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ABSTRACT: The expansion or compression of gas confined in a piston-
and-cylinder device is a classic working example used for illustrating the
First and Second Laws of Thermodynamics. The balance of energy and
entropy enables the estimation of a number of thermodynamic properties.
The entropy generation (also called entropy production) resulting from this
process can also be used to determine the feasibility and reversibility of a
process. In this work, we present an extended discussion involving
quantitative analysis of the effects of friction between a piston and the
interior wall of a cylinder. Our findings indicate that the friction force caused
by the movement of the piston is a main source of entropy generation in
this process. This explanation does not appear in most textbooks dealing
with similar problems. We also discuss, from a quantitative perspective, the
effects of friction on the dynamic physical and thermodynamic properties,
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including entropy generation. Our findings suggest that engaging students in a discussion related to piston-and-cylinder problems
involving the effects of friction could provide valuable insight into entropy generation in practical applications.
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G as subjected to expansion or compression while confined
in a piston-and-cylinder device is a common topic in
thermodynamics' > and physical chemistry’™® textbooks to
illustrate the First and Second Laws of Thermodynamics.
Specifically, the conversion of energy between work, heat, and
internal energy provides an excellent illustration of the First
Law of Thermodynamics, which states that energy can be
neither created nor destroyed but can change form. When
performing an entropy balance for the same process, the value
of entropy generation (also referred to as entropy production)
can be used as a measure of process feasibility and reversibility.
Specifically, the Second Law of Thermodynamics stipulates that
processes with positive entropy generation are considered
teasible and irreversible, those with zero entropy generation are
considered reversible, and those with negative entropy
generation are considered reversible. In cases of compres-
sion/expansion within a piston-and-cylinder device following a
sudden change in conditions, such as the removal of weight on
the piston in one step, entropy generation will be positive, and
the process will be considered irreversible. By contrast,
processes involving infinitesimal changes undergo entropy
generation approaching zero such that the process will
approach reversibility. Working examples appear in most
textbooks on thermodynamics and physical chemistry;
however, the role played by friction has not been discussed
in a quantitative manner. The importance of friction produced
between a piston and the interior wall of a cylinder with regard
to the expansion/compression of confined gas is three-fold: (1)
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friction eventually causes the piston to stop moving; (2) friction
determines the dynamic behavior of a piston before reaching a
new equilibrium state; and (3) friction is a main source of the
entropy generation. In this paper, we present several
illustrations of gas confined within a piston-and-cylinder device
subject to isothermal expansion. We present analysis of the
energy and entropy without taking into account the effects of
friction (conventional analysis) and compare this to analysis
that considers the effects of friction. The effects of friction on
the dynamics and the thermodynamic properties of the
confined piston are discussed in a quantitative manner. We
then discuss how this approach to analysis can help students to
gain deeper insight into the issue of entropy generation and the
Second Law of Thermodynamics.

B ANALYSIS OF ISOTHERMAL EXPANSION
WITHOUT CONSIDERING THE EFFECTS OF
FRICTION

In this section, we present analysis of energy and entropy
associated with a piston-and-cylinder device undergoing
isothermal expansion initiated by the removal of weight from
the piston. In this investigation, we disregard the effects of
friction, as is the case in most existing textbooks on
thermodynamics or physical chemistry. We investigate two
cases: the removal of the weight in a single step and in an
infinite number of steps. The examples presented in this section
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serve as a control group for the subsequent investigation in
which the effects of friction are discussed.

Removal of Weight in a Single Step

We initially consider one mole of ideal gas confined within a
piston-and-cylinder device with a weight bearing down on it
from above (Figure la).

(a) (b) (c)

S

Figure 1. Illustration of expansion of confined gas initiated by the
removal of the weight from the piston: (a) prior to the removal of the
weight, (b) immediately after the removal of the weight, and (c) the
point at which a new equilibrium state is reached. The dashed lines in
panel c illustrate how the system is defined for analysis of energy and
entropy.

