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Abstract

This paper reports on the experimental and simulation studies of the influence of stack geometries and different mean pressures
on the cold end temperature of the stack in the thermoacoustic refrigeration system. The stack geometry was tested, including
spiral stack, circular pore stack and pin array stack. The results of this study show that the mean pressure of the gas in the system
has a significant impact on the cold end temperature of the stack. The mean pressure of the gas in the system corresponds to
thermal penetration depth, which results in a better cold end temperature of the stack. The results also show that the cold end
temperature of the pin array stack decreases more than that of the spiral stack and circular pore stack geometry by approximately
63% and 70%, respectively. In addition, the thermal area and viscous area of the stack are analyzed to explain the results of such
temperatures of thermoacoustic stacks.

Abbreviations R Radius of pore (m)

a Speed of sound (m sh rh Hydraulic radius (m)

A Cross-sectional area (m2) 7 Radius of pin (m)

Agys Gas cross-sectional area (m?) 1, Cold end temperature of the stack (°C)
A Total cross-sectional area of stack (m?) Ty Hot end temperature of the stack (°C)
B Blockage ratio T Mean temperature (K)

¢ Isobaric specific heat (J kg™! K™) w Work flux (W)

COP  Coefficient of performance X Stack position (m)

COP, Coefficient of performance of the stack X Normalized stack position

D Drive ratio Yo Half of distance between the stack plates (m)
d, Diameter (m) Dy Normalized enthalpy flux

T Thermal Rott function Dy Normalized work flux

1 Viscous Rott function O Thermal penetration depth (m)

H Enthalpy flux (W) Okn Normalized thermal penetration depth
K Thermal conductivity (W m™ K o, Viscous penetration depth (m)

Ly Stack length (m) AT,,, Normalized temperature difference

L, Normalized stack length 5y Ratio of isobaric to isochoric specific heat
/ Half of stack plate thickness (m) o Prandtl number

M Mach number I Viscosity (kgm™ s™)

P, Mean pressure (N m'z) p Density (kg m'3)

P, Pressure amplitude (N m™) w Angular frequency (rad s™)

0. Cooling power (W)
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and off around the desired temperature to control and maintain
a given temperature. This leads to overwork and overcon-
sumption of electrical energy. Furthermore, some systems’
refrigerants are still hazardous to the environment. To reduce
and eliminate such issues, researchers devote more efforts to
the development of alternative cooling technologies. The
thermoacoustic refrigeration system is one of the many cate-
gories of alternative clean cooling technologies, and can be
applied to cooling electronic components, air conditioners for
vehicles, refrigerators in an industry or household, and cooling
of sensors in space shuttles, etc. [1-3]. In this system, acoustic
energy is converted into heat, namely the acoustic power,
which has appropriate values of sound amplitude and frequen-
cy input to transfer heat from a low to a high temperature
medium. Thermoacoustic refrigerators can be driven by either
a thermoacoustic heat engine (using a temperature gradient to
pump a sound wave) or electrodynamic driver (that converts
electrical energy into acoustic power).

The performance of thermoacoustic refrigerators de-
pends on the stack device, which has been confirmed to
be the most important component or the heart of a system
because it creates the thermoacoustic effect. This effect
occurs due to the interaction between the stack plates
and gas parcels when the acoustic power is input into
the stack. A temperature gradient develops along the stack
plates, namely the hot side temperature 7) increases on
the ends of stack near locations of the pressure antinode
in a standing wave. The cold side temperature 7, occurs
on the ends of the stack near the locations of the pressure
node. Wetzel, Herman [4] showed that the overall coeffi-
cient of performance (COP) of a thermoacoustic refriger-
ator is the function of the coefficient of performance of
stack (COP,), that is, the maximum of COP, leads to the
maximum of the overall COP of the refrigerator.
Therefore, the stack is one of the thermoacoustic compo-
nents that should be developed for performance first.

