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Abstract

A water drinking bird or simply drinking bird (DB) is discussed in terms of a
thermomechanical model. A mathematical expression of motion derived
from the thermomechanical model of a drinking bird and numerical solu-
tions are explicitly shown, which is helpful in understanding physical mean-
ings and fundamental difference between mechanical and thermomechanical
periodic motion. The mathematical and physical differences between me-
chanical and thermomechanical motions are clearly examined, resulting in
time-independent and time-dependent coupling constants of equations of
motion and continuous transitions between bifurcation solutions. The ther-
modynamical and irreversible process of a drinking bird motion could be
theoretically examined and practically applied to energy harvesting technolo-
gies by way of the current modeling. As an example of irreversible thermo-
dynamics, the thermomechanical model of DB will help understand heat en-
gines manifested from microscopic to macroscopic systems.

Keywords

Mechanical and Thermomechanical Model, Nonlinear Equations,
Continuous Transitions between Bifurcation Solutions, Energy Harvesting
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1. Introduction

A drinking bird (DB) known as dunking bird, insatiable birdie or dipping bird is
an interesting toy, which simultaneously demonstrates wonders of thermome-
chanical phenomena. It is reported that a physicist, A. Einstein, was so fasci-

nated by the drinking bird that he spent for three and one-half months to figure
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out or enjoy the relation between evaporation-pressure and mechanical work [1].
The DB’s motion displays a fundamental thermomechanical phenomenon,
which is a fundamental and active research field at present.

The DB toy consists of the upper bulb (head), body tube and lower bulb filled
with a highly volatile liquid of dichloromethane (CH.Cl,) shown in Figure 1(a).
The mechanical motion of a DB is given by a nonlinear differential equation
coupled to a stream of thermal energy which assists the up-and-down motion of
the volatile liquid substance in a glass tube, which is driven by the pressure dif-
ference exerted by temperature difference between head and lower bulbs. The
temperature difference produced by evaporation of water around head and beak
is essential to generate periodic motions as a whole, and so, the water drinking
bird is actually regarded as a small heat engine.

Though a drinking bird is a heat engine, the motion has not been investigated
through thermodynamics and theory of irreversible thermodynamics, and in ad-
dition, it is not clearly discussed which movements of a DB are respectively me-
chanical and thermodynamical. One reason can be stated that a physical model-
ing of a drinking bird has not been clearly shown, and only experimental mea-
surements of motion have been conducted by using modern equipments, such as
voltmeter, thermistor, magnetometer and a light shutter of a photovoltaic cell [2]
[3] [4]. We discussed possible theoretical modeling of DB’s motion for the
theory of irreversible thermodynamics, which is a purpose of the current paper.

A Stirling engine is also a well-known heat engine operated by a cyclic com-
pression and expansion of air at different temperatures, which could be an active
research area in spaceship project for energy resources by using nuclear energy.
In terms of thermodynamic principles, the drinking bird, Stirling engine and
nuclear radiation reactors are considered to be equivalent as “heat engines” [5]
[6] [7], and hence, one can learn fundamental principles of thermal reactors, or
even applications to nuclear reactors from dynamics of a drinking bird. The flow
of heat into environment or dissipation of heat into thermal bath is producing
mechanical work, whose driving force is called the principle of maximum en-
tropy in thermodynamics known as the second law of thermodynamics. Hence,
it exhibits fundamental properties for physics; the water drinking bird is a mar-
velous toy not only for children but also for experts and people in general.

