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Power Cycles and Power Cycle Components/Processes Analysis

Course Description

The ideal, simple and basic power cycles (Carnot Cycle, Brayton Cycle for both power and propulsion
applications, Otto Cycle and Diesel Cycle) and ideal power cycle components/processes (compression,
combustion and expansion) are presented in this three hour course. In the presented power cycles and
power cycle components/process analysis, air is used as the working fluid.

For each power cycle thermal efficiency derivation is presented with a simple mathematical approach.
Also, for each power cycle, a T - s diagram and power cycle major performance trends (thermal efficiency,
specific power output and power output) are plotted in a few figures as a function of compression ratio,
turbine inlet temperature and/or final combustion temperature and working fluid mass flow rate. It should
be noted that this online course does not deal with costs (capital, operational or maintenance).

For compression and expansion, the technical performance of mentioned power cycle
components/processes is presented with a given relationship between pressure and temperature. While
for combustion, the technical performance at stoichiometric conditions is presented knowing the enthalpy
values for combustion reactants and products, given as a function of temperature. This course provides
the compression and expansion T - s diagrams and their major performance trends plotted in a few
figures as a function of compression and expansion pressure ratio and working fluid mass flow rate. For
each combustion case considered, combustion products composition on both weight and mole basis is
given in tabular form and plotted in a few figures. Also, flame temperature, stoichiometric oxidant to fuel
ratio and fuel higher heating value (HHV) are presented in tabular form and plotted in a few figures. The
provided output data and plots allow one to determine the major combustion performance laws and
trends.

In this course, the student gets familiar with the ideal simple and basic power cycles and power cycle
components/processes and their T - s and h - T diagrams, operation and major performance trends.

This course includes a multiple choice quiz at the end.
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Performance Objectives
At the conclusion of this course, the student will:

Understand basic energy conversion engineering assumptions and equations

Know basic elements of Carnot Cycle, Brayton Cycle, Otto Cycle, Diesel Cycle, compression,

combustion and expansion processes and their T -s, p -V and h - T diagrams

1 Be familiar with Carnot Cycle, Brayton Cycle, Otto Cycle, Diesel Cycle, compression, combustion
and expansion operation

1 Understand general Carnot Cycle, Brayton Cycle, Otto Cycle, Diesel Cycle, compression,

combustion and expansion performance trends
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Introduction

Over the years, gas turbine, gasoline and diesel engines have become the premier electric generation and
transportation systems for low, intermediate and high loads. Gas turbine, gasoline and diesel engines are
compact, lightweight, easy to operate and come in sizes ranging from several kilowatts to a few
megawatts. Gas turbine, gasoline and diesel engines require relatively low capital investment, have high
operating flexibility, high thermal efficiency and can be used for various transportation and industrial
applications. Gas turbine, gasoline and diesel engines can help provide reliable power to meet the future
demand using both high and low heat content fuels, with low emissions.

Most power and propulsion devices can be considered to comprise a number of simple processes. The
most common are: expansion, chemical reactions including combustion of fuels and expansion.

In applications such as power plants, compressed air installations, gas pipelines and liquefaction plants,
compression usually starts at approximately environmental temperature. In refrigeration plants and heat
pumps, compression processes start at temperatures lower than the ambient temperature, but usually end
above it.

Furthermore, whenever a gas needs to be stored and/or transported, compression needs to be carried
out.

Combustion is a process of active oxidation of combustible compounds such as: carbon, hydrogen and
sulfur. High amount of heat released during the combustion process is used to provide work and/or
power.

In addition to knowing the reactants and combustion products physical properties, for any kind of
combustion analysis and calculations, it is important to know both fuel and oxidant compositions. As a
result, one can calculate and analyze combustion products compaosition on both weight and mole basis,
flame temperature, stoichiometric oxidant to fuel ratio and fuel higher heating value (HHV).

Today, global warming is becoming more evident and it is being said that it is primarily caused by CO,
emissions. A detailed combustion analysis can be very useful in determining different fuel and technology
scenarios that would result in the reduction of current CO, emissions.

In power plants, expansion generally occurs at temperatures above the environmental temperature.
Except for throttling, the purpose of an expansion process is to deliver power at the expense of a
reduction in the energy of the stream of the working fluid. Most common expanders are rotodynamic and
are usually treated as adiabatic. Expansion can occur as a single or a multi-stage expansion process.

— iV --
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Carnot Cyce

This section provides a Carnot Cycle analysis when the working fluid is air.

Analysis

In the presented Carnot Cycle analysis, only air is considered as the working fluid behaving as a perfect
gas -- specific heat has a constant value. Ideal gas state equation is valid -- pv = RT.

Air enters a compressor at point 1 and it exits the compressor at point 2. Isentropic compression is
considered with no entropy change. Air enters a heat exchanger -- heat addition -- at point 2 and it exits
the heat exchanger at point 3. At a constant temperature, heat addition takes place. Air enters a turbine
at point 3 and it exits the turbine at point 4. Isentropic expansion is considered with no entropy change.
Air enters a heat exchanger -- heat rejection -- at point 4 and it exits the heat exchanger at point 1. Ata
constant temperature, heat rejection takes place. It should be mentioned that air at point 1 enters the
compressor and the cycle is repeated.

Figure 1 presents a Carnot Cycle schematic layout.

—-3--
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Carnot Cycle Schematic Layout
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Figure 1 - Carnot Cycle Schematic Layout

Figure 2 presents a Carnot Cycle temperature vs entropy diagram.

