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Refrigerated truck is indispensable transportation for food and medicine. How-
ever, the truck has been using the harmful substance such as CFC or HCFC. There-
fore, an alternative cooler is essential such as thermoacoustic refrigerator. The
refrigerator is driven by the thermoacoustic heat engine (prime mover), so the
prime mover can convert the thermal or waste heat into the acoustic energy for
driving the refrigerator. There are some parameters that can improve the efficiency
of the refrigerator system. The aim is to investigate the impact of prime mover
regenerator radius on the efficiency and characteristic of acoustic field. It was
found that the best performance of the whole refrigeration system was achieved
when the radius is 0.68. The engine and cooler efficiency are 84% and 38%, re-
spectively. In addition, the acoustic field characteristic was also analyzed to elu-
cidate the mechanism in the refrigerator system.
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Introduction

Semi-trailer insulated rigid boxes is the common refrigerated road transportation for
foods [1]. Refrigeration in the boxes is essential to maintain the cooling temperature to keep
fresh the food. The refrigeration process in the trailer is fueled by the Diesel engine which
contributes to the GHG emission, so it is important to handle the issue. Moreover, the Diesel
engine is part of non-renewable energy. Therefore, the use of renewable energy is indispensable
for the global sustainable energy [2]. The sector of energy has been changed in good approachs
to the acceptance of various green energy and innovation. Report from Global Renewable Out-
look: Energy Transformation 2050, green energy and its performance together over 90% of the
mitigation measures needed to decrease power-related emissions [3]. Increased use of the
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refrigeration system is one of the reasons of high greenhouse emissions nowadays [4]. To
achieve this transforming energy-related emissions scenario, converting a low-grade waste heat
energy into refrigeration technology is such a good move to try. Several studies related unused
heat recovery technology have been done, for ORC [5], turbo compounding [6], and thermo-
acoustics technology [7]. Thermoacoustic is one of the best methods to recover the low-grade
waste heat, as it have a uncomplicated construction [7], motionless [8] and environment friend-
liness [8]. Thermoacoustic is type of energy-regeneration innovation which can be used for
heating and refrigeration [9-11] or power generation [12]. A heat-driven thermoacoustic refrig-
erator is a new sort of feasible heat-driven refrigeration innovation that comprises of a prime
mover and a thermoacoustic refrigerator. It converts heat into sound energy to transport heat
from lower to higher temperatures using regenerator [13].

Thermoacoustic engines composed of a regenerator, an ambient heat exchanger
(AHX), a hot heat exchanger (HHX), and a thermal buffer tube (TBT) and a tube [12, 14]. As
the initial temperature difference at two edges of the regenerator surpass a certain value, spon-
taneous gas oscillation occurs and produced acoustic power [15], so for the utilization of low
temperature, it is important to decrease the required initial temperature in the prime mover.
Some investigations have been conducted to enhance the prime mover performance. Based on
Swift and Backhaust [16], the use of looped pipe has higher performance than using straight
pipes. The reason is the circle pipe is moved by a traveling wave that performs operations with
a reversible Stirling cycle compared to a straight pipe that is conducted by a standing wave so
that it undergoes an irreversible process [17]. Travelling wave thermoacoustic engine was in-
vestigated by Rahmawati et al. [9], Utami et al. [14], and Farikhah et al. [18]. They studied the
impact of geometry on the prime mover efficiency. The prime mover can drive the thermo-
acoustic refrigerator. Farikhah and Yeda [19, 20] and Yang et al. [21] investigated the effect of
some geometry parameters in the heat driven thermoacoustic refrigerator.

There are some studies about the effect of regenerator radius. Utami et al. [14] and
Yang et al. [21] studied the influence of stack radius, but these were only for the performance
of prime mover not for a combination of prime mover and refrigerator. Farikhah and Ueda [20]
studied about the effect of regenerator radius on the efficiency of a heat driven thermoacoustic
cooler. However, the setting cooling temperature was extremely low at about 251 K and it was
lack of elucidation of the acoustic field characterization and mechanism. It was found that the
optimum regenerator radius is 1. We consider that the optimum radius would be shift when the
cooling temperature is set at 273 K. Therefore, the effect of the radius on the performance of
the thermoacoustic refrigerator driven by the prime mover and the characteristic of the acoustic
field is investigated for cooling temperature 273 K.