. The center of mass
(head, m) .~

The center of mass' &
(glass tube, m))

. The center of mass
~(the lower bulb, m,)

@ ®)

Figure 1. A mechanical modeling of a drinking bird. (a) A drinking bird (DB); (b) A
mechanical model for the drinking bird of (a).
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Macroscopic motions and changes in nature including living things are con-
sidered to be consequences of nonlinear dynamical interactions based on energy
and entropy [8] [9] [10], dissipative processes and streams of heat existing from
macroscopic and thermomechanical structures to microscopic, cellular, molecu-
lar and atomic structures. The motion of a drinking bird is produced by nonli-
near interactions which are difficult to trace from the solution of equations of
motion. This is because a nonlinear differential equation usually produces bi-
furcation solutions which are qualitatively and quantitatively different from each
other, which was first introduced by mathematician, Henri Poincaré, in 1885
[11]. The bifurcation solutions appear suddenly with changes of parameter val-
ues of a nonlinear equation, and even when a small smooth change is made to
parameter values, one will observe a stable solution suddenly splitting into two,
or possibly more stable solutions [12] [13] of nonlinear equations of classical
and quantum systems.

The DB’s mechanical nonlinear equation of motion has bifurcation solutions,
for example, an ordinary periodic oscillation around € =0 (see, Figure 1), and
an upside-down oscillation converging to 8= (see, in Section 2), which is
impossible to construct continuous solutions to connect bifurcation solutions
because they are converging to different values. It is not possible for a mechani-
cal DB model to obtain a periodic solution starting from an oscillation around
0 =0, then converging to = by changing parameter values of the equation
of motion (see, Section 2).

We introduced a thermomechanical model of DB, which continuously con-
nects bifurcation solutions and imitates DB’s drinking motion reasonably well;
the thermomechanical model clearly exhibits oscillations of lovable drinking
bird. We introduce a thermomechanical model of water drinking bird by as-
suming a constant volatile-liquid velocity, V,, in order to imitate DB’s approx-
imate periodic motions. The parameter values of the DB’s nonlinear differential
equation of motion are examined in the numerical analysis and solutions are ex-
plicitly exhibited. A mechanical model and numerical calculations are explained
in Section 2, and a thermomechanical model with thermal driving force and
numerical simulations are discussed in Section 3, which clearly shows that DB’s
motion is induced by Newtonian mechanics and irreversible thermodynamics.

Conclusions and perspectives are discussed in Section 4.

2. The Mechanical Motion of a Drinking Bird

The DB’s drinking period (time from a drinking to next drinking) changes dras-
tically with environmental and mechanical conditions (temperature, humidity,
friction of mechanical parts, impacts on the edge of glass, amount of water on
the beak, ). Hence, the average period of drinking bird can only be determined
roughly. The periods in the beginning are rather long, which may take about 2
minutes with the initial starting angle 0= TE/ 6 (see, 1(b)), and it becomes
roughly converging to 30 - 40 seconds when oscillations are stable, depending on

environmental and thermal conditions. All the periods of a drinking bird are not
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the same as those determined in mechanical pendulums and springs.

The periodic motion of a drinking bird is considered to be composed of two
independent motions: a simple back and forth oscillation around #=0 and a
drinking motion converging to #=m which is an upside-down oscillation.
However, the upside-down oscillation of a drinking bird is mechanically re-
stricted in a real toy, not to go beyond an angle & ~m/2 by the shape of arm
and a hole of axis of rotation (see Figure 1(a)). A simplified mechanical drink-
ing bird is introduced as Figure 1(b) by employing the concept of centers of
mass, and centers of mass of head, glass tube and lower bulb are respectively in-
troduced as my,m, and m, (m, +m,+m, =28.00). The length of mechanical
drinking bird is a+b=1 and supposed to be a~6.0, | 212.4(cm) for nu-
merical calculations. The cgs-unit (cm, gram, second) is used in the paper. This
is the basic mechanical structure to be improved by a thermomechanical model
for realistic simulations in Section 3.