—4 -
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Carnot Cycle T - s Diagram

Figure 2 - Carnot Cycle Temperature vs Entropy Diagram

The thermal cycle efficiency can be given as a function of specific external work (specific net power
output) and heat added to the working fluid as follows:

d =wlanh = (We- We)/0h= (Qn - d)/0h = 1 - @/gn =1 - TagpeTops  =Ty/I,=1-Tr/Ta
where

d - thermal efficiency [/]

w - specific external work (specific net power output) [kJ/kg]

W, - expansion specific power output [kJ/kg]

W, - compression specific power input [kJ/kg]

gn - heat added to the working fluid [kJ/kg]

~-5--
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;- heat rejected from the working fluid [kJ/kg]

ps- entropy change during heat addition and heat rejection

T, - temperature during heat addition

Tr - temperature during heat rejection

T, - compressor inlet temperature

T, - compressor outlet temperature

T3 - turbine inlet temperature

T4 - turbine outlet temperature

For isentropic compression and expansion

To/T1 = (palpy)' ™) = Tl Ty = (pafpa) ™"

and

t =cylcy-forairt =1.41/]

Again, it follows that

d =TdT,=1-Tr/Tx

The Carnot Cycle efficiency is not dependent on the working fluid properties.
Figure 3 presents the Carnot Cycle efficiency as a function of the heat addition temperature. It should be

noted that the compressor inlet temperature is at standard ambient conditions of 298 [K] and 1 [atm] of
absolute pressure.

-6 --
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Carnot Cycle Efficiency
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Figure 3 - Carnot Cycle Efficiency vs Heat Addition Temperature

Figure 4 presents the Carnot Cycle efficiency as a function of the heat rejection temperature. It should be
noted that the turbine inlet temperature is at 800 [K].

—7--
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Carnot Cycle Efficiency
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Figure 4 - Carnot Cycle Efficiency vs Heat Rejection Temperature

One can notice that the Carnot Cycle efficiency increases with an increase in the heat addition
temperature when the heat rejection temperature does not change at all. One can notice that the Carnot
Cycle efficiency decreases with an increase in the heat rejection temperature when the heat addition
temperature does not change at all.

Assumptions

Working fluid is air. There is no friction. Compression and expansion are isentropic -- there is no entropy
change. During heat addition and heat rejection, the air temperature does not change. Ideal gas state
equation is valid -- pv = RT. Air behaves as a perfect gas -- specific heat has a constant value.

-8--
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Governing Equations

To/T1 = (palps) ™
TalTs = (palps)t "
t =cplcy
pv=RT

q: 1 'T1/T2: 1- TR/TA

Input Data
T, =298 [K]
p1 =1 [atm]
cp = 1.004 [kJ/kg*K]
t =clcy-for air t = 1.4 [/]
Results

Carnot Cycle Efficiency vs Heat Addition Temperature
Heat Rejection Temperature is 298 [K]

Heat Addition [Carnot Cycle
Temperature | Efficiency

LY [%]
500 40.40
600 50.33
700 57.43
800 62.75
900 66.89
1,000 70.22

—-9--
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Carnot Cycle Efficiency vs Heat Rejection Temperature
Heat Addition Temperature is 800 [K]

Heat Rejection |Carnot Cycle
Temperature Efficiency

[K] [%]

278 65.25
288 64.00
298 62.75
308 61.50
318 60.25
328 59.00

-10--
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Conclusions

The Carnot Cycle efficiency increases with an increase in the heat addition temperature when the heat
rejection temperature does not change at all. Furthermore, the Carnot Cycle efficiency decreases with an
increase in the heat rejection temperature when the heat addition temperature does not change at all.

The Carnot Cycle efficiency is not dependent on the working fluid properties.

Please use the material you just read and complete reading other sections in this course to answer the
quiz questions at the end of this course.

When you get a chance, please visit the following URL:
http://www.engineering-4e.com

The above URL provides lots of free online and downloadable e-material and e-solutions on energy
conversion.

—-11 -
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Brayton Cycle (Gas Turbine) for Power Application

This section provides a Brayton Cycle for power application analysis when the working fluid is air.

Analysis

In the presented Brayton Cycle analysis, only air is considered as the working fluid behaving as a perfect
gas -- specific heat has a constant value. Ideal gas state equation is valid -- pv = RT.

A gas turbine is a heat engine that uses a high temperature, high pressure gas as the working fluid.
Combustion of a fuel in air is usually used to produce the needed temperatures and pressures in the gas
turbine, which is why gas turbines are often referred to as combustion turbines. Expansion of the high
temperature, high pressure working fluid takes place in the gas turbine. The gas turbine shaft rotation
drives an electric generator and a compressor for the working fluid, air, used in the gas turbine combustor.
Many gas turbines also use a heat exchanger called a recouperator to impart turbine exhaust heat into the
combustor's air/fuel mixture. Gas turbines produce high quality heat that can be used to generate steam
for combined heat and power and combined-cycle applications, significantly enhancing efficiency.

Air is compressed, isentropically, along line 1-2 by a compressor and it enters a combustor. At a constant
pressure, combustion takes place i (fuel is added to the combustor and the air temperature raises) and/or
heat gets added to air. High temperature air exits the combustor at point 3. Then air enters a gas turbine
where an isentropic expansion occurs, producing power. Air exits the gas turbine at point 4. It should be
mentioned that air at point 1 enters the compressor and the cycle is repeated.

Figure 1 presents a Brayton Cycle schematic layout.

—-12--
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Brayton Cycle (Gas Turbine) Schematic Layout

Figure 1 - Brayton Cycle Schematic Layout

Figure 2 presents a Brayton Cycle temperature vs entropy diagram.

~-13--
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Brayton Cycle (Gas Turbine) T - s Diagram

Figure 2 - Brayton Cycle Temperature vs Entropy Diagram

It should be pointed out that this material deals with the open Brayton Cycle. The way howthe T - s
diagram is presented, it describes a closed Brayton Cycle -- this would require a heat exchanger after
point 4 where the working fluid would be cooled down to point 1 and the cycle repeats. Therefore, the T -
s diagram is presented as a closed Brayton Cycle to allow easier understanding and derivation of the
Brayton Cycle thermal efficiency -- heat addition and heat rejection.

The gas turbine and compressor are connected by shaft so the considerable amount of work done on the
gas turbine is used to power the compressor.

It can be noticed from the T - s diagram that the work done on the gas turbine is greater than the work
necessary to power the compressor -- constant pressure lines in the T - s diagram diverge by going to the
right side (entropy wise).

