Engineering
Thermodynamics

Heat Engines



Aside from the measure of spontaneity, Gibbs free energy is also an indication of
the energy available to do work

The maximum amount of useful work that can be obtained from a spontaneous
reaction is given by the change in Gibbs free energy

Spontaneous reactions can be used to perform useful work
Example - Combustion of gasoline in car engines

Spontaneous reactions are also used to provide the energy needed for a
nonspontaneous reaction
Example - Charging a battery using combustion generators

The value of the amount of work depends on the degree of deviation of the
irreversible process from reversibility

Some of the energy is always lost in irreversible processes

It is useful to compare the entropy change of reversible and irreversible processes
to understand the lost work during irreversible processes
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There is an unlimited number of irreversible paths between states A and B but only
one reversible path
Comparing the change in entropy of both paths:

Reversible path Irreversible path
dQ dQ
dSsystem W ’;ev dSsystem > ?
dQ dqQ
ASsurr = — Yz‘ev ASsurr = _T
dSyni = dSsystem + dSgyrr =0 ASyni = dSsyStem + dSgyrr > 0

dU = TdSSyS — AW,y dU =dQ — dW

TdSsystem — AWy = dQ — dW

dQ 1
dSsystem = T + T (dm*ev — dW)
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dSsystem > T since AdW,.o, > dW



There is no equality between the entropy change dS and the quantity d?Q for an

irreversible process dQ
dSsys,irr > T

The equality is only applicable for a reversible process

aq
dSsys,rev = T

In any case, reversible or irreversible, the change in entropy between an initial
state a and a final state b is therefore

’49

AS =S5, —S, =
b a—f T

a

where dQ is the heat exchanged during any process

The difference dW,..,, — dW represents the work that could have been obtained, but
could not; it is referred to as lost work and denoted by dW,,,

aQ 1 dQ dw,
20 dSsys = T + T (dM/rev - dW) — T + ,;OSt




dQ dWist
dSsystem = T + TOS

Hence the entropy of a system can be altered in two ways:
1. Through heat exchange
2. Through irreversibilities

The work lost due to irreversibility is always greater than zero, so the only way to
energetically decrease the entropy of a system is through heat transfer

The total entropy change for any spontaneous process equals the (lost work)/T

_dQ

AdSsyrr = T
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T T T T
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A thermodynamic cycle is a series of thermodynamic processes transferring heat
and work, while varying pressure, temperature and other state variables,
eventually returning a system to its initial state

A minimum of 3 such processes are required to construct a cycle.
All processes do not need to have work interactions e.g.: isochoric process

All processes do not need to involve heat interactions e.g.: adiabatic process

When a system undergoes a thermodynamic cycle, the net heat supplied to the
system from the surroundings is equal to the net work done by the system on its

surroundings
Whet = z qupplied - 2 Qrejected



Example - A piston-cylinder device contains 5 moles of an ideal gas, C,=5/2R,
C,=3/2R, at 20 C and 1 bar. The gas is compressed reversibly and adiabatically to 10
bar, where the piston is locked in position. The cylinder is then brought into
thermal contact with a heat reservoir at 50 C and heat transfer continues until the
gas reaches this temperature. The pressure of the gas is released at constant
volume to 1 bar. Determine the entropy change of the gas for each step



A heat engine takes in energy from a high temperature heat reservoir and partially
converts it to other forms by cyclic motion

A portion of the heat is rejected to a cold temperature heat reservoir as the last
part of the cycle

Hot reservoir at 7},
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Engine

Cold reservoir at 7,
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Example - A heat engine removes 100 J each cycle from a heat reservoir at 400 K
and exhausts 85 J of thermal energy to a reservoir at 300 K.

Compute the change in entropy for each reservoir

Since the hot reservoir loses heat,

AS =Q/T = -100J/ 400K = -0.25 JK1
For the cold reservaoir,
AS=Q/T = 85J/300K = 0.283 JK

Therefore the increase in entropy of the cold reservoir is greater than the decrease
for the hot reservoir

What is the change in the entropy of the heat engine?



Total internal energy change and all total changes in other extensive properties is 0

Therefore Q,et= Weng

The work done by the engine which is equal to the area enclosed by the curve of
the PV diagram, equals the net energy absorbed by the engine

P

Area=W

eng
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When run in reverse, heat engine operates as a heat pump:

* Energy is given to the system in some form like electricity
» Heat is extracted from the cold reservoir

* Heat is rejected to the hot reservoir

Examples -
Refrigerator
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Example - On a hot summer day the temperature scale in your kitchen reads 40 C,
you shut the windows and door closed so that the kitchen is isolated and try to cool
your kitchen by leaving the refrigerator door open. Is this approach rational ?



