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ABSTRACT---- Inthis paper, using the combination of the first and second laws of thermodynamics, the work bounds
in thermodynamic cycles are investigated generally and, to show the application, the results are extracted for some
physical systems. Also, a newconcept on the availablework limits is extracted. To provide information on the maximum
or minimum amountofworkto bedone during a thermodynamiccycle, energybalance, aswell as irreversibility, should
be considered. Entropy production during a thermodynamiccycleas a limiting criterion forwork tobedone is expressed
as Clausius inequality. Therefore an inequality extracted from the first and second laws of thermodynamic to obtain
lower and upper bounds of available work. The obtained upper bound of the work to be done is in agreement with
Carnot’s rule. The lower boundis obtained at the maximum possibleirreversibility during the respective cycle.

Keywords--- Thermodynamic cycle; Maximum work; Minimum work; Production Entropy; Maximumirreversibility

6Q: System heat variation R: Global constant of gases

ow: SystemWork variation c: Specific Heat

T: Temperature y: Thermal expansion coef ficient

T,: Ambient temperature 1,: First invariant of the stress tensor

1. INTRODUCTION

The upper bound work in thermodynamic cycles has been introduced by Carnot [1]. He introduced the irreversible
processes and determined the maximum work can be done between two cold and hot temperatures. Therefore Carnotcan
be known as the founder ofthe second law of thermodynamics. Based onthesecond law, the entropy of an isolated system
will be increased always [2].

Another question can be raised on the upper work bound in the other systems as well as the lower work bound. Some
researchers have investigated the work bound in dynamically loaded bodies [3]. Also, upper work bound in systens for
multichannel queues has beeninvestigated [4]. The upperand lower bonds for free energy change have been determined
[5]. And also, work bounds cyclically loaded creeping structures have been studied [6]. And the same researches on the
other physical systems [7-10]. Also, the dissipation energy bounds can be determined dueto viscous dissipation [11]. And
the same works on the some physical systems [12-15].

In this report, the work bounds are investigated generally. According to the Clausius inequality, the term of 455?0 in a
thermodynamic cycle may take any value in the period (—oo, 0] without any lower bound. A question may arise that is
there any lower bound on this termor in other words, how negative it could be in a thermodynamic cycle. The other
guestionis about thebounded values of available work. The concept of maximum work that can be doneis more familiar,
but the amountof minimum work could be another problem. This question is in line with that one asks how many will be
the maximum irreversibility that can occurin a thermodynamic cycle.

To answer these questions, a combination of the first and second laws of thermodynamic will be used as a means for
bounding purposes.
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2. CONCEPTS AND RELATIONS

In a thermodynamic cycle, thethreeterms TisﬁaQ, Tigﬁ swand $ 670 are expressedand related to each otherin the first and
0 0
second laws of thermodynamics.

Thefirst law of thermodynamics [16]:
1 1
T—Ofﬁ Sw= T—Ofﬁ 5Q @

The second law of thermodynamics [16]:

§6_Q <0 )
T
Combining thesetwo laws together gives:
1 1 8Q
T—Ofﬁ5W2T—ofﬁ5Q+fﬁT (©)
S
~ows<_—§o0-§- @

The resultantrelations are equivalentto theequations (1) and (2) and vice versa. In additionto the concepts of thefirst and
second laws, these relations give information about the work donein a thermodynamic cycle andits irreversibility as well
as its lowerand upper bounds.

The following relation will result fromthese two relations:
5Q 5Q
Wmin:T0¢?+¢6Q Sﬁé‘WSWmangsé‘Q_ToﬁT (5)

This equationdefines the minimum and maximum available work and is equivalentto thefirst and second thermodynamic
laws. From this equation, two results can be concluded: W,,,, = $(1 — %’)6Q and W,,;,, =$(1 + %)5@ The first result

is in accordancewith Carnot’s rule and determines the maximum work could be done[17], but the second result leads to a
new concept:

Lower bound of available work is when the irrewversibilityis atits upper bound.

The minimum work is done, also can be rewrittenas follows:

Wmin =2 § 6Q - ¢ amax6Q < ¢5W (6)
Where:
6Wmax = amaxSQ (7)

That dw,,,, is the most work that may be done in the current state ofthe systemunder the effect of applied heat §Q. By
using relation (7), the following equation could be obtained:

5Q 1 1
ﬁ__T_Oﬁ(SQ_T_Oﬁamaxé‘Q (8)

T

Equation (8) is an alternative formfor Carnot’s rule about the maximum available work.

3. APPLICATION
The application of obtained inequality is investigated for some examples, such asthe ideal gasesandan elastic element.
3.1 Ideal gases

Forideal gases, the coefficienta,,, . is earnedas follows:

R

Cmax = (9)

Cp

Where c,, is the specific heatat constant pressure. For any thermodynamic cycle:
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$2-)50< $ow <$=50Q (10)
Cp Cp

Relation (10) shows the lowerand upperbound foravailable work during different thermodynamic cycles. Relation (10)
satisfies the first and second laws of thermodynamics.

In a reversible process, the minimumand maximum available works are equal; therefore, the following equations coukd be
established:

56(2 - i) 5Qrev = ﬁierev = § 6Wrev (ll)
cp cp
So:
$(1 =) 6Qye, =0 (12)
‘p

Relation (12) is equivalent to thefirst and second laws of thermodynamics for reversible cycles.
3.2 Elasticity loaded bodies

Foran elastic element, the coefficientof «,,,, . is earned as follows:

amax = E 11 (13)
Therefore, the lowerand upper bounds for available work are as follows:
$@2— (1,))60 < $ow < $(1,)80 (14)

Relation (14) shows the work bounds in elasticity loaded bodies as wellas dynamically bodies generally. Some researchers
investigated the work bound in dynamically loaded bodies by using other methods [3].

4. CONCLUSIONS

As,based on Carnot’s rule, the work done in thermodynamic cycles has the upper bound, fromcombination first and second
laws of thermodynamics, also can beresultedthat the lower bound will exist. To determine a lower bound or upper bound
for work done in a thermodynamic cycle, two factors should be considered simultaneously; energy balance as well as
irreversibility. Therefore an inequality extracted from the combination of the first and second laws of thermodynamic to
investigate bounds of available work. The upper bounds obtained from extracted inequality are in agreement with the
Carno’s rule. Theexistence of a lower bound for available work indicates the existence of the upper bound for irreversibility
in a thermodynamic cycle.
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