in all cases less than 20 %. The acoustic 
power delivered varied between 27.0 W and 76.1 W, with 
corresponding electroacoustic efficiencies varying between 
17.8 % and 60.3 % depending on the mixture and the mean 
pressures. The electroacoustic efficiencies listed in Table 3 are 
smaller than those listed in Table 2 for 55 % helium and 45 % 
argon mixtures. This drop is mostly due to the fact that the 
stiffness of the leaf spring attached to the driver decreased 
over time following fatigue relaxation [11]. As the leaf spring 
aged, its stiffness decreased, and the mechanical resonance 
frequency of the driver dropped. This resulted in lower elec-
troacoustic efficiencies for 55 % helium and 45 % argon mix-
tures, but higher values for 44 % helium and 56 % argon mix-
tures.  

The cooling rates determined from an energy balance varied 
between 42.0 W and 87.4 W. The hot-side heat transfer rates 
were between 72.3 W and 153.7 W. The COP is plotted in Fig. 
7 with respect to the acoustic power input for different mix-
tures and mean pressures. The COP’s of the 55 % helium 
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Fig. 7. COP vs. acoustic power input for various mean pressures. (a): 
0.345 MPa, (b): 0.67 MPa, (c): 1.005 MPa and (d): 1.34 MPa. O: 55 % 
helium and 45 % argon mixture, : 44 % helium and 56 % argon mix-
ture. All pressures are in gauge pressure. Data are plotted with error 
bars. 
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Fig. 6. Measured COP vs. COP obtained from DELTAE. Dashed line
denotes the perfect agreement line. Data are plotted with error bars. 
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mixture were slightly higher than those for the 44 % helium 
mixture. They ranged between 0.93 and 1.71.  

 
4.2.2 Comparisons with linear acoustic model predictions 

The measured data were compared with the predictions 
from DELTAE. Fig. 8 shows the average COP with respect to 
the mean pressure for various acoustic power inputs. For both 
experimental results and predictions from DELTAE, the COP 
decreased as the acoustic power increased, except for the case 
of p0=0.345 MPa. This trend is consistent with the measured 

data without water flow through the cold-side heat exchanger.  
The COPs obtained from DELTAE were in reasonable 

agreement with the measured data for most cases, but they 
underpredicted the measured COPs for the gauge mean pres-
sure of 0.345 MPa. The reasons for the discrepancies are not 
known. Additional experimental data would be needed to 
clarify this point, but such data could not be obtained with the 
current system because the electroacoustic efficiency of the 
driver was too low at this condition. 

Fig. 9 compares the measured COP with the COP obtained 

Table 3. Measured data with water flow through cold heat exchanger (55 % helium -45 % argon mixture). 
 

No Pm  
(MPa) 

acW  
(W) 

DRη  
(%) 

hQ  
(W) 

h acQ W−  
(W) COP Tgh 

(K) 
Tgc 
(K) 

DR 
(%) 

R hQδ  
(%) 

Imb  
(%) 