The thermal cycle efficiency can be given as a function of specific external work (specific net power
output) and heat added to the working fluid as follows:
d = W/dh = (W - We)/gn = (an - A1)/

—-14 -
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or

d=1-a/an=1- (Cp(Ta- T))(Cp(T3-T2) =1 - (To(Ta/ Ty - L)(To(T3/T2 - 1))
where

d - thermal efficiency [/]

w - specific external work (specific net power output) [kJ/kg]
W - expansion specific power output [kJ/kg]

W, - compression specific power input [kJ/kg]

W - external work (net power output) [kW]

W, - expansion power output [KW]

W, - compression power input [KW]

gn - heat added to the working fluid [kJ/kg]

i - heat rejected from the working fluid [kJ/kg]

Cp - specific heat at constant pressure [kJ/kg*K]

c, - specific heat at constant volume [kJ/kg*K]

m - working fluid mass flow rate [kg/s]

I, - compression ratio [/]

For isentropic compression and expansion:

To/Ty = (palpy)' ™

To/Ts = (palpa)t ™

Knowing that

P3/Pa = P2/p1

where

t =ciey-f or =li4f]

P1, P2, P3. P4 - pressure values at points 1, 2, 3 and 4 [atm]
Ty, Ty, T3, T4- temperature values at points 1, 2, 3 and 4 [K]

—-15--
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It follows that

TalT4=THT,

or

TalTo=T4T,

Therefore, after some mathematical operations the thermal efficiency is:
d=1-TyT,=1-TyT;

If the temperature ratio is substituted in terms of the compression ratio:
q=1-1 /I’p( A

where

Mo = P2/p1

Figure 3 presents the Brayton Cycle efficiency as a function of the compression ratio. It should be noted

that the inlet conditions are standard ambient conditions: temperature of 298 [K] and absolute pressure of
1 [atm].

- 16 --
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Brayton Cycle (Gas Turbine) Efficiency
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Figure 3 - Brayton Cycle Efficiency
Here, two general performance trends are considered. First, impact of the gas turbine inlet temperature
and compression ratio on the Brayton Cycle specific power output and second, impact of the working fluid
mass flow rate on the Brayton Cycle power output.

Figure 4 presents the results of the first performance trend, while Figure 5 presents the results of the
second trend.

—-17 -
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Brayton Cycle (Gas Turbine) Specific Power
Output
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Brayton Cycle (Gas Turbine) Specific Power
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Figure 4 - Brayton Cycle Specific Power Output
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Brayton Cycle (Gas Turbine) Power Output
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=

Working Fluid: Air
Compressor Inlet Temperature: 298 [K] -- Gas Turbine Inlet Temperature: 1,500 [K]
Figure 5 - Brayton Cycle Power Output

One can notice that the Brayton Cycle specific power output increases with an increase in the gas turbine
inlet temperature. Furthermore, the increase is higher for the higher compression ratio.

One can notice that the Brayton Cycle power output increases with an increase in the working fluid mass
flow rate. The increase is higher for the higher compression ratio.

Assumptions

Compression and expansion processes are reversible and adiabatic 7 isentropic. The working fluid has
the same composition throughout the cycle. Ideal gas state equation is valid -- pv = RT. Air behaves as a
perfect gas -- specific heat has a constant value.

-19--
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Governing Equations

Tol Ty = (palp)t ™
palpy = (TTy)H ' &
TalTs = (palps)' ™
palps = (To/Ta) '

t =cylcy

pv=RT
W=0n-0q
W =Cp(T3 - To) - Cp(T4 - Ty)
W = (cp(Ts- T2) - cp(Ta - T1))m
d=1-1r "

Ip = P2/p1

Input D ata

T, =298 [K]
p1 =1 [atm]
T3 =900, 1,200 and 1,500 [K]
ps =5 and 15 [atm]
Cp=1.004 [kJ/kg*K]
t =cey-for air t+ = 1.4 [1/]]

m =50, 100 and 150 [kg/s]

~20--
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Results

Brayton Cycle Efficiency vs Compression Ratio

Compression Ratio Brayton Cycle

[/ EfflE: 0|/(e):]ncy
5 36.92
10 48.22
15 53.87
20 57.53
25 60.16

Specific Power Output vs Compression Ratio
for a few Gas Turbine Inlet Values

ifi Gas Turbine
Specific Power Output
[kW/kg/s] Inlet TeH'I([])erature

Compression Ratio 900 11,200 1,500

[/]
5 159 | 270 | 381
15 137 | 300 | 462

Power Output vs Compression Ratio
for a few Mass Flow Rates

Power Output Mass Flow Rate

[MW] [kg/s]
Compression Ratio 50 | 100 | 150
(/]
5 19.1 | 38.1 |57.2
15 23.1|46.2 69.3

21 --
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Conclusions

The Brayton Cycle efficiency depends on the compression ratio and on the working fluid. The efficiency
increases with the compression ratio. Also, the efficiencyincreas es wi t h t he Jwhighlisar val ue
ratio of gas specific heat values (cy/c).

The Brayton Cycle specific power output increases with an increase in the gas turbine inlet temperature.
Furthermore, the increase is higher for the higher compression ratio.

The Brayton Cycle power output increases with an increase in the working fluid mass flow rate. The
increase is higher for the higher compression ratio.

Please use the material you just read and complete reading other sections in this course to answer the
quiz questions at the end of this course.

When you get a chance, please visit the following URL:
http://www.engineering-4e.com

The above URL provides lots of free online and downloadable e-material and e-solutions on energy
conversion.
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Brayton Cycle (Gas Turbine) for Propulsion Application

This section provides a Brayton Cycle for propulsion application analysis when the working fluid is air.

Analysis

In the presented Brayton Cycle analysis, only air is considered as the working fluid behaving as a perfect
gas -- specific heat has a constant value. Ideal gas state equation is valid -- pv = RT.