Concerning the study of optimum stack device, Tijani et al.
[5] studied the design optimization of parallel plate stacks
using short stack boundary layer approximation. Zolpakar
et al. [6] used the genetic algorithm method to optimize stack
device. These studies reported that stack performance depends
on the length, position, and spacing of plates. Note that almost
all of the experimental and numerical works in the existing
literature were focused on thermoacoustic performance using
parallel plates or spiral stacks [7-10]. Tijani et al. [11] exam-
ined parallel plate stacks with various plate spacings. They
found that the optimal plate spacing in the stack is approxi-
mately three times the penetration depth values (J;). They
achieved a cold temperature of —65 °C. Nsofor, Ali [12] stud-
ied the performance of thermoacoustic refrigerators with par-
allel plate stack devices inside resonator tubes. They conclud-
ed that the mean pressure of the gas in a system has an effect
on temperature differences across the stack. Tasnim et al. [13]
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performed numerical studies on operating conditions; the re-
sults showed that decreasing the Prandtl number of working
fluid in a system should be optimized with stack plate spacing.

However, it isn’t only the parallel plate stack geometry that
can be used as a device in a thermoacoustic system. Many
other possible types of thermoacoustic stacks can be applied,
but examination of their effect has not been attempted for the
possibility of stack geometries, such as pin arrays, circular
pores, and rectangular pores for creating the thermoacoustic
process. Swift [1] and Arnott et al. [14] presented the perfor-
mance of such stack geometries illustrated in terms of Rott’s
function /. The plot of Rott’s function gives the idea of making
each stack geometry appropriate. However, in the design of
the stack, to achieve the maximum performance, the stack
should have a good material property, suitable geometry, and
optimal operating parameters to enhance its performance.

Generally, the design of thermoacoustic refrigeration sys-
tems requires the maximum cooling load, Q. or a low temper-
ature 7 on the cold ends of the stack to remove the heat supply
from a cold heat exchanger. Thus, the motivation for this work
will be to study the effect of three stack geometries, (i.c.,
parallel plates, circular pores, and pin arrays) and the operat-
ing mean pressure on the cold end temperature of the stack.
The basic theory of thermoacoustic systems was adopted to
fabricate a standing wave thermoacoustic refrigerator as the
experimental setup. The computer program DeltaEC was used
for the simulation study. The results of the study proposing
new knowledge and understanding of stack devices will be
helpful in creating a thermoacoustic refrigeration system that
can compete with other cooling technologies.

2 Theoretical study

Converting an acoustic oscillation to a temperature gradient
along the length of the stack plates in an acoustic field is the
main responsibility of stack devices in thermoacoustic sys-
tems. The spacing between the plates or pore sizes of the stack
is one of the many factors with a significant influence and
needs to be optimal to achieve the maximum performance of
thermoacoustic stacks. Arnott et al. [14] studied the heat and
work flow formulation for a stack with various pore geome-
tries. They found that in an inviscid short stack approximation,
the greatest heat and work flows of the stack pores are pro-
portional to the imaginary part of function F(\). Here, F(\) =
1 — fwhere fis Rott’s function. The f~function is known for the
description of the pore size of a stack. In this work, three stack
geometries were studied in which the equation form of f~func-
tions was expressed as [15].

for parallel plates geometry with a separation of 2y, =2r,

_ tanh[(1 + #)y, /9]

(1 5 /0 M
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for circular pores of radius R =27,

21 [-1)R/3]
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and for pin array geometry,

_ 204 Yi(ao)Ji(an) =1 () Yi (o) 3)
a2=a Yi(ao)Jo(ai)=J1 () Yo(ai)

f

where a=(—1)r/d, J is the Bessel function, Y is the
Neumann function, and r;, is the hydraulic radius.
Figure 1 plots the results of applying egs. (1) to (3)
by using the Matlab program calculation, which shows
the imaginary part of Rott’s functions f with the ratio of
hydraulic radius to penetration depth (/). This graph,
using /6, gives f; and, using r,/d,, gives f, where f;
and f, represent the thermal and viscous Rott’s func-
tions, respectively. According to Fig. 1, which shows
the imaginary part of Rott’s function f, the pin stack
has the largest negative value of the imaginary part of
Rott’s function f of all stack geometries. Next to the pin
array geometry, the best geometries are parallel plate,
and circular pore stack types, respectively. In Fig. 1,
the values of Im[—f;] for parallel plate and spiral stack
types are maximized when 7,/6,=1.1, and for the circu-
lar pores and pin stacks, the maximum value occurs at
rp/6,=0.8 and r,/0,=1.9, respectively. In this work,
these values were used to determine the optimal plate
spacing or pore size of the stack device to achieve ac-
curacy in designing it for use as the test device.