1 0.690 34.8 30.5 86.8 52.0 1.49 297.0 292.4 6.9 8.0 -2.6 

2 0.690 45.5 31.0 108.3 62.9 1.38 297.3 291.9 7.7 6.4 -4.2 

3 0.690 52.5 30.1 124.7 72.1 1.37 297.6 291.6 8.3 5.6 -6.3 

4 0.690 66.4 28.9 153.7 87.4 1.32 298.2 291.2 9.4 4.6 -7.5 

5 0.690 27.0 30.1 73.7 46.7 1.73 296.6 292.7 6.1 9.4 -13.4 

6 0.345 28.7 20.0 72.3 43.6 1.52 296.5 292.6 8.5 9.6 -8.8 

7 0.345 33.8 20.0 83.2 49.4 1.46 297.0 292.5 9.3 8.3 -5.9 

8 0.345 39.8 17.8 107.1 67.3 1.69 297.3 292.0 10.5 6.5 -13.8 

9 1.379 41.0 34.9 102.1 61.0 1.49 297.1 292.6 5.5 6.8 -18.2 

10 1.379 32.9 37.6 86.6 53.7 1.63 296.9 292.8 5.1 8.0 -19.5 

11 1.379 58.0 38.5 130.2 72.2 1.25 297.5 292.1 6.0 5.3 -12.0 

12 1.379 65.7 36.7 139.3 73.6 1.12 297.9 291.8 6.1 5.0 -8.7 

13 1.034 29.1 32.9 78.9 49.8 1.71 296.8 292.8 5.5 8.7 -12.6 

14 1.034 40.2 34.4 101.9 61.7 1.53 297.1 292.3 6.3 6.8 -11.9 

15 1.034 52.1 34.3 124.8 72.7 1.40 297.5 291.9 6.9 5.5 -11.1 

16 1.034 61.9 34.4 138.8 76.8 1.24 297.8 291.6 7.1 5.0 -8.3 
 
Table 4. Measured data with water flow through cold heat exchanger (44 % helium -56 % argon mixture).  
 

No Pm  
(MPa) 

acW  
(W) 

DRη  
(%) 

hQ  
(W) 

h acQ W−  
(W) COP Tgh  

(K) 
Tgc  
(K) 

DR 
(%) 

R hQδ  
(%) 

Imb  
(%) 

1 0.690 43.8 59.9 100.3 56.5 1.29 297.3 292.0 7.8 6.8 2.3 

2 0.690 56.0 57.9 125.9 69.9 1.25 297.5 291.4 8.7 5.5 -1.3 

3 0.690 34.3 59.7 84.5 50.2 1.46 296.9 292.3 7.0 8.1 -2.1 

4 0.690 67.3 54.3 146.7 79.4 1.18 298.0 291.1 9.5 4.7 -2.5 

5 0.345 30.6 52.2 72.6 42.0 1.37 296.6 292.5 8.8 9.3 1.1 

6 0.345 36.3 46.7 84.9 48.6 1.34 296.9 292.2 9.7 8.0 0.1 

7 0.345 41.0 39.9 99.5 58.5 1.43 297.2 292.0 10.5 6.8 -3.0 

8 0.345 44.6 36.4 113.1 68.5 1.54 297.4 291.8 11.1 6.0 -7.2 

9 1.034 43.8 52.3 100.7 56.9 1.30 297.3 292.1 6.7 6.7 -5.0 

10 1.034 58.8 54.1 124.1 65.3 1.11 297.9 291.8 7.4 5.4 -1.0 

11 1.034 76.1 54.4 152.0 75.8 1.00 298.1 291.4 7.8 4.5 -1.8 

12 1.034 33.6 52.2 84.3 50.7 1.51 296.7 292.5 6.0 8.0 -8.8 

13 1.379 31.1 46.4 75.5 44.4 1.43 296.8 292.9 5.2 8.9 -5.6 

14 1.379 41.0 47.5 94.1 53.1 1.29 296.9 292.5 5.7 7.1 -5.2 

15 1.379 55.3 48.4 115.2 59.9 1.08 297.4 292.0 6.1 5.8 -2.2 

16 1.379 72.6 49.1 140.4 67.8 0.93 297.8 291.7 6.4 4.8 -0.4 
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from DELTAE. The measured COP values are plotted with 
error bars representing their relative uncertainties. The 45° line 
again represents a perfect agreement. Except for 0.345 MPa, 
the agreement between them is reasonably good. For the data 
measured with water flow, the acoustic power input is rela-
tively high and therefore the uncertainties are relatively small 
compared to the uncertainties of the data measured without 
water flow through the cold-side heat exchanger. Furthermore, 
the discrepancy between measured and simulated performance 
was reduced compared to results presented in the previous 
section. 