The equation of motion for the mechanical drinking bird is constructed from
Newtonian mechanics, or Lagrangian dynamics with the rotational kinetic

energy and potential energy:
L’:%loéz+{nga—mlg(b—laj—%gb}cose. (2.1)

where the moment of inertia is given by the sum, |, =1, +1, +1;, which con-
sists of the moment of inertia of head |, glass tube 1, and lower bulb I,,
respectively. Because of the center of mass assumption, the moment of inertia of
head and lower bulb are given by |, = m2a2 and |, = msbz. One should note
that the mass, m,, is the sum of masses of liquid and lower glass bulb.

The glass tube is assumed to have the mass M, with length |=a+b, and
the moment of inertia is obtained as [14] [15]:

S

The angle 6 is measured from the vertical direction as in Figure 1(b), and
the equation of motion for DB is derived by way of the Euler-Lagrange equation
as,

Ioé+gl{mzli—m(%—%j—m3|9}sin9=0, (2.3)

where 1, =1, +m,a’+myb’,
The velocity-dependent friction term, O (cis a free parameter), is included
in the equation of motion for accounting an oscillation damping, and by defin-

. . * .
ing the effective mass, M’, for convenience as:

a b 1 b
m=m-—m|-——=|-m,—, (2.4)

2 ml[ | zj 1

the mechanical equation of motion for a DB is written as,
.. R Im* .
6+c0+ 9™ sing =o0. (2.5)
I0
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Now, one can check the nonlinear Equation (2.5) whether it can express the
motion of DB reasonably well or not by adjusting parameters, a,l,c,m;,m,,m;;
initial conditions, 9(0)275/6 and 9(0)20, are used in numerical simula-
tions. The following parameters are fixed: g = 980(Cm/ SZ) , a= 6-0(Cm) )
| =13.0(cm), ¢=0.04(1s).

In the mechanical DB model, one obtains bifurcation solutions: a simple back
and forth damping oscillation converging to =0 and an upside-down
damping oscillation converging to 6 =m, as shown in Figure 2(a) and Figure
2(b) respectively. The solutions are independent and suddenly change to the
other solution when combinations of mass parameter values get to a threshold
for a bifurcation. Typical solutions to the DB nonlinear mechanical equation are
shown in Figure 2; m =140, m, =14.0, m, =0.9m, for Figure 2(a), and
m =280, m,=140, m,=0.8m, for Figure 2(b). The solution of up-
side-down motion is mechanically restricted in a DB toy as one can notice from
the shape of arm and axis of rotation [16]. However, it is not restricted in the
mechanical model of a DB, and hence, upside-down oscillation solutions (oscil-
lations converging to #=7n or 6=-7n) can suddenly appear in certain com-
binations of parameter values, and it is not possible to find a continuous solution
from Figure 2(a) to Figure 2(b) by changing parameters of the Equation (2.5),
because they are mutually bifurcation solutions.

Based on the mechanical DB simulations, we remark:

(Remark 1)

The imitation and construction of the motion of drinking bird cannot be
possible based only on Newtonian mechanics, because the nonlinear equa-
tions derived from Newtonian mechanics cannot describe continuous tran-

sition between bifurcation solutions.

The shape of a mechanical DB could be more realistic, which corresponds to
changing distributions of mass and the moment of inertia. Changing parameters

do not produce DB’s periodic motion. Hence, different external force to keep
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Figure 2. Solutions to a mechanical drinking bird defined by the Equation (5). (a) [The
back and forth damping oscillation of a mechanical drinking bird. Initial values:

6(0)=n/6 , 0(0)=0, (oscillations converging to 6=0).]; (b) [The upside-down
oscillation of a mechanical drinking bird. Initial values: 6(0)=n/6 , 6(0)=0 .

(oscillations converging to 6=m)].
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periodic motion should be essential, which originates from thermodynamic
force. The properties of nonlinearity of DB equation make analyses of solutions
difficult when thermal effects are included, but it results in a physically and ma-
thematically interesting solution, which will be discussed and numerically shown

in the following sections.