From the results of the short stack boundary layer
approximation theory, the cooling power and acoustic
power equation was developed to estimate and optimize
thermoacoustic stack performance. When applied to the
dimensionless parameter group, these equation yield
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Fig. 1 Imaginary part of Rott functions for different geometries

simplified equations for normalized enthalpy flux,
®,=H/AP,,a, and normalized work flux, &y =W/
AP,a, is given as [5, 4]:

—81nD? sin(x,)cos(x,)
Oy = — 1
T \(1+o) (17\/55,(,1 + 500,
AT utan(x,) (1 + /o + o) B 3
(Tt T+ VoVtn)
(4)
and,
AT,qtan(x, )cos? (x,)
(1+v) (1= + 3o, )
W= 6lmD2 (5)

4,}, B
—| BL,, (7~ oLy,
sn (7Y l)cosz(xn)+ V/oLgysin (icn)
B<l \/E(skn + 50(%)

where x,, Lg,, B, 0, v, ATy, =T, —T) T, D, 0= 04
yo represent, respectively, the normalized stack position,
normalized stack length, blockage ratio or porosity of
the stack, Prandtl number, ratio of isobaric to isochoric
specific heats, normalized stack temperature difference,
drive ratio, and normalized thermal penetration (their
detailed description is available in Ref [4, 5]). In the
present study, eqs. (4) and (5) were rewritten by the
conduction terms in the enthalpy flux or cooling power,
and the stack heat capacity correction factor £ is
neglected. The first law of thermodynamics yields an
expression for the cooling load of stack in the form

0. _ | »
AP,a AP,a AP,a

Thus, the performance of the stack was calculated using the
expression in terms of the coefficient of performance defined
as

|Py|-|Pw|  O./APna
cop, — _ L 7
Byl W/AP,a @)

In considering egs. (4) and (5), it was found that the equa-
tions for both the normalized enthalpy flux and normalized
work flux are proportional to term 0,D%/~. With this factor,
the actual coefficient of performance of the stack, COP, can
thus be optimized independently of the drive ratio D [4].
Considering eq. (6) with (4) and (5), it is found that the square
of the driver ratio D? has significant effect on the cooling load
of the stack (Q,), i.e., the cooling load, Q. of the stack can be
controlled with the driver ratio.

Consider eq. (6), from which it can be shown that the
cooling load, Q. depends on normalized enthalpy flux, ®,
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and normalized work, ®y: Thus, the value of Q. depends on
several parameters. However, some of these parameters might
be kept constant, such as the blockage ratio B, properties of
working fluid such as o and +, and the parameters of the stack.
Therefore, the remaining factor that is affected by the cooling
load, Q.. of the stack is the speed of sound, drive ratio, and
cross-sectional area of the stack. However, the speed of sound
in an ideal gas is a function of the mean temperature of the
fluid, while the drive ratio, which is defined as the ratio be-
tween the dynamic pressure amplitude and the mean pressure
(P,/P,,), will also be a function of the mean pressure of gas in
system. Thus, it can be found that the main parameters that
have a significant influence on the cooling load Q. of the
thermoacoustic stack are mean pressure, mean temperature,
and cross-sectional area of the stack, from which the cooling
load Q.. can be expressed as

Qc:Qc(vavaA) (8)

A maximum cooling load of the stack means that in the
stack device there is a low temperature 7, on its cold ends.
From relevant information in eq. (8), typically, the mean tem-
perature T, of gas and cross-section area of stack A can be
kept constant during the thermoacoustic process. Therefore,
the mean temperature and cross-sectional area of stack cancels
out from the function of cooling load. Thus, experimental
study is performed to examine the effect of the level of gas
pressure in a system on the cold end temperature of the stack
for different stack geometries, which involves testing with
three different stack geometries as already mentioned.