Method

Calculation model

The model of the refrigeration system is shown in fig. 1. It comprises of some com-
ponents: AHX, regenerator of prime mover, HHX, TBT, cold heat exchanger, and the cooler
regenerator which installed inside the looped tube. The detail values and the gas properties are
provided at tabs. 1 and 2. The working gas is helium at 3 MPa. In this calculation, the beginning
heating temperature in the prime mover Ty is one of the calculation results while the cooling
temperature T is set at 273 K. In this calculation, we did not take into account the value of
thermal conductivity of the regenerator because we assumed that the material of regenerators
has very low thermal conductivity such as mylar, so the heat which has been pumped by the
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1. Ambient heat exchanger
2. Regenerator engine

3. Hot heat exchanger

4. Thermal buffer tube

5. Looped tube

6. Ambient heat exchanger
7. Cooler regenerator

8. Cold heat exchanger

9. Thermal buffer tube

refrigeration system will not be conducted
back to the cold side for the refrigerator.
For heat exchanger, we assumed that the
heat exchanger has high thermal conduc-
tivity such as copper, so the heat transfer
works well.

The heating temperature of the

HHX is denoted as Tn and T is the ambi-
ent temperature in the ambient side of the
exchanger, while T¢ is the cooling temper-
ature of the cold exchanger. In this calcu-
lation, Ty is one of the result of stability
limit calculation [20], whereas T, and T¢
are 301 K and 273 K, respectively.

Figure 1. The thermoacoustic refrigerator driven by a
prime mover

Table 1. The specifications

Geometrical Parameters Value
Length [mm] Radius [mm] Porosity [-]
Looped tube 2800 20 —
Heat exchangers 10 0.5 0.5
Prime mover regenerator 40 0.05-0.15 0.77
TBT 600 20 -
Refrigerator regenerator 40 0.5 0.77
Table 2. The gas properties
The properties Value
Pn 3 MPa
y 1.6632
Om 4.749 kg/m’
c 0.6579
Ao 0.8594
Ay 0.7608

Numerical calculation

For the computational calculation, we used Rott’s thermoacoustic concept and the
transfer matrix method for oscillatory pressure, P, and volume velocity, U. Using acoustic ap-
proximation of Rott in [10], the equation of momentum and continuity are presented as:

R iwp,

1 §] 1

e, &
%:_lw[l"'(?/_l)la]a_’_ Xa X idTm U, (2)
dx 7Py (I-x)1-0) T, dx

where P is the oscillation pressure, U — the velocity, @ — the angular frequency of the acoustic
wave, A — the cross-sectional area of the channel, and pm, Pm, 7, and o are the mean density,
mean pressure, ratio of specific heats, and Prandtl number of the working gas. Additionally, y.
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and y, constitutes the thermoacoustic functions that depend on the proportion of the radius, r,
of the narrow channel(s) and the penetration depth. The value of dTw/dx is expressed as:

N S P N
W-0)-"RelPU|1- & X
OL:( U { [ (1+a><1—;zv)ﬂ o

dx Apyc, U[* ;
g -im[x, +o7,]
2w(1—02)|1—;(V

In order to find the performance of thermoacousctic’s refrigerator system, we can use
transfer matrix from egs. (1) and (2) presented as:

g(a(x,t)j: B(X)(F’l(x,t)j
dx\ U, (x,1) U, (x,t)

—iwp,
0 . 4
B(X)E (l_l‘/) ( )
—iofll+(y Dy, ]  x-x  1dT,
7P, (I-x)A=pT, dx

From the matrix, we can understand that pm, ¥, v, x«, and o depend on T, i.e., on x.
So, the eq. (4) can be solved empirically if dTn/dx = 0. When dT/dx [0, it’s hard to solve the
eq. (4) analytically. We can calculate it by mathematically integrated by employing a forward
difference scheme utilizing the fourth-order Runge-Kutta method to eq. (4):

[ PI(XJFAX’t)j = [D +AxB'(x)]( Pl(x)}

U, (X +Ax,t) U,(x)

