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Preface

This text presents a comprehensive and comprehensible treatment of engineering
thermodynamics, from its theoretical foundations to its applications in realistic
situations. The thermodynamics presented will prepare students for later courses in
fluid mechanics and heat transfer. In addition, practicing engineers will find the
applications helpful to them in their professional work. The text is appropriate for an
introductory undergraduate course in thermodynamics and for a subsequent course
in thermodynamic applications.

Many features of the text distinguish it from other texts and from previous
editions of this text. They include

+ A systematic approach to problem solving;

® An instructor’s solutions manual that includes solutions to all problems and
that uses the same systematic approach found in the examples;

e Over 1500 problems in SI and English units, 90 requiring computer solution,
plus 130 solved examples;

¢ Chapter objectives highlighted at the start of each chapter;

¢ Expanded and amplified development of the second law of thermodynamics,
stressing availability analysis;

¢ The integration of the use of the personal computer for solving thermody-
namics problems based on the use of TK Solver® and spreadsheet software;

¢ The inclusion of a disk of TK Solver® files that can be used as provided, or
modified and merged into models developed to analyze new problems.

We believe that this text breaks new ground in the presentation of thermody-
namics to undergraduate engineering students. The integration of the use of TK
Solver® and spreadsheet software is one important aspect of this advance. In addition
to including files for determining properties of steam, refrigerant 12, and air, the disk

xiii
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supplied with the text includes models for analyzing many thermodynamic processes
and cycles. Unlike most other available software, these TK Solver® models can be
easily modified to analyze new problems. This provides the student with a powerful
set of tools for applications in later design courses and in their professional careers. As
an indication of the software’s power, although it is a long trial-and-error process to
determine the percentage and effect of only one product’s dissociation in a combus-
tion process, one of the TK Solver® models supplied can analyze combustion reac-
tions with up to three simultancous dissociation reactions. While we believe that the
integration of the computer solutions enhances the thermodynamics course, the text
is also written 1o be used without the software.

Another key feature that elevates the text is the expanded discussion and analysis
of thermodynamic fundamentals and applications. An underlying theme of the text
is that understanding energy and energy utilization is vital to the well-being of an
industrialized society. This is underscored when alternative energy sources such as
solar, geothermal, and wind are discussed. Furthermore, the environmental effects of
acid rain and global warming are discussed in the chapter on reactive systems.

A new feature of the text is a systematic problem solution methodology that is
adhered to in the text and the instructor’s solutions manual. This methodology
guides students into thinking about the problem before proceeding with its solution.
It encourages students to approach the problems logically, to state assumptions used,
to detail the step-by-step analysis, to explicitly include units and conversions when
numerical values are substituted, and to note in conclusion key pointsin the solution.
We encourage faculty to require their students to follow this format in their problem
solutions.

The end-of-chapter problems range in complexity from those illustrating basic
concepts to more challenging ones involving judgment on the part of the student. In
the applications chapters, open-ended problems allow the students to investigate
alternative solutions. The provided software allows students to model complex sys-
tems, vary parameters, and undertake parameter variation in seeking optimum
solutions. In the chapter on refrigeration and air conditioning, the R 12 property
models and the psychrometric chart models allow solution of sophisticated HVAC
problems.

Second-law analysis is ever more important in an era of heightened energy
awareness and energy conservation. A thorough development of the second law of
thermodynamics is provided in Chapters 7-9. The concept of entropy production is
developed in Chapter 8 and used throughout the application chapters, as are the
availability concepts developed in Chapter 9. The ramifications of the second law
receive thorough discussion; the student not only performs calculations but under-
stands the implications of the calculated results.

We would like to extend our gratitude to the following reviewers, who offered
valuable suggestions for the fourth edition: Lynn Bellamy, Arizona State University;
Alan J. Brainard, University of Pittsburgh; E. E. Brooks, University of Saskatchewan;
James Bugg, University of Saskatchewan; Clinton R. Carpenter, Mohawk Valley
Community College; Daniel Fairchild, Roger Williams College; Walter R. Ka-
minski, Central Washington University; B. I. Leidy, University of Pittsburgh; Robert
A, Medrow, University of Missour1 — Rolla; Edwin Pejack, University of the Pacific;
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Julio A. Santander, Southern College of Technology; George Sehi, Sinclair Commu-
nity College; E. M. Sparrow, University of Minnesota; Amyn S. Teja, Georgia Insti-
tute of Technology; Richard M. Wabrek, Idaho State University; and Ross Wil-
coxon, South Dakota State University, We would like to acknowledge Todd Piefer of
UTS for his assistance and suggestions on improving the TK Solver® models.

It is our hope that the text will form a useful part of an educational program in

engineering and be a useful reference for the practicing engineer.
M. David Burghardt
James A. Harbach



Introduction

Thermodynamics is the science that is devoted to understanding energy in all its
forms, such as mechanical, electrical, chemical, and how energy changes forms, e.g.
the transformation of chemical energy into thermal energy, for instance. Thermody-
namics is derived from the Greek words therme, meaning heat, and dynamis, mean-
ing strength, particularly applied to motion. Literally, thermodynamics means “heat
strength,” implying such things as the heat liberated by the burning of wood, coal, or
oil. If the word energy is substituted for heat, one can come to grips with the meaning
and scope of thermodynamics. It is the science that deals with energy transforma-
tions: the conversion of heat into work, or of chemical energy into electrical energy.
The power of thermodynamics lies in its ability to be used to analyze a wide range of
energy systems using only a few tenets, two primary ones being the First and Second
Laws of Thermodynamics. Thermodynamics applies very simple yet encompassing
laws to a wide range of energy systems that have major import in our society, for
example, energy use in agriculture, electric power generation, and transportation
systems. '
We will examine the following energy conversion systems in more detail:

e A steam power plant, fundamental to the generation of electric power.

¢ An internal combustion engine, used by many of us daily in our automobiles.

e Direct energy conversion, particularly photovoltaic conversion of sunlight
into electricity, a projected major source of electrical power.
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Figure 1.1 A simplified vapor power cycle.

o Cogeneration facilities where power is produced and what had formerly been
waste heat is used for heating or cooling. :

® Qur current energy consumption patterns, and energy conservation policies
that industrialized societies may follow in the future with the resultant chal-
lenges for engineers.

The Steam Power Plant

The first law of thermodynamics states that energy is conserved; it can change form,
but it cannot be destroyed. This very simple, fundamental statement allows us to
investigate the behavior of many devices and systems (combinations of devices). One
of these is the steam power plant, an energy system that is essential to the industrial-
ized world, as it often is used for the generation of electric power. Figure 1.1 depictsa
simplified steam power plant. Fuel is burned to release heat in a steam generator,
similar in concept to the oil- or gas-fired boilers used to provide steam or hot water for
heating in homes. The process transforms the fuel’s chemical energy to the thermal
energy of combustion gases. The heat is used to boil water under pressure in the steam
generator (boiler). The steam leaves the generator and passes through superheater
tubes, where more heat is added to the steam; it then passes through the turbine,
where it increases in volume, decreases in pressure, and performs work by causing the
turbine rotor to rotate. The turbine is coupled to a generator, which is used to
generate electric power. Thus, in the turbine another process transforms some of the
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Figure 1.2 A reciprocating internal combustion engine,

thermal energy of the steam into mechanical work. The steam is then condensed,
liguefied, and pumped back to the steam generator. The second law of thermody-
namics tells us how much thermal energy can be converted into work. Not all of it
can be.

To fully understand a steam power plant requires knowledge of substance prop-
erties: why water behaves as it does, why combustion occurs, what are the combus-
tion products, what is the mechanism of energy transformation. Thermodynamics
allows us to determine these properties, experimentally and theoretically.

internal Combustion Engines

Another standard power plant that many of us use every day is the internal combus-
tion engine used to power automobiles and many other machines (Figure 1.2). The
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Chemical energy Fuel is supplied to engine.
l
Thermal energy Combustion raises gas temperature and pressure. '
+ 4
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Figure 1.3 Transformation of fuel energy into vehicle motion.

engine may be viewed as a small power plant: fuel is burned, and the energy from the
burning fuel is transferred to the pistons, whose gears turn the wheels, thus moving
the automobile. The transformation of the fuel’s chemical energy into vehicle motion
is shown in Figure 1.3.

In these times of energy scarcity, we need to develop an understanding of the
transformation process so we can minimize inherent losses of energy quality. Ther-
modynamic analysis seeks to determine ahead of time how much work we may
expect from an engine and, through experiments, how efficiently the engine is per-
forming. This is very important in minimizing the pollution from exhaust gases. A
typical engine’s exhaust contains unburned hydrocarbons, carbon monoxide, carbon
dioxide, and nitric oxides, all of which decrease air quality. We need to minimize the
total pollution, eliminating those types that are most harmful.

The gas turbine is another combustion engine, typically used on jet planes and
for supplemental electric power generation. Air is compressed and energy added to it
by burning fuel in a combustion chamber; this mixture — the products of combus-
tion, air, and burned fuel —expands through a turbine, doing work, which drives the
compressor and. electric generator (Figure 1.4). On a jet engine, the work of the

Air inlet

Starting
™ motor

Compressor :D

~

Gas
” turbine

~—#= Exhaust

Fuel .
Figure 1.4 A gas-turbine unit.
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turbine is used only to drive the compressor, and the exhaust gases from the turbine,
under a higher pressure than the outside air, expand through a nozzle, increasing in
velocity. This increase in velocity generates a propulsive force on the engine and on
the airplane to which it is attached.

All these analyses have a common purpose, to consider how efficiently the
chemical energy of the fuel is converted into mechanical energy and with this knowl-
edge to search for ways to improve the conversion process. The processes of convert-
ing energy are different depending on the mechanical structure (automotive engine
versus steam power plant), but the laws of thermodynamics governing energy con-
version remain the same.

Direct Energy Conversion

Some energy converters do not rely on intermediate devices to produce work—

electric power in this case. Two familiar direct energy conversion devices are fuel cells,

in which chemical energy is converted directly to electrical energy, and photovoltaic

cells, in which the sun’s radiant energy is converted directly to electrical energy.
Figure 1.5 illustrates a simplified fuel cell using hydrogen and oxygen. The

hydrogen is oxidized at the anode, giving up two electrons, and the oxygen is reduced

at the cathode, receiving two electrons. The load is connected to the two poles.
The half-cell reactions are

Hy — 2HY + 2e~ V =0.0 volts
% Oy +2H*+ 27— H,O () V= 1.23 volts

Thus the voltage of the cell has 1.23 volts, and if the load resistance is known, the
current flowing through the load may be determined with Ohm’s law.

One of the most promising renewable energy forms is photovoltaics, the direct
conversion of sunlight into electricity. Current laboratory models can attain a con-
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version efficiency of 25% on smalil cells and an average efficiency of 13% for
cells a square foot in area. Production costs are dropping, making the units more
economical.

How does this conversion occur? Photovoltaic cells are a type of semiconductor
involving a P-N junction. At a P-N junction is a voltage potential created by a
positive-hole P-layer, which contains movable positive charges or “holes,” and a
negative N-layer, which contains movable negative electrons. When light with suffi-
cient energy enters the crystal, electrons are released from their atomic bonds and
migrate to an electrode. A wire connected from the negative electrode to a load leads
back to the positive electrode, where the electrons combine with the positive holes. A
barrier at the P-N junction prevents the electrons from instantly combining with the
holes in the P-layer, forcing them instead to flow from the electrode through the load
to the opposite electrode. No material is consumed, and the cell would theoretically
last forever, except for radiation damage which limits the working life of the cell.

Figure 1.6 illustrates a P-N photovoltaic cell. The barrier layer prevents diffusion
of holes or electrons from the P-layer to the N-layer, or vice versa. The crystal absorbs
sunlight, producing an electron and a hole. Ordinarily these would immediately
recombine, and the effect of the light absorption would be an increase in crystalline
temperature. However, because of the potential barrier at the P-N junction, the
electrons migrate to one electrode and the holes to the other. This produces a poten-
tial difference, and a current can flow between the electrodes when a wire connects
them. Very important to the successful operation of the cell are controlled doping
with selected impurities and the absence of other impurities. The effect of other
impurities is to allow recombination of holes and electrons, rather than a flow of
current. Because of engineering advances in refining and doping, photovoltaics is
now a practical means of small-scale power generation.

Cogeneration

Another type of energy system of growing importance is a cogeneration system.
Cogeneration means using the same energy source for more than one purpose, such
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Figure 1.7 Comparison of energy sources in 1973 and 1988 in the United
States.

as using the waste heat from an engine for space heating. Cogeneration facilities often
generate electricity locally, such as a university using its own diesel-electric genera-
tors. The waste heat from the engine is used for additional purposes, perhaps for space
heating or for air conditioning, as odd as that sounds, There are large air conditioning
systems that use heat as the energy source; these are called absorption refrigeration
systems. So, rather than having an engine that is 40% efficient in generating electric-
ity, with the waste heat from the cooling water and the exhaust being dissipated to the
atmosphere, a cogeneration facility uses this waste heat for other purposes. This
increases the overall efficiency of the unit and decreases the total fuel or utility costs
that the university has to pay.

Our Energy Consumption Lifestyle

Many studies'? indicate that the world will have greatly diminished petroleum and
mineral resources in the near future, resources that sustain the standard of living the
industrialized world enjoys. All aspects of manufacture and living must become
more energy efficient as the cost and scarcity of resources increase. A knowledge of
thermodynamics is the first step. It allows engineers to create new systems and
devices that will reduce our energy consumption and improve our energy utilization.

How did we get in this predicament in the first place? We love energy. Our
lifestyle and our standard of living depend on a very high rate of consumption of
energy. We have forgotten that all the electricity and gasoline come from a finite
supply of fossil fuels. Because it is a finite supply, it will be depleted very soon, perhaps
within our lifetime for domestic oil and gas reserves. Figure 1.7 graphs the sources of
energy that fuel our lives. The largest source is petroleum products —gasoline and
fuel oil — that we use in our cars, homes, and power plants. Notice the difference in
the amount imported in 1988 versus 1973, the time of the OPEC oil embargo. The
United States will become more sensitive to variations in petroleum supplies as it
produces less of its total consumption, because other energy forms do not perform
petroleum’s function in society, for example, providing fuel for cars. Qur total energy
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Figure 1.8 Change in U.S. energy sources.

consumption has been supplemented by increases in coal and nuclear power produc-
tion, Figure 1.7 does not indicate where the fuel reserves are. The United States hasa
large coal supply, but the domestic petroleum and natural gas supplies are decreasing,
making imports more important. Various factors are weighed to estimate when the
domestic supplies will be depleted and when the United States will become totally
dependent on foreign supplies. Certainly in the next ten to twenty-five years the
United States will be nearing this situation. Economic and political problems will
result from this increasing dependency. The problems are economic in that the cost
of fuel will rise dramatically, causing inflation and social pressure, and political in
that other countries will be vying for the same energy sources.

Engineers must be very aware of the social and political pressures associated with
technical changes they design. Figure 1.8 represents a forecast of the changing pro-
portions of the energy sources in the United States for the next forty years. It is
apparent that oil and gas will decrease significantly and that coal will be the remaining
fossil fuel, with nuclear, solar, and hydroe¢lectric being the other energy sources.

The United States has large coal reserves that can be used for power generation,
coal gasification projects, and coal liquefaction processes. Studies have indicated that
there is sufficient coal to provide for our energy needs for the next four hundred years.
However, there are tremendous environmental problems associated with expanding
the use of coal. Much of the coal that is accessible is strip-mined, a technology that
arouses environmental group action and requires water that 1s needed for agriculture
and drinking supplies in the same geographic regions. In addition burning coal
involves air pollution and air quality issues. Coal with a high sulfur content must be
processed to remove as much sulfur as possible because of the direct correlation
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between sulfur and acid rain, Nationally 20% of the coal reserves have a high sulfur
content, with the figure at 43% in coal regions east of the Mississippi River. The
combustion of any hydrocarbon fuel produces carbon dioxide, heightening the prob-
ability of global warming.

Nuclear power plant construction is at a standstill in the U.S., for the legal
impediments to building a plant are virtually insurmountable. However, nuclear
power produces about 15% of U.S. electric power. In France, over 60% of the electric
power is produced at nuclear plants. Nuclear plants create significant waste disposal
problems, one of the key areas of concern. Internationally, however, nuclear plants
are being constructed as an alternative power source, and the United States may see
them appear again if the time and cost for construction can be decreased.

Renewable energy supplies, solar and hydro, hold some promise for future de-
velopment, particularly small-scale solar power. Hydroelectric power has severe
environmental impacts associated with it. Dams must be created, land flooded, water
tables changed, and the habitat for certain species destroyed. All these steps are
possible, but the process takes time and is sure to engender significant opposition.
Certain types of solar energy utilization, particularly passive solar energy for home
heating and photovoltaics for electric power generation, are increasingly being used.

During the industrial age, energy — fuel — has replaced people and animals in
performing work in manufacturing, agriculture, and transportation in all areas of
commerce and industry. Figure 1.9 graphs the change of energy source for work over

100
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40k
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Year

Figure 1.9 Source of energy used for work in the United States. (Source: C. A.
S. Hall, C. J. Cleveland, and R. Kaufmann, Energy and Resource Quality: The
Ecology of the Industrial Process, New York: John Wiley and Sons, 1986.)
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Figure 1.10 Energy usage and worker productivity. Sofid line is encrgy use;
dotted line is labor productivity. Both measures are indexes, 1967 = 1.0. (Source:
C. I.Cleveland, R. Costanza, C. A. S. Hall, R. Kaufmann, “Energy and the U.S.
Economy: A Biophysical Perspective,” Science [1984] 225:890-97. Copyright
1984 AAAS.)

time. People use machines (energy provided by fuel) for manufacturing jobs, be it a
riveter or a computer assembler. Figure 1.10 illustrates the increase of productivity
associated with this increased energy utilization.

The beginnings of thermodynamics in the nineteenth century coincide with the
rise in energy consumption. As we reach a terminus in the nonrenewable fuel sup-
plies, we must search for productivity gains from means other than energy. Engineer-
ing creativity is certainly needed. Figure 1.11 illustrates the near 100% dependence on
nonrenewable energy sources in the United States. Using foreign supplies to replace
domestic sources is no long-term solution either, as all fossil fuel supplies are finite.

Immediate actions can be taken to improve energy utilization and conservation.
Because fuel costs have been very low, the manufacture of products has tended
toward lowest initial cost. Operating costs were largely ignored. For instance, it is
possible using current technology to build domestic refrigerators that use a maxi-
mum of 700 kilowatt-hours (kwh) per year rather than the maximum of 1900 kwh
allowed in current models. California passed a law requiring that by 1993 all refriger-
ators achieve the greater efficiency. Engineers created models with design changes
requiring more insulation and more efficient compressors, motors, condensers, and
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Figure 1.11 U.S. fuel consumption, percentage of nonrenewable fuel.

evaporators. These changes cost only $50 more per unit. Superefficient models are
being constructed that annually consume 100 kwh, 5% of the 190¢ kwh units.

Switching to natural and fluorescent lights from the predominant incandescent
light bulb will save equally large amounts of electricity. A 75-W incandescent light
bulb has an average lifetime of 750 hours and produces 1180 lumens of illumination;
a 20-watt fluorescent light has a 7500-hour life and produces 1250 lumens of illumi-
nation, Ninety percent or more of the incandescent bulb’s energy is dissipated as heat.
A flow of electricity heats the bulb’s filament to a high temperature, making the
filament glow and produce light. Of course, this heat must be removed by a building’s
air-conditioning system in hot weather. Fluorescent bulbs are coated with phosphor
powders that glow when excited by ultraviolet light. The ultraviolet light is created by
ionizing a gas within the tube.

In the early 1970s automobiles had a comparatively low fleet average mileage,
15~ 16 miles per gallon {mpg). Since the energy crisis in 1973 the fleet average has
risen to 25 -26 mpg. This represents a tremendous savings in fuel when you consider
the number of cars on the road and the miles driven. Some automobiles currently
obtain 50 mpg or better. By decreasing vehicle size and weight and by using new
materials, more efficient engines, and better aerodynamic design, the flect average
can continue to rise. Not only will personal transportation systems change with
decreased fuel availability and/or significantly higher fuel costs, but other systems
will change as well. Over the past forty years railroad transportation of goods has been
replaced by trucks. The days for the mass transport of goods via trucks are numbered,
however, because for long-distance hauling trains are at least five times more fuel-
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efhicient than trucks. Compare a freight train to the number of trucks that would be
needed to haul the same goods.

Populations and societies prosper because of abundant food and energy supplies.
Part of the reason the United States has been able to support its standard of living at
the present level is that it exports agricultural products, creating a trade surplus to
partially counter the trade deficit in energy. Problems lurk in this vital sector of the
economy. Farming has developed into a highly energy-intensive operation. Farms
have become larger as a result of this. Agricultural engineers need to create new
technologies and methodologies to support this vital economic sector. The tractors
needed for tilling the soil are not the problem, although techniques in plowing
dictated by large tractors cause soil erosion, the loss of a nonrenewable resource. A
larger problem is chemical applications. Fertilizer, rather than naturally occurring
nutrients, is used to increase crop yield per acre. Synthetic fertilizers are produced
using natural gas. Pesticides and herbicides, applied to control insects and weeds, are
created using fuel. Of course, the repeated applications expend energy. The pesti-
cides, herbicides, and fertilizers pollute the water supply; much farmland is irrigated,
and they become part of the runoff. The pollution of water supplies, rivers, lakes, and
the ocean is caused 1n part by this intensive energy application to the soil in growing
the U.S. food supply.

Aggravating the situation is that only 25% of U.S. crops are for human consump-
tion. The rest are for animals. It is currently cheaper to feed animals grain rather than
graze them. The meat is more tender, tastier, and higher in fat and makes up 35% of
the typical American diet. As you can see, the intertwinings of various activities in
support of our lives is guite complex, and energy solutions are not easy or comfort-
able. However, they can be accomplished.

Figure 1.12 illustrates the energy consumption and GNP per person in various
countries. At one extreme is the United States and at the other is India. The energy
consumption per person in the United States is about 80 kcal and in India it is about 2
kcal. However, the standard of living, indicated by the GNP, is also significantly
different. Look instead at industrialized countries with a similar standard of living,
but whose energy consumption is less than half that of the United States. Countries
such as Norway, France, Switzerland, and the former West Germany offer energy-ef-
ficient methodologies. Engineers with thermodynamic awareness are needed to
create new technologies and modify old ones so the United States may continue to
prosper.

The time in which you will be a practicing engineer will be a challenging one. The
energy supplies that Americans have become accustomed to will decrease dramati-
cally. New technologies must be created to help us continue the advantages that
society now offers us. A knowledge of thermodynamics is necessary for all fields of
engineering. Certainly our energy habits will change. Natural and fluorescent lighting
will become dominant; electricity generation will change increasingly to photovoltaic
and cogeneration facilities; transportation patterns will alter; food production tech-
niques will become less energy-intensive. All of these changes can be accomplished
with talents in which engineers abound: creativity, compassion, and problem-solving
ability.
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Figure 1.12 Comparison of total energy usage and GNP dollars per capita for
various countries. (Source: C. A. 8. Hall, C. J. Cleveland, and R. Kaufmann, Energy
and Resource Quality: The Ecology of the Industrial Process, New York:; John
Wiley and Sons, 1986.)

PROBLEMS

1.1 Compare the operating costs of a home refrigerator that uses 700 kwh of electricity
annually rather than 1900 kwh. The cost of electricity is $0.10/kwh. If this were enacted
nationally, such that 10 million refrigerators were affected, what would be the total savings
in kwh?

1.2 Consider the fuel savings in Problem 1.1 because less electricity would need to be gener-
ated. A power plant may be assumed 40% efficient in converting the fuel’s chemical energy
into electrical energy. Assuming the fuel is oil with a heating value of 43 000 kJ/kg, how
many kg would be saved annually?

1.3 Recall the energy and lifetime comparisons between incandescent and fluorescent lights.
Using a 75-W incandescent bulb and a 20-W fluorescent bulb, investigate the initial cost of
each at a local store. Assuming that the light is used 8 hours per day annually, determine
the time necessary to recover the additional cost of the fluorescent bulb.

1.4 Referring to Problem 1.3, calculate the total energy savings over the lifetime of the fluores-
cent bulb. Assuming that 10 million incandescent bulbs have been changed to fluorescent,
calculate the fuel savings annually, using the same assumptions as in Problem 1.2.
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1.5 Consider a subset of the American automotive fleet that comprises 1 million cars that are
driven 10 000 miles annually. The average gasoline consumption for this fleet rises lin-
carly from 26 mpg to 31 mpg over a 5-year period. Calculate the total fuel savings annually
and cumulatively over this period.

1.6 The following data represent the proven world oil reserves as of 1989 in billions of barrels
. [Dept. of Commerce):

Saudia Arabia 255 Venezuela 58.5
Irag 100 USSR 58.4
United Arab Emirates 98.1 Mexico 56.4
Kuwait 94.5 United States 25.9
Iran 92.9 China 24.9

The foltowing data represent the consumption in millions of barrels of oil in 1989 of the
largest consumers:

United States 6323 France 677
Japan 1818 Canada 643
West Germany 831 Great Britain 634
Italy 708

Determine the number of years of oil supplies remaining, assuming the consumption
remains constant. Assuming that the consumption increases at 3% per year, determine the
number of years remaining,

REFERENCES

1. Lester R. Brown et al., State of the World 1990, Worldwatch Institute Report, New York:
Norton, 1990.
2. John Gever et al., Beyond Oil, Cambridge, MA: Ballinger, 1986.
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Definitions and Units

There is a certain language peculiar to any specialization; words signify certain
precise concepts and once learned become a way of quickly communicating these
concepts and ideas to others versed in the field. Thermodynamics is no exception,
and this chapter establishes literacy in the field. These parameters wili be used over
and over throughout the text and are important in understanding the scope and the
limitations of laws and models postulated and developed later.

In this chapter you will

¢ Understand the conceptualization of substances and systems;

¢ Discover what defines the state of a substance and how it exists;

¢ Differentiate between fundamental and derived units;

e Examine the limits of classical, macroscopic, thermodynamic analysis;

¢ Define and use specific volume and pressure in rigorous thermodynamic fash-
ion; '

¢ Explore equality of temperature and the zeroth law of thermodynamics and its
implicit invocation in the development of temperature scales.

15
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2.1 MACROSCOPIC AND MICROSCOPIC ANALYSIS

This text deals with macroscopic, as opposed to microscopic or statistical, thermody-
namics. In microscopic thermodynamics we must look at every molecule and ana-
lyze collective molecular action by statistical methods. In macroscopic thermody-
namics we concern ourselves with the overall effect of the individual molecular
interactions. The macroscopic level is the level on which we live. We measure dis-
tance in meters and time in seconds. These measurements are very large compared
with the measurement of events on the molecular level; because they are very large,
they are called macroscopic. It is convenient to use this method of analysis because we
have been familiar with the measurements since childhood. For instance, tempera-
ture is a macroscopic effect, and more will be said of it later in the chapter. The
‘microscopic point of view will be used only to explain some phenomena that cannot
be understood by classical {macroscopic) means.
What follows will be illustrations of the jargon of thermodynamics.

2.2 SUBSTANCES

To solve problems the parts of the problem must be enumerated. The first considera-
tfion is that there must be something performing the energy transformation. This
something is a substance. This substance in the family automobile engine is usually
the mixture of gasoline and air. In a steam turbine the substance is probably the
steam. The substance may be a solid, liquid, vapor, or a mixture.

The substance may be further divided into subcategories. The substance isa pure
substance if it is homogeneous in nature —that is, it must have the same chemical
and physical composition at one point as it does at another point, It must not undergo
chemical reaction. What would happen if it did? There would be at least two sub-
stances present, the reactant and the product, and therefore it would not meet the
criteria of homogeneity. A mechanical mixture would also violate the homogeneity
requirement. Oxygen by itselfis a pure substance, but when mixed with another pure
substance, say, nitrogen, the mixture is no longer a pure substance. Air, therefore, isa
mixture, not a pure substance. It may seem that at normal temperatures and pres-
sures the mixture of oxygen and nitrogen is the same composition everywhere. Thisis
true. However, oxygen and nitrogen condense at different temperatures, so it is
possible to have conditions under which air is not homogeneous throughout; it is a
mixture and not a pure substance.

2.3 SYSTEMS —FIXED MASS AND FIXED SPACE

A substance does not exist alone; it must be contained. This brings us to the concept
of a system. In thermodynamics a system is defined as any collection of matter or
space of fixed identity, and the concept is one of the most important in ther-
modynamics. The selection of the system is up to the individual and requires some
skall. Later we will see some problems associated with determining system bounda-
ries.
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Figure 2.1 Piston-cylinder, illustrating sys-
Boundary Surroundings  tem, boundary, and surroundings.

What does the term boundary mean? When a system is defined, say the fluid ina
cylinder (Figure 2.1), what separates the fluid from the cylinder wall and the piston
and everything external to the piston-cylinder? It is the system boundary. Everything
not in the system is called the surroundings. Note that the piston can be raised or
lowered, but the system, matter of fixed identity, is constant. Let us backtrack a
moment. A system is defined as a collection of matter or space of fixed identity. You
ask, “How do I know whether to choose matter or space as a system?” Consider a long
pipe (Figure 2.2) filled with a flowing fluid. Pass imaginary planes through the pipe at
points 1 and 2 at the same instant and consider the fluid between them as the system.
This mass of fluid is our system; each molecule is identified. Now consider the
problem of determining what happens to the fluid as it flows from 1 to 3. The
molecules of our system become mixed with molecules from the surroundings, so we
must account for the movements of each molecule. This certainly is not feasible.
What if the system were defined differently for this problem? Consider our system to
be a collection of space and, for this problem, consider it to be all the space in the pipe
between the planes at points 1 and 3. Qur system is fixed space; it is not moving, even
though fluid is moving through the space. In analyzing the fluid, all we need to do is
note the state of the fluid at the system boundaries at planes 1 and 3, and any changes
are what has happened to the fluid in the pipe.

What conclusions can we draw from this? In the case of the piston-cylinder,
where there was no flow of matter, the system was considered to be matter of fixed
identity. No problem in analysis occurred even when the volume changed. This is
called a closed system, a system closed to matter flow. When there is matter flow, the
system is considered to be a volume of fixed identity, a control volume. This system is
open to the flow of matter and is called an open system. It may seem as if the

Flow —e=

1 2 3
Figure 2.2 Flow through a pipe.
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definition of a system has been greatly belabored, but a clear understanding of the two
concepts eliminates a great deal of difficulty in performing analysis.

In Chapter 1 we discussed power plants for the generation of electricity. Fig-
ure 2.3ais a schematic view of a power plant with the boundary drawn so the system is
closed. (No mass enters or leaves the system.) The water flows as steam to the turbine,
is condensed to a liquid, and is pumped to the steam generator. The processes repeat
in a cycle.

The system does not care where the energy comes from to raise its temperature
and pressure in the steam generator; it may be from the combustion of coal, oil, gas,
or a nuclear reaction. The water receives energy, and its temperature and pressure
increase. If the boundary is drawn as in Figure 2.3b, mass flows across the system
boundary; air, fuel, and cooling water enter, and products of combustion and cooling
water leave. The water in the steam power plant undergoing the cycie remains a
constant mass, but we may consider other aspects in the generation of power. For
instance, we may be concerned about the impact on marine life when the cooling
water leaving the condenser reenters at a higher temperature the river or lake from
which it was drawn. In Chapter 15 we will use the system diagram shown in Figure
2.3b to coordinate the amount of fue! consumed with the products of combustion
leaving the steam generator and the amount of power produced in the power plant.

2.4 PROPERTIES, INTENSIVE AND EXTENSIVE

The state of a substance completely describes how the substance exists. It has tem-
perature, pressure, density, and other macroscopic properties, and by knowing these
properties we can determine the state of the substance. A property is a characteristic
quality of the entire system and depends not on how the system changes state but only
on the final system state. Before looking further at the definition of a property, let us
subdivide properties into two classes, intensive properties and extensive properties.
An extensive property depends on the size or extent of the system, for example, mass
and velume. An intensive property is independent of the size of the system, for
example, temperature and pressure. Note that an extensive property per unit mass,
such as specific volume (the volume divided by the mass), is an intensive property.

Getting back to the general definition of a property, we see that a property must
be characteristic of the system. Consider a column of water. The temperature can be
the same everywhere, and hence it can be a system property in this case. The pressure
cannot be uniform throughout the system —it is greater on the bottom than on the
top—so the pressure cannot be a property of this system. The definition of what
constitutes a property goes further and requires that, if a system goes from one state to
another state, a property must depend only on the state, not on the changes the
system underwent from one state to the other. For example, let us consider the system
in Figure 2.1. Let it have a temperature 7T, a pressure p,, and a specific volume v, .
Add more weight to the piston, and the system will reach a new state characterized by
a temperature 7,, a pressure p,, and a specific volume v,. Consider, now, that in
going from 1 to 2, weights were added and subtracted, finally resulting in the same
state 2. The final temperature, pressure, and specific volume must be the same as they
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were when just a single weight was added to achieve state 2, since these properties
depend only on the system state.

System properties are defined only when they are uniform throughout a closed
system; the system is then in equilibrium with respect to that property. For instance,
the water in the column is in thermal equilibrium because temperature is uniform,
but the water is not in mechanical equilibrium because the pressure is not uniform.
The air in Figure 2.1 is in both thermal and mechanical equilibrium. There is an
equilibrium associated with each intensive property, but we are primarily concerned
with mechanical and thermal equilibrium. Chemical equilibrium must be consid-
ered in some instances, as delineated in Chapter 12.

From the definition of properties we know that all the states we can potentially
analyze must be equilibrium states, or there would be no properties defined. When a
closed system is in thermodynamic equilibrium, the properties are uniform through-
out the system and may be defined. Thus thermodynamics is a misnomer, for we can
define properties, the tools of analysis, only when they are at equilibrium. We shall
discover, however, that this does not present a very great hardship in problem solving.

2.5 PHASES OF A SUBSTANCE

Certain groups of states of a substance may be called phases of that substance. Water
has solid, liquid, and vapor phases; any pure substance may exist in any combination
of the phases. There are specific terms to characterize phase transitions. Melting
occurs when a solid turns to a liquid; freezing or solidifying occurs when a liquid turns
to a solid. Vaporization occurs when a liquid turns to a gas (vapor); condensation
occurs when a gas (vapor) turns to a liquid. Sublimation occurs when asolid turnsto a
gas.

2.6 PROCESSES AND CYCLES

A process is a change in the system state. Just as there are an infinite number of ways
to go between two points (Figure 2.4), so too are there an infinite number of ways for a
system to change from state 1 to state 2. The path describes the infinite number of
system states that occur when a system undergoes a particular process from state 1 to
state 2. A thermodynamic cycle is a collection of two or more processes for which the
initial and final states are the same. The cycle in Figure 2.4 illustrates a closed system
that undergoes process A and process B. The system is returned to state 1 from which
it started. As an example of a stmple cycle, consider an isothermal, or constant-tem-
perature, process from state 1 to state 2. By denoting that the process is isothermal,
the path the process will follow is defined. Let path A be the isothermal path as
denoted on Figure 2.4. Since a cycle is two or more processes returning to the initial
state, let the return process be isothermal also. The system will proceed from state 2 to
state 1 along path A, but in the opposite direction. Is this the same path? No, because
by definition a path is a succession of system states, and the succession from 1 to 2
differs from the succession from 2 to 1.
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Figure 2.4 Graphical illustration of a path’s being a
succession of system states.

SYSTEMS

Engineers do more than work with numbers. In most instances numbers are asso-
ciated with dimensions. We use these numbers to characterize systems by their
length, mass, temperature, and other properties. Unit systems assign numerical
values to these dimensions, and we are normally concerned with using these dimen-
sions in conjunction with the unit systems, merging the two concepts in our minds.
When they are combined into a coherent set, they form a measurement system. In
this section we will discuss two measurement systems, the English engineering system
and the SI metric system. These two systems are the most frequently encountered in
engineering practice and in college texts. Occasionally, other systems are used; if you
understand the basis for these two, however, you will understand the others.

Fundamental and Derived Units

Units that are postulated, or defined, are findamental units. Once a few units are
defined, others can be derived from them. Fundamental units include length, time,
mass, and force.

Length (L) is the distance between two points in space.

Time (1t} is the period between two events or during which something happens.

Mass (m) is the quantity of matter that a substance is composed of. It is invariant
with location: the mass of a person is the same on earth and on the moon.

Force (F) s sometimes viewed as fundamental (as it is in the English engineering
system) and sometimes derived (as in the SI system). Force is defined through New-
ton’s second law, but conceptually it is associated with power or strength, the push or
pull on an object. It may act directly, such as by pushing a wheelbarrow, or indirectly
by fields (gravitational, electrical, or magnetic).
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Other units can be derived from fundamental units. Areq and volume are derived
from length, L? and L3, respectively. Velocity is distance per unit time, or L/t, and
pressure is force per unit area, or F/I2,

English Engineering System

The English engineering system developed in a rather haphazard fashion, with many
common measures, like the yard, descended from such standards as the length from
the thumb to the nose of Henry I of England. Clearly, such a system has many
drawbacks, but its singular advantage is that we know it, having grown up with feet
and pounds. Having force and mass'as fundamental units is confusing, as they are
related through Newton’s second law, which states that the force acting on a body is
‘equal to the time rate of change of momentum and is given by

d
F=— (my) .1

where v is the velocity and m is the mass of the body. This may be more familiar in
derivative form:

dm dv
F—V—Eh—'l‘m‘a

Most often the mass is constant, and the change of velocity with respect to time is
acceleration, a, so

F=ma (2.2)

where Fis measured in pounds force (Ibf), 1 is measured in pounds mass (Ibm), and
a is measured in feet per second squared (ft/sec?). One 1bf is defined as 1 Ibm
accelerated 32.174 ft/sec2. When we substitute the values of the definition into
equation {2.2}), a problem appears in the unit balance of the equation:

Ibf = (Ibm){ft/sec?)

The units on one side do not equal the units on the other side, so let’s multiply
equation (2.2) by a constant with units that balance:

F=kma (2.3)
or with the units included,
Ibf = k(lbm)(ft/sec?)

Thus, &k must be in lbf-sec?/lbm-ft. To determine the value of the constant, we
substitute the definition of 1 1bf in equation (2.3) and solve for &:
_ 1 lbfsec?
32.174 lbm-ft

Since equation (2.3)is valid for all cases, if k is determined for a given case, it must be
true for all the other cases. Standard gravitational acceleration, g, is 32.174 ft/sec?, a

(2.4)
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term with the same numeric value as 1/k but with different units. The term & equals
1/g., where

g, = 32.174 Ibm-ft/Ibf-sec?
and thus equation (2.3) becomes

F=majg, 1bf (2.5)

Example 2.1

Consider that a person seated in a car is uniformly accelerated at 5 ft/sec? and that the
person has a mass of 180 ibm. Find the horizontal force acting on the person.

Solution
 Given: A person is accelerated horizontally.

Find: The horizonal force as a result of this acceleration.

Sketch and Given Data:
B 14';
dv _ a=>5 fifsec?
dt
m=1801bm Figure 2.5

Assumptions: The acceleration is uniform and constant.
Analysis: Substitute into equation (2.5) to determine the horizontal force.

_ (180 Ibm)(5 ft/sec?)
Ibm-ft
32.174 Thfosec?

Comments: Force acts in the direction of the applied acceleration or deceleration.
Thus, if the acceleration acts in more than one dimension, there will be force compo-

nents in those directions, with the resultant force being a vector in the same direction
as the acceleration vector. ]

F=majg, = 27.97 Ibf

Thus far we have not mentioned weight. If the person in the Example 2.1 is
standing on the ground, he experiences a force equal and opposite to the force he
exerts on the earth. This force is his weight. He is acted upon by the local gravitational
field g. If the gravitational field is located so that g has a value of 32.174 ft/sec?, the
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Sl Units

TABLE 2.1 UNITS IN THE ENGLISH ENGINEERING SYSTEM

Fundamental Derived
Quantity Unit Quantity Unit

force (F) 1bf acceleration (L/13) ft /sec?

Iength (L) ft area (L?) ft2

mass () Ibm density (m/L?) Ibm /ft?

temperature (T7) °R energy (FL) ft-1bf

time () sec power (FL/t) (ft-1bf) /sec
pressure (F/L?) Ibf /ft?
volume (L?) ft?

standard gravitational acceleration, then the force is

_ (180 Ibm)(32.174 fi/sec?) _

32.174 lom-fi/Iofosec? o0 ok

F

If the man were standing on a tall mountain where the gravitational ficld ghad a value
of 30.0 ft/sec?, the force exerted on the ground, his weight, would be

(180 1om)(30.0 ft/sec?)
F —_— —= . .
. 32.174 1bm-ft/Ibf-sec? 167.8 Ibf.
In space, weightlessness results from g = 0; hence the force or weight of the body mass
1s zero.
Table 2.1 lists the fundamental units and some of the derived units found in the
English engineering system.

The abbreviation S7 stands for Systéme International d’Unités, a consistent unit
system developed in 1960. In 1975 the metric conversion act was signed into law in

-the United States, declaring in part “a national policy of coordinating the increasing

use of the metric system in the United States.” The process of conversion has been
slow, but as the U.S. business outlook becomes more global, the United States will
convert of necessity to metric sizes. It is not difficult to perform calculations in
metric; in fact it is easier than in English engineering units. The difficulty in the
conversion process is that standard sizes of equipment, pipes, bolts, and parts of all
kinds must be changed. This requires a major investment in new manufacturing
tools, which businesses must eventually pay for if they are to compete in the world
marketplace, where metric is standard.

There are seven physically defined, fundamental or base SI units, and two geo-
metrically defined supplementary ones; the rest are derived. The fundamental units
are listed in Table 2.2.
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TABLE 2.2 FUNDAMENTAL UNITS iN Sl

Quantity Name Symbol

Base units

Length meter m

Mass kilogram kg

Time second s

Electric current ampere A

Thermodynamic temperature kelvin K

Amount of substance mole mol

Luminous intensity candela cd
Supplementary Units

Plane angle radian rad

Solid angle steradian st

Force is a derived SI unit, where one unit of force is defined by Newton’s second
law, equation (2.2). A unit force is called a newton (N), so

1 N= (1 kgX! m/s?)

In SI units, mass and force have not only different names but different numerical
values. For instance, the force exerted on a 40-kg person by standard gravitational
acceleration, 9.8 m/s?, is

F=(40kg)(9.8 m/s?) =392 N

Table 2.3 shows the prefixes that indicate magnitude of the SI units. Table 2.4 lists SI
derived units.

Although ST associates an exact meaning to each symbol, this preciseness does
not allow variations from the rules. For instance, in English units ft-1bf and Ibf-ft have
the same meaning, though the first expression is preferred. In SI N m and mN are
entirely different; the former is newton meter and the latter is millinewton. Notice
that a space was left between N and m in the first term, the correct way to write this
combination of units. The following is 4 list of some important rules in using SI:

1. Unit symbols are roman letters, lower- or uppercase, as shown in Tables 2.2
and 2.4. Periods are not used after a symbol except at the end of a sentence.
Thus, we write N and kg, not N. and KG. Italic letters are used for quantity
symbols, thus, » is mass and m is meter. The symbol is the same in the
singular and plural: 1 kg, 10kg.

2. The prefix precedes the symbol in roman type without a space, and double
prefixes are not allowed: #A, not mmaA.

3. Engineering and architectural drawings use millimeter as the basic unit of
length.

4. The product of two or more units is represented by a space between the units
or the use of a dot between the units: N°m or N m.
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5. In the division of terms, it is ambiguous to use the slash mark or the hyphen

more than once on the same line. In the case of acceleration, m/s? orm-s~2are
acceptable, but m/s/s is vague. It could be interpreted that the seconds cancel
and only meters remain.

. Capital and lower case letters must be used as described, for instance K means

degrees kelvin and k means kilo.

. Do not use commas in writing long numbers. In some countries commas are

used in place of decimal points. Use a space after every third digit to the left
and right of the decimal point. If there are only four digits, the space 1is
optional. Thus, you would write 3 600 000 and 21.005 68, not 3,600,000 or
21.00568.

. When writing a number less than one, always use a zero before the decimal

point: 0.625, not .625.

In handwriting it may be difficult to differentiate symbols, especially roman and
italic letters. Adopt a different symbol for clarity, such as a script m for mass, so your
notes are not confusing.