3. A Thermomechanical Modeling for the Motion of a
Drinking Bird

We will demonstrate a method to imitate DB’s periodic motion, which is beyond
classical Newtonian mechanics as discussed in the previous section. From expe-
rimental observation, one can examine that physical parameters of equation are
changing with time, because the liquid inside a glass tube (CH,Cl,) is moving
upward with time until the drinking bird drinks water. The DB’s mechanical
constituents which should become time-dependent would be, respectively, the
moment of inertia, I;,1,,1;, masses, M, m,,m;, and the center of gravity of
m, fixed at a; the center of gravity of m, shifts upward because liquid in m,
moves upward with time.

The constituents become time-dependent by way of upward moving liquid
induced by external thermodynamic force. The velocity of upward moving liquid
is not smooth, however, we assume the average velocity of liquid as V,, whose
appropriate value will be determined by numerical simulations. The mass and
moment of inertia, M, = 7.0(9) and |, given by the Equation (2.2), are fixed
with length |=12.4(cm) for simulations. The DB’s motion is not sensitive to

variations of mass m, .

3.1. The Construction of Time-Dependent Moment of Inertia,
I,(t), Induced by Upward Moving Liquid

Let us suppose that at time £ the volatile liquid (density, p,, g/cm?) in the glass
tube (cross-section, s, cm?) goes upward with the speed V, and length, V,t, as
in Figure 3. The mass M, is separated to the upward moving liquid and the

rest of liquid with the lower glass bulb. The lower mass M, is the sum of

The axis of rotation

Figure 3. The time-dependent moment of inertia with upward motion of liquid. p, is
density of CH.Cl, s is the cross-section of glass tube and v, is the upward velocity of

liquid.
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masses of a glass bulb and liquid, and the density of liquid is specifically given by
p ~1336¢9 / cm® , and the cross-section of the inner glass tube is,
s =0.1256 cm? (the internal radius ~0.20 cm) [3].

The mass of liquid is SV, and the mass at the lower bulb becomes
m, — p,;SVyt . The moment of inertia for volatile water around the axis of rotation
is given by the sum of moments from a-V;t to aand a’ (m, —pSVt) given

by the remaining mass at a:

1, (t) =Ia rfdm+a’(m, - psvit) (dm=p;sdr)

a-vy
as (a =Vt )3

=p|5(?—TJ+az(mz—P|5Vot) (3.1)

242 343
SVt SVt

=a’m, 1- 2%t | AVl |,
am, 3a’m,

Because of time-dependent volatile water distribution, the center of mass of
m, is shifted from ato X, ('[) with time as:

1 /ca
X, (t)= m—(J'avatrdm +a(m, - p svot)) (dm = p;sdr)
2

2
Ca- A8 (Vot) —al1- AVt _
2m, 2am,

(3.2)

One should note that the shift, X, (t) , should be substituted for a in Equation
(2.4), because a in Equation (2.4) means the position of center of mass m, at
t=0, corresponding to X, (0) =a.

When liquid in the glass tube reaches the head, the mass of head, m,, changes
with time. It is denoted by m; (t) as:

m s(vot—1) whenvgt>I
m; (t)z 3+ 0 ( 0 ) 0 (3.3)
m, when v,t <1
resulting in the moment of inertia of the head:
I (t)=m; (t)b%. (3.4)
Now, the time-dependent moment of inertia is expressed as:
L(t) =1+ 1, (t)+1,(t), (3.5)
and the substitution of X, (t) and m;(t) for aand m, in (2.4) will yield:
. X, (t b 1 N ¢
m* (t)=m, zl( )_ml(T—E)—m (t)T. (3.6)

The numerical simulations are ready to be performed whether it is possible to
produce periodic DB motions by adjusting parameters, m;,m,,m,,V,,a,l, and
initial starting values are 6(0)=n/6 and 6(0)=0.