The specifications in this example are identical to the
illustrations found in the thermodynamics textbook written by
Stanley Sander.” The temperature is fixed at 25 °C. The masses
of the piston and weight are 5 kg and 100 kg, respectively. The
pressure outside the device is fixed at 1.013 X 10° Pa.
Expansion of the confined ideal gas is initiated by the removal
of the weight in a single step (Figure 1b). The expansion
process ends when a new equilibrium state is reached (i.e., the
piston stops moving, Figure 1c). By using the ideal gas law, the
initial and final volumes of the confined gas can be calculated as
follows:

v= "L _ 001213 (m?)
P (1)
RT

Vi = = = 002334 (m?)
P 2)

where V; is the initial volume, # is the mole number, R is the gas
constant, T is temperature, P, is the initial pressure, V; is the
final volume, and P; is the final pressure. The cross-sectional
area of the cylinder is 0.01 m” Given the initial and final
volumes of the confined gas, the work done on the gas during
expansion can be calculated as follows:

Vi
wz—/ Py dV
4 3)

where w is the work done on the gas due to its volume change,
V is the volume, and Py is the pressure at the moving boundary
of the system. The system is defined as illustrated in Figure 1,
panel ¢, such that Py is a constant (1.013 X 10° Pa). Thus, w
can be calculated as equal to —1136 J. Estimating the heat
transferred across the system boundary during expansion
requires that an energy balance (the First Law of Thermody-
namics) be employed:
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2
AU + Alm(v— + gh)] =q+w
2 @)

where AU is the change in internal energy of the gas, m is the
mass of the system, v is the velocity of the system, g is gravity, h
is the height of the system, and q is the conductive heat transfer
to the confined gas. The term in the bracket of eq 4 accounts
for the kinetic and potential energy in the system. The system is
static at the beginning and end of this process (assuming the
presence of friction); therefore, the change in kinetic energy
drops to zero. In addition, the change in internal energy during
this process is also zero because the internal energy for an ideal
gas is a function of temperature only, and expansion is assumed
to be isothermal. Therefore, eq 4 can be simplified as follows:

©)

As for the change in potential energy within the system
(comprising confined gas and a piston), we take into account
only that of the piston. The reason for this is the fact that the
mass of the confined gas is relatively small compared to the
mass of the piston. Using the calculated initial and final
volumes of the gas and the cross-section area of the cylinder, we
calculate the difference in elevation of the piston before and
after expansion as 1.12 m. Thus, we can derive Amgh as 55 J.
After we acquired the values of w and Amgh, q is calculated
using eq S, which results in 1191 ]J.

Entropy generation (also called entropy production)
associated with this process can be obtained using the entropy
balance equation:

=145

T (6)
where AS is the change in entropy in the system, and S, is
entropy generation in the system as a result of this process.
Entropy is a state function, wherein changes in entropy for an
ideal gas undergoing an isothermal process can be expressed as
follows:

[¥)
AS = nR In| —
Vi (7)

By using eq 7, AS is calculated as 5.44 J/K. By using eq 6, we
can then obtain the S, of the piston-and-cylinder device due

to this process as 1.45 J/K. This positive value for Sy, indicates
that this expansion is an irreversible process.

Removal of Weight in Infinite Steps

A(mgh) =q+w

AS

In this section, we examine the expansion of the confined gas in
the same piston-and-cylinder device; however, the weight is
removed from the piston in a different manner. Herein, we treat
the weight as a pile of sand such that the grains are removed
one at a time. In this manner, the process of expansion can be
considered to occur in infinite steps with infinitesimal changes
in weight on the piston. For each of these steps, the piston is
assumed static, and the pressure at the system boundary (Py)
can be expressed by the pressure of the confined gas and the
pressure caused by the weight of the piston. Thus, to calculate
work performed by the system, we rewrite eq 3 as follows:

V;
wz—/f(P—%)dV
v A

i

(8)

where P is the pressure exerted on the confined gas. According
to the ideal gas law, P in eq 8 can be expressed in terms of V.
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Thereafter, w is calculated as —1568 J. By using eqs 4 and §, q is
calculated as 1623 J. Following the same analysis presented in
the preceding section, AS and S, are calculated as 5.44 and 0
J/K, respectively. The zero value obtained for S, means that
this process is reversible. The relevant physical properties of the
confined gas during the expansion process caused by the two

methods of removing the weight are listed in Table 1.