Conversion Factors

It will remain necessary to convert between unit systems for many years, as different
unit systems are in use around the world. Inside the front cover of this book is a list of
conversion factors for SI and English units. All conversion factors are dimensionless;

TABLE 2.3 S! UNIT PREFIXES

Factor by which

unit is multiplied Prefix Symbol
1018 atto a
1015 femto f
1012 pico P
10-° nano n
10-¢ micro i
103 milli m
102 centi® c
10-! deci® d
10! deka® da
102 hecto? h
102 kilo k
106 mega M
10° giga G
1012 tera T
1018 peta P
1018 exa E

* Avoid these prefixes, except for centimeter.
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St symbol

Quantity Unit Formula
Acceleration meter per second squared — m/s?
Angular acceleration radian per second squared — rad/s?
Angular velocity radian per second - rad/s
Area square meter - m?
Density kilogram per cubic meter - kg/m?
Electric capacitance farad F A-s/V
Electrical conductance siemens S A/V
Electric field strength volt per meter — V/m
Electric inductance henry H V- s/A
Electric potential difference  volt v W/A
Electric resistance ohm Q V/A
Electricity, quantity coulomb C A-s
Energy joule J N-m
Entropy joule per kelvin — J/K

~ Force newton N kg - m/s?
Frequency hertz Hz 1/s
Heat, quantity joule J N-m
Heat, specific joule per kilogram-kelvin — J/kg - K
Muminance lux Ix Im/m?
Luminance candeia per square meter -— cd/m?
Luminous flux lumen Im cd - sr
Magnetic field strength ampere per meter —_ A/m
Magnetic flux weber Wb V-s
Magnetic flux density tesla T Wb/m?2
Power watt w J/s
Pressure- pascal Pa N/m?
Radiant intensity watt per steradian —_ W /st
Stress pascal Pa N/m?
Thermal conductivity watt per meter-kelvin — W/m-K
Velocity meter per second — m/s
Viscosity, dynamic pascal-second — Pa-s
Viscosity, kinematic square meter per second — m?/s
Volume cubic meter — m3
Work joule J N-m

hence we can multiply or divide any equation by them and not change its value. Let’s
examine the conversion between inches and centimeters, ! in. =2.54 cm. Divide this
equation by 1 in., yielding 1 = 2.54 cm/in. Thus, 2.54 cm/in. is equal to a dimension-

less 1.

Example 2.2

A cargo ship has tanks for carrying fuel oil. The oil is measured in barrels, while the
tank dimensions are in meters, 1 m X 5 m X 15 m. How many barrels does the tank

hold? How many gallons?
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Solution

Given: The size of a ship’s tank in meters.
Find: The number of barrels and gallons that the tank volume holds.
Sketch and Given Data: '

Fuel oil tank

Figure 2.6

Assumptions: None,

Analysis: Calculate the volume in cubic feet, then find in the conversion tables the
value to convert from cubic meters to barrels.

V=1X5X15=75m?3

The conversion table does not have a direct conversion factor, so we must convert
from cubic meters to gallons and from gallons to barrels.

V= (75 m3)(2.642 X 102 gal/m3) = 19 815 gal

Again we must calculate a new conversion factor, as we are given that 42 gal equals
1 bbl. The conversion factor is 1/42 bb/gal and the volume in barrels is

V= (19 815 gal)/(42 gal/bbl) = 471.8 bbl

Comments: Often a direct conversion factor is not available, and we must perform
intermediate steps. s

Unit Conversions in TK Solver

TK Solver is a general-purpose equation-solving software package. Its ability to solve
sets of nonlinear simultaneous equations makes it an excellent tool for solving ther-
modynamics problems. TK Solver also conveniently converts the units of variables
used in a prablem solution. Conversions are entered by selecting the Unit Sheet [= U]
and entering the conversion factors and offsets (if required). TK Solver will automat-
ically combine two conversions to produce a third. As long as the required conver-
sions are entered, TK Solver will combine them as needed.

Contained on the disk included with your text is the UNITS.TK file. See Figure
2.7 for a listing. It contains the most commonly used units conversions for thermo-
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Figure 2.7 Listing of UNITS. TK.

dynamics problems. UNITS.TK is included as part of all the property models in-
cluded on the disk. It can be added to a model by loading it “on top” of the model
already in the computer.

Once information has been entered into the Unit Sheet of TK Solver, typing over
the units listed with the ones desired involves a conversion. Try the following:

1. Load UNITS.TK into TK Solver.

2. Change to the Variable Sheet [=V].

3. Enter “Power” as the variable name, “1”” as the input value, and “kW” as the
unit.

4. Successively change the units of “Power” by typing the following one after
another in the Unit column: W, hp, BTU/sec, BTU/hr, ft-Ibf/s. You should
get results like those in Figure 2.8.

For further information on units in TK Solver, see Appendix D and your TK
Solver manual.
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i

Figure 2.8 Units conversion with TK Solver.

2.8 SPECIFIC VOLUME

There are several properties that are familiar to us but must be rigorously defined so
we know exactly what is meant. Specific volume is the volume of a substance divided
by its mass. But is there a point at which this is no longer true? Would specific volume
have a meaning if we were to select a single molecule as the substance we want to
measure? No. First, specific volume is a macroscopic phenomenon; second, for a
property to be macroscopic, a continuum must exist. That is to say, macroscopic
properties must vary continuously from region to region without a discontinuity, We
say region instead of point because a point is too small (it is infinitesimal } to contain
enough particles of substance; the smallest space a macroscopic substance can oc-
cupy and still have macroscopic properties is a region with a characteristic volume,
oV’ If the specific volume is v, and d ¥ is a small substance volume with mass dm,
then SV

v= lim — (2.6)

sV—gv* OM

Equation (2.6} is precise, but it could prove to be a bit tedious to work with. If the
system substance of which the specific volume is desired is of finite size and homoge-
neous, then the specific volume at one part of the system is the same as at another part
of the system, and for a system volume V and mass m, the specific volume is
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= % m3/kg [ft3/lbm] (2.7)

There is also a property known as density (p), which may be defined as the mass
divided by the volume, or the reciprocal of the specific volume; that is,

p= % kg/m? [Ibm/ft3] (2.8)
2.9 PRESSURE

The second property to be rigorously defined is pressure. If we consider a small
cubical volume 6 V” of a substance, there will be forces acting normally in the x, y, and

. z directions as well as forces acting at angles to these directions. In solids these
pressures are known as the stress of the solid. In fluids at equilibrium the nonnormal
forces are zero, and the pressure that is measured is the average of pressures, that is,
forces per unit area, acting in the three directions. If the average normal force is 0 F,,
and the area that is characteristic of §V” is 44, then the pressure p is

. 6F,
P= i, 5 es

As in the case of specific volume, if the substance in the system is homogeneous and at
equilibrium, then the pressure acting on a finite area 4 with normal force F is

p= 5 N/m? {lbf/in.2] (2.10)

The units of pressure in the English system are normally pounds force per square inch
(psi); but there are instances where pounds force per square foot (psf) are used, so the
conversion of square inches to square feet is necessary:

(10 1bf/in.2)X(144 in.2/ft2) = 1440 Ibf/fi

The unit of pressure in Sl is defined as one unit force per unit area, or 1 pascal (Pa).

Thus,
1 Pa=1 N/m? (2.11)

The pressure that is measured most often is the difference between the pressure of
the surroundings and that of the system. Consider, for instance, the Bourdon tube
pressure gage, shown schematically in Figure 2.9. The pressure of the fluid acts
against the inside tube surface, causing the tube to move. This movement is relayed
through linkages to a pointer, which, when a calibrated dial is attached, indicates the
difference in pressure between the system fluid inside the tube and the surrounding
fluid outside the tube. This pressure is called gage pressure. The absolute pressure of
the system is the sum of the system gage pressure and the surrounding absolute
pressure:

Pavs ™ Pyage T Do (2.12)

Most often the pressure gage is located in a room, and the pressure acting on it is
atmospheric pressure. The air in the atmosphere has mass that is acted upon by



32 CHAPTER 2 / DEFINITIONS AND UNITS
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Figure 2.9 Bourdon tube pressure gage.

gravity, and this force per unit area has an average value of 101 325 Pa at sea level.
Because this is a very large number to work with, we make use of the prefixes in Table
2.3; thus

101 325 Pa = 101.325 kPa (kilopascals)
= (.101 325 MPa (megapascals)

Very often atmospheric pressure is assumed to be 100 kPa for simplicity. In English
units atmospheric pressure is equal to 14.696 psia.

What happens when the gage pressure is zero? Then the absolute system pressure
is equal to that of the surroundings. Should the gage pressure be less than the
surrounding pressure, it is considered negative, in that the reading is subtracted from
the surrounding absolute pressure to obtain the system absolute pressure. A pressure
less than atmospheric pressure is called a vacuum pressure, or vacuum,

Let us consider the sketch in Figure 2.10, where gage A reads 200 kPa (gage), gage
B reads 120 kPa (gage), and the atmospheric pressure is 101.3 kPa. Find the absolute
pressure of the air in box B and box A.

Pe.,. = DPs,, t P

= 120 kPa (gage) + 101.3 kPa=221.3 kPa
Pave = Papp. T Pauer

= 200 kPa (gage) + 221.3 kPa=421.3 kPa
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Figure 2.10 Two containers, one within the
other, at different pressures.

Figure 2.11 depicts the various pressures. The negative pressure, or vacuum, is
often measured by a manometer, which has readings of millimeters of mercury or
whatever other fluid the manometer may contain. This pressure may also be called
kPa (vacuum),

Consider Figure 2.12, in which a manometer is used to measure the system
pressure in the container, The system has a pressure p, the fluid in the manometer has
a density p, and the surroundings are atmospheric with pressure p,,., . The difference
in pressure between the system and the atmosphere is able to support the fluid in the
manometer with density p for a distance L. This may be expressed by

|

Pabs P gage

l P atmosphere

l

Poae (negative) of Poocuum

1
!

|

Figure 2,11 Graphical representation of pressure.

Pressure
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palmosphere

J

— Density p

Pressure p L

Figure 2.12 Diagram relating pressure and
density in a manometer.

P~ Dum = Ap = (p kg/m3)(L mX g m/s?) = N/m?
Ap=pLgPa

Note that the units in the equation balance; the checking of units is a necessary
step in all engineering practice, especially in thermodynamics.
In English units

g ft/sec?

— 3
Ap = (p lbm/ft?) (L ft) g. lbm-fi/Ibf-sec?

Ap=pL gﬁ Ibf/ft?

There are several units for pressure, and it is necessary to know the equivalence
between them. For instance,

14.696 1bf/in.2 = 1 atmosphere (atm) = 760 mm Hg = 29.92 in. Hg

One atmosphere of pressure exerts a force of 101.325 kPa, or supports a column of
mercury 760 mm high. A pressure less than atmospheric could not support so high a
column of mercury, and zero pressure absolute could not support the column at all.
This is said to be a perfect vacuum. Looking at Figure 2.13, we see that when the
system has zero pressure, the height L to which the atmospheric pressure can push the
mercury is 760 mm. The system pressure would be

0 kPa = 760 mm Hg (vacuum) = 101.325 kPa {vacuum)
= 29,92 in. Hg (vacuum)

Pressure is often measured by means other than a manometer or a Bourdon tube
gage. Two of the most frequently encountered devices measure a change in an
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Figure 2.13 Schematic diagram illustrating
the concept of inches of mercury vacuum.

electrical property, such as induced voltage or resistance. Certain solid materials
exhibit a ptezoelectric effect when subjected to a force, such as pressure, that causes
the material to deform. This piezoelectric effect is manifested by a change in the
crystal’s charge, or voltage, proportional to the pressure applied. Other sensors relate
the force applied to changes in electrical resistance, inductance, or capacitance.
Having a voltage signal corresponding to pressure fits ideally with computerized data
acquisition systems, where the signals must be in the form of voltages.

2.10 EQUALITY OF TEMPERATURE

Temperature cannot be defined at this point, but equality of temperature can. Con-
sider two blocks of material, say, iron; if these two blocks are brought together and
there is no change in any observable property, then the two blocks are said to be in
thermal equilibrium and their temperature is the same. But if one block has a higher
temperature than the other, it will also have a different stress, a different electrical
resistivity, and a different density. When the blocks are brought together, heat will
flow from the hotter to the colder body, causing a change in these three properties;
when thermal equilibrium is reached, no more property changes occur, and the
temperatures are equal. Note that temperature equality is measured by changes in
other properties. This will have greater significance when we discuss thermometers.

2.11 ZEROTH LAW OF THERMODYNAMICS

The zeroth law of thermodynamics states that when two bodies are in thermal
equilibrium with a third body, they are in thermal equilibrium with each other and
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hence are at the same temperature. Figure 2.14 illustrates this law, In this case the
third body is a thermometer. As a result of the zeroth law, a third body, the thermom-
eter, may be used for relating temperatures of two bodies without bringing them in
contact with each other, since they are both related to the thermometer. It is the
thermometer’s scale that permits such a comparison.

S

2.14 Illustration of the equality of tempera-
ture, the zeroth law of thermodynamics.

2.12 TEMPERATURE SCALES

Many devices, from hands to glass bubbles, have been used for measuring tempera-
ture, but the most common thermometers are sealed glass capillary tubes filled with
colored alcohol or mercury. Note that the thermometer relies on changes in another
property, density, to indicate a temperature. There have been many researchers in the
field of thermometry, but for the most part they have based the temperature scales on
two points: the triple point of water (where solid, liquid, and vapor coexist) and the
boiling point of water at 1 atm. (See Figure 2.15.}

One of the common temperature scales, the Fahrenheit scale, has a shightly
different beginning. Danicl Gabriel Fahrenheit, a German physicist, was interested in
thermometry and visited an astronomer friend, Remer, who devised a temperature
scale of 60 degrees. There are 6() seconds to a minute, 60 minutes in an hour, so why
not 60 degrees for a temperature scale? The lower limit was an ice, sait, and water
mixture that corresponded to 0 degrees Fahrenheit. Anyway, Fahrenheit thought the
scale too rough, and increased the number of divisions to 240; why not 360 divisions
remains a mystery. He originally set the human body temperature to be 90 but later
decided it should be 96; the scale’s temperature having been fixed by body tempera-
ture, and an ice-salt-water mixture, the triple point became 32 degrees, and water
boiled at 212 degrees. To eliminate these inconvenient numbers, a Swedish astron-
omer by the name of Anders Celsius devised a scale that started at 100 (triple point)
and went to 0 (boiling point). A friend suggested he reverse them, which resulted in
the current centigrade or Celsius temperature scale, with O at the triple point and 160
at the boiling point.

A Frenchman named Guillaume Amontons first proposed that there was an
absolute zero temperature. He was rather ignored, but in 1851 Lord Kelvin devel-
oped the idea further and devised an absolute temperature scale, the Kelvin scale. A
second absolute temperature scale is the Rankine scale. The Kelvin scale has the same
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degree division as the Celsius scale, whereas the Rankine scale uses the Fahrenheit
degree divisions. The relationship between the scales is

Ty = Te+ 273.15
Tp= Ty +459.67

where T is degrees Kelvin, T is degrees Celsius, Ty is degrees Rankine, and T is
degrees Fahrenheit. The Celsius and Fahrenheit temperature scales are related by

Tr=3%T,+32
Te=3(Tp— 32)

The symbol T denotes temperature throughout this text.

A thermometer relies on at least one property that will change with temperature,
The familiar liquid-in-glass thermometer (Figure 2.16) consists of a sealed glass
capillary tube with one end connected to a liquid-filied bulb and the space above the
liquid filled with an inert gas or the liquid’s vapor. Specific volume is the thermomet-
ric property in this instance. As the temperature of the liquid increases, its volume
increases, causing the liquid to rise in the capillary tube. The distance L corresponds
to a given temperature. The scale on the thermometer is calibrated using two points,
typically 0°C (32°F) and 100°C (212°F).

Another temperature-measuring device is the thermocouple, which developsa
voltage as a function of temperature. Thermocouples are formed by joining two
dissimilar metal wires such as copper and constantan (a copper-nickel alloy) or iron
and constantan. An electromotive force {emf) produced at the metal junction is
primarily a function of temperature. Thus, the voltage variation corresponds directly
to temperature, and by measuring the voltage output of the thermocouple, the
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Figure 2.16 Schematic diagram of a liquid-
in-glass thermometer.

temperature of the thermocouple’s junction can be ascertained. Again, having volt-
age as an output signal is useful in data acquisition systems.

Thermistors and resistance temperature detectors (RTDs) use electrical resist-
ance as the thermometric property. In this situation the variation of electrical resist-
ance with temperature of conductors or semiconductors is known, and by measuring
the resistance, we can deduce the temperature. When extremely high temperatures or
temperatures of moving objects need to be measured, radiation and optical pyrome-
ters are used. These devices measure the thermal radiation emitted by the object and
correlate that to temperature.

When extremely accurate temperature measurements are required, such as in
setting national or international standards, gas thermometers are used. In these the
pressure of a gas, such as hydrogen or helium, corresponds directly to temperature.
By accurately measuring the pressure using a manometer, the temperature is deter-
mined. It should be noted, while very accurate, gas thermometers are slow in re-
sponding to variations in temperature and require ¢laborate test procedures.

Example 2.3
A thermocouple has the following characteristics:
T(°F) my
56  0.397
150 2.666
250 4.964
350 7.205

Assuming the thermocouple is represented by a cubic equation of the form mV=A4+
B*T+ C*T?+ D*T3, compute the values of the four coefficients, 4, B, C, and D.
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Solution
Given: The temperature/voltage characteristics of a thermocouple.

Find: The coefficients of the cubic equation representing the thermocouple be-
havior.

Assumptions: None.

Analysis: Use TK Solver to solve the set of four simultaneous equations written
from the data given. Enter the four equations in the Rule Sheet and the given values of
voltage and temperature in the Input column of the Variabie Sheet. Since the Itera-
tive Solver is required, enter “G” in the Status column for the variables 4, B, C, and
D. Press F9 and the values of 4, B, C, and D will appear in the Output column of the
. Variable Sheet.

Figure 2.17 Variable Sheet for Example 2.3,
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Comments:

1. The voltage characteristic of a thermocouple can be represented by a polynomial
equation.
2. TK Solver is a convenient tool! for calculating the coefficients of the equation.
-
2.13 GUIDELINES FOR THERMODYNAMIC PROBLEM

SOLUTION

A primary reward for studying thermodynamics is being able to successfully solve
engineering problems requiring thermodynamic analysis. This text has been written
with this in mind, and the examples and end-of-chapter problems assist in this effort.
There is a procedure that helps in mastering the solution of all thermodynamic
problems, though true mastery comes with actual practice in solving many problems,

The examples use a methodology for solving thermodynamic problems; it is not
a “cookbook” approach, but rather it forces one to pay attention to the underlying
thermodynamic principles, conservation of mass, conservation of energy, and the
second law of thermodynamics, of the physical situation being analyzed. While it
may seem cumbersome to use at first, particularly with elementary problems, the
following approach can develop your confidence and ability to solve quite compli-
cated problems.

Given: State in your own words what the given information is. This requires that
you think about the problem statement and not simply restate it.

Find: State what must be determined.

Sketch and Given Datq: Draw a sketch of the system, deciding whether it is open or
closed; include relevant data from the problem statement. The purpose here is to
conceptualize what is happening and translate the word problem into sketches and
diagrams. This is a key point in the problem-solving methodology.

Assumptions: Engineering analyses use models of physical systems; list the as-
sumptions made in the modeling of this particular problem. Sometimes this infor-
mation should be included on the sketch as well,

Analysis:  Apply the assumptions to the governing equations and relationships. You
should endeavor to work with the equations as long as possible before substituting
numerical data in them. Substitute the data when the equations have been reduced to
their final form. It is important to make sure the equations are conceptually correct
and dimensionally consistent. Dimensional inconsistency is often the cause of unsat-
isfactory problem solution. Ask yourself if the answer seems reasonable: Is the sign
correct? Is the magnitude of the term consistent with other terms?

Comments: Discuss your results briefly. You will be using the problem solution in
studying for exams and in reviewing the material at other times. What insight have
you gained that will help during the review process? This might include principles
and concepts you had to consider in the solution and an interpretation of the results.

[}
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CONCEPT QUESTIONS

a W N e

N

10,
11.
12.
13.
14.
15.

. What is a property?

. Describe the difference between closed and open systems.

. Weight and mass are often used interchangeably. Is this wise? Why?

. We have seen pictures of astronauts floating in space in a condition of ““weightlessness.”

What causes this condition?

. Describe absolute and gage pressures.
. What are the standard units of pressure in the SI and English unit systems?
. What are the four common temperature scales? Derive the conversion formulas between

them,

. The concept of a continuum was used to describe the limit of macroscopic thermody-

namic analysis. Describe this in your own words.

. A can of beeris placed in a refrigerator to cool. Would this be analyzed as an open or closed

system? Would your analysis change if an entire six-pack were placed in the refrigerator?
Is a closed system closed to energy flow as well as mass flow? What about an open system?
You are watching a candle burn. What energy transformations occur during this process?
What defines thermodynamic equilibrium of a system?

What is the difference between extensive and intensive properties?

Explain how a liquid-filled thermometer operates in determining temperature,

How can a thermocouple be used to measure temperature?

PROBLEMS (Sl)

21

2.2

23

24

25

2.6

Referring to Figure 2.10, the atmospheric pressure is 100 kPa, and the pressure gages A
and B read 210 kPa (gage). Determine the absolute pressures in boxes A and Bin (a) kPa;
(b) mm Hg absolute.

A manometer is used to measure pressure as indicated in Figure 2.12. The fluid in the
column is mercury with a density 13.6 times that of water. If atmospheric pressure is
95 kPa and the height of the column is 1.5 m, determine the pressure of the system.

During takeoffin a space ship, an 80-kg astronaut is subjected to an acceleration equal to
5 times the pull of the earth’s standard gravity. If the takeoff is vertical, what force does he
exert on the seat?

A system has a mass of 20 kg. Determine the force necessary to accelerate it 10 m/s—2 (a)
horizontally, assuming no friction; {b) vertically, where g = 9.6 m/s—2.

A pump discharges into a 3-m-per-side cubical tank. The flow rate is 300 liters/min, and
the fluid has a density 1.2 times that of water {density of water = 1000.0 kg/m?3). Deter-
mine (3) the flow rate in kg/s; (b) the time it takes to fill the tank.

Someone proposes a new absolute temperature scale in which the boiling and freezing
points of water at atmospheric pressure are 500°X and 100°X, respectively. Develop a
relation to convert this scale to degrees Celsius.
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2.7 A vertical column of water will be supported to what height by standard atmospheric
pressure?

2.8 A tank contains a mixture of 20 kg of nitrogen and 20 kg of carbon monoxide. The total
tank volume is 20 m?3, Determine the density and specific volume of the mixture.

2.9 An automobile has a 1200-kg mass and is accelerated to 7 m/s2, Determine the force
required to perform this acceleration.

2.10 A hiker is carrying a barometer that measures 101.3 kPa at the base of the mountain. The
barometer reads 85.0 kPa at the top of the mountain. The average air density is 1.21
kg/m?3. Determine the height of the mountain.

2.11 Convert 225 kPa into (a) atmospheres; (b) mm Hg absolute.

2.12 A skin diver wants to determine the pressure exerted by the water on her body after a
descent of 35 m to a sunken ship, The specific gravity of seawater is 1.02 times that of
pure water (1000 kg/m?}. Determine the pressure.

2.13 A new temperature scale is desired with freezing of water at 0°X and boiling at atmo-
spheric pressure occurring at 1000°X. Derive a conversion between degrees Celsius and
degrees X. What is absolute zero in degrees X?

2.14 A 50-kg frictionless piston fits inside a 20-cm-diameter vertical pipe and ispulled uptoa
height of 6.1 m. The pipe’s lower ¢nd is immersed in water, and atmospheric pressure is
100 kPa. The gravitational acceleration is 9.45 m/s?. Determine (a) the force required to
hold the piston at the 6.1-m mark; (b) the pressure of the water on the underside of the
piston,

2.15 A spring scale is used to measure force and to determine the mass of a sample of moon
rocks on the moon’s surface. The springs were calibrated for the earth’s gravitational
acceleration of 9.8 m/s?. The scale reads 4.5 kg, and the moon’s gravitational attraction is
1.8 m/s2. Determine the sample mass. What would the reading be on a beam balance
scale?

2.16 Determine the pressure at points A and B in the figure shown if the density of mercury is
13 590.0 kg/m? and that of water is 1000.0 kg/m?3.

Atmosphere

Problem 2.16
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2.17 For the situation sketched below, the following information is known: py o = 1000.0
kg/m?, py = 13 590.0 kg/m?, g = 9.8 m/s7%, p; = 500 kPa. Determine py.

Problem 2.17

2.18 The piston shown above is held in equilibrium by the pressure of the gas flowing through
the pipe. The piston has a mass of 21 kg; p; = 600 kPa; p; = 170 kPa. Determine the

pressure of the gas in the pipe, py .-

10 cm»
[ll
,I‘ 20 cm - =1l
—_— L
—— 111

Problem 2.18

2.19 Referring to Problem 2.18, p, = 350 kPa, py, = 130 kPa, p;; = 210 kPa. Find the mass of
the piston.

2.20 A new temperature scale is proposed where the boiling and freezing points of water at
atmospheric pressure are 500°X and 100°X, respectively. Determine absolute zero for

this new temperature scale.
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2.21 A diver descends 100 m to a sunken ship. A container is found with a pressure gage
reading 100 kPa (gage). Atmospheric pressure is 100 kPa. What is the absolute pressure
of the gas in the container? (The density of water is 1000 kg/m?3.)

2.22 Aroomis 10 m by 10 m by 3 m. Determine the mass and weight of air in the room if the
air’s average density is 1.18 kg/m3,

2.23 A beer barrel has a mass of 10 kg and a volume of 20 liters. Assuming the density of beeris
1000 kg/m3, determine the total mass and weight of the barrel when it is filled with beer.

2.24 A tank’s pressure gage indicates that the pressure in the tank is 300 kPa (gage) where the
atmospheric pressure is 745 mm Hg. Determine the tank’s absolute pressure.

2.25 A tank has a vacuum gage attached to it indicating 20 kPa (vacuum) where the atmos-
pheric pressure is 100 kPa. Determine the absolute pressure in the tank.

2.26 A tank has a vacuum gage attached to it indicating 35 kPa (vacuum) where the atmos-
pheric pressure is 740 mm Hg. Determine the absolute pressure in the tank.

2.27 A barometer can be used to measure an airplane’s altitude by comparing the barometric
pressure at a given flying altitude to that on the ground. Determine an airplane’s altitude
if the pilot measures the barometric pressure at 700 mm Hg, the ground reports it at 758
mm Hg, and the average air density is 1.19 kg/m3. g= 9.8 m/s%.

2.28 The pressures in Problem 2.27 are now 90 kPa aboard the plane and 101 kPa at ground
level. What is the plane’s altitude if the average air density is 1.19 kg/m? and g = 9.8
m/s2?

2.29 A submarine is cruising 200 m below the ocean’s surface. Determine the pressure on the
submarine’s surface if atmospheric pressure is 101 kPa and the density of seawater is
1030 kg/m3. g = 9.8 m/s2,

2.30 A vertical, frictionless piston cylinder contains air at a pressure of 300 kPa with atmos-
pheric pressure of 100 kPa. The diameter of the piston is 0.25 m, and g = 9.8 m/s2
Determine the piston’s mass.

2.31 The vertical, frictionless piston-cylinder shown below contains a gas at an unknown
pressure, The piston has a mass of 10 kg and a cross-sectional area of 75 cm?. The spring
exerts a downward force of 100 N on the piston, and atmospheric pressure is 100 kPa.
Determine the pressure of the gas.

Patm

T Piston

Problem 2.31

2.32 For the configuration in Problem 2.31, let the pressure in the cylinder be 200 kPa,
atmospheric pressure be 100 kPa, and the mass of the piston be 12 kg. Determine the
spring force on the piston.

2.33 A pressure cooker operates by cocking food at a higher pressure and temperature than is
possible at atmospheric conditions. Steam is contained in the sealed pot, with a small
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235

2.36
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vent hole in the middle of the cover, allowing steam to escape. The pressure is regulated
by covering the vent hole with a small weight, which is displaced slightly by the escaping
steam. Atmospheric pressure is 100 kPa, the vent hole area is 7 mm?, and the pressure
inside should be 250 kPa. What is the mass of the weight?

Determine the temperature at which readings in degrees Fahrenheit and Celsius are the
same.
One February morning the outside temperature measured 2°C. If the absolute value of

this temperature is doubled and decreased by 239 degrees, what would be the final
temperature and what season of the year would this indicate?

A thermocouple produces the following readings:

T(°C) Voltage (mV)

25 1.000
100 4.095
175 7.139
250 10.151

What is a first-order equation that relates temperature to mV? Determine the mV
that would correspond to a temperature of 350°C.

PROBLEMS (English Units)

*2.1

*2.2

*2.3

*24
*2.5

*2.6

*2.7

*2.8

Referring to Figure 2.10 in the text, the atmospheric pressure is 100 kPa and the
pressure gages A and B read 25 psig. Determine the absolute pressure in boxes A and B
in (a) psia; (b} in. Hg absolute.

Determine the temperature for which a thermometer with degrees Fahrenheit is nu-
merically twice the reading of the temperature in degrees Celsius.

During takeoff in a space ship, an astronaut is subjected to an acceleration equal to 5

times the pull of the earth’s standard gravity. If the astronaut is 180 Ibm and the takeoff
is vertical, what force does he exert on the seat?

Convert 20 in. Hg vacuum to (a) in. Hg absolute; (b) psia; (c) kPa.

A spring scale is used to measure force and to determine the mass of a sample of moon
rocks on the moon’s surface. The springs were calibrated for g,. The scale reads 10 Ibf,
and the moon’s gravitational attraction is 5.40 ft/sec?. Determine the sample mass.
What would be the reading on a beam balance scale?

Determine the pressure at points A and B if the density of mercury is 724.4 lbm/ft* and
that of water is 62.4 Ibm/ft3. Refer to sketch for Problem 2.16.

The following information is known: py o = 62.4 Ibm/ft?, py, = 724.4 Ibm/ft?, g =30
ft/sec?, p = 100 psia. Determine p;,. Refer to sketch for Problem 2.17.

A room is 30 ft by 30 ft by 10 ft. Determine the mass and weight of air in the room if the
air’s average density is 0.074 Ibm/ft>.
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*2.9 A beer barrel has a mass of 20 Ibm and a volume of 5 gal. Beer’s density is 62.4 Ibm/fi2,
Determine the total mass and weight of the barrel when it is filled with beer.

*2.10 A tank’s pressure gage indicates that the pressure in the tank is 50 psig and the atmos-
pheric pressure is 28.72 in. Hg. Determine the tank’s absolute pressure.

*2.11 A tank has a vacuum gage attached to it indicating 25 in. Hg (vacuum) where atmos-
phenic pressure is 14.5 psia. Determine the absolute pressure in the tank.

*2.12 A tank has a vacuum gage attached to it indicating 28.6 in. Hg (vacuum) where
atmospheric pressure is 29.5 in. Hg absolute, Determine the absolute pressure in the
tank.

*2,13 A barometer can be used to measure an airplane’s altitude by comparing the barometric
pressure at a given flying altitude to that on the ground. Determine an airplane’s altitude
if the pilot measures the barometric pressure at 27.55 in. Hg absolute, the ground
reports it to be 29.92 in. Hg absolute, and the average air density if 0.077 Ibm/ft3. g =
32.174 ft/sec?.

*2.14 A hiker is carrying a barometer that measures 29.92 in. Hg absolute at the base of the
mountain. The barometer reads 25.5 in. Hg at the top of the mountain. The average air
density is 0.076 1bm/ft?, and gravitational acceleration remains constant at 32.174
ft/sec?. What is the mountain’s height?

*2.15 A submarine is cruising 600 ft below the ocean’s surface. Determine the pressure on the
submarine’s surface if atmospheric pressure is 14.7 psia, the density of seawater is 64.2
Ibm/ft?, and g = 32.174 fi/sec?,

*2.16 A vertical, frictionless piston-cylinder contains air at a pressure of 50 psia where the
atmospheric pressure is 14.7 psia. The diameter of the piston is 10 in., and g = 32,174
ft/sec?. Determine the piston’s mass.

*2.17 A vertical, frictionless piston-cylinder, similar to the one illustrated in Problem 2.31,
contains a gas at an unknown pressure. The piston has a mass of 20 Ibm and a cross-sec-
tional area of 50 in2, In addition the spring exerts a force of 15 1bf on the piston, and
atmospheric pressure is 14.7 psia. Determine the pressure of the gas.

*2.18 Referring to Problem *2.19, let the pressure in the cylinder be 40 psia, atmospheric
pressure 14.7 psia, and the mass of the piston 20 Ibm. Determine the spring force on the
piston.

*2.19 A pressure cooker operates by cooking food at a higher pressure and temperature than is
possible at atmospheric conditions. Steam is contained in the sealed pot, with a small
vent hole in the middle of the cover, allowing steam to escape. The pressure is regulated
by covering the vent hole with a small weight, which is displaced slightly by the escaping
steam. Atmospheric pressure is 14.7 psia, the vent hole area is 0.015 in.2, and the
pressure inside should be 30 psig. What is the mass of the weight?

*2.20 A piston-cylinder contains 2 Ibm of water. The initial volume is 0.1 ft3. The piston rises,
causing the volume to double. Determine the final specific volume of the water.

¥2.21 A cylindrical tank is 50 in. long, has a diameter of 16 in., and contains 1.65 Ibm of water.
Calculate the specific volume and density of the water.

*2.22 Steam is held in two compariments separated by a membrane as shown in the sketch
shown. The total volume is 777 ft3, and the volume of compartment B is 280 fi3. The
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specific volume of the steam in Bis 9.5 ft3/lbm. The membrane breaks, and the resulting
specific volume is 12.75 ft3/lbm. Determine the original specific volume in compart-
ment A.

Problem *2.22

*2.23 Referring to the sketch for Problem *2.22, let the volume of A be 7 ft? and that of B
17.5 ft3. The specific volumes of A and B are, respectively, 275 ft3/lbm and 55 ft3/Ibm. If
the membrane breaks, determine the resulting specific volume.

*2.24 The device shown below contains a free-moving, frictionless piston. The total volume of
the cylinder is 40 ft3 evenly divided between A and B. The initial specific volumes in A
and B are 1000 ft3/1bm and 500 ft3/Ibm, respectively. The piston moves so x is one-
quarter of the distance L. Determine the final specific volumes in A and B.

A B

x—]
[——— [ ————]
Problem *2.24

COMPUTER PROBLEMS

C2.1 Compute the weight of a 50-kg mass at different heights above the earth’s surface. At sea
level g = 9.8 m/s? and decreases by 0.000913 m/s? for each 300 m of ascent. Consider a
total ascent of 2.5 km with increments of 100 m.

C2.2 Compute the pressure on a diver as she descends in the ocean to adepth of 200 mat 10 m
increments. The pressure at sea level is 101.3 kPa. The density of the seawater is 1025
kg/m?, and g remains constant at 9.8 m/s2.

C2.3 Using a spreadsheet program, prepare a table converting temperatures between — 100°
and 300°C in increments of 10° into Kelvin, Fahrenheit, and Rankine.

C24 A thermistor is to be used to measure temperatures between —75° and 150°C. The
manufacturer quotes resistances of 1071K, 7355, and 41.9 ohms at —75°,0°,and 150°C
respectively. A common equation for the characteristic of a thermistor is 1/T=A4 +
BInR + C(InR)3. Compute the values of the coefficients A4, B, and C and the resistance of
the thermistor at 50°C.
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Conservation of Mass and
Energy

Not only is energy the lifeblood of industrialized society, it is the fundamental focus
of thermodynamic analysis. In this chapter we will develop the equations describing
the conservation of energy and mass for open and closed systems. T'o understand how
energy is conserved, we must conceptualize the various energy forms that are intrin-
sic to total energy. In this chapter you will

¢ Analyze the conservation of mass and determine the conditions necessary for
steady-state and steady-flow conditions.

® Develop expressions for the first law of thermodynamics for open and closed
systems;

¢ Develop a thermodynamic understanding of heat and work;

* Derive expressions for kinetic and potential energies;

¢ Conceptualize the internal energy of a substance;

¢ Apply first-law analysis to a variety of real-life situations;

® Expand your knowledge of thermodynamic cycles.

48
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3.1 CONSERVATION OF MASS

The law of conservation of mass states that the total mass is a constant, As with all
iaws, this 1s a deduction of expertmental evidence; it can be demonstrated, but not
proved, to be true.

In thermodynamics there are two types of systems, open and closed. For a closed
system, a mass of fixed identity, the conservation of mass is true. No equation is
necessary to demonstrate this; it is self-evident in the definition of the system. How-
ever, in the case of an open system, a system of fixed space, we can develop an
expression for the conservation of mass. Consider Figure 3.1, which shows a control
volume in a stream of moving fluid. At some time ¢ a given mass will occupy the
control volume. This will be a mass of fixed identity. We follow this mass of fixed
identity as it moves across the boundaries of the control volume, and from this we can
determine the conservation of mass, or continuity equation, for the control volume.

After a time At, some of the mass in the control volume has moved across the
control surface. This is represented as the system boundary at time £+ At. The control
surface boundary and the system boundary are coincident at time /.

The regions of space that the mass occupies at times ¢ and ¢ + A7 may be
visualized as three regions, I, I, and I11. Since the system mass is constant with time,
we may write

my+my, = Myat Mmea (3.1)

where the subscripts on each mass term represent first the spatial region and then the
time. This equation may be rearranged as follows:

Miyerar— My — My + My 0, =0 (3.2)

Let us add zero to equation (3.2), but zero expressed in a mathematically convenient
form. What is the mass in region Il at time ¢? Zero. What is the mass in region I at

o e

Fluid flow
direction

System boundary System boundary
at time ¢ at time t + At

Figure 3.1 A control volume located in a moving fluid.
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time ¢ + At? Zero. Add these quantities to equation (3.2) and divide by At

Muerar — Mue | Muga™ My Plagrar ™ Mo _
At At At

The first term of equation (3.3) represents the change in mass of region II. As Az
approaches zero, region Il coincides with the control volume, so the change in mass of
region II is identical to the change in mass of the control volume.

(3.3)

Mygvar ™ Muy _ dmy _ dm,,

:
Ao At d dr

If the limit is taken for the other two terms in equation (3.3), the result is

dm, dm " dmy _
dt dt dt

where the negative sign is due to the fact that m,,, ,, — m,, is a decreasing, or negative,
term physically. The mass in region I is decreasing, not increasing, with time. As Az
approaches zero, the change of mass of region I represents the mass entering the
control volume, and the change of mass of region III represents the mass leaving the
control volume. Let dm/dt = n1;, then dmy/dt = m,, and dmy/dt = m,. Equation
(3.4) becomes

0 (3.4)

dm, . .
7 = Miyn — Moy (35)

Equation (3.5) may be interpreted physically this way: the change of the mass
within the control volume is equal to the difference between the mass entering and
the mass leaving. We would probably have deduced this, but it is comforting to have a
rigorous development as support.

It is possible to express the conservation of mass, equation (3.5), in terms of area,
velocity, and density, all measurable quantities. The volume will be denoted as %" in
the next few paragraphs to distinguish it from the mass velocity, v. Let d% be a
differential volume in the total control volume. The fluid in ¢% has a density p. Thus
the total mass in the control volume is the volume integral of p d¥"

Mg, = f padv (3-6)
The time rate of change of m_, is
dm, d
& 4 . pav (3.7)

The volume flow across a differential surface is the product of the area, d4, times
the fluid velocity normal to the area, v,. The mass flow 1s found by multiplying this
term by the fluid density, p, at area d4. The total mass flow across the entire area is
found by integrating over the entire area, A. Thus

m= f pv, dA (3.8)
A
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v

e
e
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e )
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Figure 3.2 One-dimensional slug flow in a
pipe.

S
=~

Equation (3.5) may now be written as

jt pdv = fpv dd,, fpv dA o (3.9)

For steady flow, the change in mass within the control volume is zero; thus the mass
flow rates in and out are identical:

f PVp dAiy = f PV A gy (3.10)
A A

For steady, one-dimensional flow, where the fluid enters at state / and leaves at state o,
as illustrated by Figure 3.2, the conservation of mass becomes
Aiv; AoV,

3.1
s 0, (3.11)

Thus the conservation of mass expression for steady, one-dimensional flow,
frequently referred to as the continuity equation, is

A k H
m= N pAv = constant 5 [m] (3.12)
v S sec

Equation (3.12) expresses the conservation of mass for open systems in terms of
readily measured or determined properties.

3.2 ENERGY FORMS

We have mentioned the energy of a system, but we have not defined energy. This was
no accident. The total energy, E, cannot be simply defined, although parts of the total
energy will be later in the chapter. There is a conservation law for energy — the first
law of thermodynamics. It states that whenever energy transfer occurs, energy must
be conserved. This is stated simply enough, but before we develop the first law for
open and closed systems, let us examine some of the energy forms that we will be
using in thermodynamics.

Work and heat are two of the most fundamental energy forms with which we will
deal, and it is essential that we understand them thoroughly.
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Work

The work, W, done on or by a system may be expressed in terms of the product
between an observable force, F, and a displacement, ds. Thus,

W= fF ds (3.13)

In the mechanical sense, work may be viewed as the expansion or compression of a
fluid or the stretching of a bar. Thermodynamics is not limited to mechanics; the
force could be that necessary to move a charged particle in an electric field. In general,
a system is viewed as performing work on the surroundings if the sole effect on
everything external to the system could have been the raising of a weight. Raising of
weight, a force, through a distance is mechanical work. The system need not perform
mechanical work, however, but only be capable of doing so.

When work is considered in thermodynamics, a system is involved. Either the
system will be performing work on the surroundings or the surroundings will be
performing work on the system. Conventionally, work done by a system on the
surroundings is positive, and work done by the surroundings on the system is nega-
tive.

Consider the system in Figure 3.3. What is the direction of the work in these three
cases? Referring to the definition of work, we note that in case (a) the falling mass in
the gravitational field provides the energy for work to be done on the system. Note
that the work crosses the system boundary, going into the system, and thus the work is
negative. In case (b) the mass and pulley are considered the system, and we note that
the work is done by the system to the surroundings. In this case the work is positive as
it goes from the system to the surroundings, the box with paddle wheels. In case (¢) the

7 rl - 7 r b o -
LU C )
- o J iy
_— ]
% - wilm
Weight Weight
(a) (c)
System
- we boundary
hiH
—
- L |
Weight

(b)
Figure 3.3 The effect of a system’s boundary on
the work.
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System Initial Final
boundary position 1 position 2
Y
o
Area A '—r % —————— |
I
_____ N

i

Pressure p

™
b

Vl_,_i. I_,_ Vi
dv
Volume V

Figure 3.4 The relationship between pressure and
volume on a p-V diagram and in a piston-
cylinder system.

paddle wheel and the mass and pulley are considered the system. Is any work done on
the system by the surroundings? No. Does the system do any work on the surround-
ings? No. So the work is zero. What happens within the system does not matter. It
becomes important, then, to draw the system boundaries judiciously, or parts of a
problem may not be apparent. In the reverse situation unnecessary complications
may also occur. Both types of difficulties are eliminated with practice in problem
solving.

Let us find the work done by a closed system, a system in which there is no mass
flow. Again the piston-cylinder provides a ready tool for our analysis (Figure 3.4).
There is a piston of uniform area, 4, acted upon by a pressure, p, ; the pressure pushes
the piston to the final position, where the pressure has dropped to p,. The system
mass has remained constant, but the volume has changed from V, to V,, where V, >
V,. From our previous experience we note that the system has done work on the
surroundings and that the work is positive.

We would find this qualitative description somewhat lacking if we were asked
how much work was done. We know that work was performed by the system; now we
must attempt to model, with a mathematical equation, what is actually happening.
We must remember that this is a model, not a description.

Looking back to Chapter 2 we find that properties such as pressure are defined
only for equilibrium states. The pressure must be uniform throughout the system.
This 1s useful, because the pressure acting on the piston face will be uniform, and a
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pressure multiplied by an area yields a force. Consider what happens when the piston
moves a distance, dL. First, there will be a drop in pressure, and then, according to
our model, the pressure will drop uniformly throughout the system for mechanical
equilibrium. A process is called a guasi-equilibrium process when the system is in
equilibrium (e.g., mechanical, thermal, chemical) at each point going from its initial
to final state. Our model will be valid or not depending on whether or not this
assumption can be made. It turns out that this assumption is reasonable for many
processes, because the time the substance requires to establish equilibrium is usually
much less than the time of the macroscopic event, the work done.

Using the quasi-equilibrium model, the force, F = pA, and the work done by
moving a distance d[. are

SW=pA dL (3.14)
however,

AdL=dV
SO

W=pdv (3.15)

The totat work is found by integrating between positions 1 and 2:

2 2
W=f 5W=f pdv (3.16)
1 1

The reason for the inexactness of the work differential is that work is a path
function. This may be seen graphically in Figure 3.4, where 6 W is denoted by the
shaded area on the diagram. This, however, is for a given distribution of pressure with
volume. If the distribution were changed to that of a straight line between states 1 and
2, the 6 W would be greater, indicating that work is a function of how the pressure
varies in going from state 1 to state 2. The J operator indicates an inexact differential,
which approaches an infinitesimal limit, rather than the exact differential, which
approaches zero.

Example 3.1

The pressure of a gas in a piston-cylinder varies with volume according to(a) pV=_C;
(b) pV? = C. The initial pressure is 400 kPa, the initial volume is 0.02 m?, and the
final volume is 0.08 m3. Determine the work for both processés.

Solution

Given: Gas pressure in a piston-cylinder varies as a function of volume.