 
5. Discussion 

5.1 Water flow vs. no water flow  

Fig. 10 shows the cooling rates and the cold-side stack-end 
gas temperatures with respect to the acoustic power input and 
the cooling rates with and without water flow through cold-

side heat exchanger. Figs. (a) and (b) are from the measure-
ments, and (c) and (d) are from DELTAE simulations. As 
expected, the cold-side stack-end gas temperatures without 
water flow were much lower than those with water flow 
through the cold-side heat exchanger. For about the same 
cooling power, 42 W, the cold-side gas-temperature reached 
about 284.9 K without water flow and 292.5 K with water 
flow. The reason why the cold-side gas temperatures are so 
different for these two cases can be partly explained by the 
overall heat transfer conductance of the heat transfer between 
the gas particles and the heat exchanger. In the absence of 
water flow in the cold-side heat exchanger, the overall heat 
transfer conductance should be less than with water flow. This 
reduces the heat transfer rate and also lowers the cold-side 
temperature for a fixed acoustic power input. Therefore, as 
shown in Fig 10(a), the cooling rate measured with water flow 
through the cold-side heat exchanger is larger than that meas-
ured without water in the heat exchanger. For the same cool-
ing load, the cold-side stack-end gas temperature for the case 
of no water flow is lowered compared to the case with water 
flow, as shown in Fig. 10(b). The predictions from DELTAE 
(Figs. 10(c) and 10(d) showed similar patterns compared with 
the measured results (Figs. 10(a) and 10(b)). Although thermal 
losses and gains existing in the heat exchangers and stack are 
not considered in the current study, they will not affect the 
pattern of Fig. 10. The thermal losses and gains might affect 
the overall performances but they should not be large because 
the first law imbalances of the measured data are relatively 
small, and the deviations between the measured results and the 
DELTAE simulations are small. 

Fig. 11 shows the stack temperature profile with respect to 
the distance from the driver piston with and without water 
flow through the cold-side heat exchanger for two similar 
cooling rates. The temperature profiles were obtained using 
DELTAE, with guess and target vectors as mentioned in Sec. 
4.1.2. When there was no water in the cold-side heat ex-
changer, the temperature along the stack was nearly linear, i.e., 
a straight line connecting the hot and cold temperatures. In the 
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Fig. 8. COP vs. mean pressure. (a) and (c): 55 % helium and 45 %
argon mixture, (b) and (d): 44 % helium and 56 % argon mixture. (a) 
and (b) are from measurement, and (c) and (d) are from DELTAE. For
(a) and (c), O: acW  =29W - 35W, : acW  =40W – 45W, ∆: acW
=52W – 58W, ◊: acW =62W – 66W. For (b) and (d), O: acW =31W -
36W, : acW  =41W – 45W, ∆: acW  =55W – 59W, ◊: acW =67W –
76W. All pressures are in gauge pressure. Experimental data are plot-
ted with error bars. 
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Fig. 9. Measured COP vs. COP from DELTAE. Solid line denotes the
perfect agreement line. (a)Pm: 0.345 MPa, (b)Pm: 0.690 MPa, (c)
Pm:1.034 MPa, (d) Pm: 1.379 MPa. Data points are plotted with error 
bars. All the data in Tables 3 and 4 are plotted. Data are plotted with 
error bars. 
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Fig. 10. Cooling rate and cold-side gas temperature vs. acoustic power 
and cooling rate. (a) and (b) are from measurement, and (c) and (d) are 
from DELTAE simulations. O: No water , : Water flow through cold-
side heat exchanger. Qc’s for (C) are DELTAE’s predictions for the 
cold-side heat transfer rate. Experimental data are plotted with error 
bars. 
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presence of water flow, the profile was not linear and the tem-
perature gradient increased as the position moved between the 
hot and cold sides of the stack. When there was water flow in 
both exchangers, both stack-end temperatures were “an-
chored” to the hot and cold water temperatures and the most 
effective heat pumping effect (highest temperature gradient) 
occurred near the cold heat exchanger where the product of 
peak pressure amplitude and volume velocity were greatest. In 
fact, it is clear from Fig. 11 that only a portion of the stack 
near the hot heat exchanger participated in heat pumping 
when there was water flow. When there was no water flow in 
the cold heat exchanger, then the cold-end temperature was 
free floating and the system found an equilibrium condition 
that resulted in a more uniform heat pumping effect and tem-
perature gradient. In this case, the entire stack participated in 
heat pumping.  