An alternative statement of the second law by Kelvin and Planck is

No heat engine operating in a cycle can absorb energy from a reservoir and use it
entirely for the performance of an equal amount of work

This means that some heat must be rejected to the surroundings
Thermal efficiency of a heat engine cannot reach 100%

Thermal efficiency is defined as the ratio of the work done by the engine to the
energy absorbed at the higher temperature

Vveng _ |Qh| - |Qc| —1— |Qc|

=70, 1Qnl |Qn]

For full efficiency, no heat rejected to cold reservoir

Recall that first law required that the amount of energy out of a cyclic process
cannot be greater than the energy put in

The second law requires that energy in cannot be equal to energy out



Recall that reversible processes are idealizations but can be good approx1matlons
for some real processes o
In the same manner, an ideal heat engine is introduced by Sadi Carnot,
a French engineer who realized the relationship between work and heat
and created the Carnot engine

It is a theoretical engine operating in an ideal reversible cycle,

the Carnot cycle, between two reservoirs with maximum efficiency
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Example - A Carnot engine receives 150 kJ of heat per second from a heat reservoir
at 477 °C and rejects heat to a heat sink reservoir at 27 °C. What are the power
developed and the heat rejected?



Carnot cycle operates between two temperatures on two reversible isothermal and
two reversible adiabatic steps

Remember that the work done by a reversible isothermal process exceeds that of
the reversible adiabatic because the internal energy of the adiabatically contained
system decreases while performing work
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Reversible isothermal and adiabatic expansion Net work done = Q,-Q_
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Carnot cycle, step A-B
Reversible isothermal expansion at T,

State A- Gas @ T,, P,, V, Gas absorbs heat from high temperature reservoir
State B - Gas @ Ty, Pg, Vp Gas does work to raise the piston

AU=0, Q, 5 =W, p=nRT,InZE
Va p

A—>B

Isothermal
expansion

LD

Energy reservoir at 7},

S Net work done = Q,-Q,
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Carnot cycle, step B-C
Reversible adiabatic expansion

State B- Gas @ Ty, P, V; Gas expands further when no heat enters the system

State C - Gas @ T, P, V¢ Gas does work to raise the piston and to decrease T

Qg—c =0, AUg_¢ = —Wp_¢ =nC, (T, — T¢)
P

B—=C

Adiabatic
expansion

0

Q

Q.
Net work done = Q,-Q.
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Carnot cycle, step C-D
Reversible isothermal compression at T,

State C - Gas @ T, P, V¢ Gas rejects heat to low temperature reservoir
State D - Gas @ T, Pp, Vj, Work is done by the piston on the gas
AU =0, Qc_p = We_p = nRT, In22

Ve p

C->D
Isothermal
compression

Energy reservoir at 7,

Q.
Net work done = Q,-Q,
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Carnot cycle, step D-A
Reversible adiabatic compression which brings the system back to the initial state

State D- Gas @ T, Py, V, Gas is compressed further when no heat leaves the system

State A- Gas @ Ty,, P, V, Work is done by the piston on the gas to increase T

Qp-s =0, AUp_y = —Wp_, =nCy(T, — Tp)
P

D—>A

Adiabatic
compression

0=0

; >
_Net work done = Q,-Q,
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Total work done by one cycle

W=Wyp+Wp_c+Wcp+Wp_y

Vg Vb
W = nRTy, an— —nC,(T, — Ty) + nRT, an— —nC,(Ty, — T,)
A C

Vs Vb
W = nRT, an—A + nRT, an_c

Since steps B-C and D-A are reversible adiabatic steps,

& i E R/ Cv E _ ﬁ R/ Cv
T \Vc ' Te  \Va
Vg Va4 Vp V4
—=—— o ——==,
Ve  Vp Ve Vg

Substituting the equalities in total work equation gives

Vg Va
W =Q =nRTyIn— + nRT,In—
Va Vg

Vg
W =Q =nR(T,—T,) In—
Va



Total heat consumption by one cycle

Vg Vb
Q = QA—B ~+ QC—D = TlRTh In— + nRTC In—
Va Ve

Ve Ve Qa-s
In— = In =
Vy Vp nRTy

Qa-5 Qa-5
Q = QA—B + QC—D = TlRTh TLRTh — TLRTC TlRTh
Qa-B
_n = —nRT
Qc-p n CnRTh
Qa-B
Qc—p + T¢ T 0
h
Qc-p n Qa-B — 0
Tc Th
AS = & + & =0




Any complex cycle can be divided into small isothermal and adiabatic reversible
steps or small Carnot cycles




Entropy change for reversible adiabatic step

— erev

dS 7

=0

A reversible adiabatic process can also be referred as isentropic process




Carnot efficiency is the best that can be obtained from any cycle operating
between two fixed temperatures

_ VVeng _ |Qh| - |Qc|
T =0 |Qnl

Al QA—B 7 QC—D .