B'(x) = (1/6)(RK, + 2RK, + 2RK, + RK, )
RK, = B(x)

5
RKzzB(x+%j(D+%RKlj ©)

RK, = B(x+ﬂJ D+[ﬂjRK2
2 2
RK, = B(x+Ax)(D+AxRK,)

where D is a unit matrix, the value of P and U can be calculated by:

R R (Xp.1)
(Ul(x.t)j_ Mo (X’X")(Uo(xmt)} (6)
M, (X %,) E(D+AxB,'H)(D+AxB;72)...(D+AxB;)(D+AxB('))

When P and U are provided at one position, the distributions of P and U can be cal-
culated.

The eq. (6) can be used to compute the transfer matrix both in prime mover regenera-
tor M11es and refrigerator regenerator Mi1¢s. The whole movement-track areas in the parts are
different from each other, so the join matrix is as:
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The total area and the component number are denoted by A, d, and e, respectively.
The transfer matrices components and join matrices are used to convey the transfer matrix of
the entire system as:

M tot — M 10010.9 M 909.8 M 808.7 M 707.6 M 606.5 M 505.4 M 404.3 M 303,2 M ZOZAlM 1 (8)

By using the eq. (8), the oscillatory pressure Pe,a and cross-sectional mean of oscilla-
tory velocity Uea are related to the oscillatory pressure Peg and cross-sectional mean of oscil-

latory velocity Ueg as:
P Ps
M Sl=lL 9
tot [UQVA] (Ue'B] ( )

If we got the result of zero from determinant matrix (Mt — D), where D is the unit
matrix, we can use:

(mn_l)(mzz _1)_mlzm21s =0 (10)

When eq. (10) is numerically solved, the stability
limit condition can be reached, than spontaneous gas oscil-
lation can be excited in the prime mover and the initial
heating temperature was obtained. In the stability limit, the
impedance Z = P/U, angular frequency o and T are the
results. These results were calculated with transfer matrix
by changing the radius of the perime mover regenerator.
Then, the entire performance can be found.

The schematic illustration of the system is shown in
fig. 2 W and Q denote the acoustic power and the thermal
power, respectively. These values can be expressed as:

Figure 2. Schematic illustration and Y é i
mechanism of the refrigerator W= Re[PU ] (11)
driven by the prime mover

A 7.7 Ap,C,U[° _ T,
=ZRe|PU| A Lo || Im[ 7, +07,]=" 12
Q=3 { [(1+0)(1—;ZV)H 20(1-0* )11, (2. +on ] (12)

where the axial co-ordinate along the looped tube is denoted as x and the complex conjugation
is expressed as tilde. The Tm and c, denote as mean temperature and specific heat at the constant
pressure, respectively.

Figure 2 shows the schematic illustration and mechanism of the system. The W, , is
acoustic power at the ambient end of the prime mover regenerator and it is amplified in the
regenerator prime mover. The amplified acoustic power is denoted as W, ,, . It is emitted from
the hot end of the regenerator prime mover. The acoustic power gain of the regenerator prime
mover is denoted as AW, and it can be expressed as:

AW, =W, , W, (13)
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The thermal power Q,, is needed to amplify the acoustic power. Therefore, the prime
mover efficiency can be expressed as:
n=n 14)
Qx
The acoustic power emitted from the hot end of the prime mover then it travels along
the looped tube and dissipates along the looped tube. After that, it enters the ambient side the
refrigerator regenerator, W, , . The acoustic power is used to pump the heat from the cold side
to the ambient side of the refrigerator regenerator. Then, the acoustic power output at the cold
heat exchanger, W, . travels and dissipates along the tube and it enters again to the prime mover
regenerator. The cooling power is denoted as Q, so that the COP is expressed as:

Q

Wc,A _WC,C
The transmission line in the system is the looped tube, so the efficiency of the tube is:
Wc A 7Wc c
=Gk el 16
nlube AW ( )

e

In this calculation, we calculated the Second-law efficiency of prime mover regener-
ator n2.. It can be written as:

Tpo = —l— (17)

ncamot
where e is the thermal efficiency and rcamot is the thermodynamic upper limit value of ne. The
Tcanot Can be calculated as:

T, T,

—_H A 18
ncamot TH ( )
The Second-law efficiency of the cooler 772 can be defined as:
COoP
= 19
772,0 COP ( )

carnot

The COPcamot is the thermodynamic upper limit value of COP and it can be calculated
as:

T
C:C)P&:arnot = #
a C

where Ta and T, are the ambient and cooling temperature, respectively.
To find the total efficiency of the refrigerator system, nan,2, we can calculate it by:

(20)

'7a||,2 = 772,e772,c'7tube (21)
Boundary conditions

Fortran95 was used for the simulations. The momentum and continuity equations
were used to simulate the thermoacoustic refrigerator driven by prime mover. In this calcula-
tion, the prime mover radius was varied to find the best performance. There are two calculations
in this simulation. Stability limit and efficiency calculation. For stability limit calculation [20],
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PalUy

with changing the radius of the prime mover, we
can obtain the heating temperature of the prime
fta=Fe=  mover, Tn, impedance, P/U, and the anguler fre-
quency, w. These results were used for calculat-
ing the efficiency. Here, the cooling temperature
of the refrigerator was set at 273 K. For better
7% understanding, the boundary condition was
— shown in fig. 3. The looped tube was modelled
B - > v as a straight tube.
' ' The boundary conditions was set as:

P./U,=PR, /U,
V=0

where U, V, and P are velocity in the x- and y-axis and pressure, respectively. As can be seen in
fig. 3, the initial point is at the AHX. At this point, the impedance P/U at A is the same as at B:

Figq}e 3. The Ioopéd tube as model of
straight tube Atx=0=L,, andy loop {

d—T #0
At x = length of regenerator X
dT
—_ -0
dy
o
X
At x, =X, =loop tube a7
dy

The pressure, velocity, and temperature are expressed as in terms of a mean compo-
nent as:

P=PR,+Re{Re"| (22)
U =Re{U,e | (23)
T =T, +ReTe"} (24)

where Tn is the mean temperature and Py is the mean pressure. The T1, U1, and P; are the
temperature, velocity, and the pressure oscillations of the travelling wave and Re{ } is the real
part which e'! is the time dependency of a particular variable and o is the angular frequency.
In this study, we assumed that the tube wall heat capacity is higher than that of the working gas.
Therefore, we assume that tube-wall temperature is constant and we did not take into account
the thermal permeability parameters. Nevertheless, the calculation was already validated with
Yazaki’s experimental results [22] shown in fig. 4.

The temperature gradient along the regenerator with dTm/dx [J0 can be calculated by
coupling egs. (1)-(3) if the boundary conditions about Pa and Ua are given. However, it is not
possible to determine the absolute values of P and U . Nevertheless, the relative values can be
obtained with the pressure amplitude at the initial position (at the ambient end of the prime
mover) |P, ,| is 6.8 kPa. By using the obtained T, P/U, w and the transfer matrices, the acoustic
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field distribution along the looped tube can be calculated.
As a result,we can calculate the efficiency. It should be
noted that the evaluated performance was determined as a
dimensionless value, and, thus, the pressure amplitude did
not impact the results.

P! [kPa]

Validation of the numerical calculation and
the experimental result

Ul [ms™)

Figure 4 shows the validation between the Yazaki’s
experimental result and the numerical one. As we can see,
the pressure amplitude |P|, velocity [U|, and the phase dif-
ferent, ¢, have a good agreement between the experimental = °
work and the calculation.

) (@
0.8

*Lioop 17

Result and discussion

Efficiency of thermoacoustic refrigerator driven by
prime mover

Yang et al. [21] reported that there is a dependence

Figure 4. The |P|, |U|, and g as a
function of x/Licop; the symbols show
the experimental results obtained
from the article [20, 22]

of radius of regenerator on the performance of thermo-

acoustic engine (prime mover). However, they just focus on the engine. Farikhah and Ueda [20]
reported that the radius of the prime mover and cooler has an impact on efficiency of the entire
cooler system. However, the cooling temperature is extremely low at 251 K. In this investiga-
tion, therefore, we investigated the effect of prime mover radius on the performance of the
whole refrigeration system at 273 K.