Find: The work done in the expansion process.
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Sketch and Given Data:

Pressure (kPa)

002 ' 0.08
Volume {m?%)

Figure 3.5

Assumptions:

1. The gas undergoing the expansion is a closed system.
2. The expansion is in quasi-equilibrium as the pressure is continuously defined
during the expansion process.

Analysis: The work is determined by integrating equation (3.16) for the functional
relationship for p(V) for cases (a) and (b).
Case (a):

W= fpdV cr‘—’-'f—m ( l)

C=pV=pV,

Vy na [0.08Y
W=pV,In (Vn) (400 )(002 }1n (m) =11.09kJ
Case (b):
2 dV i 1
W= f pav==Cl oy ['17,_7/;]
C=p, Vl =D Vz
W=p, V|, — p, Vo = (400 kN/m?)0.02 m?) — (25 kN/m?2)(0.08 m?)
W=6kl]
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Comments:

1. The area under the p(V) curve represents the work done by the gas in the expan-
sion process. The magnitude of the work terms in cases (a) and (b) correspond to
the graphical areas.

2. The sign on the work is positive, indicating the system did work on the piston,
moving it outward.

3. The gaseous substance did not have to be specified as long as the pressure’s
functional relationship was known.

4, The assumption of a quasi-equilibrium process is key to the solution, as pressure
must be continuously defined throughout the expansion process to integrate the
work function. -

' Example 3.2
Solve Example 3.1 numerically on a computer using a spreadsheet program.
Solution
Given: Same as Example 3.1.
Find: Same as Exampie 3.1.
Assumptions: Same as Example 3.1.

Analysis: The work can be computed by summing the work over small increments
of volume change. The work in each volume increment is approximately the average
pressure multiplied by the volume change.
Case (a):

Enter the following equations and data into the cells of the spreadsheet:
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The spreadsheet yields the following results:

Case (b): _
Enter the following equations and data:
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The spreadsheet yields the following results:

Comments:

1. The numerical solutions agree reasonably well with the analytic solutions in
Example 3.1.

2. Toimprove the accuracy, reduce the size of the volume increment, increasing the
number of steps over which the work is summed. ]

Let us now consider the quasi-equilibrium process in more detail. Consider the
piston-cylinder arrangement in Figure 3.6(a). The piston is held in place by a mass
acted upon by the gravitational field, hence a force. If we move one block from the
piston as in Figure 3.6(b), the piston will shoot upward and oscillate up and down
before reaching an equilibrium position. Clearly the pressure is not uniform during
such a process, and the process cannot be called a quasi-equilibrium process. The
next step toward reaching a quasi-equilibrium process is to divide the mass into
smaller and smaller quantities. Figure 3.7 illustrates the mass being replaced by a
stack of cards. Aseach card is removed, the piston moves upward a slight amount and
after a very slight oscillation reaches its equilibrium state. To improve this process
even further, we must make the mass of each card infinitesimal, so that the change in
the piston height would occur in differential steps. This process is imaginary, but it
represents the ideal, that 1s, the maximum work possible: all the energy goes into
moving the piston and is not dissipated by the piston’s oscillation. Note also that the
addition of an infinitesimal card to the piston would start the process in reverse. This
process is called an equilibrium or reversible process. In Figure 3.6 we could not slide
the mass onto the piston to start the process over. This process is called an irreversible
process; it cannot return to its original state along the same path. There are many
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Figure 3.6 Piston movement when large weight incre-
ments are removed.

factors that render a process irreversible, Nonuniform pressure in the system causes
the mass to move within the system, using energy that then will not be available for
work, Frictional effects, 100, are apparent irreversibilities. The energy used to over-
come mechanical friction is lost for useful purposes. Also, fluid viscous forces, that is,
fluid friction, dissipates useful energy. There are other causes of irreversibilities, but
the effect is always to decrease the useful energy output or increase the energy
required.

Measuring how quickly work is accomplished gives us another quantity —

I

I

Il

Il

Figure 3.7 Piston movement when infinitesimal weights are re-
moved, modeling a quasi-equilibrium process.
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Film

Thread

(a) (b)

Figure 3.8 A hoop with a soap film. This demonstrates the
effect of surface tension.

power, W.

. w o
W= lim oW energy/unit time (3.17)
st—~0 Ot

One horsepower is defined as the ability to perform 33,000 ft-1bf of work in I min.
1 hp = 33,000 ft-1bf/min
Other common power equalities are

1 hp = 2545 Btu/hr
1 hp =0.746 kW

The SI unit of power is the watf. Thus
1Jfs=1N-m-s7'=1W

Associated with work and power is torque. Torgueis the turning moment exerted
by a tangential force acting at a distance from the axis of rotation. Torque represents
the capacity to do work, whereas power represents the rate at which work may be
done. Section 13.9 explores torque, work, and power in more detail.

Forms of work other than mechanical work are seldom dominant, but neglecting
them can lead to error. For instance, a film on the surface of a liquid has surface
tension, which is a property of the liquid and the surroundings. The surface tension of
a film is a function of the surrounding medium. A simple experiment illustrates the
surface tension action. In Figure 3.8(a), the entire loop is covered with a soap film.
The film is punctured within the thread loop, and the surface tension of the film acts
to make the remaining area a minimum. The surface tension, ¢, has units of force per
unit length

2
W=— f o dA(force/length) X area = force X length (3.18)
1
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The minus sign indicates that an increase in area results in work being done on the
system. The units of work are correct. Thus, we have seen that when pressure with
units of force per unit area acts on a volume, work is performed; and now we see that
surface tension acting on an area is work, Surface tension is an area phenomenon,
whereas pressure is a volume phenomenon,

To demonstrate another form of work, let us consider a wire as the system.
Stretch the wire within the elastic limits, and the work is done on the wire by the
surroundings; F is the tension, and

Wz—erL (3.19)
1

where the minus sign indicates that a positive displacement results from work being
'supplied to the system. If we limit the problem to within the elastic limit, where E is
the modulus of elasticity, sis the stress, €1s the strain, and A is the cross-sectional area,
then

F=sA=FeA
de=dL/L,
oW =—FdL=—FEeAL, de
2 AE
W=—AEL, j €ede=— ZLI (e2 —€?)
1

To develop expressions for electrical work and electrical power, we note that
current flow i in amps is
. de

l_—

dt

where ¢ is the charge in coulombs and ¢ is time. Thus dc is the charge crossing a
boundary during time dt. If ¥ is the voltage potential, the work is

SW=%dc
OW=Yidt
2
W=f Vids
1

One needs to know how i and ¥ vary with time to integrate the expression. The
electric power is

W = lim w_ Vi
st—0 Ot

Shaft work is another work form, such as the rotating shaft in Figure 3.3. The
torque, T, is necessary to rotate the shaft 46 degrees, the shaft work is

2
W=f 7d0
1
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. 2 dg
W_J: ra—-tw

where w is the angular velocity and 7 is a constant in this case.

There are other, less visible modes of work, such as magnetic work, which do not
play a significant role in this course in thermodynamics. The following equations
summarize some work forms:

and the power is

2
Compressible fluid W= f pdV
1

2
Surface film W=-— f o dA
1
2
Stretched wire W=—1 FdL (3.20)
1
2 2
Electrical W= f Vde= f Vi dt
1 1
2 2
Shaft W=f Frd0=f tdf
1 1

What is common to all these work expressions? That work is equal to an intensive
property times the change in its extensive property. In advanced thermodynamics the
intensive properties are defined in terms of the partial derivatives of the extensive
property on which they act. If F is an intensive property and X is the change in the
related extensive property, then

SW=F-dX (3.21)

Equation (3.21) is the general work expression for any reversible work. It might be
possible to have a system in which many different forms of work are occurring; thus

sW=T F, - dx, (3.22)

and for equation (3.20), this becomes
W=pdV—ocdA—FdL+%Vidt+1d6 (3.23)

A battery charger produces 3 A at 12 V and charges a battery for 2 h. What is the work

I Example 3.3
done to the battery?

Solution
Given: The flow of electrical charge from a battery charger flows into a battery.

Find: The electrical work done in the charging process.
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Sketch and Given Data:

34, 12V, 2hr

Battery charger 4

Figure 3.9

Assumptions:

1. The battery is a closed system.
2. Voltage and current are constant for the 2-hour charging period.

Analysis: The electrical work may be determined by integrating the expression
2
W= f Vidt
1

In this case voltage and current are constant with time, thus

2 7200
W=‘V,f dra‘r,j dt
1 0

The current is flowing into the system and hence has a negative value. Notice if the
charger were assumed to be the system the value of i would be positive,

W= (12 VX—3 A)7200 s)

W=-—259.2kl
Comments:

1. It is important to identify the system to determine whether the-current flow is
viewed as positive or negative. _

2. If voltage and current vary with time, the integration is more complicated. Do not
assume it is direct current unless it is correct to do so.

3. Unitbalanceis veryimportant. In thiscase 1 W=(1 V)1 A)=1J/s. Time must be
in seconds to give the dimensionally correct value of work. -

Having looked at work in some of its many forms, let us consider now a transfer of
thermal energy between a system and its surroundings. Heat is defined as the energy
crossing a system’s boundary because of a temperature gradient between the system
and its surroundings. Heat and work are similar in that they both are energy fluxes
and must cross a system’s boundary to have any meaning. This definition differs
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from the colloquial usage of heat, in that bodies do not have any property calted
“heat.” Heat exists only as energy crossing a boundary; once inside the system it has
no meaning.

Heat has conventions attached to the direction in which it crosses a system’s
boundary. Heat flow into the system is positive; heat flow from the system is negative.
Heat is represented by the symbol Q. A process in which @ = 0 is adiabatic. For
instance, if a pipe is well insulated from its surroundings, then any heat flow between
the system and its surroundings is very small, in fact negligible in most cases. If it were
zero, the pipe would be adiabatically insulated. If we were to model the pipe as the
system, it might be possible to assume that the walls were adiabatically insulated. This
simplifies the analysis to be made without introducing errors of any great magnitude,
Of course, if there actually were substantial heat flow through the walls, then to
assume that the walls were adiabatic would be extremely maccurate.

Heat is a function of the method in which thermal energy is transferred between a
system and its surroundings. This means that heat is a path function; in other words,
it depends on how the energy is transferred.

g= fz dQ ki [Btu] (3.24)

Q is the heat transferred when a system goes from state 1 to state 2 for any given
process. Another convenient notation is heat per unit mass, g.

qg= —’% kI/kg [Btu/lbmj (3.25)
where m is the system mass. The integral of 6Q may be evaluated only when the

process is reversible (continuous)— the only time a functional relationship may be
determined. Note that the é operator must be used.

Modes of Heat Transfer

In equilibrium thermodynamics we deduce the heat flow by knowing the other
energy terms in the equation for conservation of energy. Itis possible to determine the
flow of heat directly, however, and a course in heat transfer will yield this information
in detail, as will Chapter 18. Here we will merely survey the variety of modes of heat
transfer.

Many heat transfer problems require the inclusion of time, so their analyses
involve more than investigation of equilibrium states. The laws of heat transfer obey
the first and second laws of thermodynamics: energy is conserved, and heat must flow
from hot to cold. There are three modes of heat transfer — conduction, radiation, and
convection,

Conduction is heat transfer within a medium. In solids, particularly metals,
conduction is due to (a) the drift of free electrons and (b) phonon vibration. At low
temperatures phonon vibration, the vibration of the crystalline structure, is the
primary mechanism for conduction, and at higher temperatures electron drift is the
primary mechanism, Regardless of the mechanism, energy is transferred from one
atom or molecule to another, resulting in a flow of energy within a medium. In a gas
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Figure 3.10 Illustration of Fourier’s law of heat
conduction.

the mechanism for conduction is primarily molecular collision. The conduction is
dependent on pressure and temperature, which act in obvious ways to increase the
chance of molecular collisions. In liquids the mechanism for conduction is the
combination of electron drift and molecular collision. Conduction in liquids most
commonly depends on temperature, not pressure.

Conduction heat transfer follows Fourier’s law, which states that the conductive
heat flow, Q;, is a product of the thermal conductivity of the material, 4, the area
normal to the heat flow, 4, and the temperature gradient, d7/dx, across the area.
Thus,

= — a4 2L
Oy=—14—

Figure 3.10 illustrates Fourier’s law. The reason for the inclusion of the minus sign in
Fourier’s law is that we want the heat flow to be positive when the temperature
gradient is negative (hot to cold) in the + x direction, and the minus sign corrects for
this. Notice that the temperature gradient is the potential that causes heat flow
through a material. The values of the thermal conductivity vary from high for metat
conductors to low for nonmetallic insulators. '

Radiation is the flow of thermal energy, via electromagnetic waves, between two
bodies separated by a distance. Electromagnetic waves, which are a function of
body-surface temperature, transfer heat and thus constitute thermal radiation. The
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Figure 3.11 Hlustration of Newton’s iaw of cooling, showing veloc-
ity and temperature distributions.

expression for radiative heat transfer from a surface is given by the expression

O=eaAT*

where € is the surface’s emissivity, ois the Stefan-Boltzmann constant, 4 is the surface
area, and 7 is the surface absolute temperature. This is a highly nonlinear expres-
sion and represents only the radiation from a surface; it does not include the effect
of radiation from other surfaces and any surrounding fluid. The final equations
describing radiative heat transfer include the effect of geometrical orientation of
the various surfaces, surface material properties, and the effect of any intervening
fluids.

Convection is heat transfer between a solid surface and a moving fluid. At the
solid-fluid interface heat is transferred by conduction, energy transfer resulting from
molecular collisions between the solid and fluid molecules. These collisions cause a
temperature change in the fluid, a density variation is produced, and bulk fluid
motion occurs, There is a mixing of the high-and-low temperature fluid elements,
and heat 1s transferred between the solid and fluid by convection. This type of
convection is called natural convection in that the fluid motion results from fluid
density variations. In forced convection an external device such as a pump or fan
creates the fluid motion.

The empirical expression that describes this motion is Newton’s law of cooling:

Q.= hA(,— L)
Figure 3.11 illustrates the fluid parameters implicit in Newton’s law: A4 is the solid-
fluid surface area, 4 is the unit coefficient for convective heat transfer, T, is the solid
surface temperature, and 7, 1s the fluid temperature far from the surface. The
coeflicient for convective heat transfer is not a thermodynamic property but a pa-
rameter that includes such effects as fluid properties, flow pattern, and surface geom-

etry.
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" Figure 3.12 Joule’s experiment on the equivalence of
heat and work.

Convertibility of Energy

We have seen that both foot-pound force (ft-Ibf) and the British thermal unit (Btu)
are energy forms, but how are they related? Starting in 1845, an Englishman, James
Prescott Joule, initiated experiments to find the equivalences between heat (Btu) and
mechanical work (ft-Ibf). Figure 3.12 illustrates a simplified version of his experi-
ment. A closed, insulated container is fitted with a spindle to which paddles are
attached. A wire is wound around the external spindle shaft and led over a pulley toa
weight (force). The weight is dropped at constant velocity, eliminating all accelera-
tion but local gravity. The temperature increases in the water after the weight is
dropped. From the definition of a British thermal unit-—at the time, the heat re-
quired to raise 1 Ibm of water from 59.5° to 60.5°F—Joule was able fo calculate the
equivalence between mechanical energy and thermal energy. This has been refined
up until today, when

778.169 ft-1bf = 1 Btu

Actually, the British thermal unit is defined in terms of joules, but the foregoing
definition is quite adequate. In SI units the joule is the basic unit of energy.

IN‘m=1]
The joule, the British thermal unit, and foot-pound force are related as follows:
1 Btu=1055J=1.055KkJ

1 ft-Ibf =1.3557

'_ Potential, Kinetic, and internal Energies

There are many types of energy forms, but we will discuss only three: gravitational
potential, kinetic, and internal energies —the ones that occur in the typical situations
we will be analyzing. '
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The potential energy of a system mass depends on its position in the gravitational
force field. There must be a reference datum and a distance from the datum to the
system mass; let this distance be z. Let the system be acted upon by a force F, and
assume that this force raises the system. The change in potential energy is equal to the
work (force through a distance) necessary to move the system.

dP.EY=Fdz=mgdz
2 2 2
f d(P.E)= f mg dz=m f gdz (3.26)

1 1 1
The limits are from the initial to the final position. If the distance from ! to 2 is not too
great, so that the gravitational acceleration, g, is essentially constant, equation (3.26)
becomes

(P.E), — (P.E), = mg(z,~z)N - m = ’;g

c

(z, — z,) ft-Ibf (3.27)

Thus, we see that our assumption about the form of this energy equation is realistic:
the potential energy of a system increases as the height increases.

The kinetic energy of a system is developed in an analogous manner. Again let us
consider a system of mass m. Let a horizontal force act on the system and move it a
distance dx. Since it moves horizontally, there ts no change in potential energy. The
change in kinetic energy is defined as the work in moving the system a distance dx.

AK.E)=Fdx 0

_d{mv)  dv d
F==Ga —mdr+71?/

dv  dv dx _cj\i

d
d(K.E.) = mv —a—;— dx = mv dv (3.28)

2 2
f dK.E)=m f v dv
1 1

(KE),~ (KE), =2 (- v)N -m=

Integrating

(3.29)
m

2g

[4

(vZ — vi) ft-tbf

Note that this is the translational velocity of the system, and if the velocity of the
system increases, there is a positive change of kinetic energy. If a car is moving at 40
km/h and is accelerated (force through a distance) to 80 km/h, the kinetic energy
increases. If the car’s velocity 1s zero, its kinetic energy is zero.

One of the less tangible forms of energy of a substance is its internal energy. This
is the energy associated with the substance’s molecular structure, Although we can-
not measure internal energy, we can measure changes of internal energy. We are
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Figure 3.13 Modes of storing internal energy in adiatomic
molecule.

aware of internal energy from everyday experiences— bending a paper clip, com-
pressing a gas, or compressing a spring. For instance, when a spring is compressed, its
final energy is greater than its initial value, as a result of the compression. The
spring’s — the system’s— energy change is not a result of changes in kinetic or poten-
tial energies, but of changes in the system’s internal energy.

The internal energy of a diatomic molecule can be visualized as a function of four
energies associated with the molecule’s motion, rotation, and vibration, and the
energy of position. Energy is stored in the molecular structure by these five modes.
The more complex the molecular structure, the more modes are available for storing
energy. A monatomic gas has less than five modes of energy storage, but we will take
the general case first. In Figure 3.13 the different forms of a diatomic molecule are
illustrated. The energy associated with the translational motion of the molecule is
translational kinetic energy. The back-and-forth movement of the atoms in the
molecule, toward and away from one another, is a vibrational energy. The atoms, asa
pair, are visualized as rotating around their center of mass; this is the “first” kind of
rotational energy. An atom may rotate around its own center of mass, and this is the
“second” kind of rotational energy. As the number of atoms in the molecule in-
creases, the complexity of the rotational energy increases. The last term in the inter-
nal energy model is the potential energy of attraction between adjacent molecules.
This force is quite large, as can be realized by the energy it takes to convert water to
steam by overcoming the attractive force of the liquid molecules.
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The symbol for specific internal energy is u, for total internal energy, U.
u = specific internal energy, J/kg [Btu/lbm] {(3.30a)
U = mu, total internal energy, J [Btu] (3.30b)

Many other energies actuaily contribute to the internal energy, such as electron spin,
but we are more interested in using internal energy than win building models of it.

Several system energy properties have now been defined and discussed: kinetic
energy, potential energy, and internal energy, Heat and work, which are energy forms
that cross a system’s boundary but are not properties, have also been analyzed.
Chemical energy will be discussed in detail in Chapter 12. It may be possible that fora
given system all work types, energies, and heat must be included, but that is very rare.
Most often, only a few are important for each process.

3.3 FIRST COROLLARY OF THE FIRST LAW

There are two types of systems: fixed mass {(closed) and fixed space (open). The first
corollary of the first law of thermodynamics is the application of the conservation of
energy to closed systems; the second corollary is the application of the conservation of
energy to open systems. We will consider the closed system first.

Final energy — initial energy = energy added to system
E, - E, = Q—W

where heat has been added (+ ) and work has been done on the system (— W),

Let us examine the components of the initial energy of the system, E,. What
energy forms cannot be in E;? Since work and heat exist only when crossing the
boundary, they cannot exist as energy at a system state, unlike kinetic, potential, and
internal energies. Thus

(3.31)

mv?2
2

mv?  mg
E=(U+ +m z)J=(U+ + z)Btu 3.32
5 2.8 8F (3:32)

or dividing by the system mass, »1,

2

e=(u+%+gz) J/kg-—-(u

2 B
Yy &2 ) tu (3.33)

+
2g. % Fg./ lbm

The symbol # denotes the conversion from foot-pound force to British thermal
units.

£ = 778.169 ft-1bf/Btu

In solving problems it is often easier to find the solution per unit mass and multiply by
the system mass at the conclusion.

Let us introduce heat and work into the energy equation by having a change
occur. Assume the system does work W and receives heat O, asin Figure 3.14. Let the
piston expand, doing work, and the system receives heat from the surroundings. Ifthe
system operates between initial and final states, then the first law of thermodynamics,




3.3 FIRST COROLLARY OF THE FIRST LAW 71

Boundary

Figure 3.14 A piston-cylinder system re-
Q ceives heat and does work.

equation (3.31), becomes
' Q=E,—E+W (3.34)

O and W are both positive in the thermodynamic sense. Solve equation (3.34) for Q
and divide by the system mass, m:

g=(,—e)+w (3.35)

2 _ 2
g= I:(uz —u)+ V2 3 M! +g(z,—z)+ w] J/kg (3.36)

Usually the kinetic and potential energies are neglected, especially for closed
systems, SO

g=(U,—u)+w (3.37)
or
g=Aut+w
If the derivative of equation (3.37) is taken,
0q =du+ ow (3.38)
the total system change is
3Q=dU+ oW (3.39)

Equations (3.38) and (3.39) are commonly referred to as the first-law equations for a
closed system. You have seen they are nothing more than an energy balance.

Example 3.4

A piston-cylinder contains 2 kg of steam, which expands from state I (¢, = 2700
kJ/kg) to state 2 (1, = 2650 kJ/kg). During the expansion process the system receives
30 kJ of heat. Determine the system work.

Solution

Given: A piston-cylinder expands from state | to state 2 while receiving heat. The
change in specific internal energy is given.
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Find: The piston work done during the expansion process.
Sketch and Given Data:

——- System boundary

X u, = 2700 ki/kg

W=7
u, = 2650 kl’kg

Figure 3.15

Assumptions:

1. The steam is a closed system.
2. Changes in kinetic and potential energies can be neglected.

Analysis: The first law for a closed system is

0=AU+ Ay€0+ A/P%€.0+ w

Write the change of system internal energy in terms of specific internal energy.
O=m(u,—u)+w
Substitute numerical values.
30 kJ = (2 kg)(2650 — 2700) kJ/kg + W
WKkI=—100kI+ W
W=+4130kJ
Comments:

1. The system work is positive, indicating the steam did work on the piston and
expands during the change of state. System volume increased.

2. No information is known about the expansion process; it may be reversible or
irreversible, as the first law is independent of the process. ]

Example 3.5

An adiabatic tank similar to the one that Joule used in determining the mechanical-
thermal energy equalities contains 10 kg of water. A 110-V, 0.1-A motor drives a
paddle wheel and runs for 1 h. Determine the change of specific and total internal
energy of the water.

Sclution

Given: An adiabatic tank containing water receives work from a motor-driven
paddle. '
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Find: The change of the water’s specific and total internal energy.
Sketch and Given Data:
— System boundary

Figure 3.16

Assumptions:

1. The water is a closed system.

2. The process is adiabatic, so the heat transfer is zero.

3. All the electrical work is converted into paddle work.

4. Changes in system kinetic and potential energies are zero.

Analysis: The first law for a closed system is

73

The work term is only paddle work, W, which is done on the system (negative), and

the system is adiabatic (Q = 0).
0=AU-W,
AU=m(u, —u) =W,
The paddle work needs to be determined from the power consumption data.
W pericd =V, = (110 VX0.1 A)=11 W =11J/s
W eecrcat = (WetearicaX) = (11 J/s)(3600 5) = 39.6 kJ
AU=39.6k]
Au=AU/m=39.6 kJ/10 kg = 3.96 kJ/kg

Comments:

i. Understanding the term adiabatic, meaning the heat transfer is zero, is pivotal to

the problem solution.
2. Paddle work only goes into a system and hence is negative.
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3. It is important to distinguish between specific and total internal energy, making
sure the first-law equation is dimensionally correct. w5

3.4 ENERGY AS A PROPERTY

In the preceding analysis we have tacitly assumed that the system energy 1s a property.
The use of an exact differential in describing energy, for instance, implies this. In the
following development we will prove that this assumption is valid. First, a cycle
analysis of a closed system will be made. Referring to the cycle definition we sce that
the system state 1s the same before and after a cyclic process. We assume that both
heat and work enter and leave the system as it completes the cyclic process. From
equation (3.35), noting that E, = E,, we may write

Qin + Win = Qout + Wout

Qi.n - Qout = Wout - Win
ZQ =>W (3.40)

This may be written as a cyclic integral

¢5Q=¢5W (3.41)
565Q—955W=0 (3.42)

oQ=dE+éW  or 0Q=0W=dE

fro-fav-fuomo

Hence, the system energy depends only on the system state and not on the path
followed to arrive at the state; it is a property. Also, the components of the total energy
are properties, sO

or for any cyclic process

If

then

fﬁ dU = 95 d(K.E.)= 95 dP.E)=0 (3.43)

It is also important to note from equation (3.40) that 2@ = 3 W for any system
undergoing a cyclic process. The individual work and heat terms may be positive or
negative, depending on direction. The algebraic sum of these terms, then, is the net
heat and work, the conclusion being that the net heat is equal to the net work for a
closed system operating on a cycle.



3.5 SECOND COROLLARY OF THE FIRST LAW 75

3.5 SECOND COROLLARY OF THE FIRST LAW

We will consider now the system in which there is a mass flow, namely, the open
system. Here the volume is fixed, and the mass flows into and out of this fixed space,
or control volume. This is a very common situation: in a jet engine, air enters and
leaves the engine; in a steam turbine, the steam enters and leaves the turbine. In both
cases work is done, heat is exchanged, and energy is transferred.

The second corollary of the first law is the conservation of energy principle
applied to open systems. Consider the control volume shown in Figure 3.17 to be
located in a stream of moving fluid. Heat may be transferred and work may be done,
as illustrated.

At some time ¢ there 1s a control mass, which is the sum of the masses in regions I

~and II. At some time { + At, some of the mass has moved into region I1I, and heat and
work interactions may have occurred to the control mass. An energy balance on the
control mass for the time interval At is

Q— W=AEcy= Ecmyrar — Ecm (3.44)

where Q and W are, respectively, the heat and work done on the control mass.
The energy of the control mass may be expressed in terms of the control volume:

Ecme =By, + Ey (3.45)
Ecmesar= Emrar t Enyrar (3.46)
Subtract equation (3.45) from equation (3.46) and add zero to the right-hand side. In

Mechanical

System
boundary
at time ¢

Fluid flow

Control System boundary
volume at time ¢ + At
Figure 3.17 Control volume located in 2 moving fluid
with heat and work being transferred.
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this case Ey, =0 and Ej, 4, = 0.
Eomerar — Eomy = Evprar — Eme + Evane — Ev + Exparar = Em

Divide by At and take the limit as A¢ — 0. Again region II coincides with the control
volume as At — 0, hence dE/dt = dE_, /dt.

dEcy _ dE, _dE, , dEy
d  da dr @ dt

The negative sign on dE, /dt is due to the difference (F},. 4, — E},) being negative in
the physical sense: the energy flow in region I is decreasing. Furthermore, we let

Q _d¢g

(3.47)

lim = =—==( 3.4
A:—r-{};) At dt Q (3.48)
and
W oW .
im = S = W 4
Ai-rnr-lo At dt (3.49)

The derivative dI, /dt represents the energy entering the control volume, dE, /dt;
and dFE, /dt represents the energy leaving, dE,,,/dt. Thus eguation (3.44) becomes

dE : . dE, dE
o _ + in __ out )
dt e-Ww dt dt (3-50)
The total energy may be represented as E = em, and dE/dt = em; hence
dE . :
_th: O — W ey My — o Mgy (3.51)

The development is aimost comiplete, but we must account for the different work
terms. There is mechanical work done by the fluid on the machinery (turbine,
compressor); there is also flow work, the energy transmitted across the system
boundary as a result of a pumping process occurring outside the system, causing the
fluid to enter the system. This is the work by the fluid to overcome the normal stress,
that is, pressure, at the boundary. Thus there is a flow-work term entering and leaving
the system boundary.

Let us consider a differential element on the control surface with area A. The
fluid has a pressure p at area A4, and the fluid moves a distance dx normal to the area.
The flow work is

O Whow = pA dx
Adx=vdm
O Woow = PV dmM
Wﬂw=pvm

The net flow work is the difference between the flow work entering and leaving.
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Equation (3.51) becomes
—2 =0 — W, + (e+ p)a iy — (€ + P0) o iom; (3.52)

For the steady state, dE,,/dt = 0, and the first law may be stated as an energy
balance:

Energy in = Energy out

. _ _ : (3.53)
Q + (6’ + pv)inmin = (E + pv)outmout + Wm
and for steady-flow conditions, ny, = m,, = m,
Q+ (e + pv)ri = (e + pv)oymt + W,, (3.54)

Separating the total energy into three components—internal, kinetic, and po-
tential energies — yields for the energy equation on the unit mass basis

g+ u, + pv, + (ke), + (pe), =u,+p,v, +(ke), +(pe.), +w (3.55a)
g=Au+ A(pv) + Ak.e) + A(p.e) + w (3.55b)
oq=du+d(pv) + dk.e.) + d(p.e.) + ow (3.55¢)
and so
O + mfu, + pyo, + (ke + (pe)]
= rmiuy + pov, + (ke), + (pe).] + W

Two energy properties ¥ and pv appear on both sides of the equation in the energy
term. Combining them creates a new property, A.

(3.56)

h=u+pv
H=U+pV

The sum of these two properties, A, is called enthalpy. Note that # and pv should have
compatible units. At times there may be a temptation to associate enthalpy with heat
or work, but enthalpy is a property having no function physically other than being the
sum U + pV.

Equations (3.55b) and (3.56) become, respectively,

g=Ah+ Ake)+ A(pe)+w (3.58a)

(3.57)

and
Q+ mlh, + (ke), + (pe)] = m[h, + (ke), + (pe),] + W (3.58b)
The first law may be written on a differential basis as
d0g=dh+ dke)+d(pe)+ow (3.59)

Equation (3.59) has been developed with regard to the control volume. We will
consider the unit mass of the system; the first law for the mass is

dg=du+pdv
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From the definition of enthalpy,
dh=du+pdv+vdp

Therefore,
dh=6g+vdp (3.60)
Substituting equation (3.60) into equation (3.59),
dw=—vdp-—dk.e)— d(pe) (3.61)
If the kinetic and potential energy variations are zero,
ow=—vdp (3-62a)
= -1 j v dp (3.62b)

The work in equation (3.61) is valid for reversible processes, since that assumption
was used in expressing dw = p dv for constant mass. The expression for power in
equation (3.62b) is the power transferred to or from the fluid to a rotating shaft in the
control volume. Examples include a turbine’s rotor and a pump’s impeller.

2 Example 3.6

§ A ship’s steam turbine receives steam at a pressure of 900 psia and a velocity of 100
| fi/scc. The steam leaves the turbine at 27 in. Hg vacuum with a velocity of 900 ft/sec.
| Theturbine entrance is 10 ft above the exit level. Find the power produced if the mass
§ flow rate of steam is 100,000 Ibm/hr and the heat loss from the turbine is 50,000
& Btu/hr. The steam has the following properties.

Inlet Exit
£ Pressure 900 psia 27 in. Hg vacuum
. Temperature 1000°F 114°F
£ Velocity 100 ft/sec 900 ft/sec
® Specific internal energy 1354.5 Btu/lbm 951 Btu/lbm
# Specific volume 0.9273 ft*/1bm 214 ft’/lbm

Solution

Given: A turbine receives steam at a high pressure and discharges it at a low pres-
sure, doing work in the expansion process.

Find: The power produced by the steam turbine.
Sketch and Given Data: See Figure 3.18 on the following page.

Assumptions:

1. The turbine is an open system with steam flowing through it.

2. The sign on the heat flow is negative as it flows from the system to the surround-
ings.

3. The flow is steady-state, so the flow rate in equals the flow rate out.
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Control

volume

boundary
u, = 1354.5 Btu/lbm u, =951 Btu/lbm
p, =900 psia p, =27 in. itg vacuum
v, = 0.9273 ft'/lbm v, = 214 f’/ibm
T, =1000° F 7,=114°F
v, = 100 ft/sec v, =900 ft/sec

Az=10ft
@ =—50,000 Btu/hr
' moul

Figure 3.18

Analysis: The first law for an open system is
O+ mlu+ pv+ (ke.) + (p.e)la = W+ mfu+ pv+ (ke.) + (D.€)]oue

In this equation all the terms are known except the power, W. However, care must
be taken to assure that all the terms are dimensionally correct. First, the pressure must
be converted to absolute pressure. (Subscript 1 refers to inlet state, 2 to outlet
state.)

p =27 in, Hg vacuum = 2.92 in. Hg absolute = 1.43 psia
W= m{(u, — u) + (p,v, — pv;) + [(ke); — (kee.),] + [(pee.);
—(pe)}+Q
U, — u; = 1354.5 — 951 = +403.5 Btu/lbm
D1V, — Py, = {(900 Ibf/in.2)(144 in.2/ft2)(0.9273 ft3/Ibm)
—(1.43 1bf/in.2)(144 in.2/ft2)(214 ft3/lbm)}/(778.16 ft-Ibf/Btu)
Doy — Pav, = 97.81 Btu/lbm

2 g2
(ke), — (ke), = ("5&;2)

= [(100% — 900%)ft2/sec?]/[(2)(32.174 lbm-ft /1bf-sec?)(778.16 ft-Ibf/Btu)]
(k.e.}, — (k.e.), =—15.98 Btu/lbm

(p.e), — (p.e.), = 8(z, — 2,)/8.F = (32.174 ft/sec?)(10 ft)/
{(32.174 Ibm-ft /Ibf-sec?)(778.16 fi-1bf/Btu))

(p.e.); —{p.e.), = +0.01 Btu/lbm
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The sum of the terms in the brackets is +485.34 Btu/lbm. The power is
W = — 50,000 Btu/hr + (100,000 1bm/hr){485.34 Btu/lbm)
W = 4.848 X 107 Btu/hr = 19,051 hp

Comments:

1. Theimplication of the minus sign on the kinetic energy term indicates this portion
of the steam’s energy was not converted into work, as the steam left the turbine
with a high exit velocity. Ideally the kinetic energy would be converted to work.
Note this is possible from the original derivation of kinetic energy.

2. It is very important to maintain dimensionally correct equations. Attention is
particularly needed when performing problems in the English unit system.

3. The turbine’s power is calculated by determining the power imparted to the
turbine rotor by the steam and assuming they are the same.

4. Note the magnitude of the potential energy term. Very often in problems the
change of potential energy is neglected as being numerically insignificant com-
pared to the other energy terms. =

¢ Example 3.7

£ A nozzle is a device that converts fluid thermal energy, enthalpy, into kinetic energy.
8§ The kinetic energy may be used to drive a mechanical device such as a turbine wheel,
B thus converting the fluid energy into mechanical work. A nozzle receives 0.5 kg/s of
& air at a pressure of 2700 kPa and a velocity of 30 m/s and with an enthalpy of 923.0
B kJ/kg, and the air leaves at a pressure of 700 kPa and with an enthalpy of 660.0 kJ /kg.
i Determine the exit velocity from the nozzle for (a) adiabatic flow; (b) flow where the
# heat loss is 1.3 kJ /kg.

Solution

Given: Air flows through a nozzle, a device that converts fluid thermal energy into
kinetic energy.

Find: The air’s exit velocity from the nozzle.

Skerch and Given Data:

Control

volume

boun»dary/

m=10.5 kefs
p; = 2700 kPa p,=T00kPa
v, =30m/s h, = 660.0 kI/kg
h, =923.0 ki/kg

(b) Q = (- 1.3 kl/kg) (0.5 kgfs) = —0.65 kW

Figure 3.19
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Assumptions:

1. The flow rate is steady, the system open.
2. The work crossing the system control volume is zero.
3. The change in potential energy from inlet to exit can be neglected.

Analysis: Case (a): The first law for an open system with steady flow (subscript 1
refers to inlet state and 2 refers to exit state) is

Q-+ mlh+ke. +pela= W+ mlh +ke. + p.eloy
(k.e.), = (1 — hy) + (kee), + [(p.e), — (p.e.).]

v3
—2‘ = (h; — hz) + (k.e),

where W was eliminated by assumption 2, Ap.e. by assumption 3, and Q by adiabatic
flow for case (a).

vim?s? _ 307m?2/s?
2(1000) /K3 0230 —660) Kl /ke + 500m 3

v, = 7259 m/s
Case (b): The heat loss g =— 1.3 kJ /kg. The first law for a steady open system is
Q+mlh+ke +pel,=W+mh+ke +pely
Divide by 7t and solve for the kinetic energy out.
(ke)y =g+ (b, — b)) + (ke), + [(p-e); — (p.e.),]

2

Y2 g (B~ hy) + (e,

2
vim?/s? _ 30?m?/s?
____—-2(1000)J/kJ 1.3 kJ /kg + (923.0 — 660) kJ/kg-i—2000 T/
v, =724.1 m/s
Comments:

1. Theeffect of heat transfer from the nozzle reduces the velocity of the air exiting the
nozzle, as that energy cannot be converted into kinetic energy.

2. 1t is important to maintain correct unit balances in converting specific kinetic
energy to kilojoules/kilograms.

3. To obtain work to or from a control volume, shaft rotation is required. There will
never be work from a nozzle, as no shaft is present. -

Example 3.8

A windmill has a blade diameter 2 and receives air with a velocity v and a density .
The exit velocity from the blades can be considered negligible. Derive an expression
for the maximum power that the windmill can develop.
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Solution

Given: A windmill receives air at a given velocity and uvses the kinetic energy of the
air to produce power.

Find: An expression for the maximum power that a windmill can produce.

Sketch and Given Data:

ol

Figure 3.20

Assumptions:

The control volume encompassing the windmill’s blades is open.

Steady-state, steady-flow conditions exist.

The exit velocity from the blades is zero.

The system is adiabatic, with no temperature difference between the surroundings
and the system.

The change of potential energy is zero.

The change of enthalpy is zero, as there is no change of temperature or pressure
across the control volume.

el b S

il

Analysis: The first law for an open system is
O+ m[h+ ke. + pefo= W+ mh+ ke + p.eloy
W= m{(h, — hy) + [(ke.), — (ke),] + [(p.e); — (pe.),])

. _\(2
W—~m2
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This is not sufficiently reduced to determine the power; the conservation of mass
can be used to write the mass flow rate in terms of measurable properties. Thus

m=pAv

and the area may be expressed in terms of the diameter as
n
A==D?
4
Substituting these into the expression for power yields
. T
W= g pD 2V3

Comments:

1. The windmill power is a function of the velocity cubed, so windmill power is very
sensitive 10 velocity changes.

2. In actual windmills air has an exit velocity from the windmill blading, which
reduces the theoretical maximum to 59.3% of the value determined in this prob-
lem. This is developed in Chapter 17. _

3. Enthalpy is the sum of internal energy and pressure divided by density. In this case
the pressure and density are constant and the internal energy of a air, a function of
temperature at normal atmospheric conditions, is constant. Thus, their change
and the consequent change of enthalpy is zero. |

3.6 FURTHER EXAMPLES OF ENERGY ANALYSIS

One of the most useful features of the first law is the ease with which it can be applied
to a wide variety of energy-consumption situations. In the variety of energy-con-
sumption problems facing society, thermodynamic analysis, even a simplified first-
law analysis, provides great insight.

Example 3.9

A hydroelectric power-generating facility is to be created at a location that has a
change of elevation of 45 m and where the river flow rate averages 227 m?3/s. Deter-
mine the maximum power that can be generated in adiabatic hydraulic turbines
located at the base of the dam. The density of water is 1000 kg/m3,

Solution

Given: Water flows through a hydraulic turbine located at the base of a dam. The
water decreases in elevation as it passes across the dam.

Find: The power produced by the water flowing through the turbine.
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Sketch and Given Data:

System boundary

Hydraulic turbine

V=227 m¥s, p = 1000 kg/m’
@=0

Figure 3.21

Assumptions:

1. The process is adiabatic, so the heat loss is zero.

2. The only energy property that will change 1s the potential energy. The water’s
velocity into and out of the system will be the same, hence the change of kinetic
energy will be zero. In addition the internal energy, pressure, and density of the
water into and out of the system will be constant; hence their change will be zero,

Analysis: Perform a first-law analysis on the control volume shown in Figure 3.21.
O+mu+p+ke +pel,=W+mu+p+ke +pel

Rearranging the terms yields

out

W= m {(uyfuz) + (plpy/zjzt)z) + [(ke)y/(‘ke)z] + [(p.e.); — (p.e.),]}
W=m [(p.e.), — (p.e)l

Solve for the mass flow rate from the volume flow rate, using the density relating the
two,

= Vp = (227 m3/s}1000 kg/m3) = 227 000 kg/s
(p.e.), — (p.e), = 8(z, — z;) = (9.8 m/s?}(45 m) = 441 J /kg
W= (227 000 kg/s}(441 J/kg) = 100.1 MW
Comments:

1. By drawing the control boundary around the piping and the turbine, we eliminate
the need to determine the pressure differential across the turbine and consider
only the change of potential energy across the control surface.

2. The mass flow rate is quite large. Comparing the work performed per kilogram in
this example, 0.441 kJ /kg, to that in Example 3.5, 485 Btu/ibm = 1128.9 kJ /kg,
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Hot temperature
heat source

&

System
undergoing 7™ Woo. = Gy — Qo
power cycle
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Low temperature Figure 3.22 Schematic diagram of a power-
heat sink producing cycle.

we see an order of magnitude difference in the thousands. This is typical of most
renewable energy sources; the work that can be performed per unit mass is low, so
it takes enormous numbers of units to reach values useful in society. The initial
costs and sizes are quite large compared to conventional energy sources. . mm

A thermodynamic cycle has special usefulness when we consider the generation
of power, the transformation of heat into work on a continuous basis. When we were
developing the concept of energy being a property in Section 3.4, the derivation led us
to the conclusion that the net heat added to a cycle was equal to the net work

roduced, o
p d Qne'lcycle = Wnetcycle (3-63)

These terms represent the algebraic summation of heat and work around the cycle,
respectively. Figure 3.22 represents the schematic of a possible power-producing
cycle. Notice that we do not need to know about all the processes within the cycle to
perform an overall analysis, just the flow of work and heat energy crossing the system
boundary.

The net-cycle heat term is the algebraic sum of the heat supplied, which is
positive, and the heat rejected, which is negative, Thus, the net-cycle work becomes

Wnetcyclc = Qin - Qout (364)
Physically these terms represent the net work produced by a power cycle, such as
the electrical energy generated or the horsepower produced. The heat is supplied by
such energy sources as the combustion of oil or coal, or a nuclear reaction. For an
automobile’s engine, a power plant, the heat rejection occurs primarily from the
radiator to the surrounding atmosphere. For larger power plants used in the gen-
eration of electric power, typically the heat rejected is discharged into a body of
water.
Often we are interested in how efficiently power is produced, how well we are
converting heat into work. The efficiency, #, is the output, or desired effect, divided
by the input, or cost of achieving that effect, or

W,

T On

(3.65)
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Since the net-cycle work can be expressed in terms of heat from equation (3.64), the
efficiency may also be expressed in terms of only heat terms:

o= Qin_ Qout= 1 — Qout
Oia Oin
The efficiency and cycle relationships that have been derived above apply to energy
flows as well as to energy; thus power and heat flux, ¥ and (, terms may also be used.
The efficiency of a cycle can never exceed unity and is usually much less than that

value. When we discuss the second law of thermodynamics starting in Chapter 7, we
will begin to sce the theoretical limits imposed on efficiency.

(3.66)

Example 3.10

A student investigates the space requirements for generating power using solar heat.
The average incident solar radiation is 1.36 W/m?2, or 430 Btu/hr-ft?, and there are on
average 3000 h/yr of sunshine in the area she lives in. The total power desired is 20
MW, and the average thermal efficiency of the power plant is 0.25. Determine the
total energy that must be supplied and the collector surface area required. The power
is to be delivered over a 24-h day. While it is impossible to generate power during the
night and on overcast days, the assumption is that excess power may be sold during
the hours of operation and repurchased at no net cost during the other hours.

Solution

Given: Theincident sunshine intensity for a given locality and the net power thata
solar power plant is to produce given the efficiency of that plant.

Find: The net heat flow that is required and the land area that is required to collect
the solar energy for the plant.

Sketch and Given Data:

[=1.36 Wim?2 4

=025

B e et Wnet = 20 kW

Solar collector with
swrface area A

s Pump
ra
’ £
Condenser
7 \_/ 5
S SO |
Qout

Figure 3.23

Assumption: The power produced in 3000 h can be averaged over all the hours of
the year,



3.6 FURTHER EXAMPLES OF ENERGY ANALYSIS 87

Analysis: The total heat flow into the cycle can be determined from equation (3.65).

g Tae g5 20O00KW
O O
Thus,
Q.. = 80 000 kW

This value represents the heat flux at any moment. We now must find the total
heat supply (subject to our assumption) required for the year.