 
5.2 Influence of stack-end temperature profile on perform-

ances 
A mathematical analysis of the total energy flux equation 

[1] provides a basic understanding of the effects of stack tem-
perature profiles on system performance. In the stack region, 
the total energy flux can be expressed as [18] 
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where H  is the total energy flux, 1p  is the complex 

acoustic pressure, 1U  is the complex volume velocity, 
dxdTm /  is the stack temperature gradient, Re represents the 

real part, ‘~’ denotes a complex conjugate, and A, B and X are 
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respectively. In Eqs. (6)-(8) mT  is the temperature, σ  is the 
Prandtl number, β  is the thermal expansion coefficient, 

mρ is the density, pc  is the specific heat, ω is the angular 
frequency, A  is the cross-sectional area, K  is the thermal 
conductivity, the subscripts ν  and κ  represent viscous and 
thermal, respective, f  is the spatially averaged thermovis-
cous function, and sε  is a correction for thermal properties 
of the solid wall [1]. Note that H  is negative for cooling, 
with the positive direction defined as oriented from the driver 
to the cold side heat exchanger, with heat transferred from the 
cold-side heat exchanger to the hot side heat exchanger. 

For time harmonic signals, Eq. (5) can be written as 
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where, φ  is the phase angle of acZ . 

Dividing both sides of Eq. (9) by acW−  yields 
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where COP  represents the coefficient of performance.  

In Eq. (6), the magnitude of A  is always between 0 and 1. 
βmT is 1 for ideal gases. sε is known to be near zero in most 

cases [18]. The real parts of the thermoviscous functions, κf  
and νf  are always positive and similar in magnitude. The 
imaginary parts of these functions are always negative and 
similar in magnitude. This means that the magnitudes of the 
real and imaginary parts of νκ ff

~
−  are much smaller than 

those of νf
~

−1  . Therefore, the magnitude of the real part of 
the term in the bracket should be always less than 1, and 

)( A−1  in Eq. (10) should be always positive. 
In Eq. (8), it can be observed that X  is always negative. If 

we neglect the last term for heat conduction and sε because 
they are small compared with other terms and usually negligi-
ble [18], then Eq. (8) becomes 
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Fig. 11. Calculated stack temperature profile with and without water 
flow vs. distance from driver piston. O: No water ( cQ =42.8 W),  : 
Water flow through cold-side heat exchanger ( cQ  =46.7 W).   Solid 
lines are straight lines connecting the hot and cold stack-end tempera-
tures. 
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The Prandtl number, σ , is about 0.4 for 55 % helium and 
45 % argon mixture and varies between 0.2 and 0.67 for dif-
ferent gases normally used for thermoacoustic coolers [19]. 
Again, the imaginary part of the thermoviscous function, f , 
is known to be negative [1], and the magnitudes of the imagi-
nary parts of νf  and κf are similar. Therefore, the numera-
tor of the term in the bracket is negative, and X  is always 
negative. This means that the dxdTm  term in Eq. (10) is 
always positive at the cold end of the stack, because dxdTm  
is always negative at the cold end of the stack.  

From these results, B  should be negative to yield a posi-
tive COP. Because the signs of B  and the dxdTm  term in 
Eq. (10) are opposite, when the magnitude of dxdTm  de-
creases, the COP becomes larger and when the magnitude of 

dxdTm  increases the COP becomes smaller if other vari-
ables remain unchanged. Therefore, if we compare the slopes 
of the temperature profiles of data points at the cold-end of the 
stack, the steeper slope (larger in magnitude) should yield 
smaller COP and the milder slope (smaller in magnitude) 
should yield a higher COP. This is true only when other vari-
ables in Eq. (10) are the same. Such variables include the 
stack-end temperatures, stack lengths, mean pressures, gas 
mixtures, acoustic impedances, and others.  

