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Abstract
Article Info The thermoacoustic engine can be a device to convert waste heat energy in the engine car
Submitted: become useful energy such as for charging battery in car or Air conditioner of the car. This
06/08/2020 work can be done by experimentally and numerically. There are some parameters that have
Revised: an impact on the performance of the engine. They are geometry of the engines, working fluid,
20/09/2020 and mean pressure. The performance of the engine depends on the efficiency and the heating
Accepted: temperature. In the car, waste heat energy is not high enough. Therefore, we need to utilize
21/09/2020 the low heating temperature to be converted into useful energy. This study contributes to
Online first: numerically the effect of mean pressure and loop’s radius of the regenerator on the onset
30/09/2020 temperature and the efficiency of traveling wave thermoacoustic engines. The application that

is used to solve numerical problems is fortran95. There are two codings that are used in
fortran95. They are stability limits and efficiency codes. The lowest onset temperature that
achieved is 153°C with efficiency up to 38.1% that can be reached when the mean pressure is
4.0 MPa and the loop's radius is 5 cm. This result indicated that we can use low heating
temperatures from waste heat of engine car to turn on electronics equipment inside the car.

Keywords: Mean pressure; Loop's radius; Thermoacoustic engine

Abstrak

Mesin thermoacoustic dapat menjadi alat untuk mengubah energi panas buangan pada mesin mobil
menjadi energi yang berguna seperti untuk pengisian aki di mobil atau AC mobil. Pekerjaan ini dapat
dilakukan secara eksperimental dan numerik. Ada beberapa parameter yang berdampak pada performa
mesin. Mereka adalah geometri mesin, fluida kerja, dan tekanan rata-rata. Performa mesin tergantung
pada efisiensi dan suhu pemanasan. Di dalam mobil, energi panas terbuang tidak cukup tinggi. Oleh
karena itu, kita perlu memanfaatkan suhu pemanasan rendah untuk diubah menjadi energi yang
berguna. Studi ini berkontribusi secara numerik untuk pengaruh tekanan rata-rata dan radius loop
regenerator pada suhu awal dan efisiensi mesin termoakustik gelombang berjalan. Aplikasi yang
digunakan untuk memecahkan masalah numerik adalah fortran95. Ada dua kode yang digunakan di
fortran95. Mereka adalah batasan stabilitas dan kode efisiensi. Onset temperature terendah yang dicapai
adalah 153 °C dengan efisiensi hingga 38,1% yang dapat dicapai pada tekanan rata-rata 4,0 MPa dan
radius loop 5 cm. Hasil ini menunjukkan bahwa kita dapat menggunakan temperatur pemanasan rendah
dari limbah panas mesin mobil untuk menyalakan peralatan elektronik pada mobil.

Kata-kata kunci: Tekanan rata-rata; Loop radius; Mesin thermoacoustic
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1. Introduction

According to the data from the Ministry of
Energy and Mineral Resources (ESDM) in the 2019
Indonesia Energy Outlook book (OEI), total
energy production in Indonesia tends to decrease
in several sectors [1]. Given the depletion of fossil
energy in Indonesia and the commitment to
reduce greenhouse effect, renewable energy that
is more environmentally friendly is needed. The
Indonesian Government, through Government
Regulation Number 79 of 2014 on the National
Energy Policy, has arranged it to overcome this
energy crisis. Where the target of the new and
renewable energy mix in 2025 is at least 23% and
31% in 2050 [2]. Therefore, there is a need for
research on the existence of new energy that is
environmentally friendly to support energy
production in Indonesia, one of which is energy
produced from the thermoacoustic process.

Thermoacoustic is a study of the field of
interaction between heat and sound, namely
about the conversion of thermal energy into
sound energy (acoustic) and vice versa [3]. To
produce thermoacoustic effects, thermoacoustic
devices are needed [4], namely the thermoacoustic
engine (prime mover) [5], [6] and thermoacoustic
cooler [7], [8], which is often referred to as the heat
pump [9]. Several studies have been conducted to
improve the efficiency of the performance of
thermoacoustic engines. According to Swift and
Back exhaust, the use of looped tubes has greater
efficiency than using straight tubes [10]. This is
because the looped tube is moved by a traveling
wave that performs operations with a reversible
stirling cycle compared to a straight tube that is
done by a standing wave so that it experiences an
irreversible process [11].