A gas turbine is a heat engine that uses a high temperature, high pressure gas as the working fluid.
Combustion of a fuel in air is usually used to produce the needed temperatures and pressures in the gas
turbine, which is why gas turbines are often referred to as combustion turbines. Expansion of the high
temperature, high pressure working fluid takes place in the gas turbine. The gas turbine shaft rotation
drives an electric generator and a compressor for the working fluid, air, used in the gas turbine combustor.
Many gas turbines also use a heat exchanger called a recouperator to impart turbine exhaust heat into the
combustor's air/fuel mixture. Gas turbines produce high quality heat that can be used to generate steam
for combined heat and power and combined-cycle applications, significantly enhancing efficiency.

Air is compressed, isentropically, along line 1-2 by a compressor and it enters a combustor. At a constant
pressure, combustion takes place (fuel is added to the combustor and the air temperature raises) and/or
heat gets added to air. High temperature air exits the combustor at point 3. Then air enters a gas turbine
where an isentropic expansion occurs, producing power. Air exits the gas turbine at point 4. It should be
mentioned that air at point 1 enters the compressor and the cycle is repeated.

Figure 1 presents a Brayton Cycle schematic layout.

-23--
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Brayton Cycle (Gas Turbine) Schematic Layout

Figure 1 - Brayton Cycle Schematic Layout

Figure 2 presents a Brayton Cycle temperature vs entropy diagram.
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Brayton Cycle (Gas Turbine) T - s Diagram

Figure 2 - Brayton Cycle Temperature vs Entropy Diagram

In order to keep the scope of thrust analysis simple, the working fluid exiting turbine expands to the
atmospheric conditions i exit pressure is equal to the ambient pressure (p; = pg).

It should be pointed out that this material deals with the open Brayton Cycle. The way howthe T - s
diagram is presented, it describes a closed Brayton Cycle -- this would require a heat exchanger after
point 4 where the working fluid would be cooled down to point 1 and the cycle repeats. Therefore, the T -
s diagram is presented as a closed Brayton Cycle to allow easier understanding and derivation of the
Brayton Cycle thermal efficiency -- heat addition and heat rejection.

The gas turbine and compressor are connected by shaft so the considerable amount of work done on the
gas turbine is used to power the compressor.

Propulsion is provided by the difference of gas turbine expansion minus the compressor power
requirements:

Thrust = vm

- 25 --
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where

Thrust - propulsion force [N]

V= (20y(Ts- Ta) - (To- TN

v - working fluid velocity [m/s]

Cp - specific heat at constant pressure [kJ/kg*K]

T4, T, T3, T4- temperature values at points 1, 2, 3 and 4 [K]

m - working fluid mass flow rate [kg/s]

It can be noticed from the T - s diagram that the work done on the gas turbine is greater than the work
necessary to power the compressor -- constant pressure lines in the T - s diagram diverge by going to the

right side (entropy wise).

The thermal cycle efficiency can be given as a function of specific external work (specific net power
output) and heat added to the working fluid as follows:

d = wlgn = (W - We)/0h = (O - 1)/0n

or

d=1-a/0n=1-(Cp(Ta- TM(Cp(Ts-T2)) =1 - (To(TalTy - 1))/(To(T&/T2 - 1))
where

d - thermal efficiency [/]

w - specific external work (specific net power output) [kJ/kg]
W - expansion specific power output [kJ/kg]

W, - compression specific power input [kJ/kg]

W - external work (net power output) [kW]

W, - expansion power output [kW]

W, - compression power input [KW]

gn - heat added to the working fluid [kJ/kg]

;- heat rejected from the working fluid [kJ/kg]

Cp - specific heat at constant pressure [kJ/kg*K]

c, - specific heat at constant volume [kJ/kg*K]
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m - working fluid mass flow rate [kg/s]

r, - compression ratio [/]

For isentropic expansion and compression:

To/Ty = (palp) !

To/Ts = (palpa) ") "

Knowing that

P3/Pa = Pa/P1

where

t =cie,-f or =ali4f]

P1, P2, P3, Pa - pPressure values at points 1, 2, 3 and 4 [atm]
Ty, Ty, T3, T4- temperature values at points 1, 2, 3 and 4 [K]
It follows that

TalT4=T,oT,

or

To/T, =TT,

Therefore, after some mathematical operations the thermal efficiency is:
d=1-TJT,=1-TyT;

If the temperature ratio is substituted in terms of the compression ratio:

q =1 /ﬂp( )4
where
o = P2/p1

Figure 3 presents the Brayton Cycle efficiency as a function of the compression ratio. It should be noted
that the inlet conditions are standard ambient conditions: temperature of 298 [K] and absolute pressure of
1 [atm].
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Brayton Cycle (Gas Turbine) Efficiency
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Figure 3 - Brayton Cycle Efficiency
Here, two general performance trends are considered. First, impact of the gas turbine inlet temperature
and compression ratio on the Brayton Cycle specific propulsion output and second, impact of the working
fluid mass flow rate on the Brayton Cycle propulsion output.

Figure 4 presents the results of the first performance trend, while Figure 5 presents the results of the
second trend.
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Brayton Cycle (Gas Turbine) Specific Propulsion

Output
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Figure 4 - Brayton Cycle Specific Propulsion Output
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Brayton Cycle (Gas Turbine) Propulsion Qutput
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=
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Working Fluid: Air

Compressor Inlet Temperature: 298 [K] — Gas Turbine Inlet Temperature: 1,500 [K]

Figure 5 - Brayton Cycle Propulsion Output

One can notice that the Brayton Cycle specific propulsion output increases with an increase in the gas
turbine inlet temperature. Furthermore, the increase is higher for the higher compression ratio.

One can notice that the Brayton Cycle propulsion output increases with an increase in the working fluid
mass flow rate. The increase is higher for the higher compression ratio.