O, = (80 000 kW24 h/day)(365 day/yr) = 7.008 X 108 kwh/yr

This energy comes from the 3000 h of incident solar radiation, which has an intensity
of 1.36 kW/m2. Using the relationship between radiation intensity and heat in,
namely

Q kwh/yr = (I kW/m2)(3000 h/yr)(4 m?)
yields

(7.008 x 10® kwh/yr) | = (1.36 kW/m?2)(3000 h/yr)(4 m2)
A=171765 m?=42.4 acres

Comment: Thisis certainly a staggering land area to cover with collector surface, an
inherent problem with large-scale solar electric power generation plants. For water-
heating systems, however, partial coverage of a house roof with collectors will often
provide sufficient area for the domestic heating requirements. [ ]

Example 3.11

A power plant produces 1000 MW of electricity and uses residual oil as the fuel. The
oil has a heating value, the maximum energy liberated in combustion, of 43 000
kJ /kg. The overall efficiency of the power plant is 52%. Determine the instantaneous
heat input, the daily fuel consumption, and the dimensions of a cylindrical storage
tank (L = D) to hold a 3-day supply of oil. The density of the oil is 990 kg/m3,
Determine in addition the amount of heat rejected to the environment.

Solution

Given: A power plant operating on a thermodynamic cycle produces power while
consuming energy, heat. The cycle efficiency and the net power produced are given.

Find: The heat input required for the cycle, the fuel necessary in kilograms per
second, the size of a tank to hold a 3-day fuel supply, and the heat rejected to the
environment.
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Sketch and Given Data:

Fuel and air

A ——— System boundary
é Qm Boiler F

- 1 M
| Lo l
| |
i |
| « |
i LA
| I
| i
| } Pump r
| 1
! ) =W, = 1000 mW
| P |
! |
I Condenser '
| - | =052
S Uy S ]
‘ Qout
Figure 3.24
Assumptions:

1. The power plant operates on a thermodynamic cycle.
2. All the energy liberated by burning the fuel is converted to heat into the system.

Analysis: From the expression for the cycle efficiency, equation (3.65), the heat
input may be determined.

0.52 = 19%

in

+

From equation (3.64) we can determine the heat out.
Wnet = Qin - Qout
Qo = 1923 — 1000 = 923 MW

The heat input is created by burning fuel, thus
Qin = mth}’

where r, is the fuel flow rate in kilograms/second and /4, is the heating value of the
fuel. Thus, the fuel flow rate may be solved for.

1 923 000 kW = (m1,kg/s)}43 000 kJ /kg)
my=44.72 kg/s
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The total mass for a 3-day supply is

my=(44.72 kg /s)(3600 s/h)(24 h /day)(3 day) = 1.159 X 107 kg

The density relates volume and mass, hence the total volume required is

(V;m3) = (m,kg)/(p kg/m?)
V= (1.159 X 107)/(990) = 11 708 m?

Lastly, the volume of a cylinder is V' = zLD?/4, thus for the oil tank with L = D,

11708 =nD3*4 D=L=246m

Comments:

L

2.

The fuel and air are not part of the system; they only provide a means to obtain the
heat input.

This example illustrates the tremendous mass of fuel that must be transported,
stored, and consumed in a power plant with excellent overali efficiency.

We do not need to know how the cycle produces the power to determine some of
the overall effects, such as total fuel consumption and the heat rejected to the
environment,

The heat rejected to the environment is usually to a water source, but may be
directly to the atmosphere via cooling towers. -

CONC.EPT QUESTIONS

© P A ;AW

L e
[N T -GS N ]

[u—y
~]

What is the meaning of flow work?
What does adiabatic mean?

. Why are kinetic and potential energies directly convertible into work?

What is the difference between steady flow and steady state?
In your own words define heat and work.
Describe what is meant by the internal energy of a substance.

. Explain the sign convention for heat and work.

. Describe power and how it differs from work.

. Why are heat and work not system properties?

. What does the area under the curve on a p-V diagram represent?

. What is a quasi-equilibrium process?

. Why is the work greater for a reversible process than for an actual process?

. Describe conductive heat transfer.

. What is Newton’s law of cooling?

. Describe radiative heat transfer.

. An automobile accelerates to 60 mph in 12 sec. Is the work different if it accelerated to

60 mph in only 8 sec.? Why?

. It is a hot summer day. A student leaves his dormitory room with a fan on and with the

door and windows closed. When he returns in the afternoon, will the room be warmer or
cooler than an identical room without the fan?
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PROBLEMS (S1)

31

3.2

33

34

3.5

3.6

3.7

38

39

3.10

3.11

312

313

The weight of a bridge crane plus its load equals 100 metric tons (I metric ton= 1000 kg).
It is driven by a motor and travels at 1.17 m/s along the crane rails. Determine the energy
that must be absorbed by the brakes in stopping the crane.

Determine the work required to accelerate a unit mass between the following velocity
limits: (a) 10 m/s to 110 m/s; (b) 50 m/s to 150 m/s; (c) 100 m/s to 200 m/s.

Five people must be lifted on an clevator a distance of 100 m. The work is found to be
341.2 kJ, and the gravitational acceleration is 9.75 m/s2. Determine the average mass per
persor.

In Problem 3.3 the initial potential energy of the elevator was 68.2 kJ vis-a-vis the earth’s
surface. What is the height above the ground that the people were lifted?

A student is watching pilings being driven into the ground. From the size of the pile driver
the student calculates the mass to be 500 kg. The distance that the pile driver is raised is
measured to be 3 m. Determine the potential energy of the pile driver at its greatest height
(the piling is considered the datum). Find the driver velocity just prior to impact with the
piling.

A child (25-kg mass) is swinging on a play set. The swing’s rope is 2.3 m long. Determine
(a) the change in potential energy from 0° with the vertical when the swing goes from 0°
to an angle of 45° with the vertical; (b) the velocity when the swing reaches the 0° angle.

A piston-cylinder contains air at a pressure of 300 kPa. The piston movement is resisted
by a spring and atmospheric pressure of 100 kPa. The air moves the piston and the
volume changes from 0.15 m? to 0.60 m?. Determine the work when (a) the force of the
spring is directly proportional to the displacement; (b) the force of the spring is propor-
tional to the square root of the displacement.

An automobile produces 20 kW when moving with a velocity of 50 km/h. Determine (a)
the resisting force; (b) the resisting (drag) force if it is proportional to the velocity cubed
and the automobile travels at 100 km/h.

An elastic sphere of 0.5-m diameter contains a gas at 115 kPa. Heating of the sphere
causes it to increase to 0.62 m, and during this process the pressure is proportional to the
sphere diameter. Determine the work done by the gas.

A force Fis proportional to x? and has a value of 133 N when x = 2. Determine the work
done as it moves an object from x =1 m to x =4 m.

A fluid at 700 kPa, with a specific volume of 0.25 m?*/kg and a velocity of 175 m/s, enters
adevice. Heat loss from the device by radiation is 23 kJ /kg. The work done by the fluid is
465 kJ /kg. The fluid exists at 136 kPa, 0.94 m3/kg, and 335 m/s. Determine the change
in internal energy.

An air compressor handles 8.5 m?*/min of air with a density of 1.26 kg/m? and a pressure
of 1 atm, and it discharges at 445 kPa (gage) with a density of 4.86 kg/m3. The change in
specific internal energy across the compressor is 82 kJ /kg, and the heat loss by cooling is
24 kJ /kg. Neglecting changes in kinetic and potential energies, find the power in kW.

A centrifugal pump compresses 3000 liters/min of water from 98 kPa to 300 kPa. The
inlet and outlet temperatures are 25°C. The inlet and discharge piping are on the same
level, but the diameter of the inlet piping is 15 cm, whereas that of the discharge piping is
10 cm. Determine the pump power in kW.
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Two gaseous streams containing the same fluid enter a mixing chamber and leave as a
single stream. For the first gas the entrance conditions are 4, = 500 cm?2, v, = 130 m/s,
£ = 1.60 kg/m?3. For the second gas the entrance conditions are 4, =400 cm?, m1, = 8.84
kg/s, v, =0.502 m3/kg. The exit stream condition is v, = 130 m/s and v; = 0.437 m3/kg.
Determine (a) the total mass flow leaving the chamber; (b) the velocity of gas 2.

An insulated 2-kg box falls from a balloon 3.5 km above the earth. What is the change in
internal energy of the box after it has hit the earth’s surface?

A 4-mm-diameter steel wire, with the Young’s modulus (£) of the material equal to
2.067 X 10% kPa, has a length of 4 m and is gradually subjected to an axial force of 5000 N.
Determine the work done.

A soap bubble with a 15-cm radius is formed by blowing through a 2.5-cm-diameter wire
loop. Assume that all the soap film goes into making the bubble. The surface tension of
the film is 0.02 N/m. Find the total surface work required to make the bubble.

A closed system containing a gas expands slowly in a piston-cylinder from 600 kPa and
0.10 m? to a final volume of 0.50 m3, Determine the work done if the pressure distribu-
tion is determined tobe{a) p=C;(b) pV=C; (c) pV'4=C; (d) p=— 300V + 630, where
Vis in m? and p in kPa.

An elevator is on the thirtieth floor of an office building when the supporting cable
shears. The elevator drops vertically to the ground, where several large springs absorb the
impact of the elevator. The elevator mass is 2500 kg, and it is 100 m above the ground.
Determine (a) the potential energy of the elevator before its fall; (b) the velocity and
kinetic energy the instant before impact; (c) the energy change of the springs when they
are fully compressed.

A closed gaseous system undergoes a reversible process in which 30 kJ of heat is rejected
and the volume changes from 0.14 m3 to 0.0535 m3. The pressure is constant at 150 kPa.
Determine (a) the change in internal energy of the system; (b) the work done.

A fluid enters with a steady flow of 3.7 kg/s and an initial pressure of 690 kPa, an initial
density of 3.2 kg/m?3, an initial velocity of 60 m/s, and an initial internal energy of 2000
kJ /kg. It leaves at 172 kPa, p = 0.64 kg/m?, v= 160 m/s, and u = 1950 kJ/kg. The heat
loss is found to be 18.6 kJ fkg. Find the power in kW.

A 32-cm cube of ice at 0°C melts while being used to cool beer and soda at the beach. The
specific volume of liquid water at 0°C is 1.002 cm?/g and that of ice at 0°C is 1.094
cm?3/g. Is there any work done by the surroundings, namely, the atmosphere, on the
ice?

Air and fuel enter a furnace used for home heating. The air has an enthalpy of 302 kJ /kg
and the fuel an enthalpy of 43 027 kJ /kg. The gases leaving the furnace have an enthalpy
of 616 kJ /kg. There is 17 kg air/kg fuel. Water circulates through the furnace wall
receiving heat. The house requires 17.6 kW of heat. What is the fuel consumption per
day?

An air compressor compresses air with an enthalpy of 96.5 kJ/kg to a pressure and
temperature that have an enthalpy of 175 kJ /kg. There are 35 kJ /kg of heat lost from the
compressor as the air passes through it. Neglecting kinetic and potential energies, deter-
mine the power required for an air mass flow of 0.4 kg/s.

A steam condenser receives 9.47 kg/s of steam with an enthalpy of 2570 kJ /kg. The

steam condenses to a liquid and leaves with an enthalpy of 160.5 kJ /kg. (a) Find the total
heat transferred from the steam. (b) Cooling water passes through the condenser with an
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unknown flow rate; however, the water temperature increases from 13°Cto 24°C. Also,
it is known that 1 kg of water will absorb 4.2 kJ of energy per degree temperature rise,
Find the cooling water flow rate.

3.26 Steam enters a turbine with a pressure of 4826 kPa, u= 2958 kJ /kg, #=3263 kJ /kg, and
a flow of 6.3 kg/s. Steam leaves with A= 2232 kJ /kg, u= 2102 kJ /kg, and p==20.7 kPa,
There is radiative heat loss equal to 23.3 kJ /kg of steam. Determine (a) the power
produced; (b) the adiabatic work; (c) the inlet specific volume; (d) the exit velocity if the
exit area is 0.464 m?2,

3.27 Steam with a flow rate of 1360 kg/h enters an adiabatic nozzle at 1378 kPa, 3.05 m/s, with
a specific volume of 0.147 m3/kg and a specific internal energy of 2510 kJ /kg. The exit
conditions are p=137.8 kPa, specific volume = 1.099 m3/kg, and internal energy = 2263

‘kJ/kg. Determine the exit velocity.

3.28 Aninjector was used on steam locomotives as a means of providing water to the boiler at
a pressure higher than the steam pressure. The injector looks like a T with steam entering
horizontally and water entering vertically from the bottom. The fiuids mix and discharge
horizontally; 18.2 kg/min of steam enters at 1378 kPa with an internal energy of 259G
kJ /kg and a specific volume of 0.143 m3/kg. The water enters 1.52 m below the horizon-
tal with an enthalpy of 42 kJ /kg. The mixture has a pressure of 1550 kPa, an internal
energy of 283.8 kJ /kg, and a specific volume of 0.001024 m3/kg. The ratio of water to
steam is 10.5 to 1. Neglect changes in kinetic energy. Determine the rate of heat transfer
in kW.

3.29 A steady-flow system receives 1 kg/s of a substance with z, = 1000 kJ /kg, p, = 500 kPa,
v, = 1.2 m¥/kg, and v;= 50 m/s. There is a heat loss of 100 kJ /kg, and the fluid exits at
v, = 150 m/s, v,=0.8 m3/kg, p,= 100 kPa, and /, = 1000 kJ /kg. Determine the power
and the exit specific internal energy.

3.30 Determine the power delivered by a shaft rotating at 200 revolutions per second againsta
constant torque of 10 J.

3.31 The torque of an engine is found to be 7 = 200 sin{ 1w /2000) J, when « varies between
500 and 1000 rpm and (7ew/2000} is in degrees. Determine the power at these two rpm’s.

3.32 A battery charger can produce 3 A at 12 V and charges a battery for 2 h. What is the
work?

3.33 The current used by a device at a constant voltage of 120 V varies with time according
to i = 6e7%%, where i is in amperes and ¢ is in seconds, Calculate work for the first
minute.

3.34 A gasiscompressed according to the relationship p = aV + b, where a =— 1000 kPa/m?
and b == 500 kPa. The initial volume is 0.4 m?3, and the final volume is 0.1 m?. Determine
the work done in this process by integrating the expression for pressure, plotting the
curve on a p-V diagram, and finding the area under it.

3.35 A gas expands in a piston from an initial pressure of 1000 kPa and an initial volume of
0.15m’ to a final pressure of 200 kPa while following the process described by p = aV
+ b, where a =-1600 kPa/m’ and b is a constant. Calculate the work performed.

3.36 A spherical balloon contains air at 150 kPa and 300°K. Furthermore, the pressure is
proportional to the square of the diameter. Heat is added to the balloon, and the volume
doubles. Determine the work done by the balloon. Assume d, = 1 m.

3.37 Determine the work required to accelerate a 1000 kg car from 10 to 80 km/h on a il
where the elevation increases by 35 m.
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Determine the work necessary to compress a linear spring with a spring constant of 90
kN/m a distance of 30 cm from its extended, rest position.

Determine the time to accelerate a 1000-kg automobile from rest to 80 km/h if it has an
engine rated at 90 kW.

A 1500-kg automobile is stopped at a traffic light proceeding in a direction up a 20° hiil.
The length of road is 400 m, and the car accelerates from rest to 60 km/h in this distance.
Determine the minimum power required to accelerate the car.

While standing in line for a ski lift, you decide to determine the minimum power

_required to operate the lift. The distance from the bottom of the hill where the lift begins

to the top is 0.9 km, and the elevation increases 200 m. You time the lift and find its
steady operating speed is 3.0 m/s. You estimate that the total mass of the chairs plus their
two occupants is 18000 kg. Because you are at higher elevations, the gravitational accel-
eration is 9.7 m/s2. Determine (a) the power required to operate the Lift; (b) using this
value of power, the time required to reach the operating velocity when the lift is first
started.

A vertical piston-cylinder assembly containing water is being heated on a stove. During
this process, 100 kJ of heat is transferred to the water. In the water’s expansion process
{because of the heat addition), 10 kJ of work is done. Also, there is 20-kJ heat loss from
the assembly, What is the water’s change of energy as a result of the heat addition process?

Fill in the missing data in the table below for a closed system changing from state 1 to
state 2.

QK W) EK) E{K) AE(K)

—20 10 —15
23 —7 37
15 18 21
25 10 15
40 19 16

A system operates on a two-process cycle. During the first process 50 kJ of heat is added
to the system, and the system performs 70 kJ of work. In the second process 50 kJ of work
is added to the system. Determine (a) the heat transfer during the second process; (b} the
net work and net heat transfer for the cycle.

A system operates on a three-process cycle. The first process is adiabatic, and 60 kJ of
work is done on the system. In the second process no work occurs, but 240 kJ of heat is
added. In the third process the system rejects 160 kJ of heat. Determine (a) the work done
for the last process; (b) the net work and net heat transfer for the cycle.

A large adjabatic room containing 300 kg of air at 15°Cisheated to 25°Cin 15 minbyan
electric heater that consists of a 200-W fan pushing 1 kg/s of air across electric heating
coils. The enthalpy of the air at 15°C is 289 kJ/kg and at 25°C is 300 kJ/kg. What is the
rate of heat transfer in kW?

The heater in Problem 3.46 is now located in a nonadiabatic room of the same size. The
heat loss from the room is 120 kJ/min. Determine the time for the room to reach 25°C
from the initial 15°C.
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3.48 A 1500 W electric hair dryer is essentially an adiabatic duct and consists of a small fan
that blows air over a heating element, increasing the temperature of the air from its inlet
temperature of 292°K to an exit temperature of 320°K. The air density at inlet condi-
tions is 1.205 kg/m? and at outlet conditions is 1.100 kg/m?3. The specific internal energy
changes from 209.5 kJ /kgat inlet to 229.6 kJ /kg at outlet. The pressure remains constant
at 101.3 kPa throughout the hair dryer. The exit cross-sectional area of the hair dryer
when the nozzle is in place is 5 cm?. Determine (a) the mass flow rate of air through the
dryer; (b) the volume flow rate of air at inlet conditions; (c) the velocity of the air leaving
the nozzle.

3.49 An electric hot-water heater consists of a 4-cm-diameter pipe containing a resistance
electric heater. Cold water enters the pipe at 10°C with an enthalpy of 42 kJ /kg and
leaves at 50°C with an enthalpy of 209 kJ /kg. The water flow rate is 20 liters/min, and its
density is 1000 kg/m?. Determine the rating of electric resistance in k€W and the velocity
of water in the pipe.

3.50 A 12-kW pump draws water from a well {5 m below ground level and dischargesitintoa
water tower atop a building 100 m above ground. There is no change in the water’s
internal energy, temperature, pressure, or specific volume during the process. What is the
maximum flow rate possible? The pump may be considered adiabatic, and the density of
water is 1000 kg/m3.

3.51 A 10-kg mass slides down a ramp inclined at 30° from the horizontal a total vertical
distance of 3 m. Determine the velocity of mass when it reaches the bottom, neglecting
friction and air resistance.

3.52 Aforceapplied to a 10-kg mass initially at rest for 15 s causesit to be accelerated at 3 m/s?
during this time period. Determine the work in kJ.

3.53 Air contained in a piston-cylinder undergoes two processes in series. In the first the air
expands according to pV = C from 300 kPa and a specific volume of 0.021 m3/kg to a
pressure of 140 kPa. The second process is a constant pressure compression until specific
volume 3 equals specific volume 1. Sketch the processes on a p-¥ diagram and determine
the work per unit mass.

3.54 Air contained in a piston-cylinder undergoes two processes in series. In the first
the volume remains constant while the pressure decreases from 300 kPa to 60 kPa. At
this point the second process, pV*-* = (', occurs, pressure increases to 300 kPa, and the
final volume is 0.1 m3. Sketch the processes on a p-V diagram and determine the work
in klI.

3.55 The following table illustrates the variation of pressure and volume in the cylinder of an
internal combustion engine during the expansion process.

Data point Pressure {kPa) Volume {cm?)

1 2000 400
2 1600 490
3 1200 620
4 990 730
5 600 1120
6 300 1930
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Plot the data on a p-V diagram and determine the work done in kJ. Is this exact or an
estimate? Why?

3.56 An industrial furnace has a 10-cm-thick, 15-m? brick wall. The bricks have a thermal
conductivity of 0.2 W/m K and have a uniform and steady temperature on one surface of
1000°K and on the other of 1300°K. Determine the heat transfer through the wall.

'3.57 A surface of 1.5 m? with an emissivity of 0.85 emits thermal radiation. Find the radiant
heat emitted for surface temperatures of 300°, 500°, and 700°K.

3.58 Refrigerant flows through a 1-m, l-cm-diameter tube and evaporates at a constant
temperature of 260 °K. The tube’s surface temperature is constant at 268 °K, and the unit
convective coefficient is 2000 W/m? K. Determine the rate of convective heat transfer
from the refrigerant to the tube surface.

3.59 A windmill produces on average 6 kW of electrical power over an 8-h period. The
electricity is used to charge storage batteries. In the charging process the batteries increase
in temperature, causing them to lose heat to the surroundings at a rate of 0.5 kW.
Determine the total energy stored in the batteries during this 8-h period.

3.60 A piston-cylinder contains gas initially at 3500 kPa with a volume of 0.03 m?3. The gas is
compressed during a process where pV12* = C to a pressure of 8500 kPa. The heat
transfer from the gas is 2.5 kJ. Determine the change in internal energy, neglecting
changes in kinetic and potential energies.

3.61 An adiabatic tank with a volume of 0.25 m3 receives paddle work at a rate of 4.3 W for 30
min. The gas in the tank has an initial density of 1.25 kg/m?>. Determine the specific
volume at the final state and the change of specific internal energy.

3.62 A nonadiabatic tank receives paddle work for 30 min. The power to the paddle varies
with time accordmg to W = —§8t, where W is in watts and ¢ is in minutes. In addition
“there is heat transfer from the tank ata constant rate of 40 W. Determine the net change

of the gas’s energy after 30 min.

3.63 A closed system containing a gas undergoes a cycle composed of three processes. The
system’s initial state is at 100 kPa, 1.5 m?, and an internal energy of 510 kJ. The gas is
compressed according to pV'= C until the pressure is 2000 kPa and the internal energy is
685 kJ. The second process has constant volume, and the heat loss is 1 50 kJ. In the final
process returning the system to the initial state, the work is 50 kJ. Determine the heat
transfer for the first and last processes,

3.64 A heat power cycle with a thermal efficiency of 0.4 produces 12 000 kJ of net work.
Determine the heat added and heat rejected for the cycle.

3.65 A heat power cycle with a thermal efficiency of 35% receives 1500 MW of heat added.
Determine the net power produced in MW,

3.66 A power plant with an efficiency of 35% produces 250 MW of power. It uses coal as the
fuel supply which has a heating value of 12 000 kJ /kg. Determine the fuel required per
day. Every 1000 kg of fuel is considered a metric ton. How many metric tons of coal must
be transported to the power plant to have 1 week’s supply of coal on hand?

3.67 A power plant produces 750 MW of electric power while operating with an efficiency of
42%. The heat rejected from the cycle goes into cooling water supplied from an adjacent
river. The water’s enthalpy increases by 45 kJ /kg as it receives the heat rejected. Deter-
mine the mass flow rate of water required.

3.68 A south-facing roof of a home measures 10 m by 17 m and receives on average 2500 h/yr
of sunshine with an average solar radiation of 1.36 kW/m?2 Determine the total annual
energy received by the roof.
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3.69

3.70

A student living in the home described in Problem 3.68 decides to invest in a solar
coilector with an efficiency of 60% that occupies one-half of the roof area. If the home
annually uses 3000 kg of oil with a heating value of 43 000 kJ /kg for heating, what will be
the annual savings in kg of cil?

In hiking along a river an engineering student notices the site of a former sawmill that
used hydro power. Remnants of the original dam are still visible, and the stream is stil)
flowing. The student decides to make some measurements and determine the maximum
power that could be generated if the site were redeveloped. The stream flow is found to be
25 m3/s, and the change in elevation is 4 m. Determine the maximum power that could
be produced.

PROBLEMS (English Units)

*3.1

*3.2

*3.3
*34

*3.5

*3.6

*3.7

*3.8

*3.9

A system undergoes a cycle where 10 Btu of heat is removed and 15,000 ft-1bf of work is
done by the system during the first process. In the second process 15 Btu of heat is
added. What is the work necessary to complete the cycle?

A closed system expands from 0.5 to 2.5 ft3; the pressure varies according to p= 50V +
10 psia. Determine the work.

Calculate the kinetic energy of a 3000-Ibm automobile moving at 60 mph.

A fluid at 100 psia, with a specific volume of 4 ft3/Ibm and a velocity of 600 ft/sec, enters
a device. Heat loss from the device by radiation is 10 Btu/lbm. The work done by the
fluid is 200 Btu/lbm. The fluid exits at 20 psia, 15 ft3/lbm, and 1100 fi/sec. Determine
the change in specific internal energy.

An air compressor handles 300 ft3>/min of air with a density of 0.079 Ibm/ft? and a
pressure of 14.7 psia, and it discharges at a pressure of 75 psig with a density of 0.305
Ibm/ft3. The change in specific internal energy across the compressor is 35 Btu/lbm, and
the heat loss by cooling is 10 Btu/lbm. Neglecting changes in kinetic and potential
energies, find the power in Btu/h, hp, and kW.

Two gaseous streams containing the same fluid enter a mixing chamber and leave asa
single stream. For the first gas the entrance conditions are 4, = 80 in.2, v, = 400 ft/sec,
and p, = 0.101bm/ft3. For the second gas the entrance conditions are 4, = 60 in.2, 1, =
70,000 Ibm/hr, and v, = 8.04 ft3/lbm. The exit stream condition is v, = 400 ft/sec and
v, =7 ft3/lbm. Determine (a) the total mass flow leaving the chamber; (b) the velocity of
gas 2.

Steam with a flow rate of 3000 Ibm/hr enters an adiabatic nozzle at 200 psia, 600 ft/min,
with a specific volume of 2.36 ft3/lbm, and with a specific internal energy of 1122.7
Btu/lbm. The exit conditions are p = 20 psia, specific volume = 17.6 ft3/lbm, and
internal energy = 973 Btu/lbm. Determine the exit velocity.

A gasis compressed according to the relationship p = aV + b, where a = — 1000 psia/ft’
and b= 500 psia. The initial volume is 0.4 {t?, and the final volume is 0.1 ft3. Determine
the work done in this process by integrating the expression for pressure, plotting the
curve on a p-V diagram, and finding the area under it.

A gas expands in a piston from an initial pressure of 1000 psia and an initial volume of
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0.15 ft* to a final pressure of 200 psia, while following the process described by p=aV +
b, where a = 1000 psia/ft® and b is a constant. Calculate the work performed.

*3.10 A spherical balloon contains air at 18 psia and 535°R. Furthermore, the pressure is
proportional to the square of the diameter. Heat is added to the balloon, and the volume
doubles. Determine the work done by the balloon. Assume d, = 1 foot.

*3,11 Determine the work required to accelerate a 2000 1bm car from 10 to 80 mph on a hill
where the elevation increases by 100 ft,

*3.12 Determine the work necessary to compress a linear spring with a spring constant of 9
Ibffin. a distance of 10 in. from its extended, rest position.

*3,13 Determine the time to accelerate a 1-ton automobile from rest to 60 mph if it has an
engine rated at 60 hp.

*3.14 A 3000-Ib automobile is stopped at a traffic light proceeding in a direction up a 20° hill.
The length of road is 1200 ft, and the car accelerates from rest to 40 mph in this distance.
Determine the minimum power required to accelerate the car.

*3.15 While standing in line for a ski lift, you decide to determine the minimum power
required to operate the lift. The distance from the bottom of the hill where the lift begins
to the top is 0.5 mi, and the elevation increases 600 ft. You time the lift and find its
steady operating speed is 10 ft/sec. You estimate that the total mass of each chair plus its
two occupants are 40 000 lbm. Because you are at higher elevations, the gravitational
acceleration is 31.2 ft/sec?. Determine (a) the power required to operate the lift; (b)
using this value of power, the time required to reach the operating velocity when the lift
is first started.

*3.16 A vertical piston-cylinder assembly containing water is being heated on a stove. During
this process, 100 Btu of heat is transferred to the water. In the water’s expansion process
(because of the heat addition), 8000 ft-1bf of work is done. Also, there is 20-Btu heat loss
from the assembly. What is the water’s change of energy as a result of the heat addition
process?

*3,17 Fill in the missing data in the table below for a closed system changing from state ! to
state 2.

Q(Btu) W(Btu) £, (Btu) £, (Btu) AF (8tu)

20 10 —-15
30 -7 37
15 18 21
25 10 15
40 19 16

*3.18 A system operates on a two-process cycle. During the first process 60 Btu of heat is
added to the system, and the system performs 80 Btu of work. In the second process 60
Btu of work is added to the system. Determine (a) the heat transfer during the second
process; (b) the net work and net heat transfer for the cycle.

*3.19 A system operates on a three-process cycle. The first process is adiabatic, and 60 Btu of
work is done on the system. In the second process no work occurs, but 240 Btu of heat is
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*3.20

*3.21

*3.22

*3.23

*3.24

*3.25

*3.26

*3.27

*3.28

*3.29

added. In the third process the system rejects 160 Btu of heat. Determine (a} the work
done for the last process; (b) the net work and net heat transfer for the cycle.

A large adiabatic room containing 700 Ibm of air at 60°F is heated to 80°F in 15 min by
an electric heater that consists of a 200-W fan pushing 2 lbm/sec of air across electric
heating coils. The enthalpy of the airat 60°F is 124 Btu/lbm and at 80°F is 129 Btu/lbm.
What 1s the rate of heat transfer in Btu/min? In kW?

The heater in Problem *3.2Q 1s now located in a nonadiabatic room of the same size.
The heat loss from the room is found to be 120 Btu/min. Determine the time for the
room 1o reach 80°F from the initial 60°F.

A 1500 W electric hair dryer is essentially an adiabatic duct and consists of a small fan
that blows air over a heating element, increasing the temperature of the air from its inlet
temperature of 77 °F to an exit temperature of 127°F. The air density at inlet conditions
is 0.0739 Ibm/ft> and at outlet conditions is 0.0709 Ybm/ft>. The specific internal energy
changes from 91.5 Btu/lbm at inlet to 101.1 Btu/lbm at outlet. The pressure remains
constant at 14.7 psia throughout the hair dryer. The exit cross-sectional area of the hair
dryer when the nozzle is in place is 1 in.% Determine (a) the mass flow rate of air through
the dryer; (b) the volume flow rate of air at inlet conditions; (c) the velocity of the air
leaving the nozzle.

An electric hot-water heater consists of a 2-in.~-diameter pipe containing a resistance
electric heater. Cold water enters the pipe at 40°F with an enthalpy of 8 Btu/lbm and
leaves at 140°F with an enthalpy of 108 Btu/ibm. The water flow rate is 5 gal/min, ank
its density is 62.4 Ibm/fi?. Determine the rating of electric resistance in kW and the
velocity of water in ft/sec in the pipe.

A 10-hp pump draws water from a well 30 ft below ground level and dischargesitintoa
water tower atop a building 300 ft above ground. There is no change in the water’s
internal energy, temperature, pressure, or specific volume during the process. What is
the maximum flow rate possible? The pump may be considered adiabatic, and the
density of water is 62.4 Tbm/ft>.

A 10-1b mass slides down a ramp inclined at 45° from the honzontal a total vertical
distance of 10 ft. Determine the velocity of mass when it reaches the bottom, neglecting
friction and air resistance.

A force applied to a 10-1b mass initially at rest for [ 5 sec causes it to accelerate 10 ft/sec?
during this time period. Determine the work in fi-bf.

Air contained in a piston-cylinder undergoes two processes in series. In the first the air
expands according to pV'= C from 500 psia and a specific volume of 0.444 ft3/lbm toa
pressure of 20 psia. The second process is a constant-pressure compression until specific
volume 3 equals specific volume 1. Sketch the processes on a p-V diagram and deter-
mine the work per unit mass.

Air contained in a piston-cylinder undergoes two processes in, series. In the first the
volume remains constant, while the pressure decreases from 45 psia to 9 psia. At this
point the second process, p¥'13 = C, occurs, pressure increases to 45 psia, and the final
volume is 3.0 ft 3. Sketch the processes on a p-V diagram and determine the work in Btu.

The following table 1llustrates the variation of pressure and volume in the cylinder of an
internal combustion engine during the expansion process.
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Data point  Pressure (psia)  Volume (in.)

1 350 25
2 280 31
3 210 39
4 175 50
5 110 70
6 50 120

Plot the data on a p-V diagram and determine the work done in ft-1bf, Is this exact or an
estimate? Why?

*3.30 An industrial furnace has a 5-in.-thick, 100-ft? brick wall. The bricks have a thermal
conductivity of 0.2 Btu/hr-fi-F and have a uniform and steady temperature on one
surface of 750°F and on the other of 1200°F. Determine the heat transfer through the
wall.

*3.31 A surface of 5 ft? with an emissivity of (.85 emits thermal radiation. Find the radiant
heat emitted for surface temperatures of 77°, 277°, and 577°F.

*3.32 Refrigerant flows through a 6-ft, 0.5-in.-diameter tube and evaporates at a constant
temperature of 0°F. The tube’s surface temperature is constant at 10°F, and the unit
convective coefficient is 350 Btu/hr-fi2-F. Determine the rate of convective heat
transfer from the refrigerant to the tube surface.

*3.33 A windmill produces on average 6 kW of electrical power over an 8-hr period. The
electricity is used to charge storage batteries. In the charging process the batteries
increase in temperature, causingthem to lose heat to the surroundings at a rate of 500
Btu/br. Determine the total energy stored in the batteries during this 8-hr period.

*3.34 A piston-cylinder contains gas initially at 510 psia with a volume of 1.06 ft3. The gas is
compressed during a process where pV''?* = (C to a pressure of 1235 psia. The heat
transfer from the gas is 3.0 Btu. Determine the change in internal energy, neglecting
changes in kinetic and potential energics.

*3.35 An adiabatic tank with a volume of 8.8 ft3 receives paddle work at a rate of 4.5 W for 30
min. The gas in the tank has an initial density of 0.078 Ibm/ft3. Determine the specific
volume at the final state and the change of specific internal energy.

*3.36 A nonadiabatic tank receives paddle work for 30 min. The power to the paddle varies
with time according to W =—12t, where W is in watts and ¢ is in minutes. In addition
there is heat transfer from the tank ata constant rate of 170 Btu/hr. Determine the net
change of the gas’s energy after the 30 min.

*3,37 A closed system containing a gas undergoes a cycle composed of three processes. The
system’s initial state is at 14.7 psia, 53.0 ft?, and an internal energy of 540 Btu. The gasis
compressed according to pI”= C until the pressure is 290 psia and the internal energy is
723 Btu. The second process has constant volume, and the heat loss is 160 Btu. In the
final process returning the system to the initial state, the work is 41,300 ft-Ibf. Deter-
mine the heat transfer for the first and last processes.

*3.38 A heat power cycle with a thermal efficiency of 0.4 produces 8 X 108 ft-1bf of net work.
Determine the heat added and heat rejected for the cycle.
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*3.39 A heat power cycle with a thermal efficiency of 35% receives 2.0 X 106 Btu/sec of heat
added. Determine the net power produced in hp and MW,

*3.40 A power plant with an efficiency of 35% produces 250 MW of power. It uses coal as the
fuel supply which has a heating value of 5200 Btu/lbm. Determine the fuel required per
day. How many tons of coal must be transported to the power plant to have [ week’s
supply of coal on hand?

*3.41 A power plant produces 500 MW of electric power while operating with an efficiency of
45%. The heat rejected from the cycle goes into cooling water supplied from an adjacent
river. The water’s enthalpy increases by 20 Btu/lbm as it receives the heat rejected.
Determine the mass flow rate of water required.

*3.42 A south-facing roof of a home measures 25 ft by 40 ft and receives on average 2800 hr/yr
of sunshine with an average solar radiation of 430 Btu/hr-ft2-F. Determine the total
energy received by the roof annually.

*3.43 A student living in the home described in Problem *3.42 decides to invest in a solar
collector with an efficiency of 65% that occupies one-half of the roof area, If the home
annually uses 1000 gal of oil with a heating value of 18,000 Btu/lbm and a specific
gravity of 0.9 (based on water’s density of 62.4 Ibm/ft?) for heating, what will be the
annual savings in gallons of o117

*3.44 In hiking along a river an engineering student notices the site of a former sawmill that
used hydro power. Remnants of the original dam are still visible, and the stream is stiil
flowing. The student decides to make some measurements and determine the maxi-
mum power that could be generated if the site were redeveloped. The stream flow is
found to be 900 ft3/sec, and the change in elevation is 12 ft. Determine the maximum
power that could be produced in hp.

COMPUTER PROBLEMS

C3.1 Develop a spreadsheet template or computer program that will determine the exit con-
ditions for the adiabatic mixing of up to five inlet streams characterized by area, mass
flow rate, velocity, density, pressure, and specific internal energy. The outlet stream
should have the same characteristics, Test it using the information from Problem 3.14.

(3.2 The engine from Problem 3,31 accelerates from 500 to 1000 rpm in 5 s. Compute the
power at increments of 1 s and the average power during the period of acceleration.

(3.3 Compute the energy and power used by the device in Problem 3.33 over the first minute.
Piot the results in increments of 5 s.

C3.4 Solve Problem 3.18 (except for part [a]) using a spreadsheet program. Compute the work
numerically by summing the average pressure over small volume increments. Compare
the results for volume increments of 0.1 m? and 0.025 m? with the results obtained by
calculus.
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Properties of Pure Substances

In Chapter 3 the concepts of conservation of mass and energy were introduced. The
system energy transformation had an unknown substance in it whose properties were
given. In this chapter you will learn about pure substances, their behavior, and their
properties. This will include

® Understanding the various phases, solid, liquid, and vapor;

® Learning the conditions for phase equilibria;

® Visualizing the three-dimensional pvT structure of a substance and its impli-
cations; _

* Developing the ability to use the tables of properties on the computer as well as
in the appendix; ‘

¢ Investigating how the properties of two phase mixtures are determined theo-
retically and experimentally.

101
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4.1 THE STATE PRINCIPLE

The state of an equilibrium system can be defined by its thermodynamic properties,
How many properties are needed to uniquely define the state? We can answer this
question using the state principle, a rule that has been developed from many years of
observations. A closed system may have a variety of heat and work interactions; for
instance, there could be mechanical work of compression, electrical work, magnetic
work, and heat transfer to the surroundings. Each of the work modes is characterized
by an extensive property and a related intensive property. For example, volume
(extensive) and pressure (intensive) characterize mechanical work., The intensive
property describing heat transfer is temperature. In systems undergoing equilibrium

processes or that can be approximated by equilibrium processes, the number of

independent properties necessary to define the system 1s one more than the number
of relevant work interactions. Thus, for simple compressible systems (mechanical
work) in the absence of potential and kinetic energies that are included in the total
energy term, two independent properties can define the state,

The predominant system used in this text 1s that of simple compressible systems,
where work is equal to [p dV. Should we write the first law for such a system

Q=AE+fpdV

there would be no way to determine electrical potential, for example. Information
concerning a system having electrical work interactions as well as compressible work
interactions would require an additional independent property.

Returning to the simple compressible system undergoing equilibrium processes
and assuming it contains a unit mass for simplicity, we can define all the other
properties of the system, using two independent intensive properties. Thus, if we
know the temperature, 7, and pressure, p, other propertics can be determined:
h=nT, p); u=w(T, p); v=2o(T, p).

In this chapter we consider simple compressible systems using pure substances.
These substances are of constant chemical composition, regardless of phase. Let us
pick water as the substance in the system. The water can be liquid, solid, or vapor. If
we sample the system now, the samples will be distinguishable by the various phases
of water. Water is an example of a pure substance, which may exist as a liquid, a solid,
or a vapor, phases by which all pure substances are characterized. Recall that the
definition of a pure substance is that it is homogeneous by nature, does not undergo
chemical reactions, and is not a mechanical mixture of different species. The sub-
stances in our systems considered heretofore have been phases of a substance. The
phases are physically homogeneous. There is usually a sharp distinction between
phases, inasmuch as the properties of one phase are decidedly different from those of
another phase. There is a difference between ice and hquid water, for example.
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.2 LIQUID-VAPOR EQUILIBRIUM

|

Where do these phase changes occur and how can these changes be quantified and
used? To answer this, let us consider the piston-cylinder arrangement in Figure
4.1(a). This is just a scientific way of considering a pot of water on a kitchen stove with
the weightless top sitting on the water instead of the edge of the pot. Heat is added at
constant pressure, ¢ = Ah, to the liquid water at 40°C initially. As heat is added, the
water temperature rises until it reaches 100°C; see Figure 4.1(b). Then what happens?
The water boils, as shown in Figure 4.1(c). What is the boiling process? It is a phase
transition. The water is going from liquid to vapor. In Figure 4.1(d) all the liquid has
just changed to vapor and finally, as more heat is added (Figure 4.1[e]), the tempera-
ture of the vapor increases.

1 atm

Q0 T=100°C /Q T>100°C
(@ (d) ©

Figure 4.1 The change of water from a subcooled liquid to a superheated vapor by
constant-pressure heat addition.,

4.3 SATURATED PROPERTIES

Let us plot a 7-v diagram showing this process for 1 atm of pressure (Figure 4.2).
When the water is at point b, it is a saturated liquid. This means that it is at the highest
temperature at which, for this pressure, it can remain liquid. If more heat is added,
some of the liquid changes to vapor, and a mixture of vapor and liquid occurs, such as
at point c. This vapor is a saturated vapor. At point d, all the water exists as a saturated
vapor. Any addition of heat results in the vapor’s being superheated, such as the vapor
at point e. This is a superheated vapor. The vapor has a temperature greater than the
saturation temperature, that 1s, the temperature of the water when it is saturated
liquid and vapor, for a given pressure. Note that the temperature of the water does not
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b b ¢ d
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Figure 4.2 Constant-pressure heat addition to water.

begin to change again until it has all changed phase. All the heat added during this

phase transition goes into changing the water in the liquid phase to the vapor phase.
What about point 4? The water at point a is a subcooled, or compressed, liquid

because its temperature is less than the saturated temperature for this pressure.

4.4 CRITICAL PROPERTIES

Now let us run the same test at different pressures, and plot a family of constant-
pressure lines on a 7-v diagram (Figure 4.3). Furthermore, let us connect the locus of
point b and the locus of point d. These are the saturated liguid line and the saturated
vapor line, respectively. The point of inflection, point fon Figure 4.3, is the critical

}

f Critical
Saturated point

I~
g
= p =800 kPa
Iy
2
E
[+
B i p=101.3kPa
” Saturated vapD\
) line
gz
Volume v

Figure 4.3 The 7-v diagram for water at various pressures.
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Isotherm

Critical
temperature
isotherm

Pressure p

NS

Volume v

Figure 4.4 A p-v diagram for water, showing lines of
‘constant temperature.,

i

point. This point has a unique temperature and pressure known as the critical tem-
peratureand critical pressure. At pressures higher than the critical pressure, the liquid
could be heated from a low temperature to a high temperature without a phase
transition occurring. This is illustrated by the dotted line in Figure 4.4, which illus-
trates the p-v diagram for the liquid vapor phases of water. At temperatures that are
greater than the critical temperature, the pressure may be increased to very high
values, and no liquefaction will occur. '

4.5 SOLID-LIQUID-VAPOR EQUILIBRIUM

Let us consider the solid phase of water—ice. We take a piece of ice at —17.7°C and
put it in a vacuum chamber until the pressure is 348 Pa. We now heat the ice. The
temperature of the ice will rise to —6.67°C, and then further addition of heat will
cause the solid water to go directly to water vapor at the same temperature and
pressure. This is called sublimation. The pressure of the system for the next case is
raised to 610.8 Pa. Again we start with the ice at — 17.7°C and heat it. The tempera-
ture will rise to 0.01°C. Further heating causes some of the solid water to turn to
liquid and some to vapor. This point, characterized by this temperature and pressure,
is the triple point for water. It is the only point at which all three phases may coexist, If
the pressure is further increased from the initial setting to 1.0 kPa and heat is sup-
plied, the ice will rise to 0.01°C and change to liquid. This is called melting. These
processes are illustrated in Figure 4.5.



106  CHAPTER 4 / PROPERTIES OF PURE SUBSTANCES

Fusion line

/ Liquid
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Critical point

Evaporation

Evaporation line
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Solid
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Sublimation
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-
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Figure 4.5 A p-T diagram showing phase equilibrium lines,
the triple point, and the critical point.