3 Experimental setup and procedure

Two geometries of stacks, spiral, and circular pore stacks,
were fabricated for testing using an experimental set-up. The
performance of the pin array stack was studied using the sim-
ulation program DeltaEC. The design of thermoacoustic
stacks is based on the thermoacoustic theory. The pore size
or plate spacing of stacks is related to the thermal and viscous
penetration depths, expressed respectively as follows:

2K

0 = )
pCpw

and
2p

Oy = 4 [— 10
o (10)

where K, 1, p, ¢,, and w represent, respectively, the thermal
conductivity, viscosity, density, specific heat of gas, and an-
gular frequency of sound waves. For this stack design, the
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mean pressure of helium gas with 3 bars and a resonance
frequency of 720 Hz was selected. The operating frequency
of 720 Hz was obtained from simulation using computer pro-
gram DeltaEC, whose results correspond to the stack length,
spacing, location, working fluid, and mean temperature cho-
sen in the study. Additionally, this frequency of 720 Hz is
selected based on the stack manufacturability and close to
the loudspeaker resonance. The pore size or plate spacing of
the stack was obtained by considering the ratio of 7,/0; shown
in Fig. 1 with eq. (9) and using spacing between the stack
plates recommended by Swift [1]. According to the calcula-
tions, the results show that the spacing between the plates for
the parallel plate stack is 2yy = 0.34 mm and the pore size of
the circular pore stack is2r, =d, =0.32mm.

To reach the high temperature difference across the stack,
its material must have both a low thermal conductivity and a
high heat capacity compared to the working fluid. Thus,
Mylar was chosen to build a spiral stack type, and its proper-
ties are shown in Table 1. The spiral stack was built by care-
fully handmade thin Mylar sheets, and the layers were sepa-
rated by 0.34 mm diameter of fishing line. The spiral stack had
a diameter of 80 mm, and its physical length L, was 63 mm.
The fabrication of the circular pore stack geometry is more
difficult than that of the spiral geometry, which has not yet
been attempted in other literature because a small hollow pore
and low thermal conductivity are required. Therefore, in this
work, a new methodology was developed to fabricate circular
pore stacks to use in testing. Note that the characteristics of
electrical cables (see material properties in Table 1) consisted
of a copper wire inserted inside of the insulation cover.
Therefore, this can be applied for the fabrication of a circular
pore stack. All of the copper wires were removed from the
insulation cover of the electrical cable to make a hollow cir-
cular tube. Then, each electrical insulation cover was gathered
without the copper wires, and a circular pore stack was
created.

The circular pore stack consists of several electrical insula-
tion covers aligned parallel with the acoustic axis; a pore with
an inner diameter of 0.32 mm and an outer diameter of 1.2 mm
is used. The circular pore stack geometry has a total diameter
of 80 mm, and a length L; of 63 mm. Figure 2 shows a

Table 1 Stack properties for experiment

Stack properties Value

Stack material Mylar pPVC
Thermal conductivity (W m 'K 0.16 0.17
Density (kg m™>) 1347.5 1100
Specific heat J kg ' K1) 1110 900
Blockage ratio 0.538 0.27
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Fig. 2 Schematic diagram and
photographic view of spiral and B
circular pore stack geometry used plate 2R
for the experiments
2y, gas * |
plate 21

schematic diagram and photographic view of the two stack
geometries in this study. The porosity or blockage of the stack
is defined as

Agys

B =t
Atotal

(11)

Hence, Ag,s and A,y is the cross-sectional area of the gas
and total cross-sectional area of the stack, respectively. The
value blockage of each stack type is listed in Table 1.

The details of the experimental set-up are schematically
illustrated in Fig. 3. The straight resonator was built from a
steel tube; the internal tube diameter was 81 mm with a wall
thickness of 3.5 mm. It was divided into five portions for
easier operation, and an O-ring was used for sealing the gas.
The total resonator length is 600 mm, which does not include
the loudspeaker housing. One end of the resonator was at-
tached to a 150 W rms commercial loudspeaker to generate
sound waves inside the resonator. The other end of the reso-
nator was closed with an end cup (reflector). This study is
interested in the temperature difference across the stack only;
thus, in the experimental set-up, two heat exchangers were not
installed inside the resonator, which means that no thermal
reservoirs were attached to the stack and the thermoacoustic
heat flow is sustained by the pores themselves. Because the
heat exchangers were placed at the hot end and cold end of the
stack, they caused a substantial flow blockage and decline in
the performance of the stack device, which may cause the
results to be misinterpreted. Thermal insulation covers on
the resonator tube were therefore used to eliminate thermal
leaks during the heat transfer process.