For the two data sets in Fig. 11, the COP is greater with wa-
ter flow than that without water flow based on Tables 3 and 2, 
respectively. It would have been greater if the temperature 
profile had been linear, but a linear stack temperature profile 
cannot be achieved for the given temperature span without 
reducing the stack length. 

Fig. 12 shows the stack temperature with respect to the dis-
tance from the driver piston with water flow through the cold-
side heat exchanger for various acoustic power inputs. The 
temperature profiles were obtained from DELTAE. As the 
acoustic power increased, the stack temperature difference 
increased and the COP decreased. For the acoustic power of 
33.6 W, the temperature profile was very non-linear between 
the hot and cold stack-end temperatures. As the acoustic 
power increased, the temperature span across the stack in-

creased and the stack temperature profile became more linear. 
For a given stack length, there exists a temperature span where 
the temperature profile is nearly linear. Non-linear profiles 
reduce COP because the slope of the stack temperature profile 
at the cold end of the stack becomes steeper, as described ear-
lier. But the resulting COP is not solely due to the temperature 
profile. Other factors such as viscous dissipation, heat conduc-
tion loss along the stack, stack position, and others are also 
significant. 
 

6. Conclusions 

The performance of a standing-wave thermoacoustic cooler 
was investigated. Comparisons were made between measured 
data and predictions from linear acoustic theory for various 
mean pressures, acoustic powers, and gas mixtures. In general, 
the experimental data were in good agreement with theoretical 
predictions. In comparison to the performance without water 
flow through the cold-side heat exchanger, higher COPs were 
obtained in presence of water flow because of a reduced stack 
temperature difference due to higher cooling load and overall 
heat transfer conductance. Temperature profiles along the 
stack obtained from DELTAE showed that the temperature 
profiles with water flow through the cold heat exchanger were 
non-linear and resulted in a slight decrease in the system per-
formance.  

If the temperature span is relatively too small compared to 
stack length, the temperature profile becomes non-linear, lead-
ing to a significant reduction in COP. The results described in 
this paper highlight that standing wave thermoacoustic coolers 
must be operated at or near their design temperature span for 
optimal system performance. 
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Nomenclature------------------------------------------------------------------------ 

A :  Surface area or cross sectional area 
Afluid :  Fluid area in stack 
Asolid  :  Solid area in stack 
COP :  Coefficient of performance 
cp  :  Specific heat 
DR :  Peak-to-mean pressure ratio 
f  :  Spatially averaged thermo-viscous loss function 
Im : Imaginary part 
Imb : Imbalance heat 
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Fig. 12. Simulated stack temperature profile with water flow vs. dis-
tance from driver piston for various acoustic power inputs. *: acW  = 
33.6 W, •: acW  = 43.8 W, and O : acW  = 76.1 W. 
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h : Heat transfer coefficient 
He % : Percentage of helium in helium – argon mixture 
H   : Total energy flux 
k : Thermal conductivity 
p1  : Complex acoustic pressure 
Pm  : Mean pressure 

hQ   : Hot-side heat transfer rate 
cQ  : Cold-side heat transfer rate 

Re : Real part 
Rtw  : Thermal resistance of tube wall 
Tgc : Cold-side stack-end gas temperature 
Tgh : Hot-side stack-end gas temperature 
Tw  : Temperature of water 
Tm  : Mean temperature 
UA : Heat transfer conductance 
U1  : Complex volume velocity 

wV   : Water volume flow rate 
acW   : Acoustic power 

Zac : Acoustic impedance 
β  : Thermal expansion coefficient 
γ : Specific heat ratio 
∆  : Difference 
δ  : Uncertainty 

hRQδ  : Relative uncertainty in hot-side heat transfer rate 
εs  : Correction for thermal properties of solid wall 
ηDR : Electroacoustic efficiency 
η0  : Overall fin efficiency 
ρw  : Density of water 
σ  : Prandtl number 
ω : Angular frequency 
φ  : Phase angle of Zac 
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