3.2. Numerical Simulations for a Thermomechanical DB Motion

By employing the result above, the equation of motion for the thermomechani-

cal DB could be written as:
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é+cé+Msin9 =0, (3.7)
H(t)
and the nonlinear differential Equation (3.7) should be compared with the me-
chanical equation of motion of (2.5). The Equations (2.5) and (3.7) are almost
identical, except for time-dependent mass, m’ (t) and moment of inertia,
1(t).

However, one must be careful that although the Equation (2.5) can be derived
from Lagrngian (2.1), the Equation (3.7) cannot be derived from Lagrngian (2.1)
with m"(t) and | (t) . A Lagrangian corresponding to (3.7) does not exist, and
even if one could formally write down a complicated Lagrangian to obtain (3.7),
it breaks the law of energy conservation fundamental for Newtonian mechanics.
The energy of DB’s motion is not conserved, or in other words, irreversibly dis-
sipated, because the motion of a DB is an irreversible thermodynamic
phenomena. This is the reason why we call the Equation (3.7) as a “thermome-
chanical model”.

The thermomechanical model can produce DB’s one periodic motion reason-
ably well, and the thermomechanical DB Equation (3.7) has a continuous solu-
tion changing from a standard periodic motion (oscillations around 8=0) to a
drinking motion which is converging to the upside down oscillations (oscilla-
tions around 6 =) shown in Figure 4(a). However, in a real toy, the angle of
bird’s water dipping is restricted with the artificial shape of arm and axis of rota-
tion in order to avoid upside-down solutions, and in addition, the angle resets
the volatile water in the glass tube for next periodic motions. Hence, it is neces-
sary to realize the same mechanism in numerical simulations.

When the angle of bird’s water dipping (0 =~ 1/2) resets volatile liquid in the
glass tube, some mechanical properties of a DB are initialized (more or less in-
itialized, because mechanical and thermodynamic state are not the same at all).

The initialization in the equation of motion means that time-dependent

angle (radian)
— 8] w . B
angle (radian)

o

0 20 40 60 80
time

(@)

Figure 4. The one-periodic solution to a thermomechanical drinking bird defined by
Equation (3.7), and (b) is the motion after initialization at @~mn/2 . (a) [The

thermomechanical DB solution changes continuously from oscillations around =0 to
those around @=n (upside-down oscillations). Initial starting values: 0(0)=n/6 ,
6(0)=0. The arrow indicates the initialization point (t~38.8, @~n/2) for (b).] (b) [The
initialization of bird’s motion at t~38.8 seconds and #~n/2 in (a), resulting in

oscillations after drinking.]
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quantities become

(%, (t),m"(t),1(t)) > (a,m ,|0)t1, (3.8)
at a drinking time 1, . In order to initialize as (3.8), we use a step-function which
is denoted as Unitstep(t, —t):

Unitstep(t, —t) = {t 2 i:

(3.9)

The time of initialization or drinking period, t, is determined from the solu-
tion to produce the bird’s drinking angle € ~m/2 in numerical simulations. By
inserting the step-function in the drinking bird calculation, the initialization,
<X2 (t),m"(t),1 (t)) Unitstep(t, —t) —» (a, m", IO)tl , must be performed in the
numerical calculation. The time t, indicates a period of bird’s drinking time,
and the step-function technique is also used for m; (t) in Equation (3.3), when
volatile water in the glass tube reaches the bird’s head.

A continuous transition of motion from a normal oscillation to an upside
down oscillation is shown in Figure 4(a), and Figure 4(b) is the one-periodic
drinking motion initialized at time t, ~238.8 with the angle & ~ /2. The os-
cillation becomes slow in the time range 25t <S40 in Figure 4(a), which is
the time for the volatile water in the glass tube reaching the head and slowly in-
creasing the moment of inertia for the bird head, and it corresponds to a slow
periodic motion of a real toy before the bird’s dipping water. When DB’s water
dipping and initialization are introduced at t, =38.8, one obtains the Figure
4(b).