The amount of heat added to effect the various phase changes is equal to the
change in enthalpy, as noted earlier. These various enthalpy differences across the
phase boundaries have certain names. The change of enthalpy between a solid and
liquid phase is the latent heat of fusion. This is somewhat of a misnomer since heat
refers only to thermal energy crossing a boundary, but the term was developed and
adopted before this classification. The change of enthalpy between a liquid and vapor
phase is the latent heat of vaporization. Finally, the change of enthalpy in going from a
solid to a vapor phase 1s the latent heat of sublimation.

Referring to Figure 4.2, it is possible to denote the state of water by knowing the
temperature and pressure if the water is a subcooled liquid or superheated vapor. This
means the lines of constant temperature and constant pressure cross at some unique
point. This point is the state of the system at this pressure and temperature. However,
what if the state lies somewhere between points b and 4, in the two-phase region? The
lines of temperature and pressure are coincident, so they do not uniquely locate the
system state. How could the state be located? Knowing the temperature and pressure
gives us one line. If the fraction of vapor were known, then we could find out how
much water had been evaporated and where along the a-b line the system existed. It is
important to realize that we need two independent intensive properties to determine
the state of a pure substance. In the saturated mixture region, temperature and
pressure are not independent and thus do not define a state. This is demonstrated

- graphically by their being coincident and not intersecting.
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4.6 QUALITY

We now define a quantity, x, called the quality, as the mass of vapor in the system

divided by the total system mass (the mass of vapor plus the mass of liquid). Note that

the definition of quality presumes a homogeneous mixture of vapor and liquid.
mass vapor

= o 4.1
- x mass vapor + mass liquid : “.1)

Let us see then whether we can find the value of some extensive property on a unit
mass basis. The specific enthalpy, 4, is desired at point ¢ on Figure 4.2, and point cis
characterized by a quality x. Let the enthalpy at state b be h;, and at state dletitbe h,,.
The change of enthalpy in going from b to dis h,; = h, — h,. To find the enthalpy of
state ¢, we consider first that all the water was initially at state b, with an enthalpy #4,,.
Then a fraction of the water was evaporated, increasing its enthalpy by 4,,. Thus, the
total enthalpy of the mixture of state ¢ is

ho=hy+xhy, o (4.23)
or - o
h,=hy— (1 — x)h,, | (4.2b)

This has been illustrated for specific enthalpy, but it is valid for all specific extensive
properties. Equations (4.2a) and (4.2b) assume that the enthalpy of each phase
remains constant when determining the mixture enthalpy.

4.7 THREE-DIMENSIONAL SURFACE

Water is not the only pure substance with which thermodynamics concerns itself,
Another pure substance 1s carbon dioxide, which is used in refrigeration cycles and
has a T-p diagram different from that of water. One should not expect all phase
diagrams to be identical to those of water. The various phases and phase transitions
are present, and that is the similarity.

Any two-dimensional diagram is really a projection of a three-dimensional sur-
face on that plane. Figure 4.6(a) illustrates the three-dimensional surface from which
the pressure-temperature and pressure-volume diagrams are projected.

The surface and projections in Figure 4.6(a) are for a substance whose volume
decreases on freezing, which means that the freezing temperature increases as the
pressure increases. This is not true with water, as we know; the volume of solid water
is greater than that of the same mass of liquid. The result of this is that ice floats, and
we can enjoy ice skating. Furthermore, all aquatic life would be destroyed if the solid
phase were denser than the liquid phase. The three-dimensional diagram for water is
illustrated in Figure 4.6(b). Note the difference in the solid-liquid interface.
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Solid and liquid

‘ofstant-pressure line

(a)

(b)

Figure 4,6 A vasurface for a substance that (a) contraéts and (b)
expands on freezing.
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4.8 TABLES OF THERMODYNAMIC PROPERTIES

———

In the appendixes of the text several tables and diagrams list the values of the thermo-
dynamic functions for various substances. This same information is provided in
computerized form as TK Solver files.

Saturated Steam

We shall consider the steam tables first (appendix Tables A.5, A.6, A.14, and A.15),

How are these tables organized? Tables A.5 and A.6 are concerned only with the
properties in the saturated region, region I1, in Figure 4.7. Table A.5 gives data using
temperature as the independent variable while Table A.6 gives data using pressure;

.data are given for even increments of each. The TK Solver model SATSTM.TK can

provide saturation properties as a function of any property in both SI and English

units. Let us consider an example using Table A.6. The specific volume, specific

internal energy, specific enthalpy, and specific entropy are tabulated. Let the symbol

r stand for any of these properties: r,is the value of the property as a saturated liquid,

denoted by point fin Figure 4.7; r, is the value of the property as a saturated vapor,

denoted by point g in Figure 4.7, r, is the difference between r,and r, rp =r, — ry.

This is sometimes called the change in the property due to evaporation.

Example 4.1
Find the enthalpy and specific volume of steam at the following states, using the
tables and the TK Solver model SATSTM.TK: (a) 250 kPa and x = 50%; (b) 100 psia
and x = 75%.

Con.npr.essed Superheated
liquid region III

e region IV

g

2

/ ¢

<

=]

[

Saturated region II
P

Volume ¥V

Figure 4.7 A T-v diagram illustrating three regions included
in the steam tables.
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Solution

Given: The values of pressure and quality of steam.
Find: The values of enthalpy and specific volume at these states.

Sketch and Given Data:

Temperature T
Temperature T

Q
' | x=50% 1
| [
. [ i

ot Uy et
A |

vf v k7]
Figure 4.8

Assumption: The state is an equilibrium state, allowing use of the property tables.

Analysis: Case (a): Go to Table A.6 and determine the saturated liquid and vapor
values for the enthalpy and specific volume at 250 kPa: /i, = 535.23 kJ/kg, h, =
2717.1 XJ/kg, hgp=2181.9 kJ/kg, v, =0.001 067 5 m’/kg, v,=0.718 77 m?/kg,

v = 0.717 m¥/kg.
h=hy+xhg
= 535.23 + (0.5)(2181.9)
= 1626.18 kJ/kg

v= Uf + xvfg
= 0,001 067 5 + (0.5X0.7177)
= (3599 m¥/kg

To solve using TK Solver, load the model SATSTM.TK and enter the equations
for enthalpy and specific volume in the mixture region. In the Input column of the
Variable Sheet, enter the values of pressure (250) and quality (.5) and press F9. The
Iterative Solver will be called, and the following results should appear.
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Case (b): Go to Appendix Table A.15 and determine the saturated liquid and
vapor values for the enthalpy and specific volume at 100 psia: 2, = 298.41 Btu/lbm,
h,= 1187.9 Btu/lbm, h, = 889.47 Btu/lbm, v, =0.017 738 ﬁ"‘/lbm v, = 4.4339
85/bm, v, = 4.416 16 £&/Ibm.

h= hf + thg
= 298.41 + (0.75)(889.47)
= 965.51 Btu/Ibm

V=10 + x5
=0.017 738 + (0.75)(4.416 16)
= 3.329 85 ft*/Ibm

To solve using TK Solver, change the units in the Unit column to English, enter
the new values for pressure and quality, and press F9. Your monitor should display
the following results.
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Comment: Sketches of the T-v or p-v diagrams are useful in visualizing what region
the state is in, liquid, mixture, or superheated. o

Superheated Steam

Now that we have a certain confidence in finding the values of properties in the
saturated region, region II, let us consider properties in the superheated region, region
II1. Water vapor existing in this region must be defined by two independent proper-
ties before the state can be determined. Usually one of these properties is the pressure,
and frequently the other is the temperature. These properties are tabulated in Tables
A.7 and A.16 and as TK Solver model SHTSTM.TK.

Example 4.2
Determine the enthalpy and specific volume of steam at 500 kPa and (a) 300°C; (b)
u = 2800 kJ/kg.
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Solution
Given: Steam pressure and temperature.

Find: Steam’s enthalpy and specific volume at this state.

Sketch and Given Data:

A

h "

g 300°C
'®

2

g 1518°C
i

Figure 4.9

Assumption: The state is an equilibrium state, allowing use of the property tables.

Analysis: Case (a): We find steam with these properties in Table A.7, because the
temperature of the steam, 300°C, is greater than the saturated steam temperature,
151.8°C, for the pressure of 500 kPa. Proceed to the 500 kPa columns and find a
temperature of 300°C. At thisline the values of s and vare 3064.2 kJ/kgand 0.522 72
m’/kg. |
Case (b): The internal energy of steam is not listed. To determine if the steam -
state is in the superheated regton, first calculate the saturated vapor value of u,,.

u, = h, — pv, = 2748.96 klJ/kg — (500 kN/m?)(0.374 894 m?/kg) = 2561.5 kJ/kg

Since the value of internal energy, 2800 kJ/kg, is greater than the saturated vapor
value, the steam state is in the superheated region. To determine the enthalpy,
specific volume, and temperature in the superheated region requires creating a col-
umn for internal energy for different temperature values, say at 250°C and 300°C,
and interpolating between these, yielding a temperature of 298.2°C for u = 2800
kJ/kg. The values for enthalpy and specific volume would be found in a similar
fashion. :

Using TK Solver simplifies the solution of this problem. Load SHTSTM.TK;
and enter “h = u + P*v” into the Rule Sheet and the values for P and u in the Input
column of the Variable Sheet. Press F9, and the following results should appear.
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NL;.‘.;

Comment: Using problem-solving software readily allows the determination of
property values other than those tabulated. =

Subcooled Liquid Water

This time let us consider water at 10 MPa and 60°C. We want to find the enthalpy and
specific volume at this condition. We might suspect that the water is a subcooled
liquid in region IV on Figure 4.7, which has property values located in Table A.8.
Why? Again we check the saturated water temperature at 10 MPa. It is 311.06°C. If
the temperature is less than this saturated value for water with a pressure of 10 MPa,
the water is subcooled and its properties may be found in Table A.8. Since the
conditions in the problem meet this criterion, Table A.8 will be used for the solution.
We go to the column for 10 MPa and proceed vertically down until it intersects the
60°C line. At this level we read the property values as

h=259.49 kl/kg
v=0.001 012 7 m3/kg
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Measuring the Saturated Vapor State

There are tabulated values for vapor properties, but it is sometimes very difficult to
measure the vapor state. Let us consider a situation in which steam is driving a
turbine and we want to know the steam state as it enters the turbine.

This means finding the state of a flowing vapor. If the vapor is superheated,
measuring the temperature and pressure would determine the state. What happens if
the steam is a saturated mixture? The temperature and pressure are not independent
in the saturated region, so more information is needed to determine the state. There is
no ready means to measure other properties, such as specific volume, enthalpy, or
internal energy. | ‘

There are several methods to resolve this problem, one of the most common

. being a throttling calorimeter, schematically illustrated in Figure 4.10. Note that the
steam supply is sampled from a vertical pipe. If the pipe were horizontal, separation
of liquid and vapor would be more apt to occur. In a throttling process the pressure is
decreased adiabatically by use of a valve. This is a totally irreversible process. A
first-law analysis across the adiabatic valve shows that the initial and final enthalpies
have the same value. If there is a sufficient decrease in pressure, the steam will be
superheated at a lower pressure and temperature.

Temperature and pressure measurements can be made for the steam leaving the
valve (in the cup), and the enthalpy can be determined. It is important that there be
negligible heat loss and negligible velocity at the point of temperature and pressure
measurement. By knowing the enthalpy and the initial pressure or temperature, the
initial steam state may be determined. This is the average value of the steam state,
since it is based on a representative sample.

Other types of calorimeters operate with varying degrees of success. A problem
with the throttling calorimeter is that the initial steam state must not be very wet or
throttling will not produce superheated steam. A separating calorimeter mechani-
cally separates the liquid and vapor, volumetrically measuring the liquid and mea-
suring the remaining vapor flow rate. An electric calorimeter, through resistance
heating, superheats a sample of steam that is steadily withdrawn through a sampling

Thermometer

Throttling
valve
———

o

Thermometer
well

Main
steam line l

Exhaust steam )
Figure 4.10 Schematic diagram of a throttling steam calorimeter.
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tube. By measuring the electrical energy added and the superheated steam state and
steam flow rate, the steam quality is determined.

Example 4.3

A throttling calorimeter is connected to a desuperhcated steam line supplymg steam
to the auxiliary feed pump in a steam power plant. The line pressure is 400 psia, the
calorimeter pressure is 14.7 psia, and the temperature is 250°F. Determine the
enthalpy and quality of the desuperheated steam.

Solution

Given: Steam at a given pressure is expanded through a throttling calorimeter. The
pressure and temperature of the steam in the calorimeter are known.

Find: The enthalpy and quality of the steam before entering the calorimeter.

Sketch and Given Data:

‘ J-—Boundary

Temperature T

!
|
|

(Cas —] ot p, = 14.7 psia
—————— !
|
|

T, = 250° F
"“ f/
L 4_ u

Figure 4,11

Assumptions:

1. The throttling process is adiabatic. :

2. Equilibrium exists at the described steam states, so tables of propertles can be
used.

3. There is no work crossing the control volume. :

4. The changes in potential and kinetic energies across the control volume are
negligible.

5. Steady-state conditions apply.

Analysis: Noting that T, = 250°F is greater than 7, at 14.7 psia (212°), look for
the value of enthalpy at state 2 in the superheated steam tables. Thus, 4, = 1168.5
Btu/lbm,

The first law for an open system with steady flow is

O+ mlh+ke. +pel,=W+nmlh+ke. + p.elog
Applying the assumptions, this reduces to
h,=h,
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Thus, the enthalpy at state 1 is the same as at state 2. In addition we can determine the
quality at state 1 as follows.

1168.5 = 424.35 + (x,)(781.08)
x=0.953 or 95.3%

SATSTM.TK can be used to solve the problem. Input the state 1 enthalpy value
and the pressure; the program determines the quality. You still need to perform the
first-law analysis to realize that the enthalpies at state 1 and state 2 are equal based on
the assumptions listed.

Comment: The throttling calorimeter is useful in determining steam qualities at
" moderate to high pressures but only at quality values about 94% or greater. ==

oA
1‘)

Ammonia and Refrigerant 12 Tables

Two other substances have property tables that are listed in the appendix. These are
ammonia and refrigerant 12 (R 12), dichlorodifluoromethane. Both are used as
refrigerants, especially R 12, Although it is not necessary to repeat all the examples
that can be done with these tables, since the techniques developed in using the steam
tables are equally valid, it is worthwhile to do some. The thermodynamic properties
of ammonia are listed in Tables A.9 and A.10, and the thermodynamic properties of
refrigerant 12 are listed in Tables A.11 and A.12 for SI. The English unit tables begin
with Tables A.18 and A.19 for ammonia and Tables A.20 and A.21 for R 12,
Refrigerant 12 properties are also available in the TK Solver models R12SAT.TK
and R12SHT.TK.

Example 4.4 ‘

Refrigerant 12isusedina refngeratlon unit. At one point in the refngerauon process,
the refrigerant leaves the compressor at 125 psia and 180°F and enters the high-
pressure tubing with a flow rate of 5 Ibm/min. Determine the velocity of the refriger-
ant in the tubing in feet/minute if the tubing diameter is 1 in.

Solution

Given: R 12 flowing through 1-in.-diameter tubing at a certain pressure and tem-
perature and with a constant flow rate.

Find: The velocity of the refrigerant in the tubing.
Sketch and Given Data: N f!(')_un_da_ry

m =5 Ibm/min

p=125psia
T=180°F

m Co ‘ Figure 4.12
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Assumptions:

1. The flow is steady.
2. The state is an equilibrium state, allowing use of the property tables.

Analysis: There is no mention of energy in the problem statement or in the infor-
mation sought in the answers, so a first-law analysis is not immediately indicated,
What relates the flow rate, diameter, and velocity? The conservation of mass. Thus,

m - PAvV
but
p=1/v
and
A= nd?/4

Next determine the specific volume of R 12. The R 12 is superheated, because its
temperature, 180°F, is greater than the saturation temperature at 125 psia, 97°F.
Looking in the superheated tables yields a value of the specific volume of 0.40857
ft3/1bm.

Solving the conservation of mass equation for velocity and substituting in the
variable values yields

_ my _ (5 Tom/min)(0.40857 ft*/lbm)4)(144 in.2/ft?)
A n(1 in.2)

v = 374,6 ft/min

Comment: While the conservation of energy is very important, many problems
must use conservation of mass or other property relationships. In this problem, even
though velocity was asked for, information about kinetic energy does not provide the
connection. Look for connections between the parameters given in the problem
statement to provide initial direction to the problem analysis. -

Example 4.5

In the evaporator of a refrigeration system the cold refrigerant receives heat from the
refrigerated space. The flow through a given evaporator is 50 lbm/hr, and the R 12
enters the evaporator as a saturated liquid at — 20°F and leaves this constant-pressure
process at 4+ 20°F. Determine the heat transfer during this process.

Solution

Given: A refrigerant flows through an evaporator at constant pressure, entering asa
saturated liquid and leaving as a superheated vapor.

Find: The heat transfer to the refrigerant in this process.
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Sketch and Given Data:

aporator
‘4%%&%» '

Q.
State 1 State 2 / \
T,=-~20°F I,=+20°F :
Saturated liquid Superheated vapor -
14
Figure 4.13
Assumptions:

1. The flow is steady.

2. There is no work crossing the control volume.

3. The changes in kinetic and potential energies are negligible.

4. States | and 2 are equilibrium states, so tables of properties can be used.

Analysis: This problem involves energy, so the first-law analysis is an appropriate
starting point.

O+ mlh+ke. +pely=W+rmh+ke. + p.elou
Employing the assumptions yields
Q = m(h, — hy)
From Table A.20 the enthalpy for a saturated liquid at —20°F is
hy = h; =4.2357 Btu/lbm

Since the pressure at state 2 is the same as at state 1, and the pressure at state 1 is the
saturated pressure corresponding to a temperature of —20°F,

Dy = Dy = 15.27 psia
P, =p; = 15.27 psia
Using the superheated tables, find the enthalpy.
h, = 80.712 Btu/Ibm
Substituting in the first-law equation and solving for the heat transfer yields
Q = ri(h, — h,) = (50 Ibm/hr)(80.712 — 4.236 Btu/Ibm)
Q = 3823.8 Btu/hr

Instead of the R 12 property tables, the TK Solver models R12SAT.TK and
RI12SHT.TK can be used to determine the refrigerant enthalpy. Simply load
R12SAT.TK, change the units to English, enter —20 for Tsat, and press F9. Load
RI12SHT.TK, change the units to English, enter the temperature and pressure, and
press F9.
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Comments:

1. When a state is that of a saturated liquid or vapor, knbwing one additional
condition, such as temperature, enables one to determine all the properties at this

state.

2. Often in open-system heat transfer problems, the assumption of a constant-

pressure process is applicable. -

CONCEPT QUESTIONS

1. You are drinking ice water. Is this a pure substance? Explain.

2. You are drinking ice tea with sugar added. Is this a pure substance? Explain.,
3. What is the difference between saturated and compressed liquids?

4. What is the difference between superheated vapor and saturated vapor?

5. During a heating process when a liquid is boiling, the pressure is increased. Will the

temperature change or not?

6. What is the difference between the critical point and the triple point?

7. Can water vapbr exist at —20°C?
8. Can liquid water exist at 0.08 psia?
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. In the phase transition process from compressed liquid to superheated vapor, what differ-

ence do subcritical and supercritical pressures make?

You are given a substance’s specific internal energy, specific volume, and pressure. Can
you determine its enthalpy?

What does &, mean physically?
Can quality be expressed in terms of volume rather than mass?
What is quality? Where is it defined?

Consider two cases of vaporization of a saturated liquid'to a saturated vapor at constant
pressures of 100 kPa and 500 kPa. Which case requires more energy?

Consider two cases of vaporization of a saturated liquid to a saturated vapor at constant
temperatures of 100°C and 200°C. Which case requires more energy?

Without compressed liquid tables, how would you determine the liquid’s properties given
its pressure and temperature?

How many independent properties are needed to define the state of a pure substance?
Are liquid properties primarily dependent on temperature or on pressure?
Why do foods cook faster in a pressure cooker?

When a block of dry ice, solid CQO,, is placed on a table at room temperature and pressure,
no liquid is observed. Why?

PROBLEMS (SI)
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4.2

4.3

4.4

A 2-m? tank contains a saturated vapor at 40°C. Determine the pressure and mass in the
-tank if the substance is (a) steam; (b) ammonia; (c) R 12,

Determine for R 12 the following:

(a) hif T=85°C and p = 1000 kPa.

(b) xif h =100 kJ/kg and T=0°C.

() uif T'= 100°Cand p = 800 kPa.
(d) pif T=20°C and v=0.001 020 m3/kg.

Complete the following table for ammonia,

T(°C) p (kPa) x(%) h(k/kg) u(kl/kg) v(m3/kg)  State

(@) 10 1225.5
() 50 700 ‘

©) 752.79 80

@ 12 1000

@ 0 | 90

® 1554.3 80

Indicate for each state whether it is subcooled liquid, saturated liquid, mixture, saturated
vapor, or superheated vapor.

Determine the volume occupied by 2 kg of steam at 1000 kPa and 500°C.
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| 4.5 Complete the following table for water.

T(C)  p(kPa)  x(%) h(ki/kg) u(ki/kg) v(mi/kg) State

(a) 200 852.59 _

(b) 150 1000.0
(c) 300 1000

(d) 200 5000

(e) 250 | 0.8500
M 300 g0
(®) 1000 90

Indicate for each state whether it is subcooled liquid, saturated liquid, mixture, saturated
vapor, or superheated vapor.

4.6 R 12iscontainedin astorage bottle with a diameter of 20 cm and a length of 120 cm. The
weight of the R 12 is 370 N (g = 9.8 m/s?) and the temperature is 20°C. Determine (a)
the ratio of mass vapor to mass liquid in the cylinder; (b) the height of the liquid-vapor
line if the bottle is standing upright,

4.7 Steam hasaquality of 90% at 200°C. Determine (a) the enthalpy; (b) the specific volume.

4.8 Arefrigeration system uses R 12 as the refrigerant. The system is evacuated, then charged
with refrigerant at a constant 20°C temperature. The system volume is 0.018 m3. Deter-
mine (a) the pressure and quality when the system holds 0.8 kg of R 12; (b) the mass of
R 12 in the system when the pressure is 200 kPa.

4.9 A rigid steel tank contains a mixture of vapor and liquid water at a temperature of 65°C.
The tank has a volume of 0.5 m3, the liquid phase occupying 30% of the volume.
Determine the amount of heat added to the system to raise the pressure to 3.5 MPa.

4.10 Steam enters an isothermal compressor at 400°C and 100.0 kPa. The exit pressure is
10 MPa. Determine the change of enthalpy.

4.11 Steam enters an adiabatic turbine at 300°C and 400 kPa. It exits as a saturated vapor at
30 kPa. Determine (a) the change of enthalpy; (b) the work; (c) the change of internal
energy.

4.12 A 0.5-m3 tank contains saturated steam at 300 kPa. Heat is transferred until the pressure
reaches 100 kPa. Determine (a) the heat transferred; (b) the final temperature; (c) the
final steam quality; (d) the process on a T-v diagram.

4.13 A 500-liter tank contains a saturated mixture of steam and water at 300°C. Determine (a)
the mass of each phase if their volumes are equal; (b) the volume occupied by each phase
if their masses are equal. _

4,14 A 1-kg steam-water mixture at 1.0 MPa is contained in an inflexible tank. Heat is added
until the pressure rises to 3.5 MPa and the temperature to 400°C. Determine the heat
added.

4.15 A rigid vessel contains 5 kg of wet steam at 0.4 MPa. After the addition of 9585 kJ the
steam has a pressure of 2.0 MPa and a temperature of 700°C. Determine the initial
internal energy and specific volume of the steam.

4.16 Two kg/min of ammonia at 800 kPa and 70°C are condensed at constant pressure to a
saturated liquid. There is no change in kinetic or potential energy across the device.
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Determine (a) the heat; (b) the work; (c) the change in volume; (d) the change in internal
encrgy.

4.17 Three kg of steam initially at 2.5 MPa and a temperature of 350°C have 2460 kJ of heat
removed at constant temperature until the quality is 90%. Determine (a) 7-v and p-v
..diagrams; (b) pressure when dry saturated steam exists; (c) work.

4.18 You want 400 liters/min of water at 80°C. Cold water is available at 10°C and dry
saturated steam at 200 kPa (gage). They are to be mixed directly. Determine (a) steam
and water flow rates required; (b) the pipe diameters, if the velocity is not to exceed
2 m/s. '

4.19 Steam condensate at 1.8 MPa leaves a heat exchanger trap and flows at 3.8 kg/stoan
adjacent flash tank. Some of the condensate is flashed to steam at 180 kPa, and the
remaining condensate is pumped back to the boiler. There is no subcooling. Determine
(a) the condensate flow returned at 180 kPa; (b) the steam flow produced at 180 kPa.

4.20 A chemical process requires 2000 kg/h of hot water at 85°C and 150 kPa. Steam is
available at 600 kPa and 90% quality, and water is available at 600 kPa and 20°C. The
steam and water are mixed in an adiabatic chamber, with the hot water exiting, Deter-
mine (a) the steam flow rate; (b) the steam-line diameter if the velocity is not to exceed
70 m/s.

4.21 The main steam turbine of a ship is supplied by two steam generators. One generator
delivers steam at 6.0 MPa and 500°C, and the other delivers steam at 6.0 MPa and
550°C. Determine the steam enthalpy and temperature at the entrance to the turbine.

4,22 An adiabatic feed pump in a steam cycle delivers water to the steam generator at a
temperature of 200°C and a pressure of 10 MPa. The water enters the pump as a
saturated liquid at 180°C. The power supplied to the pump is 75 kW. Determine (a) the
mass flow rate; (b) the volume flow rate leaving the pump; (c) the percentage of error if
the exit conditions are assumed to be a saturated liquid at 200°C.

4.23 An adiabatic rigid tank has two equal sections of 50 liters separated by a partition. The
first section contains steam at 2.0 MPa and 95% quality. The second section contains
steam at 3.5 MPa and 350°C. Determine the equilibrium temperature and pressure
when the partition is removed.

4.24 A throttling calorimeter is attached to a steam line where the steam temperature reads
210°C. In the calorimeter the pressure is 100 kPa, and the temperature is 125°C. Deter-
mine the quality of the steam, using the steam tables,

4.25 A throttling calorimeter is connected to a main steam line where the pressure is 1750 kPa.
The calorimeter pressure is 100 mm Hg vacuum and 105°C. Determine the main steam
quality.

4.26 A piston-cylinder containing steam at 700 kPa and 250°C undergoes a constant-pressure
process until the quality is 70%. Determine per kg (a) the work done; (b) the heat
transferred; (c) the change of internal energy; (d) the change of enthalpy.

4.27 Anelectric calorimeter samples steam with a line pressure of 0,175 MPa. The calorimeter
adds 200 W of electricity to sampled steam having a resultant pressure of 100 kPa,
temperature of 140°C, and flow rate of 11 kg/h. Determine the main steam quality.

4.28 Three kg of ammonia are expanded isothermally in a piston-cylinder from 1400 kPa and
80°C to 100 kPa. The heat loss is 495 kJ/kg. Determine (a) the system work; (b) the
change of enthalpy; (c) the change of internal energy.

4.29 Refrigerant 12 is expanded steadily in an isothermal process. The flow rate is 13.6 kg/min
with an inlet state of wet saturated vapor with an 80% quality to a final state of 70°C and
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200 kPa. The change of kinetic energy across the device is 3.5 kJ/kg, and the heat added is
21.81 kW. Determine the system power.

4.30 A tank contains 0.2 kg of a steam-water mixture at 100 kPa. Heat is added until the
substance is a saturated vapor at 1.0 MPa. Determine (a) the 7-v diagram; (b) the heat
added; (c) the tank’s volume.

431 A piston-cylinder contains R 12 as a saturated vapor at 100 kPa and compresses it to
600 kPa and 40°C. The work done is 35 kJ/kg. Determine the heat loss or gain in kJ/kg,

4.32 A pressure cooker has a volume of 4 liters and contains 0.75 kg of water at 20°C. The lid
is secured and heat is added, with the air being vented in the process, until the pressure is
200 kPa. Determine the heat added and the final quality.

4.33 An adiabatic steam turbine receives 5 kg/s of steam at 1.0 MPa and 400 °C, and the steam
exits at 50 kPa and 100% quality. Determine (a) the power produced; (b) the exit area in
m? if the exit velocity is 250 m/s.

4.34 Plot the p-v diagram for water on log-log coordinates from the triple point to the critical
point, denoting the saturated liquid and vapor values. The unit of pressure is kPa and of
specific volume is m3/kg.

4.35 Plot the T-v diagram for water on log-log coordinates from the triple point to the critical
point, denoting the saturated liquid and vapor values. The unit of temperature is °C and
of specific volume is m3/kg,

4.36 Plot the T-v diagram for R 12 on linear-log coordinates from —50°C to 112°C, denoting
the saturated liquid and vapor values. The unit of specific volume is m*/kg.

4.37 Determine the quality of a two-phase mixture of (a) water at 180°C and a specific volume
of 0.15 m3/kg; (b) R 12 at 745 kPa and a specific volume of 0.020 m3/kg.

438 An R 12 tank has a volume of 54 liters and contains 3.6 kg at 1000 kPa. What is the
temperature?

4.39 Determine the volume occupied by 3 kg of water at 1000 kPa and temperatures of 100°C
and 1000°C.

4.40 Determine the volume occupied by 2 kg of steam with a quality of 75% and a pressure of
500 kPa. _

4.41 Refrigeration tubing is 2 cm in diameter and 3 m long and contains R 12 as a saturated
vapor at 0°C. What is the mass of R 12 in the tubing?

4.42 A plastic container holds 8 liters of water of 25°C. The plastic itself has a mass of 50 g.
What is the total weight of the filled container?

4.43 A 0.5-m3 tank contains ammonia at a temperature of 0°C and a quality of 85%. Deter-
mine the volume occupied by the vapor and by the liquid and the percentage of the total
volume each represents.

4.44 A 10-m? tank is used to hold high-pressure steam from a steam generator during emer-
gency conditions when the turbine fails. The tank contains steam at 500°C and 10 MPa.
The steam cools until the temperature is 200°C. What is the pressure and how much, if
any, liquid is present in the tank? _ _

4.45 A rigid tank contains 3 kg of saturated steam at a pressure of 3000 kPa. Because of heat
transfer to the surroundings, the pressure decreases to 1000 kPa. Determine the tank’s
volume and the quality of steam at the final state.

4.46 Steam in a rigid tank is at a pressure of 5 MPa and a temperature of 400°C. As a result of
heat transfer, the temperature decreascs to that of the surroundings, 20°C. Determine (a)
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the final pressﬁre in kPa; (b) the percentage of the total mass that is liquid in the final
state; (c) the percentage of volume occupied by the liquid and vapor at the final state.

4.47 A 20-liter tank contains a saturated mixture of water and vapor at 100 kPa. The volume
occupied by the liquid is 20 cm?. Heat is added until all the water evaporates and the tank
contains only saturated vapor. Determine the pressure at this final state.

4.48 Water expands at constant temperature from a saturated vapor at 250°C until the
specific volume is 1.0 m3/kg. Determine the final pressure.

« 4.49 Two kg of steam is compressed at constant pressure in a piston-cylinder from an initial
. state of 500 kPa and 300°C to a saturated vapor. Determine the work for the process.

4.50 A rigid adiabatic tank contains 1.5 kg of water at a quality of 90% and at a pressure of
200 kPa. Paddle work is applied until the water becomes a saturated vapor. Determine
the paddie work, neglecting changes in kinetic and potential energies.

4.51 A rigid nonadiabatic tank contains 2 kg of R 12 with a quality of 85% and a temperature
of 40°C. Fifty kJ of heat is added. Determine the final state.

4.52 A rigid adiabatic tank has a 50-W electric resistance heater and contains 2 kg of R 12 at
30°C and 90% quality. The heater is turned on, and the temperature of the tank is
measured at 100°C. How long a time interval was required for the heating?

4.53 Refrigerant 12 initially a saturated vapor at 10°C is compressed adiabatically to a pres-
sure of 2.5 MPa and 100°C. Determine the work per unit mass, neglecting changes in
potential and kinetic energies.

4.54 A rigid adiabatic tank contains two compartments. One is filled with 1.5 kg of steam ata
pressure of 500 kPa and 50% quality, and the other is completely evacuated. The parti-
tion between them is removed, and the steam expands to fill the entire tank. The final
pressure is 200 kPa. Determine the volume of the evacuated compartment.

PROBLEMS (English Units)

*4.1 Fill in the data omitted in the following table for water.
|

Pressure Temperature Specific volume Enthalpy Quality
(psia) (°F) (ft3/1bm) (Btu/lbm) x (%) State
500 0.650
‘ 250 _ 1000
600 700 ,
800 ' : 1399.1
300 90
1000 200

Indicate for each state whether it is subcooled liquid, saturated liquid, mixture, satu-
rated vapor, or superheated vapor.
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*4.2

*4.3

*4.4

*4.5

*4.6

*4.7

*4.8

*49

*4.10

*4.11

*4.12

Fill in the data omitted in the following table for R 12,

Specific Internal
Pressure Temperature volume Enthalpy energy Quality
(psia) (°F) (ft3/lbm) (Btu/lbm) (Btu/lbm) X (%) State
90 ' 53.6
100 33.2
‘ 120 0.01317 ‘
160 . ' 80
0 1.6089
20 50.0

Indicate for each state whether it is subcooled liquid, saturated liquid, mixture, satu-
rated vapor, or superheated vapor.

Determine the correct proportions of water and steam at 100 psia in a rigid tank that
would allow the mixture to pass through the critical point when heated. Determine the
proportion on the mass basis.

A piston-cylinder contains steam at 500 psia and 900°F and has a voluine of 4 fi3. The
piston compresses the steam until the volume is one-haif its initial value. The pressure
remains constant. Find the work.

One Ibm of a steam-water mixture at 160 psia is contained in an inflexible tank. Heat is
added until the pressure rises to 600 psia and the temperature to 600°F. Determine the
heat added.

A rigid vessel contains 10 Ibm of wet steam at 60 psia. After adding 6997 Btu, the steam
has a pressure of 300 psia and a temperature of 540°F. Determine the initial internal
energy and specific volume of the steam.

Three Ib of ammonia is expanded isothermally in a piston-cylinder from 200 psia and
200°F to 15 psia. The heat loss is 212.7 Btu/lbm. Determine (a) the system work; (b) the
change of enthalpy; (c) the change of internal energy.

Refrigerant 12 is expanded steadily in an isothermal process. The flow rate is 30 lbm/
min with an inlet state of wet saturated vapor with an 80% quality to a final state of
160°F and 25 psia. The change of kinetic energy across the device is 1.5 Btu/lbm and the
heat added is 21.81 kW. Determine the system power.

A rigid steel tank contains a mixture of vapor and liquid water at a temperature of
150°F. The tank has a volume of 15 ft3, the liquid phase occupying 30% of the volume.
Determine the amount of heat added to the system to raise the pressure to 500 psia.

Plot the p-v diagram for water on log-log coordinates from the triple point to the critical
point, denoting the saturated liquid and vapor values. The unit of pressure is psia and of
specific volume is ft3/lbm.

Plot the T-v diagram for water on log-log coordinates from the triple point to the critical
point, denoting the saturated liquid and vapor values. The unit of temperature is °F and
of specific volume is ft*/lbm.

Plot the p-v diagram for R 12 on log-log coordinates from 15 psia to the critical point,
denoting the saturated liquid and vapor values. The unit of specific volume is ft*>/lbm.
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*4.13 Determine the quality of a two-phase mixture of (a) water at 400°F and a specific
volume of 0.55 ft3/lbm; (b) R 12 at 350 psia and a specific volume of 0.025 ft*/Ibm.

*4.14 An R 12 tank has a volume of 15 gal and contains 10 lbm at 175 psia. What is the
temperature?

*4.15 Determine the volume occupied by 5 1bm of water at 100 psia and temperatures of
100°F and 500°F.

*4,16 Determine the volume occupied by 2 lbm of a water with a quality of 75% and a pressure
of 500 psia.

*4.17 Refrigeration tubingis 2 in. in diameter and 10 ft long and contains R 12 as a saturated
vapor at 0°F. What is the mass of R 12 in the tubing?

*4.18 A plastic container holds 2.5 gal of water at 70°F. The plastic itself weighs 4 oz. What is
the total weight of the filled container?

*4.19 A 10-ft? tank contains ammonia at a temperature of 0°F and a quality of 85%. Deter-
mine the volume occupied by the vapor and by the liquid and the percentage of the total
volume each represents.

*4,20 A 300-ft* tank is used to hold high-pressure steam from a steam generator during
emergency conditions when the turbine fails, The tank contains steam at 1000°F and
1000 psia. The steam cools until its temperature is 400°F. What is the pressure and
what, if any, liquid is present in the tank?

*4.21 A rigid tank contains 3 Ib of saturated steam at a pressure of 500 psia. Because of heat
transfer to the surroundings, the pressure decreases to 100 psia. Determine the tank’s
volume and the quality of stcam at the final state.

*4.22 Steam in a rigid tank is at a pressure of 400 psia and a temperature of 600°F. As a result
of heat transfer, the temperature decreases to that of the surroundings, 70°F. Determine
(a) the final pressure in psia; (b) the percentage of the total mass that is liquid in the final
state; (c) the percentage of volume occupied by the liquid and vapor at the final state.

*4.23 A 1-ft? tank contains a saturated mixture of water and vapor at 1 atm. The volume
occupied by the liquid is 20 in.? Heat is added until all the water evaporates and the tank
contains only saturated vapor. Determine the pressure at this final state.

*4.24 Water expands at constant temperature from a saturated vapor at 600°F until the
specific volume is 1.2 ft3/Ibm, Determine the final pressure.

*4.25 Two Ibm of steam are compressed at constant pressure in a piston-cylinder from an |
initial state of 400 psia and 500°F to a saturated vapor. Determine the work for the
process.

*4.26 A rigid adiabatic tank contains 1.5 Ibm of water at a quality of 90% and a pressure of 50
psia. Paddle work is applied to the water until it becomes a saturated vapor. Determine
the paddle work, neglecting changes in kinetic and potential energies.

*4.27 A rigid nonadiabatic tank contains 3 Ibm of R 12 with a quality of 85% and a tempera-
ture 40°F. Fifty Btu of heat is added. Determine the final state.

*4.28 A rigid adiabatic tank has a 50-W electric resistance heater and contains 2 lbm of R 12 at
30°F and 90% quality. The heater is turned on, and the temperature of the tank is
measured at 160°F. How long a time interval was required for the heating to occur?

*4.29 Ammonia initially a saturated vapor at 30 psia is compressed adiabatically to a pressure
of 200 psia and 280°F. Determine the work per unit mass, neglecting changes in
potential and kinetic energies.
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*4.30 Arigid adiabatic tank contains two compartments. Onc is filled with 1.5 Ibm of steam at
a pressure of 500 psia and 50% quality, and the other is complctely evacuated. The
partition between them is removed, and the steam expands to fill the entire tank. The
final pressure is 200 psia. Determine the volume of the evacuated compartment.

COMPUTER PROBLEMS

C4.1 Using the TK Solver model SHTSTM.TK, determine the pressure and enthalpy of
steam at 700°C and 2.0 m3/kg.

C4.2 Using the TK Solver model SHTSTM.TK, determine the enthalpy, specific volume, and
temperature of steam at 95 psia and an internal energy of 1325 BTU/lbm.

C4.3 Using the TK Solver model R12SAT.TK, determine the pressure of a mixture of R 12
with a quality of 50% and an enthalpy of 125 kJ/kg.

C4.4 Using TK Solver or a spreadsheet program, plot using log-log format the properties of
water for saturated liquid and vapor from 25°C to the critical point as follows:
(a) pressure versus specific volume.
(b) pressure versus temperature.
(¢) pressure versus enthalpy.
(d) temperature versus specific volume.
(e) temperature versus enthalpy.
(f) enthalpy versus specific volume.

C4.5 Solve Problem 4.23 using TK Solver and the models SATSTM.TK and SHTSTM.TK.

C4.6 Develop a TK Solver model that will calculate the quality of steam entering a throttling
calorimeter when the line pressure and calorimeter temperature and pressure are en-
tered.

C4.7 Use the model developed for Problem C4.6 to determine the maximum moisture that
can be measured by a throttling calorimeter exhausting to the atmosphere for line
pressures of 200 kPa, 2000 kPa, and 20 000 kPa. Assume a minimum supcrheat of 3°C
in the calorimeter. '

C4.8 A cylinder contains R 12 at 70 psig, half saturated liquid and half saturated vapor by
mass. It is set too close to a space heater and is heated to 300°F. What is the pressure in
the cylinder?

C4.9 The pressure in a well-insulated vessel with a volume of 20 ft? is 100 psia. The vessel is
filled 80% with saturated liquid water and the rest with saturated vapor. Vaporis allowed
to escape slowly through a small valve. Using SATSTM.TK, plot the pressure in the
vessel as the fluid fraction is reduced to 60%. At what fluid fraction does the pressure in
the vessel drop to atmospheric?
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Ideal and Actual Gases

Chapter 4 addressed the property determination for all phases of a pure substance.
The vapor phase, particularly a highly superheated vapor, or gas, occurs in a tremen-
dous number of situations. For instance, air at atmospheric pressure is a mixture of
gases, though it is often modeled as one substance. In this chapter you will learn about
the behavior and properties of ideal and actual gases, including

e The ideal-gas equation and other equations of state;

e The kinetic theory underlying the ideal-gas laws;

e The development of specific heats of gases;

e Use of gas tables to determine actual gas propertics.

5.1 IDEAL-GAS EQUATION OF STATE

There are several equations of state for gases, the most common being the ideal-gas
equation of state, which relates the dependence of pressure, volume, temperature,
and mass at a state. Not all states are allowed; consider Figure 5.1, a simplified version
of the equilibrium surfaces in Chapter 4.

States 4, B, and C are shown, States 4 and B are on the surface; these represent all
possible equilibrium states for a substance. Remember that properties are defined

129
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Figure 5.1 Diagram of an equilibrium sur- Figure 5.2 A plot of a gas’sisothermsusedin
face with points 4 and B on the surface and determining R.
point C below the surface.

only at the equilibrium states. State Cis not an equilibrium state; it is not possible for
a substance to remain in that state for any period of time. The system could pass
through state C in going from A4 to B, but it could not exist there. The ideal-gas
equation of state represents all the states on the 4B surface, relating the various
properties to each other. The ideal-gas equation of state, often called the ideal-gas
law, 1s

pV=mRT (5.1)

where p is the absolute pressure, Vis the total volume, m2 is the mass, T'is the absolute
temperature, and R is the individual gas constant. This equation comes in many
forms. Dividing by the mass yields

pv=RT (5.2)

Equations (5.1) and (5.2) are the most frequently used forms of the ideal-gas equation
of state. The value of R 1s tabulated in Appendix Table A.1 for several gases.

The gas constant R may be calculated for any gasifits molecular weight is known.
Avogadro’s law states that equal volumes of an ideal gas at the same temperature and
pressure have equal numbers of molecules. If M is the molecular mass, Mv = v;
multiply equation (5.2) by it:

pv=MRT

pv=RT (5'3‘)

where R =MR.

The value of R may be determined independently by considering the following
experiment. A piston-cylinder contains a gas, and the entire unit may be maintained
at constant temperature as the piston is moved to various positions. The pressure and
specific volume at each of the states is determined, with the resulting isotherm plotted
in Figure 5.2. Several of these isotherms are plotted and extrapolated to p — 0,
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resulting in the following

R is a common value for all temperatures. Additional experiments for different gases
show that R is the same for all gases. Thus, it is called the universal gas constant.
The constant R has a value of

R =18.3143 kJ/kgmol-K = 1545.32 ft-Ibf/pmol-R = 1.986 Btu/pmol-R (5.4)
Note that nv = V, where n is the number of moles, and equation (5.3) becomes
pV=nRT (5.5)

"Equations (5.1) and (5.2) are the ones most often used, but equation (5.5) is used
when dealing with chemical reactions. The abbreviation kgmol stands for the molec-
ular weight expressed in kilograms; the abbreviation pmol stands for the molecular
weight expressed in pounds mass.

Example 5.1 _
Two kg of air at 280°K are contained in a 0.2-m? tank. Consider the air to be an ideal
gas. Determine the pressure, the number of moles, and the specific volume on a mass
and molal basis.

Solution

Given: 2 kg of air at 280°K and 0.2 m.

Find: The pressure, moles, and specific volume on a mass and mole basis.
Sketch and Given Data:

Figure 5.3

Assumption: The air is in an equilibrium state.

Analysis: From Table A.1, R =0.287 kJ/kg-K and M = 28.97 kg/kgmol. Substi-
tuting in the ideal-gas law yields
_ mRT _ (2 kg)(0.287 kJ/ke-K)(280°K)
P==y 0.2 m)

(2 kg)
(28.97 kg/kgmol)

= 803.6 kPa

n= % = = 0.069 kgmol



132

CHAPTER 5 / IDEAL AND ACTUAL GASES

p=—=-—"——2=0.1 m¥k
. /kg

v = Mvp = (28.97 kg/kgmol)(0.1 m3/kg) == 2.897 m3/kgmol

Comments:

1. Theideal-gas law provides a simple method of determining ideal-gas state proper-

ties. _
2. It is important to be able to convert from the mass to the mole system. -

5.2 NONIDEAL-GAS EQUATIONS OF STATE

In actual gases the molecular collisions are inelastic; at high densities in particular
there are intermolecular forces that the simplified equations of state do not account
for. There are many gas equations of state that attempt to correct for the nonideal
behavior of gases. The disadvantage of all methods is that the equations are more
complex and require the use of experimental coefficients.

