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Here is a summary of what we have learnt so far.

First law of thermodynamics

We have three types of systems: (i) open, (ii) closed, and (ii) isolated. An open system is a sys-
tem where both energy and mass can cross its boundary. A closed system is a system where only
energy can. An isolated system is a system where neither energy nor mass can cross its boundary.
An isolated system is a special case of a closed system, which is itself a special case of an open system.

That’s being said, we have learned that the first law of thermodynamics is nothing more than an
expression of the conservation of energy principle — the change in the total amount of energy of a
system must be equal to the different forms of energy entering or leaving our system — which is given
by:
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So, we start by defining our system, then we apply the first law. All the terms that are not involved
must be removed. If our system is isolated, everything on the right-hand side of the equation. If it
is closed, every term associated with mass entering or leaving. To sum up, this is the only formula
you need to remember.
We also talked about two cases: (i) steady and (ii) unsteady. First case scenario, we can remove the
left-hand side of equation [l} AE = 0. When the process is not steady (e.g., inflation of a balloon or
a pressure cooker), AE = AU + AKFE + APFE changes.
Sometimes, for open system, we need more information on the net change in mass of the system
during the process. The conservation of mass principle is useful:
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More simplifications can be achieved when we know the process our system has undergone:

1. isothermal (AT = 0) 4. adiabatic (Q = 0)
2. isobaric (Ap = 0) 5. isentropic (AS =0)
3. isochoric (AV =0) 6. polytropic (pV? = k = constant)

Isothermal does not mean adiabatic (and vice versa). For example, we can receive some energy
by heat and lose the same amount by work (expansion of a piston-cylinder device) which results
in a constant-temperature process — where energy was exchanged by heat. Isochoric implies that
we do not have boundary work: W = pdV. Isentropic means adiabatic and reversible — which is
characterized by pV" = k (where v = ¢, /¢, is the specific heat ratio).



Applications (ideal gases, cycles, etc.)

For ideal gases, no matter the process, the changes in internal energy and enthalpy are calculated as:
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There are two ways: (i) by using thermodynamics tables and (ii) by using the average values of
specific heats (accurate if the temperature interval is small). This is true because the internal
energy and enthalpy depend only on temperature for ideal gases.

For closed systems, the right-hand side of equation [I] is reduced to @ — W. When we neglect the
kinetic and potential energy changes, we have:

AU =me,AT=Q-W (5)
Let us focus on the different processes when we have an ideal gas in a closed systemﬂ
1. isothermal (AT =0) = Q=W
2. isobaric (Ap=0) = W, =p[Va—Vi]or AH =Q
3. isochoric (AV =0) = AU =Q
4. adiabatic (Q =0) = AU =W

Notice that each process has its own advantage. For example, when we have an adiabatic process,
we can calculate the work using the change in internal energy (with equation . The polytropic or
isentropic processes enable us to calculate the boundary work more easily.

When we do not have an ideal gas, we cannot use equations[3|and [d] unless we have a constant-volume
process (AU = me,AT) or a constant-pressure process (AH = mec,AT) — when we have a solid or
an incompressible fluid the change in volume or pressure can be neglected, so we can use the same
equations.

Gas power cycles require some definitions. The compression ratio (which is a volume ratio) is defined
as:
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The pressure ratio is calculated as:
ry, = Pmazx (7)
Pmin
The mean effective pressure (MEP) is given by:
Winax Winaz
MR = Vinaz — Vimin  Umaz — Vmin ®)

The lager the MEP is, the more net work is produced per cycle.

1We assumed that there was only some boundary work — any other forms involved should be included.



The Carnot cycle is composed of four processes: (i) isothermal heat addition, (ii) isentropic expan-
sion, (iii) isothermal heat rejection, (iv) isentropic compression.
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(a) T — s diagram for the Carnot cycle (b) p — v diagram for the Carnot cycle

Figure 1: Carnot cycle [I]

Remember that we talked about that. We can find its thermal efficiency (see equation or work
done by applying the first law of thermodynamics to each of the four processes.

The Otto cycle is composed of four processes: (i) isentropic compression, (ii) constant-volume heat
addition, (iii) isentropic expansion, (iv) constant-volume heat rejection.
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(a) T — s diagram for the ideal Otto cycle (b) p — v diagram for the ideal Otto cycle

Figure 2: Ideal Otto cycle [I]

The thermal efficiency of the Otto cycle can also be calculated as:

Tth = 1- =1



The Brayton cycle is composed of four processes: (i) isentropic compression in a compressor, (ii)
constant-pressure heat addition, (iii) isentropic expansion in a turbine, (iv) constant-pressure heat
rejection.
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(a) T — s diagram for the ideal Brayton cycle (b) p — v diagram for the ideal Brayton cycle

Figure 3: Ideal Brayton cycle [I]

The thermal efficiency of the Brayton cycle can also be calculated as:
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The Rankine cycle is composed of four processes: (i) isentropic compression in a pump, (ii) constant-
pressure heat addition in a boiler, (iii) isentropic expansion in a turbine, (iv) constant-pressure heat
rejection in a condenser.
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(a) T — s diagram for the ideal Rankine cycle (b) Schematic of the ideal Rankine cycle
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Figure 4: Ideal Rankine cycle [I]

Problems with gas power cycles often require us to find: (i) the temperature or pressure at various
points in the cycle, (ii) the net work output, (iii) the thermal efficiency, or (iv) the mean effective
pressure (MEP) of the cycle. To do so, we need to apply the first law of thermodynamics to each of
the four processes.