Spiral stack

Circular pore stack

Six thermocouples were used to measure the temperature dis-
tribution on the cold and hot ends of the stack. Three thermocou-
ples were installed at the hot end, and the other three thermocou-
ples were installed at the cold end of the stack. All thermocouples’
wires were inserted via the feed through the plug inside the reso-
nator to prevent gas leaks. One thermocouple wire was employed
to measure the ambient temperature of the resonator tube. All
thermocouples in the present study were T-type, and the thermo-
couple accuracy was +0.1 °C. The data acquisition board NI-4350
USB via VI Logger software was used to collect the temperature
data. One digital pressure gauge was used to measure the gas
mean pressure inside the resonator with an accuracy of 0.01 bar.

The experiments were conducted using the experimental set-
up shown in Fig. 3. The loudspeaker was connected to an acous-
tic power amplifier and a function generator to provide the re-
quired acoustic power and frequency inside the resonator.
Helium gas was used as a working fluid, and experiments were
performed in the range of 1 to 4 bars. The helium gas was
charged after a vacuum pump drained the air in the resonator
into the surroundings. The mean temperature was set to 305 K.
The stack sample used in the study was placed in the resonator at
Xy =50mm (see Fig. 3).

The uncertainties in the experimental results was estimated by
the following equation, which was described by Holman [16]:

S xlaRu 2+ xzéRu 2+...+ xnﬁRu 2
R ROxl ! R@xz 2 Raxn !

Equation (12) was used to calculate the relative uncertainty
in result R that was a given function of the independent

1/2

(12)
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Fig. 3 Schematic diagram of
experimental apparatus

Personal computer
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Thermocouple
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variables xy, Xy, ..., X,, .6., R=R(x1, X2, ..., X,,). Accordingly,
the experimental uncertainty for the thermocouple was esti-
mated as a maximum relative uncertainty of 1.68%.

4 Results and discussion

Experimental studies were performed to determine the effect
of each stack geometry and different mean pressures used on
cold-end temperature response of the stack. The operating
frequency of the system was independent of the gas mean
pressure; therefore, in all cases, the operating frequency of

»——m———F 77
- Spiral stack 1

- ——-bar ]

\,\ 2bar

30 A\ \’. ——————— 3 bar ]

25 - -

Cold end temperature {°C)

20 I 1 ) 1 ) 1 ! 1 ) 1 )
120 180 240 300

Time (s)

360

Fig.4 Cold end temperature of spiral stack geometry versus time history
for different mean pressures
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Vacuum pump

the system was kept constant at 720 Hz. Figure 4 illustrates
the history of the cold end temperature of the spiral stack as a
function of time when the mean pressure of gas in the system
varied. Figure 4 indicated that an increase in mean pressure
led to a change in the cold end temperature of the stack and
resulted in cooling load, which is in agreement with eq. (8).

Note that for the stack alone in the resonator, at the starting
point of the measurement, the cold end temperature of the
stack decreased quickly and then rose slowly until a steady
state was reached, as the cold end temperature cannot further
decrease due to the thermoacoustic mechanism. At the begin-
ning of the system, when there is no temperature gradient on
the stack, the thermoacoustic heat flow is high. However,
when the temperature gradient is developed and the heat flow
in the gas within the stack is balanced, the steady state tem-
perature is reached after a certain time. Also, this phenomenon
is in agreement with the experimental results reported in Fig. 5
for the circular pore geometry. Figure 5 shows the history of
the temperature at the cold end of the circular pore stack and
compared to the spiral stack when the mean pressure was
varied. Note that at the same mean pressure, the spiral stack
cooled down more quickly than the circular pore stack. The
charge mean pressure has less of an impact on the cold end
temperature when a system uses a circular pore stack.