There are many applications for the
thermoacoustic ~ engines. ~ Swift in 1988
demonstrated a thermoacoustic engine [9]. He
was also conducted an investigation about a large
thermoacoustic engine. He found that the
efficiency of the engine is only 13 % and the
heating temperature is 700 °C [12]. In 2002 Yazaki
et. al also had an investigation about a
thermoacoustic engine. However, They did not
calculate the efficiency of the engine [13].
Moreover, in 2016 and 2017 Farikhah et. al did the
calculation of the thermoacoustic engine [14], [15].
In 2017 Farikhah et. al investigated the effect of

porosity on the performance of the engine. They
found that efficiency is 72% but the heating
temperature is 295 °C [16]. They found that the
efficiency of the engine achieved 75 %. However,
the heating temperature is still high at 523 °C.
Likely, in 2020 Farikhah did the numerical
calculation and got the results that the efficiency
of the engine is 75%. However, the onset heating
temperature is 307 °C [8]. Experimental research
and numerical studies have been carried out to
obtain the lowest onset temperature and highest
engine efficiency. According to Zang et al, there
are several parameters in order to get the lowest
and highest engine
efficiency, it is mean pressure [12], stack’s radius
[13], [14], etc. All of the
investigations done by other researchers the

heating temperature

stack’s length
heating temperature is still high which is
impossible for utilizing waste heat from car
engines since the waste heat of the engine car is
lower than 200 °C. Therefore, in our study, we
want to focus on finding the low onset heating
temperature while keeping the efficiency still
high.

Based on those problems, this research carried
out by examining numerically to determine the
lowest onset temperature and highest efficiency
by variating the mean pressure and the loop’s
radius on traveling wave thermoacoustic engine
by looped tube.

2. Method

2.1. Calculation Model

The scheme of the thermoacoustic engine
system which is the calculation model in this
study is shown in Figure 1. The thermoacoustic
engine used in this study uses a looped tube that
is generated by travelling wave. Components in
this thermoacoustic machine include: a loop, a
hot-heat exchanger, an ambient heat exchanger,
and a thermal buffer tube. As a control variable,
the length of the circular pipe L;q,, set of 2.8
meters, the narrow channel radius of the
regenerators 7; 0.7 mm, the length of the loop
Lgtacr 7 cm, the porosity of the loop p; 09, and the
working gas used is helium with a pressure of 501
KPa.

The loop’s radius is denoted as Ry,,,. In this
calculation, the mean pressure P, and the radius
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Stack

Ambient
heat exchanger

Hot heat exchanger

Thermal buffer tube

Figure 1. Schematic of a thermoacoustic engine system

of theloop Ry, are used as parameters to find the
low heating temperature and efficiency of the
thermoacoustic engine. The temperatures at the
hot-heat exchanger and ambient-heat exchanger
are denoted as Ty and T,, respectively. In
numerical calculations, the T, value is determined
according to room temperature, which is 301 K or
28 °C. As for Ty, itis determined by calculating the
stability limit, where the independent variables
are used one by one to get the lowest heating
power.

2.2. Calculation Method

In computational calculations, the acoustic
approximation equation is used by Rott [15] is
used as presented in Eq. (1) and Eq. (2).

Where P shows the oscillation pressure
fluctuation, U as the flow velocity fluctuation, w is
the angular frequency of the sound wave, p,, is the

average density, A4 is the pipe cross-sectional area,
y is the specific heat ratio, T;, is the average gas
temperature, P, is the mean pressure, and o is the
Prandtl stipulation number. While, p,,,y and o
depends on T, and x is the coordinate axis along
the pipe [16].

When Zm=0, Eq. (2
analytically. This is because p,,, ¥, X4, X» and o are
not bound to x, so that the second form on the
right side of Eq. (2) is lost. When the oscillator
pressure and volume velocity at the point x, are
notated by P, and U, the solution can be solved
by the Eq. (3).

When ddL;" # 0, the solutions for Eq. (2) will be
difficult to solved by analytics, so it have to
computationally integrated. The solutions will be
solved by fourth-order Runge-Kutta method as
presented in Eq. (4).

can be solved

ar 1 iwpy
dx  Al—y, 1)
AU _ A+ G =Dl ), Xamde 1 AT,
dx YP, 1-x,)1-0)T, d, 2)
a (P(x, t)) _ (P(x, t))
dx (U(x, ) () Ulx,t)) then
0 1 iwpm
Cx) = A1-2
B _ IwA[1+ (v — Dx,] Xa — Xv ldTm

\ YBn 1-0A-x)T, dx / 3)
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P(x + Ax, t) , P(x,t)
(U(x + Ax, t)) = (E+AxC(x) (U(x, t))

1
C'(x) = 2 (RKy + 2RK; + 2RK3 + RK,)
RK, = C(x)

Ax
RK, =C(x + Ax/2) (E +7RK1>

Ax
RK; =C(x +Ax/2) (E +7RKZ>

RK, = C(x + Ax)(E + AxRK;) 4)
Here E is a unit matrix, hence:
P(x, t)) _ (Po(xo,t))
(U(x, 0) = Mt x) o ) 5)
My, (x,x) = (E + AxC),_1)(E + AxC;},_3) ... (E + AxC{)(E + AxC}) (6)

Where n is a partition number, which has the
meaning of being the separator number between
xoand x, Ax is defined as .(x — x,)/n, and C/shows
C'inx = x, + jAx.