One of the equations is the van der Waals equation of state for a gas, which was
developed in 1873 as an improvement on the ideal-gas law. The van der Waals
equation of state is

RT a . ‘
' "ﬁ _ (5.6)

p".———

<)

The coeflicients a and b compensate for the nonideal characteristics of the gas. The
constant b accounts for the finite volume occupied by the gas molecules, and the a/v?
term accounts for intermolecular forces. Constants for selected gases are given in
Table 5.1.

TABLE 5.1 VAN DER WAALS CONSTANTS

a b
Substance (kPa [m?/kgmol]?) (m3/kgmol)
Air 135.8 0.0364
Ammonia (NH;) 4233 0.0373
Carbon dioxide (CO,) 364.3 0.0427
Carbon monoxide (CO) 146.3 0.03%4
Helium (He) 341 0.0234
Hydrogen (H,) ' 24.7 0.0265
Methane (CH,) 228.5 0.0427
Nitrogen (N,) 136.1 0.0385

Oxygen (O,) 136.9 0.0315
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TABLE 5.2 CONSTANTS FOR THE BEATTIE-BRIDGEMAN EQUATION OF STATE

Substance Ay a B, b 1074
Air 131.8441 0.019 31 0.046 11 —0.001 101 4.34
Argon (Ar) 130.7802 0.023 28 0.039 31 0.0 5.99
Carbon dioxide (CO,) 507.2836 0.071 32 0.104 76 0.072 35 66.00
Helium (He) 2.1886 0.059 84 0.014 00 0.0 0.0040
Hydrogen(H;) - - 20.0117 —0.005 06 0.020 96 —0.043 59 0.0504
Nitrogen (N3) 136.2315 0.026 17 0.050 46 =0.006 91 4.20
Oxygen (O,) 151.0857 0.025 62 0.046 24 0.004 208 4.80

Pressure in kPa; specific volume in m3/kgmol; temperature in K; B = 8.314 34 kJ /kgmol-K.

A second equation of state is the Beattie-Bridgeman equation of state for a gas:

_RTU _e)( + B) -i (5.7)
where
A= A4l = af?)
B =Byl b/v)
=_°_
oT3

‘and the constants 4,, By, a, b, and ¢ are determined for individual gases. Table 5.2
gives these for certain gases.

A simple but accurate two-constant equation is that proposed by Redlich and
Kwong! in 1949:

RT a
v—b T2p(+b)
The value of the constants g and b can be determined by noting that the first and

second derivatives of pressure with respect to specific volume at the critical point are
zero (refer to Figure 4.4).

p=

o

= )i
ov T_O

3|, 0

T.

1 O, Redlich and J.N.S. Kwong, “On the Thermodynamic of Solutions, V-An Equation of State,” Chemi-
cal Review, vol. 44, 233-244, 1949,
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When these derivatives are taken, we find

' 277572
a=0.42748 RT:
D,
b = 0.08664 I;T"

This same approach can be applied to the van der Waals equation. When the
partial derivatives are taken, the following equations for the constants result:

_2TR’T?
a 64p,
RT,
b= %0,

These equations can be used to calculate the van der Waals constants rather than
using tabulated values.

Virial Equation of State

Gas equations of state attempt to approximate the behavior of gases over a wide range
of conditions and thus become quite complex. An equation of state based on an
infinite series is called the virial equation of state and is of the form

BTy AT)  DT) )
T T

po=RT (1 + (5.8)
The coefficients in Equation (5.8) are called virial coefficients and are functions of
temperature. The coefficients may be found experimentally, through curve fitting of
data, or theoretically from statistical mechanics. Even with this complex expression,
as the pressure approaches zero the virial coefficients vanish and equation (5.8)
reduces to the ideal-gas law. All the more complex equations of state reduce to the
ideal-gas law as the limiting case.

Example 5.2

Two kgmol of air at 400°K is contained in a 0.5 m? piston-cylinder. A change of state
occurs, and the final pressure is 15 MPa and the final temperature 350°K. Determine
the initial pressure and the final value of specific volume, using the ideal-gas law and
the van der Waals equation of state.
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Solution

Given: 2 kgmol of air initially at 400°K and 0.5 m3 and finally at 15 mPa and
350°K.

Find: The initial pressure and the final specific volume using the ideal-gas and van
der Waals equations of state.

Sketch and Given Data:

Assumption: Air is in equilibrium state initially and finally.

Analysis:

V_205 m?
n 2 kgmol

Find the values of the constants ¢ and b from Table 5.1.

V= = ().25 m?3/kgmol

a = 135.8 kPa (m3/kgmol)?
b =0.0364 m3/kgmol

Substituting in the van der Waals equation of state yields

_ (8:3143KJ/kgmol-K)(400°K) _ 135.8 kPa (m’/kgmol)?
P =025 m*/kgmol — 0.0364 m*/kgmol) __ (0.25 m*/kgmol)?
p=13.4 MPa

Using the ideal-gas equation of state yields

_BRT _ (2.0 kgmol)(8.3143 kJ/kgmol-K)(400°K)
P== (0.5 m%)

p=133MPa
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For the final state, substitute into the ideal-gas law, yielding |
5 RT _ (8.3143 kJ/kgmol-K)(350°K)
p (15 000 kPa)

17 = (.194 m3/kgmol

Using the van der Waals equation of state requires a trial-and-error solution. This is
easily done by TK Solver. The van der Waals equation is entered into the Rule Sheet,
a guess value for specific volume is entered into the Input Column of the Variable
Sheet, and an iterative solution is invoked by pressing F9.
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Comment: At the initial state the difference between the values of pressure is only
0.7%. Hence the ideal-gas law is accurate in predicting air behavior in many in-
stances, except in those cases of very high pressure and/or low temperature.

Compressibility Factor

The ideal-gas law works well for gases at low densities. As the pressure of the gas is
increased for a given temperature, the molecules are packed closer and closer to-
gether. This brings about nonideal behavior due to additional forces acting on the
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Figure 5.5 Compressibility diagram for nitrogen.

molecule. The other equations of state account for this deviation by introducing
empirical constants, The form of equation (5.2) is very convenient to work with, and
a method to account for nonideal-gas behavior using this form is available. If we
divide equation (5.2) by RT, it yields :

P
RT

for an ideal gas. If the gas is not ideal, this will equal some other number, Z.

pv

RT
The symbol Z is the compressibility factor. It is equal to one for an ideal gas, but will
have a value other than one for an actual gas. Figure 5.5 illustrates how the compress-
ibility factor for nitrogen varies with pressure along different isotherms. At room
temperature, 300°K, the compressibility factor is unity up to 7000 kPa. Note that as
the temperature rises, it requires greater and greater pressures to cause nonideal-gas
behavior. In many application areas the temperature and pressure limits allow us to
use the ideal-gas equation of state.

Generalized Compressibility Factor

The form of the equation of state using the compressibility factor is simple. At this
point the only difficulty lies in acquiring charts for all the gases. Fortunately, this task
may be reduced to that of developing only one chart.

This is accomplished by using reduced equations of state. The critical pressure,
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TABLE 5.3 CRITICAL CONSTANTS

Molecular Temp Pressure Volume
Substance weight (K) (MPa) (m*/kgmol)

Air 28.97 133 3.76 0.0828
Ammonia (NH,) 17.03 405.5 11.28 0.0724
Argon (Ar) 39.948 151 4.86 0.0749
Carbon dioxide (CO,) 44.01 304.2 7.39 0.0943
Carbon monoxide (CO) 28.011 133 3.50 0.0930
Ethane (C,Hy) 30.07 305.5 4.88 0.1480
Ethylene (C,H,) 28.054 282.4 5.12 0.1242
Helium (He) 4.00 38.4 1.66 —
Hydrogen (H,) 2.016 333 1.30 0.649
Methane (CH,) 16.043 191.1 4.64 0.0993
Methyl alcohol (CH,OH) 32.0042 513.2 7.95 0.1180
Nitrogen (N,) 28.013 126.2 3.39 0.0899
Oxygen (0,) 320 154.8 5.08 0.0780
Propane (C;Hj) 44.097 370 4.26 0.1998
Water (H,0) 18.015 647.3 22.09 0.568

temperature, and specific volume are unique at the critical point for each gas, Table
5.3 lists the critical properties of some substances. The reduced coordinates are

Reduced pressure p, = p/p., where p, = critical pressure
Reduced temperature 7, = T/T,, where T, = critical temperature
Reduced specific volume v, = v/v,, where v, = critical specific volume
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Figure 5.6 A generalized compressibility chart.
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A generalized chart of compressibility factors for reduced temperatures and
pressures, Figure 5.6, was developed by Nelson and Obert. This may be used to find
the properties of a gas if we know the critical properties. The reduced volume, V7, is
defined as

V ZRT/p T,
RT./p. RT./p. — b,

by Nelson and Obert.2

Example 5.3 _

Ammonia is contained in a 2.0-m? tank at 2000 kPa and 160°C. Determine the
specific volume of the ammonia using the generalized compressibility chart, and
compare this value to that found in Table A.10. In addition determine the mass of
ammonia contained in the tank.

Solution
Given: Ammonia is contained in a 2.0-m? tank at 2000 kPa and 160°C.

Find: The specific volume using the generalized compressibility chart and com-
pared to tabulated data, and the mass of ammonia in the tank.

Sketch and Given Data:

Figure 5.7

Assumptions:

1. The ammonia is a closed system.
2. The state is an equilibrium state.

2 L. C. Nelson and E. F. Obert, “General p-V-T Properties of Gases,” Trans. ASME, Oct. 1954,
1057-1066.
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Analysis: From Table 5.3 find the critical pressure and critical temperature of
ammonia, 11 280 kPa and 405.5°K. The reduced pressure and temperature are

2000 kPa
Pn=1T280kpa 0177

433°K
Tn=Zp5.5x — 1068

'From Figure 5.6, the value of Z is 0.94. From Table A.1, R = 0.4882 kJ /kg-K, thus

_ , RT _ (0.94)(0.4882 kI /kg-K)(433°K)
v 7 (2000 kN/m?)

v=0.0993 m3/kg

This compares very well with the value of specific volume found in Table A.10,

0.0999 m3/kg.
The mass of ammonia in the tank is found from mv = V; thus

__ 0m)
M= 10,0993 m/kg)

=20.14 kg

Comments:

1. The absolute temperature and pressure must be used in calculating the reduced
pressure and temperature values.
2. The compressibility factor is dimensionless. -

5.3 SPECIFIC HEAT

Specific Heat at Constant Volume

Specific heat at constant volume, c,, is defined for any substance as
Cp = (g—;) kJ/kg-K [Btu/Ibm-R} (5.9)

An experiment by Joule, Figure 5.8, verified the equation’s premise that thermal
energy (heat) transfer at constant volume is a function only of temperature. In Figure
5.8 a vessel with two chambers, I and II, each containing the same gas at different
pressures and connected by a valve, was placed in a constant-temperature bath.
When the system achieved thermal equilibrium with the bath, the valve was opened.
No temperature change occurred in the bath, the system work was zero, and hence
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At L B Q
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Figure 5.8 Diagram illustrating Joule’s ex- Figure 5.9 Piston-cylinder arrangements illustrating con-
periment regarding internal energy. - stant-volume and constant-pressure processes.

the internal energy change was zero. This led to the conclusion that specific internal
energy is not a function of volume for an ideal gas.
Mathematically, we may say that

u=u(, T)
Ju ou
du= (—é—;)T dv+ (ﬁ)v ar

Since dv > 0 from Joule’s experiment and the internal energy did not change, we may
conclude that u = u(7T) only.

From the definition of specific heat at constant volume, equation (5.9), and from
the fact that the specific internal energy of an ideal gas is not a function of specific
volume (Joule’s experiment), the partial derivative in equation (5.9) becomes a total
derivative; hence ‘

-

o dT
du=c,dT (5.10)
dU=mc,dT (5.11)

If we consider a constant-volume heating process, as in Figure 5.9(a), the first law
states

60Q=dU+ oW
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but
sw= [ par=o

SO
0Q=dU

2 2
Q=f 6Q=f dU=U,— U,
1 1
for an ideal gas,
2
U,—U,= f mc, dT (5.12)
1 ,

For constant-volume processes, with constant mass and constant specific heat,
Q=AU=mc,(I,—-T))

The change of internal energy for an ideal gas with constant specific heat is always
UZ—U1=AU=mC,,(T2—Tl) (5.13)
The change of internal energy for an ideal gas is always denoted by equation
(5.11). The process may be reversible, irreversible, constant-pressure, constant-vo-
lume, or any other process. Internal energy, specific heat at constant volume, tem-
perature, and mass are properties and do not depend on path. The equation of state

for internal energy, equation (5.11), follows from the definition of specific heat at
constant volume.

Specific Heat at Constant Pressure
The coefficient ¢, is the specific heat at constant pressure, and is rigorously defined as

c,= (%) kI /kg-K [Btu/lbm-R] (5.14)
aT/,
From the definition of specific heat at constant pressure and from A= u + pv=u
+ RT for an ideal gas,
dh=c,dT | (5.15a)
dH = mc, dT (5.15b)

We now consider heat addition at constant pressure, as in Figure 5.9(b). Let us
analyze the first-law equation for this system.

0Q=dU+pdV=dU+ d(pV) (5.16)
00=dH forp=c | (5.17)

hence | , :
0Q=dH = mc,dT (5.18)

for ideal-gas constant-pressure processes.
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For an ideal gas, the changes in internal energy and enthalpy depend only on the
temperature; if the initial and final temperatures are known, the enthalpy and inter-
nal energy changes may be calculated. Thus, equations (5.15a) and (5.11) are true
only for ideal gases, by the definitions of specific heat. We have therefore a method of
calculating the internal energy and enthalpy for any process if we know the end states.
The work may be calculated if we know the process path, that is, how the system
changes state.

Further Considerations
An important ratio that we shall use extensively is that of the specific heats, k.

C .
k=-2 (5.19)
Co _ |
Heretofore the specific heat has been written on a mass basis; it can also be
written on the mole basis.
We denote the molal constant-volume specific heat as

C, = (%)_ kJ/kgmol-K [Btu/pmol-R] (5.20)
and the molal constant-pressure specific heat as

_ d ~

Cp= ( a’;,) kJ /kgmol-K [Btu/pmol-R] (5.21)

The bar over any property denotes that it is on the mole basis; hence both enthalpy, 4,
and internal energy, %, have units of kJ/kgmol-K. The property on the mass basis is
multiplied by the substance’s molecular weight, M, to obtain the property on the
mole basis, that is, # = Mh.

Another relation between the spemﬁc heats and the gas constant may be devel-
oped by considering the enthalpy of an ideal gas.

h=u+pv
pv=RT
h=u+RT

We now differentiate, and substitute equations (5.11) and (5.15a) into the result-
ing equation.

dh=du+ RdT
¢, dT=c,dT+ RdT
¢, —Cc,=R : (5.22)

Thus even though the specific heats may be a function of temperature, for an ideal gas
their difference is always constant.
The specific heats in Table A.1 are measured experimentally. Specific heats may
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be developed mathematicaily, but using experimental values adds to the accuracy
with which we may calculate, and hence predict, system changes.

It is interesting to note that the idea of heat capacity developed from the days
when the caloric theory of heat was in vogue. A body, when heated, was considered tg
be gaining “caloric.” Heat capacity was the caloric necessary to raise the substance
one degree in temperature. To make heat capacity an intensive property, we divide by
the system mass, yielding specific heat capacity.

Variation of Specific Heat with Temperature

It may have been inferred that the specific heats are constant for all temperatures ofa
gas. This is not the case. The functional relationships denoting this variation are
determined from experimental tests. Table 5.4 lists several formulas that predict the
specific heat of a gas at a given temperature. Figure 5.10 shows a diagram of the
specific heat variation with temperature for five substances. If increased accuracy is
desired, an average value of specific heat can be used for the temperature range under
consideration, or the specific heat equation for Table 5.4 can be integrated. The
specific heats vary with temperature because the energy associated with each vibra-
tional mode becomes greater, especially at high temperatures. This is illustrated in
Figure 5.10 for water and carbon dioxide, where there are more vibrational modes
available in the atomic structure than in the simpler diatomic molecules hydrogen
and oxygen. Hence the specific heat variation is more pronounced.

TABLE 5.4 FORMULAS FOR SPECIFIC HEAT VARIATION WITH TEMPERATURE

Substance Temperature range ¢p(k) /kg-K)
Air 280-1500°K 0.9167 + 2.577 X 10T — 3.974 X 10872
Ammonia (NH;) 300-1000°K 1.5194 4 1.936 X 10737 — 1.789 X 10~7T?
Sulfur dioxide (SO,) 300-1000°K 0.7848 + 0.7113 X 10747 — 1.73 X 104T 2
Hydrogen (H,) 300-2200°K 11,959+ 2.160 X 10737+ 30.95T~1/2
Oxygen (O,) 300-2750°K 1.507 — 1677724+ 11117}
Nitrogen (N,) 300-5000°K 1.415—2879T '+ 5.35 X 10472
Carbon monoxide (CO) 300-5000°K 1.415— 2733714496 X 10*T—2
Water (H,0) 300-3000°K 4,613 —103.3T24+967.57T!
Carbon dioxide (CO,) 300-3500°K 1.540 — 345.1 7'+ 4.13 X 104T 2
Methane (CH,) 300-1500°K 0.8832 +4.71 X 1037 — 1.123 X 10672
Ethylene (C,H,) 300-1500°K 0.4039 +435 X 1073T—1.35X 107672
Ethane (C,Hy) 300-1500°K 0.306 4+ 5.34 X 103 T—1.53 X 107572
n-butane (C,H,) 300-1500°K 0314+ 523X 1073T— 1.60 X 10-672
Propane (C;Hg) 300-1500°K 0214+ 548 X 1037 — 1.67 X 10772
Acetylene (C,H,) 280-1250°K 1.921 +7.06 X 10747 —3.73 X 10*T 2
Octane (CgHy) 225-610°K 0.290 + 397 X'10—3T
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Figure 5.10 The variation of constant-pressure Figure 5.11 Molecule A having elastic collision on
specific heat with temperatures for four gases, wall B,

plotted from equations in Table 5.4, and for he-

5.4 KINETIC THEORY —PRESSURE AND SPECIFIC HEAT

- OF AN IDEAL GAS

The pressure that a gas creates is caused by the impact of the gas molecules against a
surface. The force created by the impact is due to the change of momentum of a gas
particle as it hits and bounces from the surface. Kinetic theory offers us an insight into
how an ideal gas behaves, We must invoke a variety of assumptions, such as the
volume of the molecule is negligible, the forces between the molecules are negligible,
the molecules can be treated as rigid spheres that have elastic collisions with them-
selves and with any surface.

Consider molecule A in Figure 5.11; it has a incident velocity v, and an angle of
incidence ©,. The molecule rebounds from the wall at an angle of incidence 0,,
where O, = O,. Since the initial kinetic energy equals the final kinetic energy, the

- absolute value of the initial velocity must equal the absolute value of the final

velocity, [v ;| =|v.q,|. The velocity vector of the molecule changes because the direc-
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tion changes, but the magnitude of the velocity vector is the same. Thus, the change of
momentum for molecule A in the y direction is

My(Vayy = (—V02,)) = 2, Vay : (5.23)

For any molecule this may be written without the 4 subscript. From Newton’s second
law ,

_ d(mv) _ A(mv)
dt (A1)

Equation (5.23) represents the change of momentum. The time for a molecule to
leave B, reach the opposite wall a distance L away, and return is

At=2LJv,

F

(5.24)

Substituting these values in equation (5.24) yields
F=mvi/L

Assuming that all the molecules have the same mass and summing over the total

number of molecules present, N, yields

Noting that

which represents the average of the square of the velocity in the y direction, we may
determine pressure from its definition of force per unit area, noting that the areais L2,

(5.25)

where L? = V, the volume containing N molecules. |

Molecules are in random motion, so the pressure is a result of forces in the x, y,
and z directions. Furthermore, because molecular motion is random, the kinetic
energies in each direction must be the same. This has been experimentally verified.

" Thus

V2=V2=72
and the magnitude of the total velocity vector for the molecule is

VI=V24V24+72=372
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and the pressure may be written as

Nm _ -
=——v? 5.2
Y (5.26)
Consider one mole of a substance; it will have a volume and contain N, mole-
cules, where N, is Avogadro’s number. Equation (5.26) becomes
Nm_, 2 sz]
=—|N,——
3 VT3
The term in the brackets represents the total translational kinetic energy of all the
molecules in v. Denoting this expression as #, and using the ideal-gas law, pv = RT,
- yields

pr= (5.27)

u, T | (5.28)

]
v

We have noted that the velocity vector has components in each direction whose
average velocity is the same. This is consistent with Boltzmann’s principle of equi-
partition of energy, wherein the total translational kinetic energy has three equal
components (the kinetic energy in each direction). Thus the molecular mass has three
degrees of freedom, f= 3, corresponding to the x, y, and z directions.

The internal energy for a monatomic gas molecule, /= 3, is described by equation
(5.28). The equipartition principle may be generalized to include energy forms other
than translational kinetic energy, such as rotational and vibrational modes. In this
case the internal energy may be written as

#=,T=f5 5 - , (5.29)
Dividing equation (5.29) by the molecular weight of the gas yields
—.p_RT /R

u=c,IT'=f )

Since ¢,=c¢, + R,
¢,= R(1 +f12) o (5.30)

For a monatomic gas such as helium, f'= 3. Substituting into equation (5.30)
yields

p = 2.077(1 + 3/2) = 5.1925 kJ /ke-K

which corresponds very well with the value found in Table A.1(5.1954 kJ /kg-K). As
the structure of the molecule becomes more complicated, however, even a diatomic
molecule such as hydrogen, H,, illustrates the limitation of the kinetic theory model
and the influence of other modes of energy storage within the molecular structure.
For a diatomic gas there are three translational modes, two rotational modes, and two
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Figure 5.12 Variation of ¢, of hydrogen with temperature.

vibrational modes of energy storage, or degrees of freedom (/= 7). Thus for hydro-
gen,

¢, =4.125(1 +7/2) = 18.56 kI /kg-K

which is much greater than the tabulated value of 14.31 kJ /kg-K.

Figure 5.12 illustrates the variation of specific heat with temperature for hydro-
gen. The molecule uses more modes of energy storage, exhibiting more degrees of
freedom, as the temperature increases. Thus at low temperatures only translational
kinetic energy modes are used to store energy, whereas at high temperatures all modes
are used.

5.5 GAS TABLES

We have examined two methods of dnalyzing gas behavior: the first is the use of an
ideal-gas equation of state and the second is the use of the compressibility chart for
real-gas behavior. A third resource is available to us, the gas tables by Keenan and
Kaye. Tables A.2-A.4 are adapted from these gas tables, and Table A.13 is an
abridgement for air. These tables account for the variation of specific heat with
temperature for an ideal gas. Temperature is the independent variable, and tabulated
values for internal energy and enthalpy are given on the same line. Some other
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symbols are also given values, and we will learn about them when we deal with
process paths, that is, the way in which the system changes state. Note that equations
using constant specific heats cannot be used, since the substance is now a gas with
variable specific heats.

The TK Solver model AIR.TK contains information like that in the tables for air.
It permits the convenient determination of the pressure, temperature, and specific
volume at two state points, and the change of internal energy and enthalpy between
them.

Example 5.4

Air with a temperature of 27°C receives heat at constant volume until the tempera-
ture is 927°C. Find the heat added per kilogram using (a) specific heat from Table
A.1; (b) specific heat using the equation from Table 5.4 and an average temperature;
(c) the air tables in Table A.2; (d) TK Solver model AIR.TK.

Soiiltion
Given: Air is heated at constant volume from 27°C to 927°C.

Find: The heat added per kilogram.
Sketch and Given Data:

State 2 Figure 5.13

Assumptions:

1. The system is closed with no change in volume.
2. The initial and final states are equilibrium states.
3. There are no changes in kinetic and potential energies.

Analysis: The first-law equation is
_ g=Au+t+w
w = 0 for constant volume, so
qg=Au |
Case (a): For an ideal gas the equation for internal energy is
Au=c,(T,— T,) = (0.7176 kJ /keg-K)(1200 — 300K) = 645.84 kJ /kg
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Case (b): From Table 5.4, the specific heat at constant volume is
¢,=¢,— R=(0.9167+ 2.577 X 10~4T—3.974 X 10-8T2) - 0.287

(300.15 + 1200.15)
2

¢, = 0.800 65 kJ /kg-K
u = (0.800 65)(1200 — 300K) = 720.6 kI /kg
Case (c): From Table A2, at 300°K, u, = 214.09 kJ /kg; at 1200°K, u,=933.40
kJ /kg; thus, Au = 719.31 kJ /kg.
Case (d): Using AIR.TK, enter the equation vl = v2 into the Rule Sheet and the

two temperatures and an assumed initial pressure of 100 kPa into the Variable Sheet,
Solve by pressing F9.

T= =750.15°K

’7Pre&sgne (kl’a,ﬁ);-r '
Temperatire (dég
Jpeg:iflc higs ldﬁ\@w

@

Dilager*] 13088 Ry 'I;&c.xual F.ue:rgy (kJ/kg, ORI S
<DELs’ 1.0837 7 kJvKg )ﬁ?}bropy J‘ﬂcg K. B/ibxrw%i o

Comments:

1. Because of the wide variation in specific heat over the range of temperature, using
the specific heat value from Table A.1 results in significant error.

2. Using the air tables (Tables A.2), the TK Solver model AIR.TK, or a specific heat
from Table 5.4 based on an average temperature produces similar results. =l
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Example 5.5 | )

A piston-cylinder contains 2 kg of helium at 300°K and 100 kPa. The helium is
compressed irreversibly to 600 kPaand 450°K, and 100 kJ of heat is transferred to the
surroundings in the process. Determine the final volume and the work done, consid-
ering helium to be an ideal gas.

Solution

Given: Helium, an ideal gas, is compressed irreversibly from 300° K and 100 kPa to
450°K and 600 kPa. The process transfers 100 kJ of heat to the surroundings.

Find: The final volume and the work done in the process.

_ Sketch and Given Data:
g o0 -
o,
-
E
100 |-
—f———
Volume v (m?)
Figure 5.14
Assumptions:

1. The helium is a closed system. -

2. The initial and final states are equilibrium states.

3. Helium may be considered an ideal gas.

4. The changes in kinetic and potential energies are zero.

Analysis: The first law for a closed system is

Q=AU+ A;Aé'.o+ A/P/.E.O+IW

The changes in kinetic and potential energies are assumed to be zero. Solving for the
work yields

W=0Q—AU
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For an ideal gas the equation of state for internal energy is
AU =mc,(T,— T,) = (2 kg)(3.1189 kJ /kg-K)(450°K — 300°K)
AU=935.7KkJ |
Solving for work yields
W=—100kJ —935.7 kJ =—1035.7 kJ

The minus sign on the answer indicates that work was added to the system.
The ideal-gas law may be used to determine the final volume at state 2:

_ mRT _ (2 kg)2.077 kJ /kg-K)(450°K)

a— 3
D (600 kN/m?) 312m

vV

Comments:

1. The ideal-gas law may be used to evaluate properties at a given state, regardless of
whether the system’s process in reaching that state is reversible or not.

2. It is important to remember the sign convention for heat and work.

3. The first law is valid for all processes; hence the work may be determined from it
for irreversible processes. The { p dV can be evaluated only for reversible pro-

cesses.
4. When a process is irreversible, use a dashed line to indicate that the system’s
succession of states is not a succession of equilibrium states. -
Example 5.6

Two adiabatic tanks contain air at different temperatures and pressures and are
connected by a valve. Tank A holds 3 ft3 of air at 500°R and 100 psia and tank B holds
2 Ibm of air at 750°R and 50 psia. The valve is opened, and the pressure and
temperature reach equilibrium values. What are they?

Solution

Given: Two adiabatic tanks contain air at different temperatures and pressures.
The valve connecting the tanks is opened, and the air reaches an equilibrium temper-
ature and pressure.

Find: The final temperature and pressure.

Sketch and Given Data:

{0 100psia o ¢

Figure 5.15
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Assumptions:

The total amount of air can be considered a closed system.
The initial and final states are equilibrium states.

Air may be modeled as an ideal gas,

There is no change in kinetic and potential energies.

There is no work done in the process.

ol

Analysis: The first law for a closed system, assuming no work done and no change
in potential or kinetic energy, is

Q=AU+ AUg=m c(T;— T,) + mgc,(Ty~ Tp)

- Since the tanks are adiabatic and considered as one tank at the final state with
temperature T, the first law simply indicates that the energy gained by one subsystem
is given up by the other subsystem. The mass for tank A may be found by using the
ideal-gas law

_ pV _ (100 Ibffin2)(144 in2/2)3 %) _
"4~ RT ™ (5334 fulbf/lbom-R)S00R) 0210

Substituting into the first law equation, noting that Q = 0 and the specific heats
cancel, yields

(1.62)(T;— 500) = (2)(750 — T})
T,=638.1°R

The final pressure may be determined from the ideal-gas law, but first we must find
the volume of tank B.

_ mRT _ (21bm)(53.34 fi-1bf/1bm-R)(750°R)
P (50 1bf/in.2)(144 in.?/ft?)

Vy=11.1ft3
The final pressure is

_ mRT _ (3.62 Ibm)(53.34 ft-Ibf/Ibm-R)(638.1°R)
b=y T (14.1 fP)(144 in./f2)

pr=60.7 psia

Vs

Comments:

1. If the variation in temperature within the system were large, the assumption of
constant values for specific heat would not be valid. The problem could be solved
using the tabulated values for internal energy, which account for variation in
specific heat with temperature.

2. Use of the generalized compressibility chart shows that Z = 1 for all gas states in
this problem; thus the usefulness of ideal-gas equations of state 1s a good assump-
tion. g
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CONCEPT QUESTIONS

1. Why is the term “specific heat” a misnomer? ’
2. Upon what ideal-gas property are internal energy and enthalpy dependent?

3. How would you define an ideal gas?

9 2 &N U A

. Can actual or ideal-gas laws be used to predict nonequilibrium property values? Why?

. Are the specific heats of an ideal gas constant?

. What does the generalized compressibility factor indicate?

. Why does the specific heat of a gas vary with temperature?

. Can the ideal-gas equation of state be used at the initial and final equilibrium states for an

ideal gas undergoing an irreversible process?

PROBLEMS (SI)

5.1

5.2

53

54

55

5.6

5.7

58

59

An unknown gas has a mass of 1.5 kg and occupies 2.5 m? while at a temperature of
300°K and a pressure of 200 kPa. Determine the ideal-gas constant for the gas.

A motorist equips her automobile tires with a relief-type valve so that the pressure inside
the tire never will exceed 240 kPa (gage). She starts a trip with a pressure of 200 kPa (gage)
and a temperature of 23°Cin the tires. During the long drive the temperature of the airin
the tires reaches 83°C. Each tire contains 0.11 kg of air. Determine (a) the mass of air
escaping each tire; (b) the pressure of the tire when the temperature returns to 23°C,

A 6-m? tank contains helium at 400°K and is evacuated from atmospheric pressure to a
pressure of 740 mm Hg vacuum. Determine (a) the mass of helium remaining in the
tank; (b) the mass of helium pumped out. (c) The temperature of the remaining helium
falls to 10°C., What is the pressure in kPa?

A 1,.5-.kg quantity of ethane is cooled at constant pressure from 170°C to 65°C. Deter-
mine (a) the change of enthalpy; (b) the change of internal energy; (c) the heat trans-
ferred; (d) the work done.

A 5-m?3tank contains chlorine at 300 kPa and 300°K after 3 kg of chlorine has been used.
Determine the original mass and pressure if the original temperature was 315°K.

Carbon dioxide at 25°C and 101.3 kPa has a density of 1.799 kg/m?. Determine (a) the
gas constant; (b) the molecular weight based on the gas constant.

Given that a carbon monoxide gas has a temperature of 500°K and a specific volume of
0.4 m3/kg, determine the pressure using the van der Waals equation of state and the
ideal-gas equation of state.

Determine the specific volume of helium at 200 kPa and 300°K using the van der Waals
equation of state and the ideal-gas equation of state.

Helium is assumed to obey the Beattie-Bridgeman equation of state. Determine the
pressure for a temperature of 500°C and a specific volume of 5.2 m3/kg. Compare with
the ideal-gas equation of state,

5.10 Given a pressure of 500 kPa and a temperature of 500°K for carbon dioxide, compute

the specific volume using the Beattie-Bridgeman and ideal-gas equations of state.
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5.11 Determine the specific volume of the following gases using the generalized compressibil-
ity chart:
(a) Methyl alcohol at 6000 kPa and 600°K.
(b) Carbon dioxide at 15 MPa and 300°C,
(c) Helium at 500 kPa and 60°C.

§.12 For a certain ideal gas, the value of R is 0.280 kJ/keg-K and the value of &k is 1.375.
Determine the values of ¢, and c,.

5.13 For a certain ideal gas, R = 0.270 kJ /kg-K and k= 1.25. Determine (a) Cps (b) €3 (C) M.
5.14 For a certain ideal gas, ¢, = 1.1 kJ/kg-K and k = 1.3. Determine (a) M; (b) R; (c) c,.

5.15 The specific heat of carbon dioxide may be found in Table 5.4 as a function of tempera-
ture. Find the change of enthalpy of carbon dioxide when its temperature is increased
from 325°K to 1100°K. Compare this value with that calculated for constant specific
heat found in Table A.1.

5.16 A mountain is to be measured by finding the change in pressure at constant temperature.
A barometer at the base of the mountain reads 730 mm Hg, while at the top it reads 470
mm Hg. The local gravitational acceleration is 9.6 m/s~2. Find the mountain’s height.
Assume 7= 298°K.

5.17 Anempty, opened can is 30 cm high with a 10-cm diameter. The can, with the open end
down, is pushed under water with a density of 1000 kg/m?3. Find the water level in the can
when the top of the can is 50 cm below the surface. Thermal equilibrium exists at all
times.

5.18 Compute the average specific heat at constant pressure using the equations found in
Table 5.4 between temperature limits of 350°K and 1200°K for (a) nitrogen; (b) meth-
ane; (¢) propane.

5.19 Determine the specific heats, ¢, and ¢,, of steam at 7 MPa and 500°C. Compare this to
the specific heats calculated at 7 MPa and 350°C.

5.20 An insulated, constant-volume system containing 1.36 kg of air receives 53 kJ of paddle
work. The initial temperature is 27°C. Determine (a) the final temperature; (b) the
change of internal energy.

5.21 A 1-kg gaseous system in a piston-cylinder receives heat at a constant pressure of
350 kPa. The internal energy increases 200 kJ, and the temperature increases 70 °K.. If the
work done is 100 kJ, determine (a) c,; (b) the change in volume.

5.22 Using Table A.2, calculate the specific heats at constant pressure and constant volume
for air at 1000°K. (Hint: Use ¢, = Ah/AT.)

5.23 A spherical balloon measures 10 m in diameter and is filled with helium at 101 kPa and
325°K. The balloon is surrounded by air at 101 kPa and 320°K. Determine the lifting
force.

5.24 Repeat Problem 5.23, except that now the balloon contains hydrogen, Note that the
molecular weight of hydrogen is one-half that of helium. Does this halve the lifting force?
Why?

5.25 Determine the size of a spherical balloon required to lift a payload of 1360 kg. The gas to
be used 1s helium at 101.3 kPa and 23°C. The surrounding air is 101.3 kPa and 10°C.

5.26 A nitrogen cylinder of 0.1 m? originally has a pressure of 17,25 MPa and a temperature of
20°C. The nitrogen is gradually used until the pressure is 2.75 MPa, the temperature
remaining at 20°C. What is the mass of nitrogen used? Use the compressibility chart and
ideal-gas law and compare results.
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5.27 A hot air balloonist wishes to operate at an altitude where the pressure is 94 kPa and the
temperature is 274°K. The balloon diameter is 10 m, and the payload is 200 kg. What
temperature must the air in the balloon be to achieve this?

5.28 A 0.1-m? scuba tank holds air at 20 MPa and 10°C. At a depth of 100 m in water (p =
1000 kg/m3) a diver uses 0.04 m3/min of air at a pressure equal to that of the water
surrounding her. Assume the temperature of the air remains at 10°C. Determine the
time until the air is consumed.

5.29 Given the equation pv = RT, show that the following equations may be derived from it;
(a) p¥ = mRT; (b) pV = nRT; (c) pv = RT: (d) pv = RT/M.

5.30 A weather balloon is 3 m in diameter and contams helium at 27°C and 101 kPa. The
balloon rises to an altitude where the temperature is — 17°C and the pressure is 15 kPa,
Calculate the mass of helium in the balloon and the change of balloon volume at the high
altitude.

5.31 Arigid 4.0-m?tank contains 40 kgmol of an ideal gas at 50°C with a molecular weight of
25 kg /kgmol. (a) Determine the gas pressure. (b) Heat transfer occurs, and the tempera-
ture decreases to 20°C. What is the pressure?

5.32 A 5.0-m?tank contains 1.0 kgmol of an ideal gas at 400 kPa with a molecular weight of 31
kg/kgmol. (a) Determine the gas temperature. (b) Gas is removed from the tank, tem-
perature remaining constant, until the pressure decreases to 100 kPa. What mass of gas
was removed?

5.33 A typical adult breathes 0.5 liters of air with each breath and has 25 breaths per minute.
At 101.3 kPa and 22°C, determine the mass of air per hour entering a person’s lungs.
This person now is skiing on a mountain where the air is ~—-10°C and the pressure is
89 kPa. How many breaths per minute are required if the mass of air per hour entering
the lungs is to be constant?

5.34 Determine the compressibility factor for water vapor at 10 MPa and 600°K using (a) data
from the generalized compressibility chart; (b) data from the steam tables.

5.35 Determine the pressure range for air in kPa for 0.95 </ Z < 1.05 at temperatures of 27,
3T,, and 47,, where T, is the critical temperature.

5.36 The same as Problem 5.35 except the gas is argon.

5.37 An adiabatic tank has an internal partition that separates two gases. On one side of the
partition is air— 1.5 kg at 500 kPa and 350°K; on the other side is ammonia— 3.0 kg at
200 kPa and 500°K. Imagine now that the partition is free to move and allows the
conduction of heat from one side to the other. Determine the final temperature and
pressure of each gas, assuming that the ideal-gas laws, constant specific heats, may be
used.

5.38 Two well-insulated tanks contain air at different conditions. Tank 1 contains 2 kg of air
at 800°K and tank 2 contains 1 kg of air at an unknown temperature. A valve in the line
connecting the tanks is opened, and the equilibrium temperature is found to be 600°K.
Determine the initial temperature of the air in tank 2.

5.39 Air expands in a piston-cylinder from 200 kPa, 0.2 m3, and 300°K to a final state of
0.4 m? and 400°K. The pressure varies linearly with volume during the process. Deter-
mine the work and the heat transfer, :
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PROBLEMS (English Units)

*5.1 Determine the change of enthalpy for air and for carbon dioxide when the temperature
changes from 70°F to 1000°F. Use equations from Table 5.4.

*5.2  One Jbm of air is heated in a 0.5-ft> tank from 70°F to 200°F. Determine (a) the heat
: transferred; (b) the final pressure.

*53 Ammonia has a specific volume of 1.496 at 300 psia and 300°F. Determine the specific
volume, using the ideal-gas law and the compressibility factor.

*54 An ideal gas with molecular weight of 45 expands at constant pressure from 150°F to
350°F. During the process 5.0 Btu are added to the gas, whose mass is 0.2 Ibm. Deter-
‘mine ¢, and c,.

, *5.5 Carbon dioxide at 537°R and 14.7 psia has a density of 0.1123 Ibm/ft3, Determine (a)
the gas constant; (b) the molecular weight based on the gas constant.

*5.6 Foracertain ideal gas, R = 43.0 ft-1bf/Ibm-R and k = 1.25. Determine (a) ¢,; (b) ¢,; (c)
M,

*5.7 For a certain ideal gas, ¢, = 0.255 Btu/Ibm-R and & = 1.3. Determine (a) A; (b) R; ()
Cpe

*58 Determine the specific heats, ¢, and c,, of steam at 1000 psia and 900°F. Compare to
specific heats calculated at 1000 psia and 600°F.

*5.9 A mountain is measured by finding the change in pressure at constant temperature. A
barometer at the base of the mountain reads 28.74 in. Hg, while at the top it reads 19.14
in. Hg. The average local gravitational acceleration is 31.2 ft/sec?. Determine the height
if the temperature may be assumed constant at 70°F.

*5.10 An empty, opened can is 10 in. high and 4 in. in diameter. The can, with the open end
down, is pushed under water with a density of 62.4 Ibm/ft>. Find the water level in the
can when the top of the can is 1 ft below the surface. Thermal equilibrium exists at all
times.

*5.11 A 500-ft3 tank contains chlorine at 720°R and atmospheric pressure. It is evacuated toa
pressure of 29 in. Hg vacuum. Determine the mass of chlorine pumped out of the tank,
temperature remaining constant,

*5.12 An oxygen cylinder of 2 ft* originally has a pressure of 3000 psia and a temperature of
60°F. The oxygen is gradually used until the pressure is 400 psia, temperature remain-
ing constant. What mass of oxygen is used?

%513 An unknown gas has a mass of 3.3 Ibm and occupies 25 ft3 while at 540°R and 30 psia.
Determine the gas constant.

*35.14 An insulated, constant-volume system containing 3 Ibm of air receives 39,000 fi-1bf of
paddle work. The initial temperature is 85 °F. Determine the change of internal energy
of the system and the air’s final temperature,

*5.15 A piston-cylinder contains 2.5 Ibm of a gas and receives heat at a constant pressure of 55
psia. The internal energy increases by 240 Btu, and the temperature increases by 120°F.
If the work done is 120 Btu, determine the specific heat at constant pressure for the gas
and the change in volume of system.

*5.16 A weather balloon is 10 ft in diameter and contains helium at 77°F and 14.7 psia. The
balloon rises to an altitude where the temperature is 0°F and the pressure is 2.2 psia.
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Calculate the mass of helium in the balloon and the change of balloon volume at the
high altitude.

*5.17 A rigid 40-ft* tank contains 30 pmol of an ideal gas at 120°F with a molecular weight of
24 1bm/pmol. (a) Determine the gas pressure. (b) Heat transfer occurs, and the temper-
ature decreases to 60°F. What is the pressure? ‘

*5.18 A 50-ft* tank contains 1.0 pmol of an ideal gas at 75 psia with a molecular weight of 31
Ibm/pmol. (a) Determine the gas temperature. (b) Gas is removed from the tank,
temperature remaining constant, until the pressure decreases to 14.7 psia. What mass of
gas was removed?

*5.19 A typical adult breathes 30 in.3 of air with each breath and has 25 breaths per minute. At
14.7 psia and 70°F, determine the mass of air per hour entering a person’s lungs. This
person now is skiing on a mountain where the air is 10°F and the pressure is 13.1 psia,
How many breaths per minute are required if the mass of air per hour entering the lungs
is to be constant?

*5.20 Determine the compressibility factor for water vapor at 2000 psia and 1000°F using (a)
data from the generalized compressibility chart; (b) data from the steam tables,

*5.21 Determine the pressure range for air in psia for 0.95 < Z < 1.05 at temperatures of 27,
37T,, and 4T,, where T, is the critical temperature,

*5.22 The same as Problem *5.21 except the gas is chlorine.

*5.23 An adiabatic tank has an internal partition that separates two gases. On one side of the
partition is air— 3.3 Ibm at 75 psia and 170°F; on the other side is ammonia—6.6 Ibm
at 30 psia and 440°F. Imagine now that the partition is free to move and allows the
conduction of heat from one side to the other. Determine the final temperature and
pressure of each gas, assuming that the ideal-gas laws, constant specific heats, may be
used.

*5.24 Two well-insulated tanks contain air at different conditions. Tank 1 contains 4 Ibm of
air at 1440°R, and tank 2 contains 2 lbm of air at an unknown temperature. A valvein
the line connecting the tanks is opened, and the equilibrium temperature is found to be
1080°R. Determine the initial temperature of the air in tank 2,

*5.25 Air expands in a piston-cylinder from 30 psia, 2.0 ft?, and 540°R to a final state of 4.0 ft3
and 720°R. The pressure varies linearly with volume during the process. Determine the
work and the heat transfer.

COMPUTER PROBLEMS

C5.1 Compute the pressure of air at a temperature of 100°C and a specific volume of 0.2
m3/kg, using (a) the ideal-gas law; (b) the van der Waals equation; (c) the Beattie-Bridge-
man equation; (d) the Redlich-Kwong equation.

C5.2 Solve Problem 5.8 using TK Solver.
C5.3 Solve Problem 5.10 using TK Solver.