Table 1. Changes in Thermodynamic Properties of Confined
Gas Undergoing Isothermal Expansion in a Piston-and-
Cylinder Device

Removal of Weight in Single Removal of Weight in Infinite

Properties Step Steps
AU () 0 0
A(mgh) (J) SS SS
w (J) —1136 —1568
q0) 1191 1623
AS (J/K) 544 544
Sgen J/K) 145 0

The representation found in most textbooks on thermody-
namics and physical chemistry indicates that the reversible
process (Sge, = 0) caused by the removal of weight in infinite
steps yields a larger amount of work performed by the system
than is the case with an irreversible process (Sgen > 0) caused by
the removal of weight in a single step.

B ANALYSIS INCLUDING THE EFFECTS OF FRICTION

The previous analysis of energy and entropy is accurate;
however, it is incomplete due to a failure to take into account

PB'A
f°Vpiston
P-A
m-g
Figure 2. Illustration of force balance on piston.
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Figure 3. Volume of confined gas and piston velocity as functions of
time following the removal of weight from the piston in a single step in
the absence of friction (f = 0).
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Figure 4. Rate of change of entropy in the system and entropy
generation associated with expansion as functions of time in the
absence of friction (f = 0).

the effects of friction. A failure to consider the effects of friction
makes it impossible to gain an understanding of system
dynamics prior to reaching equilibrium. In this section, we
present a discussion of the effects of friction on the expansion
of a confined gas, which is lacking in existing textbooks. The
definition and specifications of the system are the same as those
applied in the previous section. We begin analysis with the
energy and entropy balance in differential form:

d_U d(%mvz) N d(mgh) _

+ + n
dt dt dt T )
s _q
dt T gen (10)

where g, #, S, are the rates of heat transfer, work generated/
consumed, and entropy generation, respectively. m in eq 9
represents the mass of the system, which includes 1 mol of ideal
gas and a S-kg piston. The mass of the 5-kg piston is much
larger than that of the confined gas; therefore, the rate of
change in kinetic and potential energy is dominated by the
piston. The rate at which work is generated/consumed in eq 9
can be expressed as the product of the pressure at the moving
boundary of the system and the rate of negative change in
system volume. The internal energy of an isothermal system
remains constant, and the rate at which entropy changes can be
expressed using pressure, temperature, and the rate of change in
the volume of the confined gas. Thus, eqs 9 and 10 can be
rewritten as follows:

dv, dh . dv
Ppiston piston
MV scon + m =q— PB—
pison g e 1T e (1)
PdV ¢
- ==+ en
Tdt T 8 (12)

where v, and R0, are the velocity and height of the piston,
respectively. The rates of change of the height of the piston and
volume of confined gas in eqs 11 and 12 can be written as
expressions of piston height and system volume in terms of
piston velocity, as follows:

dvpiston .
B —— =g — P )
MViston dt mgv piston q BAVplStOn (13)
P Q.
?Avpiston = ? + Sgen (14)
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Figure 5. (a) Volume of confined gas (V) and the piston velocity (vison
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) as functions of time at f = 10 (N-s/m). (b) Rate of change of entropy in the
system, and entropy generation during expansion as functions of time at f = 10 (N-s/m). (c) Volume of confined gas (V) and piston velocity (v) as
functions of time at f= 100 (N-s/m). (d) Rate of change of entropy in the system and entropy generation during expansion as functions of time at f

Table 2. Changes in Thermodynamic Properties of Confined
Gas between the Initial and Final States of Isothermal
Expansion Taking into Account the Effects of Friction

Properties f=10 (N-s/m) f =100 (N-s/m)
AU (J) 0 0
A(mgh) (J) S5 55

w (J) ~1136 ~1136

q0) 1191 1191

AS (J/K) 44 544
Sgen J/K) 145 145

To understand the role of friction, we must consider the
force balance of the piston. Four types of force are applied to
the piston following the removal of the weight, as illustrated in
Figure 2.

The force balance equation is expressed as follows:

dvp
m

dt (15)

where fis the coefficient of friction, which is always equal to or
greater than zero. To correlate entropy generation and friction,
eq 13 is subtracted from eq 14 multiplied by T plus eq 15
multiplied by v, The resulting equation is presented in the
following:

iston — (P—PB)A— mg—fv

piston

o

piston

T (16)

Eq 16 clearly indicates that friction is a main source of
entropy generation associated with the expansion of confined
gas in a piston-and-cylinder device. In the following two
sections, we present quantitative analysis of the effects of
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friction on the physical and thermodynamic properties of the
piston and the confined gas.