Ueda explained a method for calculating the
stability of the oscillation constant limit gas for
straight tube and looped tube. This is importance
to obtain the onset heating temperature to
produced acoustic power. Then the power can be
used for the other energy for example for
thermoacoustic refrigeration/ Air Conditioner or
thermoacoustic electric power generation. On the
graph shown in Figure 2, the temperature
distribution along the pipe is shown and the
temperature distribution is close to the loop.

From Figure 2, it is known that the transfer
matrix T,, is kept constant at x = —3L/8 to X,. The
transfer matrix M;, is calculated using M;. The

I, T 11 ; T 1 Ty
T¢ | T,
-3L/8 0 X3 5L/8

ambient-heat exchanger transfer matrix M, p, is
calculate from x = —X, —X;, and the hot-heat
exchanger transfer matrix M, which is
represented by a range of regions x = X;up to X,,
and a transfer matrix in the region x = X; up to
5L/8 that symbolized Mj,,.

Tnexpress constant except in the range of the
loop x = —X,up to X; and thermal buffer tube
from X, up to X3, which are then denoted in a row
with My, ; and My;,,. Equation (6) can be used to
calculate the transfer matrix M;; ; and My; .. The
partition number is n =100, because it’s have been
research that the calculation of the stability limit
with the partition number n = 100, 200, and 400
shows the same value. Using all available transfer
matrices, we can calculate the total matrix system
Mgy

Moy = MMy ep My e My s My cpac My 4 (7)

—X; —X; 0 X1 X

Figure 2. Temperature distribution: (a) along the pipe and (b) close to the loop

Automotive Experiences

99


http://journal.ummgl.ac.id/index.php/AutomotiveExperiences/index

Using all total matrix system Mg, the
oscillation pressure P;, and oscillation velocity

Ug 4 have a similar relations in x = —3L/8 to the
Py jand U 4when x = 5L/8, so:
PE A PE B
an(;7) = (075
all UE,A UE,B (8)

In looped tube, there is a slight difference in
calculating the stability of the limit. When the Pg ,

and Ug 4at x = —3L/8 same with position at x =
5L/8. Thus, Eq. (8) can be expressed by:
PE A PE A
e () = (03)
all UE,A UE,A (9)

The solution for (Pg 4, Ug 4) will not be zero if
the determinant of the matrix (M, — E) is zero, or
can be specified as:

(myy —1)(My, —1) —my;my; =0 (10)

Here E denotes the unit matrix of m;; which is
the element of M. Thus, Eq. (10) can determine
the stability limit conditions of the spontaneous
gas oscillation induced in the looped tube
thermoacoustic engine [17]. Then, we can find the
onset heating temperature.

In understanding thermoacoustic devices, we
need to describe the power that connected with
thermoacoustic wave propagation [18]. This is
because an acoustic wave causes pressure,
density, and temperature changes in a
thermoacoustic device, which is very necessary
for energy conversion between heat and work
[19]. In his study, Rott formulated:

H=W- ¢ (11)

As a mathematical calculation, we need to
calculate the acoustic power equation W([W],
acoustic heat power Q [W] [18] which is indicated
by oscillation pressure P and the average of cross-
sectional area A of the oscillation velocity U. The
equation becomes [20]:

. 1 ~
W = 1A = =Re[PU]

2 (12)

Xo — Xe )]
A+0)1-y)
PmCp|UI?
20(1 = 02)[1 =y, |2

0= %ARe [PU(
Im(x,

m

tOB) (13)

Equation (12) and Eq. (13) can be substituted
into Eq. (11) to become Eq. (14).

arm H—SRe[PU(1- 2= )]

Im[xq + o]

dx pmcplUI?
20102112 (14)
In his paper, Yazaki explained that when the
onset heating temperature TH exceeds the critical
will be spontaneous
oscillating [21]. This means, acoustic waves will

temperature, the gas
pass through a circular tube and transfer energy
spontaneously. In this case, the acoustic power
generated from the spontaneous oscillation AW ,
is an input for the ambient-heat exchanger and the
power booster in the loop’s machine. In addition,
acoustic power AW , can be generated from the
number of loop engine heat exchangers [22]. So,
the additional acoustic power on the engine loop
can be formulated into:

AWE = WE,H - WE,A (15)
Furthermore, to increase acoustic power, the
hot-heat exchanger needs to supply acoustic
thermal power Q. Thus, the efficiency of the
engine loop can be written in the equation:
i,
nEl Q'H (16)

In this study, we used the efficiency that
depend by onset heating temperature. The
equation is written bellow [22]:

Me (17)

ncarnot

Ng2 =

Overall, the calculations for the total engine
efficiency are presented in Figure 3.
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Geometry and ambient temperature
of the ambient side of engine (T4)

Calculate stability limit condition of spontaneous gas
oscillation with (dTw/dx)e = contsant and (dTm/dx). = constant

Output heating temperature
(TH), angular frequency (w)
and impedance of ambient end
of the engine (Pt a/UE,)

Calculate impedance of hot end of the engine
(Pen/UEeH) with calculating gradient
temperature in the engine (dT+/dx)e

Evaluate total efficiency of the engine

(1)

Figure 3. Flow chart for evaluating efficiency of the engine (7,)

3. Resuts and Discussion

The results of this study are presented in the
graphs relations of Tyand 7y, for variations in
mean pressure and loop’s radius in Figure 4 and
Figure 5.

Figure 4 shows the lowest onset temperature Ty
has decreased dramatically starting from mean
pressure B, of 0.5 MPa - 2 MPa, and tends to
decrease constantly from 2 - 4 MPa. When R,
got increased, the Ty; shows gradually decreasing.
From this graph it can be seen that the lowest
onset temperature is obtained in 153 °C when P,
is 4.0 MPa and R;,,, is 5 cm. Ty is influenced by
the phase of the wave ¢. This can be observed by
Figure 6.

According to Figure 6, when R;,,, =5 cm and
B, = 4.0 Mpa, the lowest phase ¢ is generated at
50,7°. This is the same as the graph in Figure 4,
which also Ty reaches the lowest value in that
position. This phase is inversely proportional to
the acoustic power produced. The lowest ¢, will
produce the highest acoustic power AW. This is in
accordance with the equation by Ueda [11]:

aw _ap U
W =p Ty T tane-49

(16)

In Figure 5, the efficiency decreases linearly as
the decreases of P,. On the graph it can be
observed, efficiency also decreases as the loop’s
radius Ry, decreases. From the graph, it can be

seen that the highest efficiency is obtained when
P, is 0.5 MPa and R;,,, 1 cm, which is equal to
88.8%.

Figure 4 and Figure 5 show that to achieve high
efficiency, high onset temperatures are also
needed. When B, is 0.5 MPa and R,,,, 1 cm, the
highest efficiency is obtained, but the required
onset temperature is also high, reaching 2295 °C.
Conversely, when the P, is 4 MPa and R, 5 cm,
the lowest heating temperature is obtained in 153
°C, but the resulting efficiency is not too large,
only 38.1%. Select the proper parameters is
needed to get the highest efficiency or to get the
lowest onset temperature. In this research, the
most properest to execute is at P, of 2 MPa and
Rio0p 5 cm. This election is not solely without
reason because is produce T,174 °C wich
including in low grade waste heat [23] the most
generated from industrial activity [24].

In the calculation 7;,, the actual efficiency of a
machine 7, is compared with the carnot
efficiency 7, according to the Eq. (15). The higher
the actual efficiency value and the lower the
carnot efficiency value, it will reach its maximum
Ng2- The relation of ng,,n, and B, are shown in
Figure 7 and Figure 8, it can be seen both of nz; and
n¢ reach their maximum values when they are
used P, 0.5 MPa and R,,,, 1 cm. This is evidence
of involvement 1z, and 1. to ng,.
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Figure 4. Graph Ty as a function of P, and R;40p
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Figure 6. Graph of ¢ as functions of P, and R,y
100

80
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Mean Pressure (MPa)
Figure 5. Graph 7, as a function of P, and Ry,

100
80 —6— Riggp-10m
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T T T T 1
2 3
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- R 3ecm

Loop =

Mean Pressure (MPa)
Figure 8. Graph 7. as a function P, and R4,

4. Conclusion

In this study, the lowest onset temperature is
T4 153 °C which is more affordable for waste heat
in the engine car to be converted to another useful
energy. This temperature is obtained when the
mean pressure P, 4 MPa is used and the radius of
the loop is 5 cm. With this onset temperature, the
efficiency of the engine produced is 38 %. In this
study, it can be concluded that there is an effect of
mean pressure and loop’s radius on the of onset
heating temperature and thermoacoustic engine
efficiency. The engine model gives guidence for
researchers who work experimentally to select
parameter for getting low heating temperature.
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