Second law of thermodynamics

The second law of thermodynamics starts with two statements:

1. Kelvin-Planck statement: It is impossible for any system that operates in a cycle to receive
heat from a single reservoir and produce a net amount of work

2. Clausius statement: [t is impossible for any process to have as its sole result the transfer of
heat from a lower-temperature reservoir to a higher-temperature reservoir

To sum up, (i) you cannot convert heat to work entirely and (ii) heat does not flow spontaneously
from a cold object to a hot one.

That’s being said, we start with heat engine (HE) to produce work from a hot source (reservoir).
Based on the first statement, we cannot achieve an efficiency 100% (since heat cannot be converted
to work entirely). Remember that the Carnot cycle is a reversible cycle which gives us the mazimum
achievable work possible — since reversible. The important result from the Carnot cycle was:
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To compare heat engines, we need their respective thermal efficiency:
desired W W T
nth:ﬂzizlefﬂglfi (12)
required  Qp Qg Qu Tu

We want to produce work (desired) by using energy from some hot source (required). We know that
energy must be conserved, so we can use figure [5a] to express W differently:

RQu=W+QL & W=Qm—-0QL (13)

Notice that we have an inequality at the end of equation [12| which is due to reversibility. If our heat
engine is reversible, we can replace each amount of heat transfer by the temperature of the source.
No matter what, we cannot go beyond 100% for a heat engine.
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(a) Schematic of a heat engine (b) Schematic of a heat pump (c) Schematic of a refrigerator

Figure 5: Schematic of thermodynamics engines

For heat pumps and refrigerators, we talk about coefficient of performance (COP) instead of thermal
efficiency because the value can go beyond 100%. Let us start with a heat pump HP, where you
provide some work (required) to heat up something (desired):

desired  Qm Qu Qu T

COPyp = ——— = === < 14
HE = fequired W W Qe—-Qr  Tw-TL (14)
For a refrigerator (R), we provide some work (required) to cool something (desired):
desired ' T,
COPy = esired @ B @ B QL < T (15)

requited W W Qg —-Qp ~ Ty-—TL

There are a couple of things to notice:



1. Heat pumps and refrigerators work in the same way but have a different purpose

2. Heat pumps/refrigerators take energy from the cold source (which makes it colder) and release
energy to the hot one (which makes it hotter)

3. Air conditioners (AC) are refrigerators whose refrigerated space is a room

4. When engines (HE, HP, R, or AC) are reversible, we can replace each amount of heat transfer
by the temperature of the source.

Entropy

Entropy measures irreversibility and is defined as:
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The increase of entropy principle tells us that the total change in entropy of an isolated system is
always greater than or equal to zero:

ASisola»ted Z 0 (17)

Remember that the universe is an isolated system — so basically everything. When we study two (or
more) systems, their respective change in entropy can be negative but the total change in entropy
of everything must be greater than or equal to zero:

AS‘cotal = ASisola‘ccd = ASsystcms + ASsurroundings >0 (18)
Entropy can be divided into two parts:

AS = ASexchange + Sgenerated (19>

The first term on the right-hand side is due to reversible energy transfer by heat:
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The second term is due to irreversibility — that we cannot calculate directly.

Remember that an isentropic process (AS = 0) means adiabatic and reversible. If a process is
reversible, Sgenerated = 0. If a process is adiabatic (@ = 0), ASexchange = 0. As a result, for a
reversible process,

AStotal = ASisolauted =0 (21)

The change in entropy from one system goes to another, so the total change in entropy is equal to
zero. Since entropy is a thermodynamic property, we can also find the change in entropy using the
thermodynamics tables:
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For an isothermal process (AT = 0), the temperature can be taken out of the integral such that:

ASexchange = T Q (23)
source
So far, it is general. When we have an incompressible fluid, no matter the process,
T
ASexchange = Cavg In ? (24)
1



For ideal gases, when we constant specific heats:

T: v
ASexchange = Cy,avg In ?j + R;In f (25)
T:
ASexchange = Cp,avg In ?2 +R;In P2 (26)
1 p1

The last three equations comes from equation [20] - where the infinitesimal amount of heat transferred
to or from the system is replaced by using the first law of thermodynamics.
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