Assumptions

Compression and expansion processes are reversible and adiabatic 1 isentropic. The working fluid has
the same composition throughout the cycle. Ideal gas state equation is valid -- pv = RT. Air behaves as a
perfect gas -- specific heat has a constant value.
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Governing Equations

Tol Ty = (palp)t ™
palpy = (TTy)H '
TalTs = (palps)' ™
palps = (To/Ta) '
t =cylcy
pv=RT
W=0n-0q
W =Cp(T3 - To) - Cp(T4 - Ty)
W = (cp(Ts- T2) - cp(Ta - T1))m
q =1 /ﬂp( 1
o= P2/P1
V212 = cp((Ts - T2) - (Ta - Ty))
V = (265((Ts - To) - (Ta - T))

Thrust =vm

Input D ata

T, =298 [K]
p. =1 [atm]
T3 =900, 1,200 and 1,500 [K]
ps =5 and 15 [atm]
Cp=1.004 [kJ/kg*K]
t =cfey-for air t = 1.4 [/]

m =50, 100 and 150 [kg/s]
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Results

Brayton Cycle Efficiency vs Compression Ratio

Pressure Ratio Brayton Cycle

T EffIE)oI/S]n cy
5 36.92
10 48.22
15 53.87
20 57.53
25 60.16

Specific Propulsion Output vs Compression Ratio
for a few Gas Turbine Inlet Values

Gas Turbine
Inlet Temperature

(K]

900 1,200 |1,500

Specific Propulsion
[N/kg/s]

Compression Ratio
[/]
5 563 | 734 | 872
15 524 | 774 | 961

Propulsion Output vs Compression Ratio
for a few Mass Flow Rates

Propulsion Mass Flow
[?(N] Rate
[ka/s]
Compres[i]lon Ratio 50 100 | 150
5 44 | 87 131
15 48 | 96 | 144
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Conclusions

The Brayton Cycle thermal efficiency depends on the compression ratio and on the working fluid. The
thermal efficiency increases with the compression ratio. Also, the thermal efficiency increases with the
hi gher v,avhichés afatiorof gas specific heat values (cy/c,).

The Brayton Cycle specific propulsion output increases with an increase in the gas turbine inlet
temperature. Furthermore, the increase is higher for the higher compression ratio.

The Brayton Cycle propulsion output increases with an increase in the working fluid mass flow rate. The
increase is higher for the higher compression ratio.

Please use the material you just read and complete reading other sections in this course to answer the
quiz questions at the end of this course.

When you get a chance, please visit the following URL:
http://www.engineering-4e.com

The above URL provides lots of free online and downloadable e-material and e-solutions on energy
conversion.
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Otto Cycle

This section provides an Otto Cycle analysis when the working fluid is air.

Analysis

In the presented Otto Cycle analysis, only air is considered as the working fluid behaving as a perfect gas
-- specific heat has a constant value. Ideal gas state equation is valid -- pv = RT.

Air enters a cylinder at point 1 when compression starts and it ends at point 2. Isentropic compression is
considered with no entropy change. Heat addition starts at point 2 and it ends at point 3. At a constant
volume, air gets heated and the working fluid temperature raises. Expansion starts at point 3 and it ends
at point 4. Isentropic expansion is considered with no entropy change. Air heat rejection starts at point 4
and it ends at point 1. At a constant volume, air gets cooled and the working fluid temperature goes down.
It should be mentioned that air at point 1 enters the compression process again and the cycle is repeated.

Figure 1 presents an Otto Cycle pressure vs volume diagram.
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p [atm]

Pressure --
L=

Volume —- V [m 3]

Diesel Cycle p - V Diagram

Figure 1 - Otto Cycle Pressure vs Volume Diagram

Figure 2 presents an Otto Cycle temperature vs entropy diagram.
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T K]

T em perature --

Entropy -- s [kl/kg*K]

Otto Cycle T - s Diagram

Figure 2 - Otto Cycle Temperature vs Entropy Diagram

The thermal cycle efficiency can be given as a function of specific external work (specific net power
output) and heat added to the working fluid as follows:

d = w/gn = (We - We)/dn = (an - 9)/0n

or

d=1-a/dn=1-(c(Ta-T))(CTs-T2)) =1 - (To(TalT1 - D(T2A(T/T2 - 1))
where

d - thermal efficiency [/]

w - specific external work (specific net power output) [kJ/kg]

W - expansion specific power output [kJ/kg]
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W, - compression specific power input [kJ/kg]

W - external work (net power output) [KW]

W, - expansion power output [KW]

W, - compression power input [KW]

gn - heat added to the working fluid [kJ/kg]

;- heat rejected from the working fluid [kJ/kg]

Cp - specific heat at constant pressure [kJ/kg*K]

¢y - specific heat at constant volume [kJ/kg*K]

m - working fluid mass flow rate [kg/s]

0 - compression ratio [/]

For isentropic compression and expansion:

TolTy = (palps)t ™ = (VarV) ™

TalTs = (palpg) ™' '= (ValVe)

Knowing that

ValV, = VoIV,

where

t =cie,-f or =li4d]

P1, P2, P3, Pa - Pressure values at points 1, 2, 3 and 4 [atm]
Ty, Ty, T3, T4- temperature values at points 1, 2, 3 and 4 [K]
It follows that

TolTa= Tol T = (ValVy) P =01

where

U= Va/V,

Therefore, after some mathematical operations the thermal efficiency is:

d=1-TuT,=1-1(ViV,) P
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If the temperature ratio is substituted in terms of the volume/compression ratio:

d=1-13"

Figure 3 presents the Otto Cycle efficiency as a function of the compression ratio. It should be noted that
the inlet conditions are standard ambient conditions: temperature of 298 [K] and absolute pressure of 1

[atm].

Otto Cyele Efficiency [%a]

80

60

40

20

Otto Cycle Efficiency

L_.—-—""---‘
/_,..—-""
25 5 7.5 10 12.5

Compression Ratio (V1/V2) [/]

Working Fluid: Air

Figure 3 - Otto Cycle Efficiency

Figure 4 presents the Otto Cycle power output as a function of combustion temperature and compression
ratio. It should be noted that the number of revolutions is 60 [1/s] for a given geometry of a four cylinder

and four stroke Otto engine.
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Otto Cycle Power Output [KW]

Assumptions

400

300

200

100

Otto Cycle Power Qutput

e

/

1,200 1,500 1,800

Combustion Temperature [K]
Compression Ratio (V1V2) [1]
——35 10
Working Fluid: Air
Ambient Temperature: 298 [K] -- Number of Revolutions: 60 [1/s]
For a Given Geometry of a Four Cylinder and Four Stroke Otto Engine

Figure 4 - Otto Cycle Power Output

One can notice that the Otto Cycle efficiency increases with an increase in the compression ratio. One
can notice that the Otto Cycle power output increases with an increase in the combustion temperature and
that the Otto Cycle power output is greater for lower compression ratio values.