The results in Figs. 4 and 5 show that for the range of
the mean pressure studied, the value of the cold end tem-
perature is lower with increases in the mean pressure.
However, in both the spiral and circular pore stacks, the
lowest temperature at the cold end occurred at the same
mean pressure is 3 bars, which corresponds to the design
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Fig. 5 Cold end temperature of circular pore stack geometry versus time
history for different mean pressures

condition as mentioned earlier. Increasing the mean pres-
sure of the gas in the system cannot further decrease the
cold end temperature. This is because, as the mean pressure
increases, the thermal penetration depth d; and the pore size
or plate spacing of the stack device is small as well. Thus
in this present study, this means that a high mean pressure
of 4 bars is not better than 3 bars. Therefore, the mean
pressure values in the system should correspond with the
stack plate spacing or pore size of the hollow stack types.
At a mean pressure of 1 bar, the cold end temperature will
be reduced to 16.8% for spiral stacks and 7.4% for circular
pore stacks compared with the initial temperature. At a
mean pressure of 3 bars, the cold end temperature will be
reduced to 20.3% for spiral stacks and 12.7% for circular
pore stacks compared with the initial temperature.

A low cold end temperature achieved increases in the mean
pressure in the system. This is because, as the mean pressure
of the system increases at a constant sound speed a, the dy-
namic pressure amplitude P, also increases. The dynamic
pressure amplitude is related to the equation of the drive ratio
D defined as [5]
P, M P

D=-°
Py P

(13)

Where M is the acoustic Mach number and was limited at M/ =
0.1 for gas as the working fluid [1]. p,, is the density of the gas.

Eq. (13) illustrates that a high density of gas, caused
by a higher mean pressure of the gas, has a significant
effect on both the pressure amplitude and drive ratio. As
shown in Fig. 6, the results indicate that a linear behav-
ior is displayed between mean pressure and pressure am-
plitude, i.e., the higher the mean pressure of the gas in
the system, the higher is the dynamic pressure amplitude
generated; also, this affects the cold end temperature of

24800 33200 41500 48800 58100 66400
Pressure amplitude (N/m?

Fig. 6 Cold end temperature versus pressure amplitude

the stack. Thus, for thermoacoustic refrigerators, both the
mean pressure and driver ratio can cause the cold end
temperature to decrease from the initial temperature.
Figure 7 shows the results of the simulation studies carried
out using the DeltaEC simulation software developed by a re-
searcher at the Los Alamos National Laboratory in the United
States. Important details for the simulation performed are the use
of helium as the working gas and that the material for the pin
arrays, circular pores and parallel plates stack geometry are
Mylar. The resonator’s dimensions and the position of the stack
in the resonator were determined according to the experimental
set-up design. In the DeltaEC program, the stack segments
STKSLAB, STKCIRC, and STKPINS were chosen for the stack
geometry for simulation as parallel plates or spiral, circular pore,
and pin array stack geometry, respectively. The blockage ratio of
parallel plates and circular pores is the same as in the

40 N T T T T T T T T T T T .
35 | 3
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2
5 - ]
- o 4
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.g 15 F Spiral stack, Exp .
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5L ] ] . ] . ] . ] .
0 1 2 3 4 5 8

Charge pressure (bars)

Fig. 7 Experimental and simulated cold end temperature versus mean
pressure for different stack geometries
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Fig. 8 Stack geometry dependent

on penetration depths: (a) parallel §A

plate or spiral; (b) circular pore (c)

pin array

experimental study (see Table 1). In the case of STKPINS for the
pin array stack, the input variable of 2y0, which is the center-to-
center distance between the nearest-neighbor pins in the hexag-
onal array of pins, varied between 0.5 and 0.65 mm. The input
variable of the R pin in DeltaEC will be set to constant at
0.05 mm. The length of the pin array was calculated as 63 mm.
In all cases, during the process of calculation, a hot temperature
of 305 K is kept constant.

The focus of the simulation results in the case of the pin array
stack is the distance from pin to pin of 0.5 and 0.65 mm spacing.
As expected, the mean pressure has an impact on the cold end
temperature of the pin array stack. Based on the calculation con-
ditions, the lowest cold end temperature occurred at 1 bar, and
any further increase in the mean pressure will result in the tem-
perature at the cold end of the stack to also increase. The pin array
stack with a spacing of 0.5 mm is better than that at 0.65 mm,
around 36.3% at 1 bar. It is concluded that the spacing between
pins should not be too much. The typical spacing between pins in
the hexagonal array of pins is between 0.5 to 1.0 mm and a
diameter of approximately 0.1 mm [17]. This makes its
manufacturing difficult. In the results of the parallel plate or spiral
stack, the simulation results indicated that varying the mean pres-
sure has a high impact on the cold end temperature. However, in
the case of the circular pore stack, it is observed in Fig. 7 that the
influence of the operating mean pressure has a minimal impact
on the cold end temperature of the stack; the experiment and
calculation give the same results, as shown in Fig. 5.