C5.4 Compute the specific volume of air at 5§ MPa and 200°K, using (a) the ideal-gas law; (b)
the van der Waals equation; (c) the Beattie-Bridgeman equation; (d) the Redlich-Kwong
equation.
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(5.5 Compute the compressibility factor for nitrogen using the Redlich-Kwong equation for
temperatures of 300°K and 150°K and a range of pressures between 100 kPa and
30 MPa. Plot the results and compare them to Figure 5.5.

(5.6 Compute the specific volume of superheated steam using the ideal-gas law, the van der
Waals equation, and the Redlich-Kwong equation for (a) 10 MPa and 350°C;
(b) 100 kPa and 150°C. (c) Compare the results to the tabulated values in the steam
tables.

(5.7 Compute the lifting force of a helium-filled balloon from sea level to an altitude of
10,000 ft in increments of 500 ft. Assume atmospheric pressure and temperature vary
linearly from 14.7 psia and 60°F at sea level to 10.1 psia and 30°F at 10,000 ft. The
balloon has a diameter of 30 ft, and its pressure and temperature are at equilibrium with
the surrounding air. As the balloon rises, excess helium is vented to the atmosphere.

. C5.8 Compute a table of the internal energy and enthalpy of air as a function of temperature
from 300°K to 1500°K. Use the equation for specific heat variation in Table 5.4.
Assume the enthalpy is 300 kJ /kg and the internal energy is 214 kJ /kg at 330°K.

C5.9 Using the equations in Table 5.4, compute and plot curves of specific heat ratio (k)
versus temperature in the range of 300°K to 1500°K for (a) methane; (b) ethane; (c)
propane,



Energy Analysis of Open andﬂ
Closed Systems

At this point you have the knowledge and the techniques to undertake a variety of
energy analyses for a variety of open and closed systerms undergoing reversible or
irreversible energy transfers. Industrial plants are designed in part by combining
individual thermodynamic processes; a thermodynamic analysis typically precedes
the mechanical design, an analysis of the type that you can begin. In this chapter you
will

e Further understand equilibrium and nonequilibrium processes;

e Investigate constant-property processes for open and closed systems;

e Consider generalized reversible processes;

e Explore transient analysis of open systems;

e Develop a greater understanding of processes combined to form cycles;

e Extend your perceptions of energy applications and conservation.

6.1 EQUILIBRIUM AND NONEQUILIBRIUM PROCESSES

160

We know that a process occurs whenever a system changes from one state to another
state. It would be convenient if we also knew the path this process follows. However,
as soon as the process path is mentioned, an equilibrium of reversible process 15
assumed to occur. The equilibrium surface illustrated in Figure 6. 1 shows the path of
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Projection of
path 1-2 on
p-V plane

Path

Figure 6.1 Projection of an equilibrium
path on a p-V plane.

Equilibrium surface

the process from state 1 to state 2. Imagine that a light is shown on the surface; a
shadow, or projection, of the path will be made on the plane surface. This is denoted
by the solid line on the p-V plane. Often a two-dimensional surface is used in drawing
a system path. It may be helpful, however, to remember how this projection occurs; a
projection of an equilibrium process is implied as soon as a continuous function is
drawn. _ :

What if the process were an irreversible one, going again between states 1 and 2?
Let us assume that as it crosses the surface in Figure 6.1, a dot is marked on the surface
of each crossing. Figure 6.2 might denote such a process, with its projection on the
p-V plane.

From mathematics we know that a dotted line is a discontinuous function. To
- find work, we must be able to integrate p dV along a continuous path from state 1 to
state 2. Hence, when the process is irreversible, the path is discontinuous, and we
cannot integrate to find the work; the work must be found from first-law analysis in
these cases.

Discontinuous path
on equilibrium
surface

Projection on
p-V plane

. \ o : Figure 6.2 Projection of a discontinuous, or
Equilibrium surface : irreversible, path on a p-V plane.



162 CHAPTER 6 / ENERGY ANALYSIS OF OPEN AND CLOSED SYSTEMS

6.2 CLOSED SYSTEMS

— ]

Science evolves by taking individual cases and relating their common aspects to form
a general case. The temptation is to present the genetal case and assume the speciaj
cases will be understood. However, experience indicates that people grasp the more
complex or general case when they first understand the simpler cases.

Before we proceed in solving some problems, we must first decide whether an
open- or a closed-system analysis is to be used. Although here the sample problems
and discussion will indicate the system classification, in homework problems and in
real-world situations you must decide.

Constant-Pressure Process

We consider first a constant-pressure process for a closed system, illustrated in Figure
6.3(a). The system receives an amount of heat Q, performs work W, and experiences
changes in internal energy, AU = U, — U,. The first law of thermodynamics for a
closed system at rest, valid for all processes, is

Q=(U,-Up+ W (6.1)

For reversible processes we may write the first law as

2
Q=(U2“Ul)+J; pdv

Pressure p

) Boundary

Volume V
(a) - (b

Figure 6.3 (a) A constant-pressure process with heat addition. (b)
Graphical interpretation of mechanical work for a constant-pressure
process.
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or
0Q=dU+pdV (6.2)
Also,
H=U+pV
dH=dU+pdV+Vdp (6.3)
dp=0 forp=C
0Q=dH forp=C (6.4)
For an ideal gas with constant specific heats, | \ _
AH=mc(T,— T,) kJ (6.5a)
AU=me(T,— T,) k] (6.5b)

For pure substances, the values of enthalpy and internal energy may be looked up in
tables.
For a reversible constant-pressure process in a closed system, the work is

2
W=f pdV=pV,— V)
1

(6.6a)
W=p,Vo—pVy
Using the ideal-gas equation of state, pV = mRT, yields
W= mR(T, — T)) ' (6.6b)

Examining the system in Figure 6.3(a) more closely, we note that when the piston
expands, it does work against the surroundings, displacing them as well as delivering
additional or net work available for other purposes. Very often the surroundings’
pressure is simply atmospheric pressure. The work expended in displacing the
surroundings, W, is

2
Wm:.’; Peace AV = Pguee (V2 — V1) (6.7)

Does the work against the surroundings’ pressure depend on the system process?
No. This pressure is almost always constant, typically atmospheric pressure, so the
work against the surroundings is a function of the initial and final system volume.
Thus we may find the system work from the first-law analysis of the system, but to
find the net work available to run a piece of equipment, we must subtract the work
against the surroundings from the system work.

Woe = Weg— W (6.8)

The net work does not influence the system work. It provides us with additional
information, but in most problems we are interested only in system work.
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Example 6.1 ,
A piston-cylinder containing air expands at a constant pressure of 150 kPa from 4

temperature of 285°K to a temperature of 550°K. The mass of air in the cylinder g
0.05 kg. Determine the system heat and work for the process as well as the net work
available if the surroundings’ pressure acting on the piston is 101.3 kPa.

Solution

Given: A cylinder containing air expands at constant pressure from an initial state
to a final state. The states are specified, as is the surroundings’ pressure.

Find: The system heat and work and the net work available.

Sketch and Given Data:

Figure 6.4

Assumptions:

1. The process is constant-pressure and reversible.

2. The changes in kinetic and potential energies may be neglected.
3. This is a closed system.

4. Air is an ideal gas.

Analysis: For a closed system undergoing a constant-pressure process, the first law
may be reduced as follows:

00=dU+pdv
0Q=dH - Vdp
dp=0

2 0Q=dH

or
Q=AH
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Air is an ideal gas at the temperature and pressures in this problem, thus
AH = mc, AT = (0.05 kg)(1.0047 kJ/kg-K)(550 — 285°K)
AH=13.3KkJ

From the first law for a closed system, Q = AU + W, we note that by finding the
change in internal energy for air, the work may be determined.

AU = me, AT = (0.05 kg)(0.7176 kJ/kg-K)(550 — 285°K)
AU=9.5K]
Substituting in the first law yields
W=0Q—-AU=133—-95=38KkJ

ThlS is the work that the system did in moving the piston from state 1 to state 2. Some
of this work is not available for a useful purpose, however, but must be expended in
displacing the surroundings. The work against the surroundings is found from equa-
tion (6.7). \

Werr = P (V2= V)
From the ideal-gas equation of state \
V, = mRT, [p, = (0.05 kg)0.287 kJ/kg-K)285°K)/(150 kPa)

¥, =0.0273 m?
V, = mRT,/p, = (0.05 kg)0.287 kJ/kg-K)(550°K)/(150 kPa)
¥, =0.0526 m?

W, = (101.3 kPa)(0.0526 — 0.0273 m3) = 2,56 kJ
W = W= Wy = 3.8 — 2.56 = 1.23kJ
Comments: -

1. There are other ways to solve for the system work, integrating p dV, for instance.
Regardless of the methodology, the results will be the same.

2. The work against the surroundings can always be determined using equation (6.7),
whether the process the system undergoes is reversible or not.

3. The heat transfer is equal to the change of system enthalpy only for reversible,
‘constant-pressure processes. m

Example 6.2

A rigid 1-m? tank receives 500 kJ of heat and paddle work delivered for 1 h with a
shaft torque of 1J and a speed of 300 rpm. The tank contains steam initially at
300 kPa and 90% quality. Determine the final system temperature.

Solution

Given: A tankcontainswetsteam and receives heat and paddle work, increasing the
system’s energy.
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Find: The final system temperature.

Sketch and Given Data:

Boundary

7=17
) r=1hr
300 rpm

Figure 6.5

Assumptions:

1. The system is constant-volume and closed.

2. The system mechanical work is zero in light of assumption 1.
3. The initial and final states are equilibrium states.

4. The changes in kinetic and potential energies are zero.

Analysis: The first law for a closed system, invoking assumptions 2 and 4, may be
written as

Q=AU+ W,
where W, is the paddle work added to the system by the rotating propeller.
The properties of steam at state 1 are found by using Table A.6,
yielding
Uy = 1+ X1t = 560.9 + (0.90)(1982.9) = 2345.5 kI /kg
v, = v+ X9 = 0.001 073 + (0.90)(0.604 78) = 0.5454 m%/kg
m=V, /v, = (1 m*/(0.5454 m3/kg) = 1.833 kg
The paddle work may be found from equation (3.20).
W, = 1w t = (1.0 J/rad)(5 rev/s)}2n rad/rev)(1 h)(3600 s/h)
W,=113100J=113.1kJ

Substituting into the first-law equation, noting that work into a system is negative and
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heat into a system is positive, yields

500 kF=AU— 113.1 kJ |
AU=613.1 kJ = m(u, — u;) = (1.833 kg)u, — 2345.5 ki/kg)
u, = 2680.0 kI/kg

In this situation we know the final state is defined by its internal energy and specific
volume, v, = v,, for a constant-volume process.

From the superheated steam table we find that the final state’s temperature is
approximately 220°C. This is found by performing a double interpolation matching
both the specific volume and internal energy, a tedious manual task, but one readily
accomplished by TK Solver. SHTSTM.TK computes a temperature of 221.1°C at a
pressure of 410.8 kPa.

Comments:

1. Paddle work is always negative and irreversible: it can only be added to the system,
hence negative and the system cannot cause the paddle to rotate, hence irrevers-
ible.

2. Double interpolations in the steam table are quite time-consuming when done
manually. Solution on the computer is much easier and faster.

3. Mechanical work for a constant-volume process is zero, regardless of any other
energy interactions. -

Constant-Temperature Procesées

The third type of special process we can envision is a reversible constant-temperature
process. Because an ideal-gas equation of state is used in this discussion, the results
must be limited to ideal gases. It is, of course, possible to have constant-temperature
processes using tables of properties, but the following equations do not apply.
Consider again a piston-cylinder in Figure 6.6(a), which receives heat and ex-

Pressure p

. Volume ¥V
(a) )

Figure 6.6 A constant-temperature process in a piston-cylinder and
illustrated on a p-V diagram.
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pands, doing work at constant temperature. Figure 6.6(b) illustrates the process on a
p-V diagram, The first law for a closed system is

Q=AU+ W=AU+fpdV

We need p as a function of V for a constant-temperature process. The ideal-gas law
shows that

DVi=mRT,=mRT,=p,V,=C
or
pV=C forT=C

2 _[* . aV _ v,
w flpdV-—fl C V—-Cln(Vl) (6.9)

v
W=p,V,In (-V_?)

and since U = U(T), then AU == 0. This may be readily seen for an ideal gas:
AU=mc(T,—T))=0 forT=C
and
Q=W for reversibic T=C (6.10)

6.3 OPEN SYSTEMS

When dealing with open systems in which there are steady-state, steady-flow condi-
tions, as discussed in Chapter 3, the analysis 1s straightforward. One simply equates
all the energy entering the system to all the energy leaving the system and solves that
equation for the unknown, usually the heat or work of the system. Figure 6.7 illus-
trates a typical open system.

In Chapter 3 we learned that heat for reversible processes may be expressed as

oq=dh— v dp (6.11)

I ~
e (k.2 )| ]

(p.e. )i
. L) ”
/ | (K.€.)7 g

/Q (pe.)2

Figure 6.7 An open system with various energy forms.
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and work may be expressed as

ow=—ypdp—dk.e.)—d(p.e.) | (6.12)

Equation (6.12) reduces to
ow=—vdp ' (6.13)
W=—n'1fvdp (6.14)

for negligible changes in potential and kinetic energies.
At this point let us consider the various processes. Of course, constant volume is
meaningless for open systems, but constant specific volume may be considered.

Constant-Pressure Process

Referring to equation (6.13), we note that in the absence of changes in kinetic and
potential energies, the work is zero. The heat transfer, determined from the first-law
equation, becomes equal to the change in enthalpy of the fluid. Heat exchangers are
modeled as constant-pressure open systems: no work is done, ideally no pressure
drop occurs, and heat is transferred from one fluid to another. Figure 6.8 has sche-
matic diagrams for four basic types of heat exchangers. Figure 6.8(a) illustrates a
tube-in-tube heat exchanger where fluid A flows in the inside tube and fluid B in the
outside tube. Two flow configurations are possible: the fluids flow in the same
direction, parallel flow; and the fluids flow opposite to one another, counterflow,
Figure 6.6(b) illustrates a shell-and-tube heat exchanger, where fluid A flows through
the tubes and baffling forces fluid B to flow over the tubes. Figure 6.6(c) illustrates a
cross-flow heat exchanger, typified by automotive radiators. Figure 6.6(d) illustrates
a direct-contact heat exchanger, where two phases of the same substance are brought
together, in this case heating cold water by mixing it with steam. Often heat ex-
changers are considered adiabatic in that no heat is lost to the surroundings; the heat
transfer occurs within the boundary of the heat exchanger from one fluid to another.

Example 6.3

An adiabatic shell-and-tube heat exchanger receives 200 Ibm/min of steam at 1 psia
and 90% quality on the shell side, and the steam condenses to a saturated liquid.
Cooling water enters the tubes at 70°F and exits at 85 °F. Determine (a) the mass flow
rate of the cooling water; (b) the rate of energy transfer from the steam to the cooling
water.

Solution

Given: A shell-and-tube heat exchanger with steam on the shell side and water
flowing through the tubes.



Fluid B l'

Fluid A Fluid A
(parallel- (counter -
flow case) 1 l flow case)

Fluid B
@)
Fluid B
Fluid A —s—tf~

Fluid A

R N

()

Warm water

Steam

Cold water

(@)
Figure 6.8 Various heat exchanger configurations. (a) Parallel and
counterflow. (b) Shell-and-tube. (c) Cross-flow. (d) Direct-contact.
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Find: The mass flow rate of cooling water required and the energy-transfer rate

between the fluids.

Sketch and Given Data:

Stearn
200 Ibm/min
$ p=1lpsia 70°F
1 i = 90% Cooling
[ =l water
| : ,”—‘_“\\ | 3 — ’h
| : ,’ \ 1 W
I ( ' Il
. v / 1
AN L g5 R
bee—e—e———— 1
Control j Qy Condensate
volume

boundary
(2)

Figure 6.9

Assumptions:

saturated liquid
1 psia

Temperature T

()

= === Control

}-— volume
I boundary
|

P
¢

P gl |

2 ;Condensate

1. The heat loss from the heat exchanger to the surroundings is zero.

2. The flow of both fluids is steady-state.

3. The changes in kinetic and potential energies for both fluids are zero.
4. The work across the control volume is zero.

Analysis: Part(a): Consider the heat exchanger to be an open system with two fluids
entering and leaving. The first law becomes

O+ mJh, + (ke.), + (p.e), + mlh; + (ke); + (p.e.)s]
= W+ mJlh, + (ke.), + (p.e).] + m[h + (ke), + (p.e),
myh, — hy) = m(hy — h3)
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Using the values of enthalpy found in the steam tables,

hy = hy+ x,hg = 69.58 4 (0.9)(1036.2) = 1002.16 Btu/Ibm
h, = hy= 69.58 Btu/lbm
hy = hsat 70°F = 37.68 Btu/lbm
hy = hsat 85°F = 52.79 Btu/lbm
11, = (200 Ibm/min)(1002.16 — 69.58 Btu/Ibm)/(52.79 — - 37.68 Btu/lbm)

m,, = 12,345 Ibm/min of cooling water

Part (b): The control volume for the shell side of the heat exchanger is illustrated
in Figure 6.9(c). In this case we are considering the control volume only in terms of
the steam. It enters with an initial quality, condenses to a saturated liquid, and gives
heat to the surroundings in the process. The first law for an open system with steady
flow is

Q+ mh, + (ke), + (p.e)] = W+ m]lh, + (ke.), + (pe.);]

From the assumptions, the power and changes in kinetic and potential energies are
zero; hence

Q + mshi = msh2
Q = mhy, — hy) = (200 Ibm/min)(69.58 — 1002.16 Btu/Ibm)
Q = — 186,516 Btu/min

The heat is negative, indicating that it leaves the shell control volume and enters the
cooling-water control volume.

Comments:

1. Atlow pressures the property values of liquids are primarily a function of temper-
ature and secondarily a function of pressure.

2. The entire heat exchanger is adiabatic, as illustrated in part (a). In part (b) the

adiabatic feature was implicitly invoked, as no heat entered from the
surroundings— the only heat transfer was a result of the steam condensing,
-

Constant-Temperature Processes —Ideal Gases

Let us calculate the power produced by a constant-temperature expansion process.
This is found by integrating equation (6.14). In this situation we assume negligible
changes in kinetic and potential energies. For an ideal gas

pv=RT=C
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thus
v=C/p

W*—n’zfvdp=-rﬂfCdp/p=-'n’hp1v. In (p,/p,)

Note that the assumption of reversibility was incorporated into the development
when the work was expressed as v dp. This is true only for reversible flow processes,
which is not a serious limitation: since a constant-temperature process is not physi-
cally realizable but is used in some instances as the theoretical minimum work of
compression, assuming constant temperature is at least as great a restriction as
assuming reversibility. The heat flow is found from equation (6.11); note that it is
equal to the power when dh = 0, which for an ideal gas, dh = ¢, dT, occurs in
isothermal processes.

Constant -~ Specific Volume Process

A process has constant specific volume when it is under the constraint of incompress-
ibility. The specific volume, hence density, remains constant. Very often in the
pumping of liquids and sometimes in compressing air slightly, the assumption of
‘incompressibility is realistic. '

Figure 6.10 diagrams rotative devices, turbines that produce power and com-
pressors and pumps that consume power. Figure 6.10(a) shows an axial-flow turbine;
the flow of the fluid is parallel to the rotor, or main axis, of the turbine, This type of
turbine is used in gas and steam turbine applications. The gas or steam enters the
turbine at a high pressure and temperature and exits at alower pressure and tempera-
ture. Usually the change in potential energy is negligible, as the elevation change
across the turbine is quite small, Very often the change in kinetic energy is small
enough to be neglected, particularly when contrasted with the much larger changesin
thermal energy, denoted by the integral of v dp in equation (6.14). The section on
turbomachinery in Chapter 17 explains the fluid mechanics of the fluid-blade energy
transfer. Because the fluid entering the turbine is often at high temperatures, the
control volume can lose heat to the surroundings if the turbine casing is not well
insulated. Engineers have noted that losing heat to the surroundings precludes its
being converted into work, and in most instances the turbine casing is very well
insulated.

In both pumps and compressors as illustrated in Figures 6.10(b) and 6.10(c), the
changes in kinetic and potential energies across the device are quite small compared
to the change in thermal energy. The centrifugal compressor or pump has fluid
entering the rotating impeller axially. The fluid has a component of velocity changed
to the radial direction because of centrifugal force, while it develops an angular
velocity approaching the speed of the impeller. As the fluid moves outward, more gas
flows into the impeller, creating a continuous flow. As the fluid flows through the
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Stationary blades Rotating blades
(@

Outlet

©
Figure 6.10 Schematics of relative devices. (a) An axial-
flow turbine. (b) A centrifugal pump or compressor. (¢)
A Roots-type compressor.
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diffuser, whose area increases with radial distance, the kinetic energy decreases; this
energy is manifested primarily by an increase in the pressure component of the
enthalpy.

The Roots-type compressor traps a gas between the lobes and the casing of the
compressor and pushes it up to the pressure of the discharge line. The clearance
between the lobes and the casing and between the lobes themselves is very close, to
minimize leakage. Note that the lobes are rotating in opposite directions and that a
steady supply of gas is pushed through the compressor. In many applications neither
the pressure rise nor the temperature change is great, so the density variation is
minimal, and the fluid is considered to be incompressible.

Example 6.4

A compressor receives 0.75 m?/s of air at 290°K and 101 kPa. The compressor
discharges the air at 707 kPa and 435°K. The heat transfer from the control volume is
determined to be 2.1 kW. Determine the power required to drive the compressor. -

Solution

Given: An air compressor receives air at known inlet and exit conditions and with a
known rate of heat transfer from the control volume.

Find: The power to drive the compressor.

Sketch and Given Data:

p, =707 kPa
T,=435°K

Figure 6.11

Assumptions:

1. Air at these temperatures and pressures may be considered an ideal gas.
2. The flow is steady-state.
3. The changes in kinetic and potential energies may be neglected.
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Analysis: The first law for a steady-flow open system is
QO + mih, + (ke.), + (p.e)] = W+ mfh, + (ke.), + (p.e.);]
The mass flow rate of the air is not known but may be calculated from the
ideal-gas equation of state written as
pV=mRT
thus, \ ‘ : : |
s = (101 kP2)(0.75 m*/s)/[(0.287 kJ/kg-K)(290°K)]
m=091 kg/s :
Using assumptions 1 and 3 the first law becomes
W=Q+ mh,— h)=Q+ mcT,— Ty
where the ideal-gas equation of state for enthalpy has been used.
W=—2.1kW + (0.91 kg/s)(1.0047 kJ/kg-K)(290 — 435°K)
W=—134,7 kW

Comments:

1. The heat and work flux terms are negative, indicating heat leaving the control
volume and power being required to compress the air.

2. One can verify the use of the ideal-gas model by checking that the generalized
compressibility factor is unity for the conditions.in this problem. .

Example 6.5

A pump in a municipality’s water-supply system receives water from the filtration
beds and pumps it up to the top of a water tower. The tower’s height is 35 m, and the
inlet piping to the pump is 2 m below the pump’s intake. The water temperature is
20°C, measured at both the inlet and the discharge from the pump. The mass flow
rate through the pump is 100 kg/s, the diameter of the inlet piping is 25 cm, and the
diameter of the discharge piping is 15 cm. Determine the power required by the:
pump.

Solution

Given: Water flows steadily through a pump that discharges it to a higher elevation.
The flow rate and pipe diameters are given.

Find: The power required by the pump.
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Sketch and Given Data:

- 20°C
Boundary | ‘ W Z =11 5OO kgls
=15cm

20°C

d=25cm
Figure 6.12

Assumptions:

1. The water flows steadily through the control volume.
2. The heat loss to the surroundings is negligible.
3. The property values of water are those of a saturated liquid at 20°C.,

Analysis: The first law for a steady, open system is
Q + nifh, + (ke.), + (p.e)] = W+ mlh, + (ke.), + (De)]

Since hy = h, = h; at 20°C, these two terms add out. Furthermore, the heat
transfer is zero from assumption 2, reducing the first-law equation to terms involving
kinetic energy and potential energy. The velocities of the water into and out of the

control volume are not given but can be determined from the conservation of mass
equation. ]
m= Av/fv

where v = veat 20°C =0.001 002 m?/kg. Thus, for the inlet conditions
(0.001 002 m3/kg)(100 kg/s) = m(0.25 m)*(v, m/s)/4

_ v, =2.0m/s
and for discharge conditions

(0.001 002 m3/kg)(100 kg/s) = m(0.15 m)*(v, m/s)/4
\/%m 5.7 m/s

Solving the first-law equation for power yields
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W= mi{{(k.e.)y — (ke)g] + [(p.£); — (pe),])

2—v2 40—32.49
[(ke)y — (Ke)] =~ AL =142 V/ke

[(p.e.); — (p.e.)] = (2, — 2,) = (9.8 m/s2)(—2 — 35 m) = —362.6 J/kg
W = (100 kg/s)(— 14.2 — 362.6 J/kg) = —37.7 kW

Comments:

1. The power is negative, indicating that it had to be supplied to the control volume,

2. Theheatlossis negligible because there is little temperature difference between the
system and the surroundings in situations like this.

3. The major component of the work term is the potential energy change across the

control volume. , ]

Throttling Devices

In Chapter 4 we discussed a throttling calorimeter used to determine the quality of
steam. The throttling process occurs whenever adiabatic pressure decreases in the
flow of a fluid with no work in or out. Such a pressure decrease occurs most frequently
through partially opened valves, illustrated in Figure 6.13(a), or through a porous
material located in the flow line, such as a filter, illustrated in Figure 6.13(b). The first
law for an open-system, steady-state condition is

Q + mhy + (k.e); + (p.e)]= W+ mlh, + (k.e.), + (p.e.),]

The control volume is adiabatic, no work is done, and the change in potential
energy is zero. If the velocities are measured upstream and downstream from the
valve itself, where velocities across the valve seat may be high, the change in velocity

Control {
volume |
boundary
Contro]
volume
boundary -—1 Porous substance

(a) ()
Figure 6.13 Throttling processes. (a) Partially open valve. (b) Filter,
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between the inlet and outlet conditions for sieady flow is usually quite small, yielding
for the first law that

h = h,

6.4 POLYTROPIC PROCESS

‘Closed System

The previous process types for gases in open and closed systems are special cases of a
more general type of process, called the polytropic process,

pon=C . | 6.15b)

This process is illustrated in Figure 6.14 on a p-V diagram and exemplified by the
special constant-property processes.

The constant-temperature process is a case when n = 1, the constant-pressure
process when n = 0, and the constant-volume process when n = «, The polytropic
processes are all assumed to be reversible, Note that pV* = (' is the equation of the
line projected from the equilibrium surface.

Relationships may be developed between the temperature, pressure, and volume
for a polytropic process between state 1 and state 2. Using the ideal-gas law,

pv=RT
DT =pvy (6.16)
RT, RT,
1= Dy=—
(2 Uy

2-(3)()
D, T;) \v,
For a polytropic process between states 1 and 2,
n
L4 (_1_)_2_) (6.17a)
D2 vy

We substitute equation (6.16) into equation (6.17a):

(2)G)- ()

E-—- &n—l=(_[{z)u-l

T, (Ul) Vi (6.175)

v, (T,\veoD

_I7= ?2 | (6.17¢)
1
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n=w
a\2 « V=C
W \/ A}
IS,
=
=C =
? p er T=p
[~ el:yl-b
diabiitj
.
Volume V

Figure 6.14 The variation of pressure with volume for
different values of n.

On eliminating the volumes the result is

Tl (pz)(l—n)/n (pl )(n—i)/n

—== =|= ' 6.18

T, \p D> (6:182)
T, \n/(n—1) '

i—i = ("i":) | ~ (6.18b)

The work may also be calculated from the pressure-volume functional relation-
ship, as follows:

2
WmfpdV p=CV="
1

2 7l—n 1—n
W= f cy-ray=Y2"=CVi (6.192)
1 1 ~n
C=p,Vi=pV}
W= P2 V,—pV,
l—n
Using the ideal-gas law,
p,V,=mRT,
D0 = mRT, (6.19b)

l—-n
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To derive equation (6.19a) the ideal-gas equation of state is not required; however, it
is required to derive equation (6.19b). Reversibility is common to both, since the
integral of p dV'is evaluated by a continuously defined pressure.

One type of process that is frequently used as a standard of comparison for any
actual process is the reversible adiabatic process. For a closed system the first law of
thermodynamics for a reversible change may be written as

og=du+pdv (6.20a)

oqg=dh—vdp (6.20b)
Since g = 0 for a reversible adiabatic process, defining du and dh in terms of an ideal
gas yields

¢, dT=—pdv (6.20¢)

¢, a'T_ﬂ vdp (6.20d)
Dividing equation (6.20d) by equation (6.20c),

S _j=_240

Cy pa

d__d (6.20€)

v D -

Integrating equation (6.20¢),

We then take antilogs
(-2
Uy )
or |
ps=ppf=pot=C (6.21a)
pVe=C_C T (6.21b)

Equation (6.21b) is the same as equation (6.15a) except that n = k; hence, the rela-
tionships among temperature, pressure, and volume are

v, (T,\"e

71 = '7.,';' (6.22a)
kf(k—1)

z—; = (%) (6.22b)

Dpeh System (Steady-State, Steady-Flow)

In the case of open systems, an expression for the power may be determined because
the process is known. Neglecting variations in kinetic and potential energies, from
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equation (6.14) and the process pv™ = C,
. 2 C[2
W=-—m f vdp=—m f Clrp=iin dp
1 1

= nl == pl
Cln= pi"v, = p3¥"v,

- n .
W= m(pyvy — Pav2)

n—1
Note that
pavs _ [\ | | |
o _(2:) 62

A piston-cylinder compresses 0.11 kg of helium polytropically from 1 atm and 0°C

. (n—1)/n
W=—" mRT,[l—(’i%) ]
n—1 D
l Example 6.6
to 10 atm and 165°C. Determine the work and heat for the process.

Solution

Given: Helium is compressed polytropically between two states.
Find: The work and heat for the compression process.

Sketch and Given Data:

System boundary

Helium
0.11 kg
,=0°C

T,=165°C |
py=10am |z

0 Figure 6.15

Assumptions:

1. Helium is an ideal gas with constant specific heats.
2. The process is reversible,
3. The changes in kinetic and potential energies may be neglected.

Analysis: The first law for a closed system, neglecting changes in kinetic and poten-
tial energies, is

O=AU+W



6.4 POLYTROPIC PROCESS 183

The change of internal energy of an ideal gas with constant specific heats is
AU = mc(T,— T;) = (0.11 kg)(3.1189 kJ/kg-K) (438 — 273°K) = 56.6 kJ

To evaluate the work for a polytropic compression, we must first evaluate the
polytropic exponent, z. Substituting into equation (6.18b)

( 1 ) 273)"/0'"1)
10/ \438

Taking logs of both sides and solving for n yields
. n=1.259
The work may be evaluated from equation (6.19b).
mR(T, —T) _ (0.11 kg)(2.077 kJ/kg-K)(438 — 273°K) _
1—n | (1—1.259)

The heat may be found by substituting into the first-law equation
Q=56.6—-145.6=—89.0kJ

This problem can be easily solved using TK Solver. The basic relationships of the
polytropic equation, the ideal-gas law, the first law, and polytropic work for a closed
system, are entered in the Rule Sheet. Entering the Input values and a guess value for
nin the Variable Sheet produces the following results:

W= —145.6kJ

unlt——ijgmm S
i%ly
0?406581 m%/kg
: degC
i " kPa \
10010413 m3/kg
degC
n 1.2582124
2097 R kJ/kg—K
b 3.1189Cv © kJ/kg—K i g i R
AR | o kg R e e ol
o) ~89.38633 kJ _ e
F;‘ei«\ i dell. 56,608035 kJ g . G, M«
W ~145.9944 kJ e i it
i G : ¢
i == \,o_f“““ff“f_‘RULE SHEET . .

oty

EERGTe : P PrmaaT e
\ “CalgulatlQn .Unlts are SIL: degk, KPa, m3I7kd, kJI/ka-K
s PAAVEAN=PRRy2 AN i S T S
SO Nl Sl S S i sl o S o

e %D =R* T2

P ne»] THEN W- m*R*(‘I‘Zm‘I‘l)/(l—n)

A IF n=1 THEN W=m*P1*v1*LN(v2/v1}..

o delU=m*Cv* (T2~T1) S )
QO=delU+W., € e
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Comments:

1. The negative sign shows that work was done on the helium, compressing it,

2. The negative sign shows that heat was rejected from the system.

3. Theenergy termsindicate that work was done on the gas; some of the energy raised
the helium’s internal energy, and the remainder was rejected as heat to the
surroundings. e

Example 6.7

A turbine receives 150 Ibm/sec of air at 63 psia and 2450°R and expands it polytropi-
cally to 14.7 psia. The exponent # is equal to 1.45 for the process. Determine the
power and heat flux.

Solution
Given: A turbine receives air and expands it between two states polytropically.

Find: The heat and work fluxes across the control volume.

Sketch and Given Data:

m = 150 Ihm/sec
63 psia n=1435
2450° R

14
Control
volume
boundary . 14.7 psia
Q m=150lbm/sec  Figure 6.16

Assumptions:

1. Air may be considered an ideal gas with constant specific heats.
2. The polytropxc process 1s reversible.

3. The changes in kinetic and potential energies may be neglected
4, The air flows steadily through the turbine. :

Analysis: The first law for an open, steady-flow system is
Q + mh, + (ke + (p.e)) = W+ mlh, + (k.e.), + (p.e.),]
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The power may be evaluated from ccjuation (6.23).

. ' (n—=1)/n
W=—" mRT[l - (&) ]
n—1 4

W= ( 1.45) (150 Ibm/sec)(53.34 ft-1bf/Ibm-R)(2450°R)
0.45 778.16 ft-1bf/Btu

[ 14.7 )0.45/1.45
“(m ]

W = 29,499 Btu/sec =41,736 hp

The change of enthalpy for an ideal gas is
(hy— h) = Cp(Tz —T))
The final temperature may be found from equation (6.18a).

0.45/1.45 .
T, = (2450°R) (16‘-’3—7) =1560°R

The heat flux, subject to assumptions, is
Q=nmh,—h)+ W
= (150 Ibm/sec)(0.24 Btu/lbm-R)(1560 — 2450°R) + 29,499 Btu/sec
Q = —2541 Btu/sec

Comment: The negative sign on the heat transfer indicates that it is leaving the
control volume. L

6.5 THREE-PROCESS CYCLES

- By combining two or more processes it is possible to construct a cycle. In later
chapters we will analyze several applications of cycles, but for now let us consider
three processes, joined together, forming a cycle. Three is the minimum number of
processes to create a practical cycle. In Chapter 3 we noted some interesting behavior
for cycles, namely, that $5Q = $5W or 30 = 3 W. With this in mind, let us consider
the following example.
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Example 6.8 ' ‘

A three-process cycle uses 3 kg of air and undergoes the following processes: poly.
tropic compression from state 1 to state 2, where p, = 150 kPa, T, = 360°K, p, =
750 kPa, and n = 1.2; constant-pressure cooling from state 2 to state 3; and constant.
temperature heating from state 3 to state 1, completing the cycle. Find the
temperatures, pressure, and volumes at each state and determine the process and
cycle heat and work.

Solution

Given: A three-process cycle using air, with details of the various processes that
constitute the cycle.

‘Find: The temperature, pressure, and volume for each state in the cycle and the heat
and work for each process as well as the net heat and work for the cycle.

Sketch and Given Data:
p=c
3 2
p pVh=c¢
pV=c
1
.
14
Figure 6.17
Assumptions:

1. Air behaves as an ideal gas with constant specific heats.
2. The processes are reversible.
3. The changes in kinetic and potential energies may be neglected.

Analysis:  The key to solving three-process-cycle problems is to draw a sketch. Once
that is done, follow the processes around the cycle.

State 1:
_ mRT; _ (3.0 kg)(0.287 kJ/kg-K)(360°K) _ 3
Vi o 150 kPa 2.066 m
Process 1-2, pVr = C:
T2 pz)(n-—l)/n (7 50)0 .2/1.2
—= == = 6 — . o
T, (p, (360°K) 750 470.7°K
v, = mRT, v, = __ (3.0 kg)(0.287 kJ/kg-K)(470.7°K) = 0.540 m®

D2 ‘ 750 kPa
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Process 2-3, p= Cand T, = T, = 360°K, since the process 3-1 is at a constant
temperature:

ps=p, =150 kPa

Vy="Rs 0413 m3
P3
T3 = 360°K

At this point let us calculate Q and W for each process.
Qia=U,— U, + Wy,

- mR(T,—T))

= —476.5 kJ
1—n

Wia

U,— U, =mc(T,— T))=238.3kJ
Q,,=-—238.2KkJ
Qr3=Hy— Hy=mc(T,— T,))=~333.6 kI
Qs =Uy— U, + Wy, .
Us— U, =me(T; — T,) = —2383 k]
W,;=—953KkJ
The work could also be evaluated by [p dV. For constant-temperature processes,

V V.
Q31= Wy, =p3V;In (7:) = mRT;1n (7;)

2.066
0.413

Q3 = W;, = (3.0 kg)(0.287 kJ/kg-K)(360°K) In ( ) =499 kJ

- X0=-—728Kk]J SW=—728Kk]J
Comments:

- 1. The net work is equal to the net heat. :
2. The cyclic work is negative, indicating that the cycle requires a net work input to
operate. : -

6.6 TRANSIENT FLOW

The typical situations studied in undergraduate thermodynamics are closed systems
and steady-state open systems. However, the unsteady open system must be consid-
ered in transient flow; the two cases that we will consider are charging and discharging
a tank.

Consider equation (3.52), which may be rewritten as
2 2
dE_ =00 — oW+ (h + -‘;— + gz) dm;, — (h + v? + gz) dm,,  (6.24)
out

n
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—— Supply line O S

#

Control
volume
boundary

=

Figure 6.18 Sketch for charging and discharging a
tank.

where e = u + v2/2 + gz. Equation (6.24) may be integrated over the control volume
for any instant of time, yielding

2 2 |
AEw=Q-W+f(h+12—+gz) dmi,,-—f(h+32—+32) dMey  (6.25)
out

Furthermore, the change of energy within the control volume is equal to the change
of internal energy. Thus, equations (6.24) and (6.25) become

n

m

) |
dm,, — (h + L+ gz) dmg,  (6.26)
out

i 2
dUw=5Q—5W+(h+-"~+gz) .

2
eeq.and

2 2
AU, =0~ W+f(h+%—+gz)_ dmi,,——f(h+12—+gz) dm,,  (6.27)
out

n

Discharging a Tank

Consider Figure 6.18, which illustrates a tank connected to a supply line. The volume
of the connection is considered negligible. Apply the first law to the control volume
(equation [6.26]).

v2

dU,= 60+ (h + 5 + gz) dm (6.28)
out

Note that SW = 0 and dm,, = 0. Furthermore, let us restrict the velocity of the exit
stream to less than 50 m/s and the change of z to be small. Thus, kinetic and potential
energies may be neglected. This yields

dU_, = 5Q + (h dm), o (6.29)

The typical assumption at this point is that the tank is adiabatic; if it is not, @ must
be evaluated by other means (heat-transfer analysis, experimental data). Thus, for
00 = 0, equation (6.29) becomes

d(mu)=h dm (6.30)
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However, d(mu) = u dm + m du, and upon substituting into equation (6.30),
udm+mdu=hdm

dm _ _du
m h—u

For any substance, # = u + pv; hence

dm _ du " (6.31)
m  pv

A separate relationship between specific volume and mass may be written by consid-
ering the total control volume, V' = vm = const; hence

dAV=0=vdm-+ mdv
or

dm dv
—=—— (6-32)
m v

Substituting equation (6.32) into equation (6.31) yields

u_ _
pv v
or
du+pdv=0

Since du + p dv = dq = 0, the process is reversible adiabatic. In order to evaluate
properties at any instant of time, the substance in the tank is assumed to be in
equilibrium at that instant.

By using the reversible adiabatic properties for an ideal gas,

T, _ (ﬂ)""'
T, Uy

and integrating yields

1/(k—1)
UL (E) | (6.33)
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In a similar fashion

" (&)"’;ﬂ .34

m, J 41 Uy

Charging a Tank

Let us consider the opposite situation, that of charging a tank. Figure 6.18 still
applies, but the flow is into the control volume. As before, we will neglect changes in
kinetic and potential energies, note that the work is zero, and let the tank be adiabatic,
Equation (6.27) becomes

f (h dm)y, = AU, = myu, — mu, © o (6.35)

At this point, let us assume that the properties in the line are constant with time
(charging the tank does not affect them). Integrate from 0 to m(m, = my,,), with
h; = const. Thus

mLhL = Myl — MUy (636)

Let us apply this to the situation where the tank is initially evacuated (m; = 0); thus,
m; = m,and

myhy = myu,

or - hy=u,

Consider an ideal gas as the substance entering the tank (h = ¢, T, u = ¢, T); thus,
- T,=kT,

Hence, when charging a tank, the final equilibrium temperature in the tank is k times
the line temperature. Again equilibrium at any instant is assumed to exist in the tank,
so properties are defined.

Example 6.9

An adiabatic tank containing air is used to power an air turbine during times of peak
power demand. The tank has a volume of 500 m? and contains air at 1000 kPa and
500°K. Determine (a) the mass remaining when the pressure reaches 100 kPa; (b) the
temperature at this instant; (c) the total work done by the turbine, considering that it
is also adiabatic and that all the air exiting the tank also exits the turbine,

Solution

Given: A tank containing air at given conditions is discharged to a final pressure.
The tank is also connected to an air turbine, and the discharged air flows through the
turbine.

Find: The mass and temperature of the air remaining in the tank at a certain
pressure and the work done by the discharged air in the turbine.
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Sketch and Given Data:

Control volume boundary

fi oo é—ge—-:_q-' — —

Figure 6.19

Assumptions:

1. Air is an ideal gas with constant specific heats.
2. The heat loss from the control volume is zero.
3. All the air discharging from the tank also discharges from the turbine. The turbine
is viewed as initially having no air in it.
4. The changes in kinetic and potential energies are zero.

Analysis: Part (a). The mass remaining in the tank when the pressure reaches
100 kPa is determined from equation (6.34) with the value of k = 1.4 for air, found

from Table A.1.
m_(p "’;(l_ml)"";
. (pl) 1000 0.193

m,=0.193 m,
The initial mass in the tank may be evaluated using the ideal-gas law.

_ PV (1000 kPa)(500 m?)
RT, (0.287 kJ/kg-K)(500°K)

m, = (0.193)(3484.3 kg) = 672.5 kg

Part (b): The temperature may be calculated in several ways, using the ideal-gas
equation of state or equation (6.33).

_pVa _ (100 kPa)(500 m?)

m, =3484.3 kg

L= R~ (6725 ke)0.287 Kk K) - >0 K
or
_ P (k—l)/k= \ ( _1__02 )0.4/1.4= ,
T,=T, (pl) (500°K) | 7500 259°K
or

k-1 . 672.5 0.4
e () = o0k (S35 - 2
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Part (c): Let’s solve for the turbine work numerically, using a spreadsheet. The
turbine work will be calculated using equation (6.23) for polytropic open-system
work. For each increment of tank pressure, the mass of air removed from the tank is
determined, and the work done by the mass is calculated. The average tank pressure
for each increment will be used to calculate the turbine work. The sum of the work for
all the increments represents the total turbine work for the expansion from 1000 kPa
to 100 kPa. The data and equations are entered into the spreadsheet as shown on the
previous page.

The results are as follows:
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Comments:

1. Theideal-gas equation of state may be used at any instant as long as the properties
are equilibrium ones.

2. Should the turbine and tank not be adiabatic, other means than the first law must
be used to determine the heat flow.
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3.

The turbine is viewed as being within the control volume with the tank and
contains no initial or final mass, which allows the analysis to be direct. ma

CONCEPT QUESTIONS

1.

What is a polytropic process?

2. What is the difference between a polytropic process for an ideal gas and a reversible

adiabatic one?

. How can an adiabatic heat exchanger transfer heat?
. Air is compressed adiabatically. Will the temperature rise? Why?
. Will a pressure drop across the tube side of a shell-and-tube heat exchanger affect the

amount of heat transferred?

. A tank, initially evacuated, is charged with air at 300°K. When the tank is charged, the

temperature of the air in the tank is measured and found to be 400°K. Why?

. In unsteady flow must the energy entering the control volume equal that leaving? Does the

mass flow entering equal the mass flow leaving?

. An adiabatic storage tank containing air at a high pressure develops a slight leak, allowing

some air to escape to the surroundings. Will the temperature in the tank change? Why?

. In a throttling process the enthalpies into and out of the control volume are equal, but a

temperature change can occur. Explain how the energy transformation occurs that allows
this.

PROBLEMS (SI)

6.1 An insulated box containing carbon dioxide gas falls from a balloon 3.5 km above the

earth’s surface. Determine the temperature rise of the carbon dioxide when the box hits
the ground.

6.2 Air from the discharge of a compressor entersa [-m? storage tank. The initial air pressure

in the tank is 500 kPa, and the temperature is 600°K. The tank cools, and the internal
energy decreases by 213 kJ/kg. Determine (a) the work done; (b) the heat loss; (¢) the
change of enthalpy; (d) the final temperature.