Working fluid is air. There is no friction. Compression and expansion are isentropic -- there is no entropy
change. During heat addition and heat rejection, the air temperature does change. ldeal gas state
equation is valid -- pv = RT. Air behaves as a perfect gas -- specific heat has a constant value.
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Governing Equations

Tol Ty = (Vo/Vo) ™
ViV, = (TR o
Ta/Ta = (ValV3) ™
ValVg = (To/Ty)H @

t =cylcy

pv=RT
W=0n-0q
W=Cy(Ta-T2) - C(T4-Ty)
W =(cy(T3-T2) - c(T4- T1))m
d=1-10""

0= V,/V,

Input D ata

T, =298 [K]
p: = 1 [atm]
T3 = 1,200, 1,500 and 1,800 [K]
U = 5 [gnd 10
¢, = 1.004 [kJI/kg*K]

t =cey-for air t+ = 1.4 [1/]]
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Results

Otto Cycle Efficiency vs Compression Ratio
Compression |Otto Cycle

Ratio Efficiency
[/] [%]
2.5 30.69
5 47.47
7.5 55.33
10 60.19
12.5 63.59

Otto Cycle Power Output

Power Output Combustion
Temperature
[kW] K]

Compression Ratio 1,200 |1.500 | 1,800

(/]
5 167 | 246 | 326
10 151 | 252 | 352

—-4] -



Power Cycles and Power Cycle Components/Processes Analysis

Conclusions

The Otto Cycle efficiency increases with an increase in the compression ratio. Also, the Otto Cycle power
output increases with an increase in the combustion temperature and the Otto Cycle power output is
greater for higher compression ratio values.

Please use the material you just read and complete reading other sections in this course to answer the
quiz questions at the end of this course.

When you get a chance, please visit the following URL:
http://www.engineering-4e.com

The above URL provides lots of free online and downloadable e-material and e-solutions on energy
conversion.
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Diesel Cycle

This section provides a Diesel Cycle analysis when the working fluid is air.

Analysis

In the presented Diesel Cycle analysis, only air is considered as the working fluid behaving as a perfect
gas -- specific heat has a constant value. Ideal gas state equation is valid -- pv = RT.

Air enters a cylinder at point 1 when compression starts and it ends at point 2. Isentropic compression is
considered with no entropy change. Heat addition starts at point 2 and it ends at point 3. At a constant
pressure, combustion takes place (fuel is added to the cylinder and the air temperature raises) and/or heat
gets added to air. Expansion starts at point 3 and it ends at point 4. Isentropic expansion is considered
with no entropy change. Air heat rejection starts at point 4 and it ends at point 1. At a constant volume,
air gets cooled and the working fluid temperature goes down. It should be mentioned that air at point 1
enters the compression process again and the cycle is repeated.

Figure 1 presents a Diesel Cycle pressure vs volume diagram.
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p [atm]

Pressure --
L=

Volume —- V [m 3]

Diesel Cycle p - V Diagram

Figure 1 - Diesel Cycle Pressure vs Volume Diagram

Figure 2 presents a Diesel Cycle temperature vs entropy diagram.
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A

T K]

T em perature --
L=

Entropy -- s [kl/kg*K]

Diesel Cycle T - s Diagram

Figure 2 - Diesel Cycle Temperature vs Entropy Diagram

The thermal cycle efficiency can be given as a function of specific external work (specific net power
output) and heat added to the working fluid as follows:

d = w/gn = (We - We)/dn = (an - 9)/0n

or

d=1-a/on=1-(c(Ta- T))(Cx(Ts-T2)) =1 - (To(TalTy - 1))/ To(T4/T, - 1))
where

d - thermal efficiency [/]

w - specific external work (specific net power output) [kJ/kg]

W - expansion specific power output [kJ/kg]
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W, - compression specific power input [kJ/kg]

W - external work (net power output) [KW]

W, - expansion power output [KW]

W, - compression power input [KW]

gn - heat added to the working fluid [kJ/kg]

;- heat rejected from the working fluid [kJ/kg]

Cp - specific heat at constant pressure [kJ/kg*K]

¢y - specific heat at constant volume [kJ/kg*K]

m - working fluid mass flow rate [kg/s]

U- compression ratio [/]

{ - cut off ratio [/]

For isentropic compression and expansion:

TolTy = (palp) ™' = (ValV)

TalTs = (palpa) ™ '= (VarVa) ™

where

t =ciley-f or =ali4d]

P1, P2, P2, P4 - pressure values at points 1, 2, 3 and 4 [atm]
T4, Ty, T3, T4- temperature values at points 1, 2, 3 and 4 [K]
Knowing that

S3-S,=S4-S1

and

S3 - S = CpIn(T3/Ty)

S4-S1 = CIn(T4TY)

S1, So, S3, S4 - Specific entropy values at points 1, 2, 3 and 4 [kJ/kg*K]

It follows
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(To/T2) = TalTy

It follows that

TolTa=ToTi=(ValV,) =™

When combustion takes place at a constant pressure:
TalT, = ViV,

where

G =ValV,

Therefore, after some mathematical operations the thermal efficiency is:

d = (TU(T/T) - D) ToTo/T2 - 1))

If the temperature ratio is substituted in terms of the volume/compression ratio:

d=1-( -1 G a1)

Figure 3 presents the Diesel Cycle efficiency as a function of the compression ratio and cut off ratio

values. It should be noted that the inlet conditions are standard ambient conditions: temperature of 298
[K] and absolute pressure of 1 [atm].
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Diesel Cycle Efficiency
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Figure 3 - Diesel Cycle Efficiency

Figure 4 presents the Diesel Cycle efficiency as a function of the compression ratio and combustion
temperature values.
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Diesel Cycle Efficiency
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Figure 4 - Diesel Cycle Efficiency