A comparison of the cold-end temperature of each stack
shows that at a low mean pressure of 1 bar, the pin array stack
gives a lower cold-end temperature than other geometries. Thus,
if the thermoacoustic refrigerator uses a pin array stack as a
device, it will have a low cold-end temperature than the spiral
stack and circular pore stack geometries by approximately 63%
and 70%, respectively, in terms of the cold end temperature of the
stack. The reason for the different cold-end temperatures of the
stack geometries is due to the results of the ratio of the thermal
area to the viscous area of the stack. More thermal penetration
depth or thermoacoustic area leads to improved temperature dif-
ference of the stack. The ratio of thermal area to viscous area of
the stack can be obtained by considering Figs. 8a to c; thus, the
ratio of thermal area to viscous area is proportional to (;/9,) for
the parallel plate, (R>— (R — 6°)/(R* — (R — 6,)°) for the circular
pore stack, and ((r;+ 6)° — rA(r; + 6,)* — ) for the pin stack.
In the circular pore stack geometry, in only one case was there the
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possibility of a radius of R = d;, in which the ratio of thermal area
to viscous area becomes 9;/0, = 1. The ratio of the thermal area to
viscous area of the pin array stack is (6/6,)? if the radius 7; < ;.
Therefore, from these ratios, it is proposed that pin array stack
geometry improves the thermal to viscous areas more than the
other geometries. However, if the radius ; of a pin is too small,
the heat capacity of the pins might not be large enough compared
to the fluid, and the temperature difference across the stack de-
creases [1, 18]. In addition, if the pin stack geometry has more
spacing between pins, the thermal effect will be decreased. Based
on the results presented in this study, it is concluded that the
circular pore stack is the thermoacoustic stack geometry that
cannot well create the cold-end temperature compared to other
geometries, which also includes the groups of the hollow stack
such as square pores and honeycomb, which have poor perfor-
mance, which is in agreement with the Rott functions, as men-
tioned in section 2. Since the only possibility of these hollow
stacks is J; = d,, a large radius of hollow pores will cause a ratio
of 6;/9, to become zero, and this will not be good with cold-end
temperature of hollow stack type.

5 Conclusion

In this study, the experimental and simulation investigations
using DeltaEC software are carried out to examine the thermal
response of stack geometry and operating mean pressure on
the cold end temperature of thermoacoustic stacks. Three dif-
ferent stacks, i.e., spiral, pin array, and circular pore stacks, are
built and tested for cold-end temperature on stack. A novel
circular pore stack was developed for use in the study. The
results of this study show that the operating mean pressure of
gas in the system has a greater influence on the cold end
temperature of the stack. A high mean pressure of the gas in
the system results in a low cold end temperature of stacks due
to the large pressure amplitude generated. The cold end tem-
perature reduced to 20.3% for the spiral stack, and 12.7% for
the circular pore stack at a pressure of 3 bar. For the pin array,
the cold end temperature reduced to 72% at a pressure of
1 bar; these results were compared to the initial temperature.
However, increasing the mean pressure should be suitable and
correspond to the thermal penetration depth and stack plate
spacing. The resulting measurements and simulations indicate
that the pin array stack geometry has better cold-end
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temperature than the other geometries in terms of the cold end
temperature of the stacks. The cold end temperature of the pin
array stack is lower than that of the spiral stack and circular
pore stack geometry by approximately 63% and 70%, respec-
tively. Unfortunately, the pin array stack has more limited
conditions and is more difficult to manufacture than the other
geometries. Based on the results of this study, it is concluded
that the parallel plate or spiral stack geometry is more suitable
for the best performance of thermoacoustic refrigerators.
However, to extend the explanation of the influence of both
the stack geometry and the mean pressure on the coefficient of
the performance COP of a refrigerator, the optimum heat ex-
changers should be installed and analyzed further.
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