The period of drinking water is T =38.8 (second) and the number of oscil-
lation (frequency) is f =27 in Figure 4. The periods of motion gradually
change in time and elongate until the bird drinks water, and hence, the exact re-
lations of period, frequency, wave length and velocity of rotation well-known in
linear wave mechanics, are not obtainable. These values are sensitive to changes
of parameter values and the velocity, V,, of volatile water in the glass tube. The
nonlinear equation of motion (3.7) produces forward (6 =m) and backward
(6 =-n) upside down solutions depending on parameter values, and the normal
oscillation around (6 =0) can be connected to those solutions by changing the
value of artificial initialization time, t, . For numerical calculations, it is better to
make a check-list of how period, frequency, wave length are characteristically

changed by the variations of parameters in Table 1.

Table 1. The parameter values for DB’s one periodic motion in Figure 4(a). The
parameters are listed in cgs-unit (cm, g, second). The gravitational constant,

(g=980 cm/ s*) and constant of friction term (C=0.45") are fixed. The parameters to
be adjusted are, masses: m,, m,, (m +m,+m, =28.009 ); velocity of liquid V, in the
glass tube and lengths, /and a. The ratio of masses m,/m, =05 is better for optimal

performance of DB’s motion. The Mathematica is used for numerical simulations.

m, (g) m, (g) m,/m, v, (cm/s) I(cm) a(cm)

7.0 14.0 0.5 0.25 12.4 6.0
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3.3. Numerical Simulations for the Periodic Thermomechanical
DB Motion

The motion of a real DB toy is not accurately periodic like a spring or a pendu-
lum, because initial and starting conditions for each DB’s periodic oscillation are
not completely the same; for example, the quantity of volatile water returned in
the lower bulb, the effect of impacts of bird’s beak at the edge of glass of water,
temperature and humidity of environment are not identical at all. These varied
conditions change the speed of volatile water in the glass tube, V,, essential for
the periodic oscillation, and hence, though all the starting conditions for the real
DB’s periodic motions are a little different, sufficiently stable periodic motions
are produced.

The periodic thermomechanical DB motions (up to DB’s 3-dipping motions)
will be shown in the section, and they are sensitive to changes of parameter val-
ues and initialization timings, and one often obtains unexpected upside-down,
two- or three-rotation solutions, which makes hard to control to obtain expected
periodic solutions; one would need some time to get used to changing parameter
values to obtain solutions shown in Figure 5. After one adjusted parameter val-
ues of initialization at {, conditions of initialization for the second and third
period, t,,t;, are not simple t, =2t,t, =3t,, but it is helpful to search the in-
itialization time or dipping time. In Figure 5, the second and third periodic so-
lutions are shown (t, =38.0, t, =68.3 and t; =101.3). Though the speed and
amount of volatile water returned after bird’s dipping are different in real DB
motions, the velocity, V,, of volatile water in the glass tube of thermomechani-
cal DB is assumed constant, and the amount of volatile water returned from
bird’s dipping should also be adjusted in the model calculation.

In theoretical terms, the DB’s motion is a dissipative and irreversible process,
and mechanics and thermodynamics are integrated in the motion. Therefore, the
drinking bird is not only fascinating but also scientifically fundamental in order
to study fundamental principles. The thermomechanical model (3.7) could pro-
duce a useful mathematical expression to imitate DB’s periodic motions, and

properties of nonlinear equations with time-dependent coefficients are revealed.

angle (radian)
angle (radian)

L L L

0 20 40 60 80 100 0 20 40 60 80 100 120

time time

(a) (b)

Figure 5. The DB solutions produced by the thermomechanical model (3.7). (a) [The
thermomechanical DB solution with initialization at t =38.0 and t,=71.5.] (b) [The

thermomechanical DB solution with initialization at t =38.0, t,=68.3 and t,=101.3].
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Other mathematical models could be constructed [3] for DB’s motion. We have
at least another model different from (3.7), and readers also could discover other
different mathematical models for DB’s periodic motions.