Figure 5 presents the whole efficiency of the cooler system. The x-axis shows the ratio
between radius of the engine regenerator r. to thermal penetration depth 6. The heat penetration
depth is defined as the distance that the thermal energy diffuses through the regenerator mate-
rial. The radius is denoted as re/6. As we can see in fig. 5, the whole efficiency of the system
12,41 reaches 6.4 % of the upper limit value when r/é. corresponds to 0.68. This result is lower
than that of obtained by Farikhah and Ueda [20]. It shift from 1 to 0.68.
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Figure 5. The re/é as a function of
n2all

Figure 6. The re/6 as a function of
M2,e, M2, and Mtube

The entire performance of the refrigerator n,,a1 comprises of Second law efficiency of
the prime mover 12, tube 7wne, and the cooler 72.c. Second law efficiency of the engine 72, is



Farikhah, I., et al.: Effect of Prime Mover Regenerator Radius on the ...
THERMAL SCIENCE: Year 2024, Vol. 28, No. 2C, pp. 1837-1848 1845

shown in fig. 6. The prime mover efficiency 1. is superior when re/5 is 0.68, and it achieved
about 84% of the carnot efficiency, while the performance of the tube 7wwe and cooler 72
almost remains constant when the radius is varied. It means that the superior efficiency of sys-
tem depends on the engine performance. The value of thermal penetration depth is 0.073 mm
and the radius is 0.05 mm. According to eq. (17), the Second law efficiency engine depends on
the value of thermal efficiency ne and carnot efficiency ncamot. Figure 7 shows that carnot
efficiency remains constant whereas the thermal efficiency of the prime mover is decreasing
from 43% to about 10% as the radius is increasing from 0.68 to 2.05.
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" 80 - Neamot | | _ o /\/‘ ]
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Figure 7. The re/§ as a function of 7e and #carnot Figure 8. The re/§ as a function of AW, and QH

Since the thermal efficiency 7. of the prime mover is due to the high value of the
whole system, so the acoustic power gain AW, and the heating power Q, must be clarified. It
is because the thermal performance depends on the ratio of acoustic and heating power, see eq.
(14). As shown in fig. 8, the thermal power increases from slightly above 0.2 W to about 0.35
W as the engine radius rises from 0.68 to 2.05. On the other hand, the acoustic power gain
increases as the radius rises. Based on eq. 14, and the values shown in fig. 8, the reason of the
high value of the thermal efficiency at radius 0.68 is the superior value of acoustic power with
low value of heating power.

Figure 9 shows the heating temperature as a result of simulation. The lowest heating
temperature that can be achieved the prime mover is 1.79 which means that the heating temper-
ature T = 538 K and the ambient temperature To= 308 K. It was found when the dimensionless

radius is 1.51. This heating temperature is lower
! v ! ! ! ! Tl than that found by Farikhah and Ueda [20]. They
found that the optimum value has 825 K for the
heating temperature in the prime mover. We con-
sider that the present results is better for utilizing
low-grade waste heat.

22

2.1 p= -

Th Tﬂ

Acoustic field characteristic

Figure 10 shows the simulation result of
the system with r/6 = 0.68. Figure 10(a) presents
the distribution of pressure amplitude, P, along
08 10 12 14 16 18 20 thelooped tube in one wave length which com-

1/ prises of two troughs and peaks which is the
Figure 9. The re/5 vs. Th same as that of reported by Jin et al. [23]. Figure
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10(a) shows that there are maximum and minimum values of pressure amplitude. It indicates
that this is combination between the travelling wave and standing wave. When the ratio maxi-
mum and the minimum pressure Pmax/Pmin is unity, it means the travelling wave like field. In
other words when Pmax/Pmin is 1 it is more about travelling wave but if Pmax/Pmin far from 1 it
means that is more about standing wave [20]. The prime mover and the refrigerator regenerator
are put along 0.04 m and 1.17 m, respectively. In this case, both prime mover and refrigerator
regenerators are located at the pressure amplitude peak where the acoustic impedance is high.
Hence, the performance becomes high. It is the same compare to that of Jin’s prime mover
location [23], but Jin’s refrigerator regenerator was located far away from the peak of the pres-
sure amplitude.