Piston-and-Cylinder Device in the Absence of Friction

Herein, we consider the expansion of the gas in the piston-and-
cylinder device in the absence of friction (f = 0). Expansion is
initiated by the removal of weight from the piston in a single
step. Following the removal of weight, we tracked the velocity
of the piston as well as the volume of the confined gas as a
function of time. These two properties can be derived by
solving eq 15, which is a first-order ordinary differential
equation, with the initial condition of zero velocity. However,
the dependent variable v, in eq 15 is a function of the V; so
an additional equation is needed to describe the relationship

between vy, and V:
1dv
T vpiston
A dt (17)

Eq 17 is also a first-order ordinary differential equation, with
the initial condition of V' = 0.01213 m>. The resulting values of
V and v, as functions of time are presented in Figure 3.
MATLAB code for solving eqs 15 and 17 is available in the
Supporting Information.

In this case, the piston continues oscillating with no apparent
damping effects. Using the values obtained for V and v, in
conjunction with eqs 13 and 14, we can derive the kinetic and
potential energy, heat transfer rate, work production/
consumption rate, rate of change of system entropy, as well
as the rate of entropy generation (production) in this process.
The results are presented in Figure 4.

As shown in Figure 4, all thermodynamic properties, except
for the entropy generation rate, change periodically with the

oscillation of the piston. An entropy generation rate of zero is
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observed in the absence of friction, which is in agreement with
eq lé.

Piston-and-Cylinder Device in the Presence of Friction

In this section, we discuss the same process under the same
conditions; however, analysis includes a consideration of
friction. We can obtain the piston velocity and volume of
confined gas as functions of time at f = 10 and 100 N-s/m by
solving eq 15 using the initial conditions of zero velocity and a
gas volume of 0.01213 m®. After we obtain Vpiston and V' as
functions of time, we can derive a number of thermodynamic
properties, including the rate of change of work, heat flow,
entropy, and entropy generation, using the same procedure
described in the preceding section. The results are summarized
in Figure S.

The figures illustrating piston velocity (vpismn) and the
volume of confined gas (V) as functions of time suggest that in
the presence of friction, the piston will eventually undergo
damping, wherein a larger coeflicient of friction leads to more
pronounced damping of the piston. Thus, systems with a larger
coefficient of friction reach a new equilibrium state with fewer
oscillations. More importantly, it was found that in the presence
of friction, entropy generation rate is no longer zero, as was the
case in the absence of friction in the previous section. With the
available rate of change in the thermodynamic properties of the
system, numerical integrations with respect to time can be
performed for deriving the change in thermodynamic quantities
during the expansion. The results for f = 10 and 100 N-s/m are
listed in Table 2.

It should be noted that all of the values derived for f = 10 and
100 N-s/m are identical and match those obtained when the
weight was removed in a single step, as shown in Table 1. This
indicates that the value of friction, as long as it is greater than
zero, affects only the process dynamics and has no effect on the
final state of equilibrium. The illustration presented is for ideal
gas confined in an isothermal piston-and-cylinder device. An
extended discussion about nonideal gas and an adiabatic system
is presented in the Supportin§ Information. The investigation
of nonideal Carnot engine”® and the friction effects on a
piston-and-cylinder device”'® can also be found in the previous
report.

B CONCLUSIONS

This paper presents an investigation into the effects of friction
on the expansion of a confined gas in a piston-and-cylinder
device. Our aim was to elucidate the relationships among
friction, the dynamics, the thermodynamic properties, and
entropy generation. Our analysis results identify friction as a
main source of entropy generation in the expansion of gas in a
piston-and-cylinder device. Specifically, in the absence of
friction, the piston will oscillate perpetually and thereby
produce no entropy. By contrast, a non-negative rate of
entropy generation is observed during the expansion of gas in
the presence of friction. The path by which a new equilibrium
state is achieved depends on the value of the coeflicient of
friction. Several excellent methods have been devised to
illustrate the Second Law of Thermodynamics and the physical
meaning of entropy from a molecular/statistical perspec-
tive.''~"? Our macroscopic analysis could play a complemen-
tary role in helping undergraduate students to gain insight into
the process of entropy generation and the Second Law of
Thermodynamics.
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