Figure 5 presents the Diesel Cycle cut off ratio as a function of the combustion temperature and
compression ratio values.
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Diesel Cycle Cut Off Ratio

(]

Diesel Cycle Cut Off [/]
=

—

1,500 1,800 2,100

Combustion Temperature [K]
Compression Ratio (V1/V2) [1]

——10 15

Figure 6 - Diesel Cycle Cut Off Ratio
Figure 6 presents the Diesel Cycle power output as a function the combustion temperature and

compression ratio values. It should be noted that the number of revolutions is 60 [1/s] for a given
geometry of a four cylinder and four stroke Diesel engine.
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Diesel Cycle Power Output [KW]

Assumptions

equation is valid -- pv

Diesel Cycle Power Output

600

/

400
=

300

200

1,500 1,800 2,100

Combustion Temperature [K]
Compression Ratio (V1/V2) [1]

—=10 15
Vorkimg Fluid: Air
Air Ambient Temperature: 298 [K] -- Number of Revolutions: 60 [1/s]

Fora Given Geometry of a Four Cylinder and Four Stroke Diesel Engine

Figure 6 - Diesel Cycle Power Output

One can notice that the Diesel Cycle efficiency increases with an increase in the compression ratio and a
decrease of the cut off ratio values. One can notice that the Diesel Cycle power output increases with an
increase in the compression ratio and combustion temperature and that the Diesel Cycle power output is
greater for lower cut off ratio values for given combustion temperature values.

Working fluid is air. There is no friction. Compression and expansion are isentropic -- there is no entropy
change. During heat addition and heat rejection, the air temperature does change. Ideal gas state
= RT. Air behaves as a perfect gas -- specific heat has a constant value.
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Governing Equations

Tol Ty = (Vo/Vo) ™
ViV, = (TR o
Ta/Ta = (ValV3) ™
ValVg = (To/Ty)H @

t =cylcy

pv=RT
W=0n-Qq
W =Cp(Ta - T2) - ¢(T4- Ty)
W = (cp(Ts - T2) - €y(T4 - T1))m

d = (417 (4?06

Input Data

T, =298 [K]
p: = 1 [atm]
T, = 1,500, 1,800 and 2,100 [K]
O = 7.5, 10, 1.5, 15 and 17.
d=3and 4|/
¢, = 1.004 [kJI/kg*K]

t =cey-for air t+ = 1.4 [1]]
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Results

Diesel Cycle Efficiency

Dlege! Cycle Compression Ratio
Efficiency [
[%]

Cut Off Ratio
[

3 41.69 |48.03 |52.46 |55.81 |58.45
4 36.57 |43.46 |48.29 |51.93 154.80

7.5 10 | 125 | 15 17

Diesel Cycle Efficiency

Diesel Cycle Combustion
Efficiency Temperature
[%] [K]

Compression Ratio 1,500 @ 1,800 | 2,100

[/]
10 53.39 | 51.12 | 49.20
15 61.94 | 60.12 | 58.49

Diesel Cycle Cut Off Ratio

Cut Off Combustion
Ratio Temperature
1 [K]
Compres;]lon Ratio 1,500 | 1,800 | 2,100
10 2.00 2.40 2.80
15 1.70 2.05 2.39
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Diesel Cycle Power Output

Power Output Combustion
Temperature
[kW] K]

Compression Ratio 1,500 1,800 2,100

[/]
10 311 417 514
15 297 433 557
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Conclusions

The Diesel Cycle efficiency increases with an increase in the compression ratio and a decrease in the cut
off ratio values. Also, the Diesel Cycle power output increases with an increase in the compression ratio
and combustion temperature and the Diesel Cycle power output is greater for lower cut off ratio values for
given combustion temperature values.

Please use the material you just read to answer the quiz questions at the end of this course.

When you get a chance, please visit the following URL:
http://www.engineering-4e.com

The above URL provides lots of free online and downloadable e-material and e-solutions on energy
conversion.
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Conclusions

The Diesel Cycle efficiency increases with an increase in the compression ratio. Also, the Diesel Cycle
power output increases with an increase in the compression ratio and the Diesel Cycle power output is
greater for higher cut off ratio values.

Please use the material you just read and complete reading other sections in this course to answer the
quiz questions at the end of this course.

When you get a chance, please visit the following URL:
http://www.engineering-4e.com

The above URL provides lots of free online and downloadable e-material and e-solutions on energy
conversion.
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Compression

This section provides an isentropic compression analysis when the working fluid is air.

Analysis

In the presented compression analysis, only air is considered as the working fluid behaving as a perfect
gas -- specific heat has a constant value. Ideal gas state equation is valid -- pv = RT.

Air enters a compressor at point 1 and it exits the compressor at point 2. Isentropic compression is
considered with no entropy change.

Figure 1 presents a compression schematic layout.

Working Fluid Out

'y

Compressor

v

Working Fluid In

Compression Schematic Layout

Figure 1 - Compression Schematic Layout
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Figure 2 presents a compression temperature vs entropy diagram.

T K]

T em perature --

Entropy -- s [kl/kg*K]

Compression T - s Diagram

Figure 2 - Compression Temperature vs Entropy Diagram

Figure 3 presents compression specific power input requirements for a few typical compression ratio
values. It should be noted that the air enters the compressor at standard ambient conditions of 298 [K]
and 1 [atm] of absolute pressure.
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Compression Specific Power Input

400

300 ]

/

Z 200 /

Compression Specific Power Input [kJ/kg]
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[¥]]

=+ Compression Ratio (P2/P1) [/]

Working Fluid: Air

Compressor Inlet Temperature: 298 [K]

Figure 3 - Compression Specific Power Input

Figure 4 presents compression power input requirements for two typical compression ratio values and a
few different working fluid mass flow rate values.
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Compression Power Input

100

Compression Power Input [MW]

\

/

o-/-

50 100 150

Working Fluid Mass Flow Rate [kg/s]
Compression Ratio (P2/P1) [1]

—t— 5 15

Working Fluid: Air

Compressor Inlet Temperature: 298 [K]

Figure 4 - Compression Power Input
One can notice that both compression specific power input and power input increase with the

compression ratio. As the working fluid mass flow rate increases, the compression power input
requirements increase too.