QA—B nRTh QA—B B Th

Carnot efficiency can theoretically reach 100% if the low temperature reservoir is
kept at 0 K

Such an engine is impossible to build so engine efficiencies are far lower than ideal

All other cycles and engines are compared with Carnot cycle and engine as an ideal
model

Otto engine

Diesel engine Reversible engine types
Brayton engine



Example - A power plant generates steam at 585 K and discards heat to a river at
295 K. How much heat is discarded to the river if the thermal efficiency of the
plant is 70% of the maximum possible value? The rate of energy generation of the
plant is 800000 kW



Otto cycle consists of two isochoric and two adiabatic processes

There is no heat transfer during processes 1-2 and 3-4
Heat is added during constant volume process 2-3 Q,_3 = nC,(T; — T,)
Heat is rejected during constant volume process 4-1 Q,_; = nC,(T, — Ty)

VVeng . |Q2—3| - |Q4—1| _1_ ((T4 _ Tl))

T7000 ~ 7 100l (Ts — T2)
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Diesel cycle consists of two adiabatic (isoentropic), one isochoric and one isobaric
processes

There is no heat transfer during processes 1-2 and 3-4
Heat is added during constant pressure process 2-3 Q,_3 = nC,(T; — T;)

Heat is rejected during constant volume process 4-1 Q,_; = nC,(T, — T;)
N = VVeng a |Q2—3| — |Q4—1| _ (1 . Cv) <(T4 N Tl))
|Qnl Q23] Cp) \(T3 = T3)
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Brayton cycle consists of two adiabatic (isoentropic) and two isobaric processes

There is no heat transfer during processes 1-2 and 3-4
Heat is added during constant pressure process 2-3 Q,_3 = nC,(T; — T;)

Heat is rejected during constant pressure process 4-1 Q4_; = nC,(Ty — Ty)

n = VVeng - |Q2—3| — |Q4—1| _1_ ((T4 N Tl))
04 Q23 (T —T3)

Adiabatics T /
P 2




Thrust force from the

Thermodynamic analysis of a piston inside a car engine with friction . e oo

Work is done to overcome friction, a balance of forces shows ‘
that

idng resistance

" system on piston — N done by friction +H received - ~ i
ONMOoNenNT Torce

eratm \mteraly

During the expansion, the piston and the walls of the container
will heat up because of the friction

The heat will be eventually transferred to the atmosphere;

all frictional work becomes heat transferred to the

surrounding atmosphere

iI-Fl'iCtiDﬂ - erit:ticun‘
The amount of heat transferred to the atmosphere due to the frictional work only is

erit:tin:-n ! Fh}';;l:-:m on piston — i received .
L A e, o

T e

Work produced work received Q
The entropy change of the atmosphere, which can be | l
¥

considered as a heat reservoir, due to the frictional work is TR S 1
|
. | Work

I
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The engine operates in a cycle and the entropy change for the complete cycle is

Zero
&S — {] + S"‘Shcat EOUTCS + ‘ishcat E»i.l']ls .

-l"'-sl.fm'l'- undings

The total entropy change is

&Stntal = &Shcat source T JﬂAli:'ll'u:z'ﬁt. sink — — 5 T &

W =0Q -
The total entropy change over a cycle tor a reversible engine an
Q QD,:.:-..-

AS al — AS cat source T AS cat sink — —— + = 0.
total heat heat sink T TD

total work are

& -I.'I:“-' — Q - QD.['C“-"

Combining work and entropy terms, o= Qorer + Wrew — W

The entropy change for the irreversible cycle therefore is IQ
Q| Quiew Wi —W ' ||
ﬂstnta[ = j? + T J+ T . . V— -I
—o | :
The difference in work that the two cycles produce is 3 TN e
proportional to the entropy that is generated during the cycle .

[ 7 1
ToASota] = Wiew — W, é ¢

Work



Engine effectiveness is defined as the ratio of the actual work obtained divided by
the work that would have been delivered by a reversible engine operating between
the two temperatures T and T,

. nengine
Eengine -
Nreversible engine
w Actual work obtained

Whor ~ Work that would be delivered by a reversible cycle between T and T,

E . . l/Vrev - ToASTotal —1_ TOASTotal
s VVrev VVrev

The departure from a reversible process is directly reflected in the entropy change
and the decrease in engine effectiveness



The minimum amount of work lost or maximum amount of useful work can be
obtained by maximum efficiency through reversible path

At less efficiencies spontaneous processes will result in degradation of energy as
dissipated waste heat

Universe will eventually reach a state of maximum disorder as a consequence of
spontaneous natural processes

At this point (end?) of time an equilibrium temperature will be reached, all change
of state will cease, no work will be able to done as all the energy in universe
becomes degraded to thermal energy

Long story short: Increase efficiency to save the world



Example - A particular power plant operates with a heat source reservoir at 300 C

and a heat sink reservoir at 25 C. It has an engine effectiveness of 60% (thermal

efficiency equals to 60 percent of the Carnot-engine thermal efficiency for the

same temperatures)

a) What is the thermal efficiency of the plant?

b) To what temperature must the heat source reservoir be raised to increase the
thermal efficiency of the plant to 40%?