Although mathematical properties and structure of solutions are interesting,
mathematics is only useful in science as a method of taxonomy in order to de-
scribe observations rigorously. The equation of thermomechanical model im-
itates DB’s periodic motion reasonably well, and it would be useful for investiga-
tions of mechanism and related variables for understanding fundamental prin-
ciples such as energy and entropy and possible electromechanical applications.

Based on the thermomechanical DB simulations, we would like to remark as:

(Remark 2)

The construction and duplication of the thermomechanical drinking bird
show essentially complementary relations between Newtonian mechanics
and thermodynamics to operate natural motions by way of energy, speed of
matter, heat and temperature. Whatever principles we could conjecture to
explain thermomechanical phenomena, natural phenomena are more fun-

damental than any consistency of humane logical thought-experiment.

4. Conclusions and Perspectives

The more we study DB’s motions, the more we realize that it is scientifically
interesting and enlightening in terms of physical principles and applications.
It would help people in science reflect on physical principles and science,
such as energy and entropy, status of mathematics in science, fundamental
meanings of applicability and application. The drinking bird also encouraged
us to consider fundamental logical structure of science, regarding reproducibili-
ty, self-consistency and testability. Reproducibility means exact recordings of
experiments (mathematics as taxonomy), correct reproductions of observed data
and natural phenomena. Self-consistency means no contradictions within a
model as theoretical consistency and calculations. Testability includes experi-
mental and possible theoretical tests as well as specific applications in science;
applications are required for testability, which must not be taken for granted.
These three criteria are essential to define science.

Although mathematical analyses combined with supercomputers and experi-
mental technologies are helpful and powerful instruments to observe natural
phenomena, they correspond to taxonomy in science: exact reproductions, ex-
pressions and calculations. One should always have in mind that physical prin-
ciples and laws to maintain three criteria are fundamental and ultimate entity for
science.

It should be emphasized that mathematical properties (nonlinearity, differen-
tial equations, ...) and supercomputer simulations of natural phenomena are on-
ly for the purpose of taxonomy and correct recordings of observations. Beyond
taxonomy, we have to test our models to ultimately understand dynamics and

principles of nature, which is the most fundamental property in science. The
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DB’s periodic motion can be mathematically expressed, however, it is not the
end of the problem, the beginning of pursuit of fundamental physics. The end of
science or physics is in mind of people who believe that the end of physics exists.
Natural phenomena are beyond human imagination.

The theory of DB’s irreversible thermodynamics is fundamental and applica-
ble to any structure considered to be a heat engine from microscopic to macros-
copic scales, such as the energy flow of nuclear energy reactors, flow of electric
current through semiconductors, thermocouples, chemical reactions and elec-
tron transport processes in batteries, energy conversions of biological systems,
etc. Hence, it is interesting to conjecture thermomechanical principles, laws
and relations to quantum electrodynamics (QED) and quantum hadrodynam-
ics (QHD) [17] [18]. The fundamental physics is not only in high energy
phenomena, but also in DB’s motion, ordinary and routine natural science.

It is fundamental to check the theory of irreversible thermodynamics, applica-
tions and applicability manifested in the DB analysis, and it could be a possible
theoretical foundation for new applications to renewable and sustainable energy
harvesting technologies [19]. Similarly, applications of a Stirling engine to sus-
tainable energy technologies as thermodynamic theory of heat engine can be in-
vestigated. Temperature and pressure of a container sealed with a working fluid
are measured by remote sensor measurement. It is possible to establish a power
generation system by providing a large temperature and pressure difference in
the container [20].

A drinking bird is a fascinating toy to understand and appreciate possibility of
the theory of irreversible thermodynamics, more fascinating than we discussed
in the paper. It encourages us to study fundamental physics, mathematics and
logic in science, and we realize that this is an appropriate concluding remark in
this study.
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