Assumptions

Working fluid is air. There is no friction and heat transfer. Compression is isentropic -- there is no entropy

change. Ideal gas state equation is valid -- pv = RT. Air behaves as a perfect gas -- specific heat has a
constant value.
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Governing Equations

ToITy = (palpr)t ™"
t =cplcy
pv=RT

W =Cp(To-Ty)

W =cy(T2 - Ty)m

Input Data

T, =298 [K]
p: = 1 [atm]
p. =5, 10 and 15 [atm]
Cp=1.004 [kJ/kg*K]
t =clcy-for air t = 1.4 [/]

m =50, 100 and 150 [kg/s]

Results

Specific Power Input vs Compression Ratio
Compression Ratio |Specific Power Input

1 [kW/kg/s]
5 174
10 278
15 349
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Power Input vs Compression Ratio for a few Mass Flow Rates

Power Input Mass Flow Rate
[MW] [kg/s]

Compression Ratio
[/]
5 8.68 |17.37 26.05
15 17.47 |34.94 |52.41

50 | 100 | 150
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Conclusions

Both compression specific power input and power input increase with the compression ratio. As the
working fluid mass flow rate increases, the compression power input requirements increase too.

Please use the material you just read and complete reading other sections in this course to answer the
quiz questions at the end of this course.

When you get a chance, please visit the following URL.:
http://www.engineering-4e.com

The above URL provides lots of free online and downloadable e-material and e-solutions on energy
conversion.
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Combustion

This section provides a combustion analysis for a few typical fuel cases (carbon, hydrogen, sulfur, coal, oil
and gas) when the fuel reacts with air at stoichiometric conditions.

Analysis

In the presented combustion analysis, both fuel and air are at standard inlet combustion conditions of 298
[K] and 1 [atm] of absolute pressure. Furthermore, combustion is complete and with no heat loss.

During combustion, a large amount of reactants' chemical energy gets released in the form of thermal
energy.

Fuel higher heating value (HHV) or heat of combustion is the difference between the reactants enthalpy
value minus the combustion products enthalpy value at the standard reference temperature, which is 298

[K].

When the reactants enthalpy value is equal to the combustion products enthalpy value, one can calculate
the combustion products flame temperature or adiabatic temperature.

Figure 1 presents the reactants and combustion products enthalpy value change with an increase in the
temperature.
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Reactants

Enthalpy -- h [kJ/kg]

HHV Products

Temperature -- T [K]
Treference Tflame

Enthalpy - Temperature h - T Diagram

Figure 1 - Reactants and Combustion Products Enthalpy vs Temperature

Physical properties for both reactants and combustion products are very important and need to be known
in order to carry out successful combustion calculations.

Figure 2 presents how the reactants and combustion products species enthalpy values change with the

temperature. The physical properties provided in Figure 2 come from the JANAF Thermochemical Data -
Tables, 1970.
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Enthalpy vs Temperature
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Figure 2 - Reactants and Combustion Products Species Enthalpy vs Temperature

It is interesting to note that the enthalpy value for basic combustion elements such as carbon (C),
hydrogen (H,), sulfur (S), oxygen (O,) and nitrogen (N,) is equal to zero at the standard combustion
conditions of 298 [K] and 1 [atm].

Also, it should be mentioned that for ideal gas species, the enthalpy value is only dependent on the
temperature.

In addition to knowing the reactants and combustion products physical properties, for any kind of
combustion analysis and calculations, it is important to know both fuel and oxidant compositions.

For solid and liquid type fuels, the fuel composition is given on the weight basis for a unit mass amount.
For the gas type fuels, the fuel composition is provided on the mole/volume basis for a unit volume
amount. In this analysis, methane (CH,) is the only gas fuel considered. In order to keep the combustion
analysis simple and straightforward, the CH, composition is provided on the weight basis. Oxidant
composition is usually given on the mole/volume basis.

Table 1 provides the fuel composition.
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Table 1 - Fuel Composition

C H S N o) H,O | CH,
[ka/kg] |[kg/kg] |[kgr/kg] |[ka/kg] |[kg/kg] |[kgrkg] |[kg/kg]
Carbon | 1.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 -
Hydrogen | 0.000 | 1.000 | 0.000 | 0.000 | 0.000 | 0.000 -
Sulfur | 0.000 | 0.000 | 1.000 | 0.000 | 0.000 | 0.000 -

Coal | 0.780 | 0.050 | 0.030 | 0.040 | 0.080 | 0.020 -

oil 0.860 | 0.140 | 0.000 | 0.000 | 0.000 | 0.000 -

Gas - - - - - - 1.000

Fuel

Table 2 provides the standard air composition.

Table 2 - Oxidant Composition

Oxidant N © N 0
[kg/kg] |[kg/kg] [[kmol/kmol] |[kmol/kmol]
Air 0.767 | 0.233 0.790 0.210

Again, in this combustion analysis, only the stoichiometric combustion is analyzed. Results of such
analysis are provided, including combustion products composition on weight and mole/volume basis,
flame temperature, stoichiometric oxidant to fuel ratio and fuel higher heating value (HHV).

Table 3 provides the combustion products composition on the weight basis.

Table 3 - Combustion Products Composition on the Weight Basis
CO; H,O SO, N, 0,
[ka/kg] |[ka/kg] |[kg/kg] |[ka/kg] |[kg/kg]
Carbon | 0.295 | 0.000 | 0.000 | 0.705 | 0.000
Hydrogen | 0.000 | 0.255 | 0.000 | 0.745 | 0.000
Sulfur | 0.000 | 0.000 | 0.378 | 0.622 | 0.000
Coal 0.249 | 0.041 | 0.005 | 0.705 | 0.000
oil 0.202 | 0.080 | 0.000 | 0.718 | 0.000
Gas 0.151 | 0.124 | 0.000 | 0.725 | 0.000

Fuel
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