3
12-10 T T T T T

P[Pa]

1

0.0 0.5 1.0 1.5 2.0 25
—100~ = Position [m]

|
N
(=}
(=}

T

1

—S00lg 1 1 1 1 =
0.0 0.5 1.0 15 2.0 2.5
Position [m]

Figure 10. (a) P, (b) U, (c) ¢, (d) W, and (€) Z vs. loop position

Figure 10(b) shows the velocity amplitude U. This figure shows the velocity amplitude
between the connection of the second wave guide to the AHX. The working gas we used along
the looped is Helium which means that the density is the same. However, the total cross-sec-
tional area of the wave guide which is part of the looped pipe is wider than that of HHX. As a
result, the velocity amplitude in the HHX rises. Then, when the velocity enters to regenerator,
it decreases. After that, when it is enters the HHX, the velocity is rises again. These because of
the mass flow rate. The location is the connection between HHX and prime mover regenerator.
As we can see, the location of prime mover and refrigerator regenerators are at near velocity
node which means that the low velocity and viscous loss. Hence, it can decrease one of the
sources of inefficiency in the system [24].

Figure 10(c) presents the phase difference, ¢. As we can see, the phase difference in
the hot side and cold side of prime mover regenerators are —39° and —83°, respectively. In some
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cases, negative phase difference, ¢, has a good impact on the high value of gain acoustic power
of the prime mover AW, as reported by Ueda et al. [25]. The similar result was found in this
investigation, as can be seen in fig. 8, when r/s is 0.68 AW, is the highest one. Ueda et al. [25]
reported that negative ¢ is important for producing a large AW, while maintain low viscous loss
in the regenerator.

Figure 10(d) shows the distribution of acoustic power along the tube. The acoustic
power in the hot side of the prime mover is 0.2 W and 0.1 W is the acoustic power in the cold side
of the refrigerator. In the prime mover regenerator, the thermal energy is converted into the acous-
tic energy. Therefore, the acoustic power in the prime mover elevates to 0.2 W. However, in the
refrigerator regenerator, the acoustic power drops to 0.1 W. This is because the acoustic power in
the refrigerator regenerator is consumed by the regenerator to pump heat from the cold to the
ambient side. Thus, the energy conversion between acoustic and thermal energy occurs.

Figure 10(e) shows the impedance of the hot side of the prime mover and the cold side
of the refrigerator. The impedances in the engine and cooler are 14.4 and 2.5. The impedance
in the prime mover regenerator is much higher than that in the refrigerator regenerator. It has
correlation with the efficiency of the prime mover 1, and refrigerator 72, shown in fig. 6. The
prime mover efficiency achieves 84%, but the refrigerator efficiency attains 38% of the upper
limit value.

Conclusions

In this study, the impact of the regenerator radius on the performance of thermoacous-
tic refrigerator driven by prime mover was numerically investigated at 273 K of cooling tem-
perature. The investigation has been conducted to analyze the system performance, which can
be concluded as follows.
¢ It was found that when the dimensionless radius is 0.68, the highest entire system efficiency

can be achieved (6.4%). This efficiency can be divided into three efficiencies; prime mover
(84%), cooler (38%), and tube (20%) efficiencies. It can be seen clearly that the prime mover
efficiency has high impact on it.

e By changing the radius ratio of the prime mover regenerator, the acoustic field distributions
can be changed for improving the performance. The analysis on the performance at various
dimensionless radius, from the perspective of acoustic field distribution/characteristics, in-
dicates that the negative phase difference, large value of acoustic impedance, and low vis-
cous lossess lead to increase the acoustic power gain. Hence, the prime mover efficiency
becomes high.

The lowest engine heating temperature is 538 K when the dimensionless radius is 1.51.

It means that if we focus on how to find high efficiency, the best of the prime mover radius
ratio is 0.68, but if we want to utilize the low heating temperature for waste heat recovery,
1.51 is best. These results are guidance for experimental researchers to choose the best ratio
of prime mover radius for the refrigeration sytem at 273 K.
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