6.3 A rigid, perfectly insulated system contains 0.53 m? of helium at 1000 kPa. The system

receives 1000 kJ of paddle work. Determine the final pressure.

6.4 A constant-pressure, adiabatic system contains 0.15 kg of air at 150 kPa. The system

receives 20.79 kJ of paddle work. The temperature of the air is initially 278 °K and finally
416°K. Find the mechanical work and the changes of internal energy and enthalpy.

6.5 A closed rigid container has a volume of 1 m? and holds air at 344.8 kPa and 273°K.

Heat is added until the temperature is 600°K. Determine the heat added and the final
pressure,

6.6 A piston-cylinder containing air receives heat at a constant temperature of 500°K and an

initial pressure of 200 kPa. The initial volume is 0.01 m?, and the final volume is
0.07 m?. Determine the heat and work.
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6.7 Steam enters an adiabatic turbine at 1 MPa and 600°C and exits at 60 kPa and 150°C.
Determine the work per kg of steam.

6.8 A steam turbine receives 5 kg/s of steam at 2.0 MPa and 600°C and discharges the steam
as a saturated vapor at 100 kPa. The heat loss through the turbine is 6 kW. Determine the
power.

6.9 A nozzlereceives 5 kg/sof steam at 0.6 MPa and 350°C and discharges it at 100 kPa and
200°C. The inlet velocity is negligible, and the heat loss is 250 kJ/kg. Determine the exit
velocity.

6.10 Air is compressed polytropically from 101 kPa and 23°C and delivered to a tank at
1500 kPa and 175°C. Determine per kg of air (a) the heat removed during compression;
(b) the reversible work.

6.11 A tank with a volume of 50 m? is being filled with air, an ideal gas. At a particular instant,

" theairin the tank has a temperature of 400°K and 1380 kPa, At this instant the pressure

is increasing at a rate of 138 kPa/s, and the temperature is incrcasing at a rate of 25 K/s.
Calculate the air flow into the tank at this instant in kg/s.

6.12 Airata pressure of 100 kPa hasa volume 0f0.32 m3, The air is compressed in a reversible
adiabatic manner until the temperature is 190°C, The reversible work is —63 kJ. Deter-
mine (a) the initial temperature; (b) the air mass; (c) the change of internal energy.

6.13 Air in a piston-cylinder occupies 0.12 m? at 552 kPa. The air expands in a reversible
adiabatic process, doing work on the piston until the volume is 0.24 m?3, Determine (a)
the work of the system; (b) the net work if the atmospheric pressure is 101 kPa.

6.14 Three mol of oxygen is compressed in a piston-cylinder in a reversible adiabatic process
from a temperature of 300°K and a pressure of 102 kPa until the final volume is one-
tenth the initial volume. Determine (a) the final temperature; (b) the final pressure; (c)
the system work.

6.15 A scubatank contains 1.5 kg of air. The air in the tank is initially at 15°C. The tank is left
near an engine exhaust line, and the tank’s pressure doubles. Determine (a) the final
temperature; (b) the change in internal energy; (c) the heat added.

6.16 In a reversible adiabatic manner, 17.6 m?/min of air are compressed from 277°K and
101 kPa to 700 kPa. Determine (a) the final temperature; (b) the change of enthalpy; (¢)
the mass flow rate; (d) the power required.

6.17 An adiabatic device looks like an inverted T with 3.03 kg/s of steam at 4 MPa and 600°C
entering from the top, and two streams exiting horizontally, one at 0.5 kg/s, 0.2 MPa,
and 6°C, and the other at 0.2 MPa and an unknown temperature. Determine the un-
known temperature.

6.18 A control volume receives three streams of steam (1, 2, 3). Power is produced or con-
sumed. Eight-hundred kW of heat leaves the control volume, and two streams (4, 5)
leave. Determine the power, given that 1, = 0.5 kg/s, v, =400 m/s, p, = 1.5 MPa, dry
saturated vapor; 71, = 5.0 kg/s, v, =0 m/s, p, = 1.0 MPa, v, = 0.100 m*/kg; n1;=
3.0 kg/s, v;=~0m/s, p; =600 kPa, T;=450°C; m,=4.0kg/s, v,=1500 m/s, p,=
2.0 MPa, T, = 300°C; m, = 4.5 kg/s, vs = 0 m/s, p; = 800 kPa, T = 500°C.

6.19 An adabatic condenser receives 100 kg/s of steam at 92% quality and 60 kPa. The steam
leaves at 60 kPa and 60°C. The cooling water enters at atmospheric pressure and 40°C
and discharges at 60°C. Determine (a) the heat transferred; (b) the cooling water flow
rate.
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6.20 An adiabatic rigid container, holding water initially at 100 kPa and 20°C, receiveg
209 kJ/kg of paddle work. Determine the final temperature.

6.21 A pneumatic lift system is being demonstrated at a sales show. The total load is 70 kg,
and the lift piston is 15.2 cm in diameter and has a 20.2-cm stroke. A portable air bottle
with an initial pressure of 20 MPa and a temperature of 23°C is to be used as the
pneumatic supply. A regulator reduces the pressure from the bottle to the lift system,
Neglecting all volume in the lines from the bottle to the piston, determine the number of
times the piston can operate per air bottle if the air in the bottle remains at 23°C and the
volume of the bottle is 0.05 m3,

6.22 One kg/s of air initially at 101 kPa and 300°K is compressed polytropically according to
the process pv!-* = C. Calculate the power necessary to compress the airto 1380 kPa, An
aftercooler removes 100 kW from the air before it enters a storage tank. Determine the
change in internal energy of the air across the aftercooler.

6.23 Oxygen expands in a reversible adiabatic manner through a nozzle from an initjal
pressure and initial temperature and with an initial velocity of 50 m/s. Thereis a decrease
of 38°K in temperature across the nozzle. Determine (a) the exit velocity; (b) the exit
pressure for inlet conditions of 410 kPa and 320°K.

6.24 An ideal gas having a mass of 2 kg at 465°K and 415 kPa expands in a reversi-
ble adiabatic process to 138 kPa. The ideal-gas constant is 242 J/kg-K and k = 1.40,
Determine (a) the final temperature; (b) the change in internal energy; (c) the work;
(d) ¢, .

6.25 An ideal gas with a molecular weight of 6.5 kg/kgmol is compressed in a reversible
manner from 690 kPa and 277°K to a final specific volume of 0.47 m3/kg according to
p =561+ 2000 + 100v?, where p is the pressure in kPa and v is the specific volume in
m3/kg. The specific heat at constant volume is 0.837 kJ/kg-K. Determine (a) the work;
(b) the heat; (c) the final temperature; (d) the initial specific volume.

6.26 Three kg of neon is in a constant-volume system. The neon is initially at a pressure of
550 kPa and a temperature of 350°K. Its pressure is increased to 2000 kPa by paddle
work plus 210 kJ of heat addition. Determine (a) the final temperature; (b) the change of
internal energy; (¢) the work input,

6.27 A 2-kg mass of oxygen expands at a constant pressure of 172 kPa in a piston-cylinder
system from a temperature of 32°C to a final temperature of 182°C. Determine (a) the
heat required; (b) the work; (c) the change of enthalpy; (d) the change of internal energy.

6.28 One kg of carbon dioxide is contained in a constant-pressure piston-cylinder system. The
carbon dioxide receives paddle work and rejects heat while changing from an initial
temperature of 417°K to a final temperature of 277 °K. The heat rejected is found to be
three times the work input. Determine (a) the heat; (b) the paddle work; (¢) the change of
enthalpy; (d) the net work if the surroundings are at 101 kPa.

6.29 One kg of air expands at a constant temperature from a pressure of 800 kPa and a volume
of 2 m? to a pressure of 200 kPa. Determine (a) the work; (b) the heat; (¢) the change of
internal energy; (d) the change of enthalpy.

6.30 An ideal compressor compresses 12 kg/min of air isothermally from 99 kPa and a spe-
cific volume of 0.8 1 m3/kg to a final pressure of 600 kPa. Determine (a) the power in kW;
(b) the heat loss in kW.

6.31 A vertical piston-cylinder system is constructed so the piston may travel between two
stops. The system is surrounded by air at 100 kPa. The enclosed volume is 0.05 m? at the
lower stop and 0.12 m? at the upper stop. Carbon dioxide is contained in the system ata
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temperature of 300°K and a pressure of 200 kPa. Heat is added, and the piston rises, the
system changing at constant pressure, until the piston reaches the upper stop. Heat
continues to be added until the temperature is 900°K. Determine (a) the heat added; (b)
the change of enthalpy; (¢) the system work; (d) the net work; (¢) the final pressure.

6.32 Air is contained in a piston-cylinder and is compressed in a reversible adiabatic manner
from a temperature of 300°K and a pressure of 120 kPa to a final pressure of 480 kPa.
Determine (a) the final temperature; (b) the work per kg.

6.33 Two m? per second of helium at 277°K and 101 kPa is compressed to 404 kPa in a
reversible adiabatic manner. Determine (a) the final temperature; (b) the power re-
quired.

6.34 In a natural gas-pipeline compressor 110 m?/min propane is compressed polytropi-
cally. The inlet pressure is 101 kPa, and the temperature is 38°C. The process follows
pV108 = (' The exit pressure is 510 kPa. Determine (a) the exit temperature; (b) the heat
loss; (c) the power required; (d) the mass flow rate.

6.35 Airis compressed polytropically in a cylinder according to pV2 = C. The work required
is 180 kJ. Determine (a) the change of internal energy; (b) the heat transferred.

6.36 A piston-cylinder contains 2 kg of steam. The piston is frictionless and rests on two stops.
The steam inside is initially at 1000 kPa and 75% quality. Heat is added until the
temperature is 500°C. However, the piston does not move until the system pressure
reaches 2 MPa and then it moves at constant pressure. Determine (a) the system work;
(b) the total heat transferred.

6.37 Helium expands polytropically through a turbine according to the process pV!* = C.
The inlet temperature is 1000°K, the inlet pressure is 1000 kPa, and the exit pressure is
150 kPa. The turbine produces 1 X 10° kW. Determine (a) the exit temperature; (b) the
heat transferred (kW); (c) the mass flow rate.

6.38 Carbon dioxide flows steadily at 1 kg/s through a device where the pressure, specific
volume, and velocity of the gas are tripled according to pV * = C. The inlet conditions are
D1 = 200 kPa, v, = 0.4 m3/kg, and v, = 100 m/s. Determine (a) #; (b) the initial and
final temperatures; (c) the change of enthalpy; (d) the power; (e) the heat.

6.39 Nitrogen expands through a turbine in a reversible adiabatic process. The nitrogen enters
at 1100°K and 550 kPa and exits at 100 kPa. The turbine produces 37 MW. Using Table
A.1 determine (a) the exit temperature; (b) the exit enthalpy (kJ/kg); (c) the flow rate
required.

. 6.40 Three kg of dry saturated steam expands at a constant pressure of 300 kPa to a final
temperature of 400°C. Determine (a) the heat required; (b) the work done; (c) the change
of internal energy.

6.41 In Problem 6.40 the atmospheric pressure is 100 kPa. Determine the net system
work. '

6.42 In a piston-cylinder, 0.5 kg of air expands polytropically, » = 1.8, from an initial pres-
sure of 5000 kPa and an initial volume of 0.07 m? to a final pressure of 500 kPa. Calcu-
late the system work and heat.

6.43 A cycle, composed of three processes, is polytropic compression (n = 1.5) from 137 kPa
and 38°C to state 2, constant pressure from state 2 to state 3, and constant volume from
state 3 and to state 1. The heat rejected is 1560 kJ/kg, and the substance is air. Determine
(a) the pressures, temperatures, and specific volumes around the cycle; (b) the heat
added; (c) the heat rejected; (d) the work for each process.
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6.44 A three-process cycle operating with nitrogen as the working substance has constant-
temperature compression 1-2 (7, =40°C, p, = 110 kPa), constant-volume heating
2-3; and polytropic expansion 3-1 (n = 1.35). The isothermal compression requires
—67 kJ/kg of work. Determine (a) p, T, and v around the cycle; (b) the heats in and out;
(¢) the net work.,

6.45 Two kg of helium operates on a three-process cycle where the processes are constant
volume (1-2); constant pressure (2-3); and constant temperature (3-1). Given that p, =
100 kPa, T, = 300°K, and v, /v, = 5, determine (a) the pressure, specific volume, and
temperature around the cycle; (b) the work for each process; (c) the heat added.

6.46 Aninsulated tank initially evacuated with a volume of 3 m? is charged with helium from
a constant-temperature supply line at 300°K and 1000 kPa. If the final tank pressure is
900 kPa, determine the final helium temperature.

6.47 The tank in Problem 6.46 has an initial charge of helium at 300°K and 100 kPa. For the
same final pressure of 900 kPa, determine the final helium temperature.

6.48 An adiabatic tank contains 2 kg of air at 3000 kPa and 325°K. The tank is discharged
until the pressure reaches 500 kPa. Determine (a) the mass remaining; (b) the final tank
temperature.

6.49 The tank in Problem 6.48 is now heated so that the temperature remains constant at
325°K. Determine the heat added.

6.50 Ethylene is compressed according to pV 15 = ( from 1.5 MPa and 500°K to 2.8 MPa,
The mass of ethylene is 3 kg. Determine the final temperature, work, and heat for the
process.

6.51 Methane undergoes a constant pressure process from 6 MPa and 600°K to 400°K.
Determine the heat transfer and the work done per unit mass.

6.52 Acetylene is compressed according to pV " = C from an initial pressure of 200 kPa and
300°K to a final pressure of 1200 kPa. Determine the work and heatforn =1, 1.1, 1.232,
1.3, and 1.4. What conclusions can you draw?

6.53 Air, initially at 120 kPa and 320°K, occupies 0.11 m?, It is compressed isothermally
until the volume is halved and then compressed at constant pressure until the volume
decreases to one-quarter the initial volume. Sketch the processes on a p-V diagram and
determine the total heat and total work for the two processes.

6.54 A system holds 2 kg of neon 1n a piston-cylinder where the initial pressure is 200 kPa and
the initial temperature is 300°K. The system operates on a three-process cycle comprised
of the following processes: from state 1 to state 2 constant-volume heating until the
pressure is 800 kPa; from state 2 to state 3 expansion according to p¥ 7 = ( from state
3 to 1 constant-pressure compression. Sketch the cycle on a p-V diagram and determine
the net work and heat added.

6.55 Air occupies a 0.3-m? piston-cylinder at 150 kPa and 278°K. The piston-cylinder oper-
ates on a three-process cycle where from state 1 to state 2 the pressure is constant and
V,= 1.4 V. From state 2 to 3 the compression is reversible adiabatic until V; = V,, and
the temperature at state 3 is 450°K. A constant-volume process completes the cycle.
Sketch the cycle on a p~V diagram and determine the net work and heat flows for the
cycle.

6.56 1 kg of water vapor initially at 1000 kPa is cooled at a constant volume, V, =V, =
0.25 m?. The temperature at state 2 is 150°C. The system expands at constant pressure
from state 2 to state 3 until the volume is 0.75 m3 Determine the specific
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volumes and internal energies at each state and the heat and work for each process.

6.57 A piston-cylinder containing 1.5 kg of water vapor operates on a three-process cycle. At
state 1 the water is a saturated vapor at 10 MPA, which expands adiabatically to a
pressure of 1000 kPa and a quality of 0.7817. At this point a constant-pressure process
occurs until the specific volume at state 3 equals that at state 1. Finally, from state 3 to
state 1 constant-volume heating occurs. Sketch the cycle on a 7-v diagram. Determine
the work and heat for each process as well as the net work for the cycle.

6.58 A four-process cycle using 2 kg of water operates with the following processes: from state
1 to state 2 constant-volume heating from 500 kPa and 200°C to 1000 kPa; from state 2
to 3 constant-pressure cooling until the water is a saturated vapor; from state 3 to 4
constant-volume cooling; from state 4 to 1 isothermal expansion where Q, , = 447.8 kJ.
Sketch the cycle on a T-v diagram. Determine the specific volume and internal energy at
each state and the net work and total heat added for the cycle.

6 .59 An adiabatic steam turbine receives 10 kg/s of steam at 5000 kPa and 500°C. The steam
expands through the turbine to a pressure of 1000 kPa and a temperature of 300°C where
2 kg/s is removed. The remainder expands to 5 kPa and a quality of 90%. Determine the
power produced by the turbine.

6.60 An air compressor receives 2 m*/min of air at 100 kPa and 300°K and compressesittoa
pressure of 700 kPa in a reversible adiabatic process. Heat transfer occurs, and the air’s
temperature is reduced by 40°K before it leaves the compressor. Determine the power
required to compress the air and the total heat transfer in the aftercooler. What circulat-
ing water flow rate is required in the aftercooler if the temperature rise is from 25° to
40°C?

6.61 An adiabatic compressor receives 1.5 m?/s of air at 30°C and 101 kPa. The discharge
pressure is 505 kPa, and the power supplied is 325 kW. What is the discharge tempera-
ture?

6.62 A refrigeration compressor receives R 12 at 200 kPa and 0°C and discharges it at
1200 kPa and 50°C. The refrigerant flow rate at inlet conditions is 0.01 m3/s. The heat
transfer from the compressor to the surroundings is 2.5 kJ/kg of refrigerant. Determine
(a) the power required; (b) the volume flow rate at exit conditions.

6.63 A compressor receives carbon dioxide gas at 140 kPa with a specific volume of 0.37
m?/kg and compresses it to a temperature of 325°K. The work per unit mass for com-
pression is 80 kJ/kg. The gas enters through a 15-cm-diameter line with a velocity of
10 m/s and leaves with a velocity of 25 m/s. Determine the heat transfer in kW,

6.64 A hydroelectric power plant has the hydraulic turbine located 60 m below the elevation
of the intake pipe. The 1-m-diameter pipe delivers water with a velocity of 3 m/s ata
temperature of 15°C to the turbine. The heat transfer between the turbine and the
surroundings is negligible. Determine the power developed in kW.

6.65 A pump delivers 50 liters/s of water. The intake to the pump is 75 m below the final
discharge. The inlet and discharge pressure is essentially atmospheric, and the tempera-
ture of the water remains constant at 20°C during the process. Determine the power
required by the pump.

6.66 An oil-transfer pump uses 1 kW of power in transferring 5 kg/s of oil through a 3-cm-
diameter pipe. The changes in kinetic and potential energies are essentially zero, and
the process is adiabatic. Additionally, there is no appreciable temperature change in the
oil, which has a density of 1500 kg/m?. Determine the change in pressure from inlet to
exit.
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6.67 An adiabatic heat exchanger receives 15 kg/min of R 12 at 1000 kPa and 60°C ang
condenses it to a saturated liquid at constant pressure. This is accomplished by using ajr
available at 30°C with a flow rate of 2 kg/s. Determine the air exit temperature from the
heat exchanger.

6.68 Air is heated as it flows steadily through a constant-area duct of 175 cm?. It enters at
200 kPa, 300°K, and a velocity of 90 m/s and leaves at 150 kPa and 360 m/s. Determine
the heat transfer required in kW.

6.69 An adiabatic counterflow heat exchanger receives 0.3 m3/s of R 12 at 2000 kPaand 90°C
and discharges it as a saturated liquid at 2000 kPa. Water enters at 25°C and leaves at
40°C. Determine (a) the water flow rate in kg/s; (b) the heat transfer from the refrigerant
to the water in kW.

6.70 The cooling unit of an air conditioning system is a heat exchanger that passes air over
coils that have refrigerant flowing through them. In one home 50 m3/min of air enters the
heat exchanger at 40°C and atmospheric pressure. It leaves at 20°C and atmospheric
pressure, The cooling is accomplished by R 12 evaporating at a temperature of 10°C and
an initial quality of 50% to a saturated vapor. Determine the refrigerant flow rate and the
heat transfer between the air and refrigerant.

6.71 A solar collector has a surface area of 4 m?, It receives solar radiation with an intensity of
1.3 kW/m?2. Of the incident radiation 65% is retained; the rest is lost from the collector,
The energy that is retained is used to heat water from 40° to 60°C. What is the maximum
flow rate of water that can be heated between these temperature limits in a 30-min
interval?

6.72 Often a power-generating facility has superheated steam available, but a process needs
saturated steam; a desuperheater can combine superheated steam with water to produce
saturated steam. In the desuperheater 12 kg/s of steam at 10 MPa and 500°C is desuper-
heated to dry saturated steam at 10 MPa with water at 10 MPa and 100°C. What flow
rate of water is required, assuming the desuperheater is adiabatic?

6.73 A direct-contact heat exchanger operates by combining 20 kg/s of water at § MPa and
100°C with saturated steam at 5 MPa to produce a saturated liquid at 5 MPa. Determine
the total mass flow rate leaving the heat exchanger.

6.74 The steam entering a steam turbine flows through a control valve that regulates the flow.
The steam entering the valve has a pressure of 20 MPa and a temperature of 500°C. The
pressure downstream of the valve is 15 MPa. What is the steam temperature downstream
of the valve?

6.75 The thermostatic expansion valve in a refrigeration system receives R 12 at 2.0 MPa and
40°C and discharges it at 308 kPa. What is the quality of the R 12 leaving the valve,
assuming the device is adiabatic?

6.76 Steam enters a valve with a quality of 98% and an unknown pressure. The pressure of the
steam leaving the adiabatic valve is 1 50 kPa, and the steam is a dry saturated vapor. What
is the inlet pressure?

6.77 An adiabatic pressure-reducing valve has equal inlet and exit diameters of 4 cm, receives
5 kg/s of saturated steam at 10 MPa, and reduces the pressure to 1000 kPa. Determine
the exit velocity and temperature of the steam leaving the valve,

6.78 An axial-flow compressor receives 2.0 m3/s of air at 100 kPa and 289°K and compresses
itto 550 kPa and 520°K. The air leaves the compressor and enters an aftercooler, where
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the temperature decreases to 350°K. Determine the compressor power and heat re-
moved in the aftercooler in kW,

6.79 A gas turbine compressor unit receives 32.6 m?*/min of air at 98 kPa and 295°K and.

compresses it in a reversible adiabatic process to 450 kPa. Determine the power required
to do this.

6.80 A simplified gas turbine unit may be visualized as an adiabatic compressor reéeiving

intake air and discharging it at a higher pressure to a heat exchanger. In the heat ex-
changer heat is added to the air, raising its temperature at constant pressure and dis-
charging the air to an adiabatic turbine. The air expands through the turbine, doing work.

. Some of this work returns to drive the compressor, and the remainder is the net work

6.81

produced. A particular gas turbine unit operating on this cycle receives 0.7 m3/s of air at
100 kPa and 300°K and compresses the air at 500 kPa and 500°K. The heat exchanger
raises the air’s temperature to 800°K, and the turbine discharges the air at 100 kPa and
550°K. Determine (a) the power consumed in the compressor; (b) the total power
produced by the turbine; (¢) the net power available; (d) the total heat added.

Dry saturated steam is produced by heating a liquid-vapor mixture in a 50-liter tank. The
mixture with an initial quality of 25% is maintained at constant pressure by a pressure
regulator attached to the discharge line from the tank. The pressure is 2 MPa. Determine
(a) the heat required to evaporate all the liquid; (b) the mass of steam that leaves the tank.

6.82 A 0.1-m? adiabatic tank contains air at 2500 kPa and 100°C. The tank develops a small

leak and air escapes. Determine (a) the mass remaining when the pressure is 250 kPa; (b)
the temperature of the remaining air.

6.83 An initially evacuated 250-m* adiabatic tank is charged with dry saturated steam at

5000 kPa until the pressure in the tank is 5000 kPa. Determine the mass of steam in the
tank and its temperature when the pressure is 5000 kPa.

6.84 A room is heated by a portable heater that has a fan blowing air over heating coils. The

fan will circulate 1 kg/s of air at a pressure of 100 kPa. The airinthe 10 m X4 m X 8 m
room is initially at 15°C and is heated to 27°C in 20 min. The room loses 5 kW to the
surroundings during this time. Determine (a) the power rating of the heater; (b) the
temperature rise of the air as it passes through the heater,

PROBLEMS (English Units)

*6.1

*6.2

*6.3

A constant-pressure, insulated closed system receives paddle work. The pressure is
100 psia, and the paddle turns 10,000 revolutions with an average torque of 0.5 ft-1bf.
The piston moves 0.2 fi?. Find the change of internal energy of the fluid in Btu.

A four-process cycle has the following states for an unknown gas: 7, = 530°R, p, =
14 psia, V, = 0.2 fi%; process 1-2, reversible adiabatic, p, = 352 psia, V, = 0.02 ft3,
T, = 1330°R; process 2-3, constant pressure, V3= 3 V,, T; = 3990°R; process 3-4,
reversible adiabatic, p, = 65 psia, T, = 2460°R; process 4-1, constant volume. Addi-
tionally, U, = 1.39, U, = 3.48, U; = 10.45, U, = 6.44 Btu. Determine the work and
heat for each process and the net work and net heat for the cycle.

One lbm of air is compressed at a constant temperature of 75°F from 15 to 100 psia.
Determine (a) the change of internal energy; (b) the work in ft-Ibf; (¢) the heat in Btu.
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*6.4 A rigid adiabatic cylinder is separated into two compartments, one containing 2 lbm of
air at 70 psia and 100°F, and the other 1 Ibm of air at 15 psia and 200°F. The division
between the compartments is removed. Determine the equilibrium temperature and
pressure.

*6.5 A wet steam mixture is throttled so the final state is 14,7 psia and 250°F. Determine the
initial quality if the initial pressure is 450 psia.

*6.6 Refrigerant 12 undergoes a constant-temperature process from 125 psia to 50 psia. The
initial specific volume is 0.35 ft3/lbm. Determine (a) the final specific volume; (b) the
final internal energy.

*6.7 A steel tank has a volume of 0.6 ft? and is filled with saturated steam at 14.7 psia. The
tank is cooled to 100°F. Determine the final pressure and heat transfer.

*6.8 A constant-volume container holds 3 Ibm of dry saturated steam at 60 psia. 150 Btu of
heat is added, and paddle work is done on the steam until the pressure is 100 psia,
Calculate the paddle work.

*6.9 Determine the specific volume of water vapor at 760°F and 1000 psia using steam
tables, the ideal-gas law, and the compressibility factor.

*6.10 A tank contains 2 Ibm of air at 50 psia and 140°F. A valve is opened, and air leaves the
tank until the pressurc is 25 psia. Determine the heat required to keep the temperature
constant.

*6.11 Ethylene is compressed according to pV'!'15 = C from 200 psia and 900°R to 450 psia.
The mass of ethylene is 3 1bm. Determine the final temperature and the work and heat
for the process.

*6.12 Methane undergoes a constant-pressure process from 850 psia and 600°F to 300°F.
Determine the heat transfer and the work done per unit mass,

*6.13 Acetylene is compressed according to pV/'* = C from an initial pressure of 30 psia and
77°F to a final pressure of 200 psia. Determine the work and heat forn =1, 1.1, 1.232,
1.3, and 1.4. What conclusions can you draw?

*6.14 Air, initially at 20 psia and 100°F, occupies 6.0 ft3. It is compressed isothermally until
the volume is halved and then compressed at constant pressure until the volume de-
creases to one-quarter the initial volume, Sketch the processes on a p-V diagram and
determine the total heat and total work for the two processes.

*6.15 A system holds 2 Ibm of neon in a piston-cylinder where the initial pressure is 25 psia
and the initial temperature is 80°F. The system operates on a three-process cycle
comprised of the following processes: from state 1 to state 2 constant-volume heating
until the pressure is 100 psia; from state 2 to state 3 expansion according to pV'1-¢7 = C;,
from state 3 to 1 constant-pressure compression. Sketch the cycle on a p-V diagram and
determine the net work and heat added.

*6.16 Air occupies a 15-ft* piston-cylinder at 20 psia and 40°F. The piston-cylinder operates
on a three-process cycle where from state 1 to state 2 the pressure is constant and
¥, = 1.4 V,.From state 2 to 3 the compression is reversible adiabatic until ; = ¥V, and
the temperature at state 3 is 350°F. A constant-volume process completes the cycle.
Sketch the cycle on a p-V diagram and determine the net work and heat flows for the
cycle.

*6.17 A cycle operates on 1 Ibm of water vapor initially at 150 psia and cooled at a constant
volume, V, =V, =6 ft*>. The temperature at state 2 is 300°F. The system expands
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isothermally from state 2 to state 3 until the volume is 18 fi3, Determine the specific
volumes and internal energies at each state and the heat and work for each processin the
cycle.

*6.18 A piston-cylinder containing 3.0 Ibm of water vapor operates on a three-process cycle.
At state 1 the water is a saturated vapor at 1500 psia, which expands adiabatically to a
pressure of 150 psia and a quality of 0.78. At this point a constant-pressure process
occurs until the specific volume at state 3 equals that at state 1. Finally, from state 3 to
state 1 constant-volume heating occurs. Sketch the cycle on a 7-v diagram, Determine
the work and heat for each process as well as the net work for the cycle.

*6.19 A four-process cycle using 2 Ibm of water operates with the following processes: from
state 1 to state 2 constant-volume heating from 80 psia and 320°F to 400 psia; from
state 2 to 3 constant-pressure cooling until the water is a saturated vapor; from state 3 to
4 constant-volume cooling; from state 4 to 1 isothermal expansion where Q,, =
1395 Btu. Sketch the cycle on the 7-v diagram. Determine the specific volume and
internal energy at each state and the net work and total heat added for the cycle.

*6.20 An adiabatic steam turbine receives 1500 Ibm/min of steam at 800 psia and 900°F. The
steam expands through the turbine to a pressure of 160 psia and a temperature of 550°F
where 300 Ibm/min is removed. The remainder expands to | psia and a quality of 90%.
Determine the power produced by the turbine.

*6.21 An air compressor receives 100 ft3/min of air at 14.7 psia and 80°F and compresses it to
a pressure of 100 psia in a reversible adiabatic process. Heat transfer occurs, and the
air’s temperature is reduced by 70°F before it leaves the compressor. Determine the
power required to compress the air and the total heat transfer in the aftercooler. What
circulating water flow rate is required in the aftercooler if the temperature rise is from
70° to 90°F?

*6.22 An adiabatic compressor receives 3000 ft*/min of air at 80°F and 14.6 psia. The dis-

charge pressure is 75 psia, and the power supplied is 425 hp. What is the discharge
temperature?

*6.23 A refrigeration compressor receives R 12 at 20 psia and 20°F and discharges it at
150 psia and 140°F. The refrigerant flow rate at inlet conditions is 20 ft>/min. The heat
transfer from the compressor to the surroundings is 2.5 Btu/lbm of refrigerant. Deter-
mine (a) the power required; (b) the volume flow rate at exit conditions.

~ *6.24 A compressor receives carbon dioxide gas at 21 psia with a specific volume of 5.7 ft%/
Ibm and compresses it to a temperature of 125°F. The work per unit mass for compres-
sion is 34 Btu/lbm. The gas enters through a 6-in.-diameter line with a velocity of
30 ft/sec and leaves with a velocity of 75 ft/sec. Determine the heat transfer in Btu/min.

*6.25 A hydroelectric power plant has the hydraulic turbine located 200 ft below the elevation
of the intake pipe. The 3-ft-diameter pipe delivers water with a velocity of 10 ft/secand a
temperature 60°F to the turbine. The heat transfer between the turbine and the
surroundings is negligible. Determine the power developed in hp.

*6.26 A pump delivers 700 gal/min of water. The intake to the pump is 230 ft below the final
discharge. The inlet and discharge pressure is essentially atmospheric, and the tempera-
ture of the water remains constant at 68°F during the process. Determine the power
required by the pump. .

*6.27 An oil-transfer pump uses 1 hp of power in transferring 13.75 Ibm/sec of oil through a
1.5-in.-diameter pipe. The changes in kinetic and potential energies are essentially zero,
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and the process is adiabatic. Additionally, there is no appreciable temperature change in
the oil, which has a density of 93 Ibm/ft3, Determine the change in pressure from inlet to
exit.

*6.28 An adiabatic heat exchanger receives 33 Ibm/min of R 12 at 150 psia and 200°F and
condenses it to a saturated liquid at constant pressure. This is accomplished by using air
available at 85°F with a flow rate of 275 Ibm/min. Determine the air exit temperature
from the heat exchanger.

*6.29 Air is heated as it flows steadily through a constant area duct of 25 in.2. It enters at
20 psia, 80°F, and a velocity of 200 ft/sec and leaves at 16 psia and 800 ft/sec. Deter-
mine the heat transfer required in Btu/sec.

*6.30 An adiabatic counterflow heat exchanger receives 624 ft3/min of R 12 at 300 psia and
220°F and discharges it as a saturated liquid at 300 psia. Water enters at 80°F and leaves
at 100°F. Determine (a) the water flow rate in lbm/min; (b) the heat transfer from the
refrigerant to the water in Btu/min.

*6.31 The cooling unit of an air conditioning system is a heat exchanger that passes air over
coils that have refrigerant flowing through them. In one home 1700 ft*/min of air enters
the heat exchanger at 100°F and atmospheric pressure. It leaves at 68°F and atmos-
pheric pressure. The cooling is accomplished by R 12 evaporating at a temperature of
40°F and an initial quality of 50% to a saturated vapor. Determine (a) the refrigerant
flow rate; (b) the heat transfer between the air and refrigerant.

*6.32 A solar collector has a surface area of 50 ft2, It receives solar radiation with an intensity
of 420 Btu/hr-fi?. Of the incident radiation 65% is retained; the rest is lost from the
collector. The energy that is retained is used to heat water from 100° to 150°F. What is
the maximum flow rate of water that can be heated between these temperature limits in
a 30-min interval?

*6.33 Often a power-generating facility has superheated steam available, but a process needs
saturated stcam; a desuperheater can combine superheated steam with water to produce
saturated steam. In the desuperheater 1600 1bm/min of steam at 1500 psia and 1000°F
1s desuperheated to dry saturated steam at 1500 psia with water at 1500 psia and 200°F.
What flow rate of water is required, assuming the desuperheater is adiabatic?

*6.34 A direct-contact heat exchanger operates by combining 2500 lbm/min of water at
700 psia and 200°F with saturated steam at 700 psia to produce a saturated liquid at
700 psia. Determine the total mass flow rate leaving the heat exchanger,

*6.35 The steam entering a steam turbine flows through a control valve that regulates the flow.
The steam entering the valve has a pressure of 3000 psia and a temperature of 1000°F.
The pressure downstream of the valve is 2000 psia. What is the steam temperature
downstream of the valve?

*6.36 The thermostatic expansion valve in a refrigeration system receives R 12 at 300 psiaand
100°F and discharges it at 35,7 psia. What is the quality of the R 12 leaving the valve,
assuming the device is adiabatic?

*6.37 Steam enters a valve with a quality of 98% and an unknown pressure. The pressure of
the steam leaving the adiabatic valve is 20 psia, and the steam 1s a dry saturated vapor,
What is the inlet pressure?

*6.38 An adiabatic pressure-reducing valve has equal inlet and exit diameters of 2 in., receives
700 Ibm/min of saturated steam at 1500 psia, and reduces the pressure to 150 psia.
Determine the exit velocity and temperature of the steam leaving the valve.



COMPUTER PROBLEMS 205

*6.39 An adiabatic axial-flow compressor receives 4250 ft3/min of air at 14.6 psia and 65°F
and compresses it to 80 psia and 435°F. The air leaves the compressor and enters an
aftercooler, where the temperature decreases to 170°F. Determine (a) the compressor
power in hp; (b) the heat removed in the aftercooler in Btu/min.

*6.40 A gas turbine conipressor unit receives 1200 ft3/min of air at 14.5 psia and 70°F and
compresses it in a reversible adiabatic process to 70 psia. Determine the power required
to do this. '

*6.41 A simplified gas turbine unit may be visualized as an adiabatic compressor receiving
intake air and discharging it at a higher pressure to a heat exchanger. In the heat
exchanger heat is added to the air, raising its temperature at constant pressure and
discharging the air to an adiabatic turbine. The air expands through the turbine, doing
work. Some of this work returns to drive the compressor, and the remainder is the net
work produced. A particular gas turbine unit operating on this cycle receives 1500 ft?/
min of air at 14.7 psia and 80°F and compresses the air at 75 psia and 430°F; the heat
exchanger raises the air’s temperature to 1000°F, and the turbine discharges the air at
14.7 psia and 480°F. Determine (a) the power consumed in the compressor; (b) the
total power produced by the turbine; (¢) the net power available; (d) the total heat added.

*6.42 Dry saturated steam is produced by heating a liquid-vapor mixture in a 2-ft* tank. The
mixture with an initial quality of 25% is maintained at constant pressure by a pressure
regulator attached to the discharge line from the tank. The pressure is 300 psia. Deter-
mine (a) the heat required to evaporate all the liquid; (b) the mass of steam that leaves
the tank.

*6.43 A 3.5-ft adiabatic tank contains air at 375 psia and 200°F. The tank develops a small
leak, and air escapes. Determine (a) the mass remaining when the pressureis 35 psia; (b)
the temperature of the remaining air.

*6.44 An initially evacuated 9000-ft* adiabatic tank is charged with dry saturated steam at
800 psia until the pressure in the tank is 800 psia. Determine the mass of steam in the
tank and its temperature when the pressure is 800 psia.

*6.45 A room is heated by a portable heater that has a fan blowing air over heating coils. The
fan will ciréulate 130 Ibm/min of air at a pressure of 14.7 psia. The air in the 30 ft X
13 ft X 25 ft room is initially at 60°F and is heated to 80°F in 20 min. The room loses
290 Btu/min to the surroundings during this time. Determine (a) the power rating of the
heater; (b) the temperature rise of the air as it passes through the heater.

COMPUTER PROBLEMS

C6.1 Airat 100 kPa and 300°K is compressed in a piston-cylinder to 10% of its initial volume.
Develop a spreadsheet or TK Solver model to compute the final temperature and
pressure for a range of polytropic coefficients between 0 and 2.0. Plot the final pressure
and temperature as a function of n, first with linear scales and then with log-linear scales.

C6.2 Air at 100 kPa and 300°K is compressed in a piston-cylinder in a reversible adiabatic
manner. The compression ratio (V, /V;) varies from 1 to 10, Compute and plot the final
pressure and temperature as a function of compression ratio, first with linear scales and
then with log-log scales.
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6.3 Carbon dioxide is expanded in a turbine from 1000 psia and 540°R to 14.7 psia. The
flow rate is 5 Ib/sec. For a range of outlet temperatures from 100°R to 540°R, compute
and plot the polytropic coefficient, the turbine work, and the heat transferred.

(6.4 A tank with a volume of 0.4 m? contains saturated steam at 350 kPa. Itis connected to 3
pipe with steam flowing at 1.4 MPaand 300°C. A valve isolating the tank from the line is
opened, and steam flows into the tank until the tank pressure is 1.4 MPa. Using TK

Solver, compute the final tank temperature and the mass of steam that flows into the
tank.
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The Second Law of
Thermodynamics and the
Carnot Cycle

The second law of thermodynamics is for many the most intriguing law of natural

science: it can tell us whether an event may happen, but not that it will happen.

Whereas most natural laws are expressed mathematically as equalities, the second

law is expressed mathematically as an inequality. Chapters 79 each introduce new

concepts and considerations, developing greater understanding of the second law of
~ thermodynamics. In this chapter you will

¢ Relate the second law to energy value;

* Delineate in more detail the differences between reversible and irreversible
processes;

® Develop greater understanding of the direction of processes;
¢ Investigate different expressions of the second law;
e Explore the Carnot cycle;

¢ Expand upon the second law through corollancs applicable for all reversible
heat engines;

¢ Analyze the thermodynamic temperature scale.
207
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7.1 INTRODUCTION AND OVERVIEW

o

One of the philosophically interesting and upsetting aspects of the second law is that jt
is not a conservation law, as in the case of energy and mass. A property related tq
second-law analysis, entropy, is not conserved, and thus an inequality enters the
picture. We will be able to determine factors that affect the magnitude of this ip.
equality through our understanding of the second law.

How can this understanding be useful to us in the practice of engineering? In
several ways. It establishes an energy quality level, a value system for energy. Essen.
tially, the more useful energy is in its ability to help us, the greater its value. Thyg
energy at a high temperature is more valuable than energy at a low temperature, Fo;
instance, 1000 kJ of energy at 35°C will warm us, but 1000 kJ of energy in the ocean
at 4°C will not. It is less valuable. Additionally, the second law will determine the
direction of energy flow, from a higher energy value to a lesser energy value. Thus,
energy flows from a high temperature to a low temperature, In addition to processes,
when a device produces or uses work in a cyclic manner, the second law will establish
the ideal limit. Very importantly, we will also be able to determine whether a system
will change state spontaneously. For example, can a chemical reaction occur, and
what will be its final equilibrium state? The second law is our guide.

7.2 THE SECOND LAW OF THERMODYINAMICS

The second law of thermodynamics may be written in several ways. Regardless of the
terminology used, however, the purpose of the second law 1s to give a sense of
direction to energy-transfer processes. Combining this with the first law gives us the
information necessary to analyze energy-transfer processes. The second law of ther-
modynamics states:

Whenever energy is transferred, the value of energy cannot be conserved and some
energy must be permanently reduced to a lower value.

When this is combined with the first law of thermodynamics, the law of energy
conservation, the following results:

Whenever energy is transferred, energy must be conserved, but the value of energy
cannot be conserved and some energy must be permanently reduced to a lower value.

We understand the conservation of energy, but what is the energy value? What
follows is a wholly qualitative description of the combined first and second laws of
thermodynamics. It is intended to give a feeling and a sense of appreciation for the
laws and their implications.

Let us consider two identical blocks of material with different temperatures. Let
the temperature of one block of 1000°K and that of the other be 500°K. The block at
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1000°K has a higher thermal energy value than the one at 500°K. The internal energy
of the blocks is |

U =mT, kJ
U, =mycT, kI

If these blocks are brought together and reach thermal equlhbnum at temperature
T;, the energy of the two blocks is

U3 = (ml + mz)CTa
However, by the first law,

U = Ul + Uz
(my + my)cT; = mcT, + myT,
Let
m,=m,
T;= 4 ; 38 = 750°K

Thus the final temperature is less than one of the initial temperatures. We assume
the energy value to be proportional to temperature, so we see that there has been an
energy-value decrease. There has also been an energy-value increase, but the second
law states only that there will be a decrease. The energy value finally is less than the
highest energy value initially. Note that the total energy of either block has nothing to
do with the energy value. The mass of block 2 could be 10 times larger than that of
block 1, but there will still be an energy-value decrease. Check this and you will find
that 75 = 545.4°K

Actually, the energy value is more than the temperature level of a system. A block
of material of a small mass at a distance above a zero datum would have a higher
energy value than a block of large mass of the same material resting at the zero datum.
In this case the energy value is indicated by the potential energy. The potential energy
of the small mass is greater than that of the larger mass. The energy value is a function
of all the thermodynamic forces in a system that will cause energy transfer from the
system. The energy value of the system is lowered when the values of these thermo-
dynamic forces within the system decrease. The direction of energy transport is from
a high energy value to a low energy value. In a similar fashion imagine a tank
containing air at a pressure greater than atmospheric. The air in the tank because of
its pressure has a greater value than the surrounding air, a higher energy value.

What gives the energy in certain instances a greater value? The opportunity to
obtain work from the energy as it goes from a higher value to a lower value. For
instance, when the temperature of the system is greater than that of the surroundings,
a heat engine producing work and operating on a cycle can be placed between the
system and the surroundings. In the case of pressure differential between the system
and surroundings, one could use an air turbine to convert part of the air’s energy into
work as it expanded to the surroundings’ pressure. By controlling the lowering of the
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* mass in a gravitational field, one could use the energy to rotate a shaft, lift another

object, or turn a gear, thus doing work.

In Chapter 2 we noted that an equilibrium is associated with every intensive
property; a system will spontaneously change to establish this equilibrium. For ip.
stance, if a tank contains air at a pressure higher than that of the surroundings and we
open a valve connecting it to the atmosphere, air would immediately flow from the
tank until the pressure was in equilibrium with the surroundings. The energy flow is
from a higher value to a lower value; the potential driving the flow is a nonequi-
librium condition sensed by the system. Second-law analysis allows us to determine
what the conditions of equilibrium are for a system. By being cognizant of thege
conditions, we can determine the direction of energy flow as well as the maximum
work that can be obtained from the energy flow.

Reversible and Irreversible Processes

When considering the maximum work that can be produced from a given energy
flow, we must understand the concepts of reversibility and irreversibility, All actual
processes are irreversible. Consider a system and its surroundings and imagine a
process. The process is reversible only if both the system and the surroundings can be
returned to their initial states. Let a block, the system, slide down an inclined plane,
The block can be returned to the same position on the plane, but it takes work from
the surroundings to accomplish this. Thus, the surroundings are not returned to their
initial state. If friction occurs between the block and plane, the system and surround-
mgs are slightly warmed; thus, the m1t1al state cannot be returned to, and the process
is irreversible.

Although actual processes are irreversible, it does not follow that studying re-
versible processes is pointless. To the contrary, understanding what needs to be
accomplished 10 make processes more reversible has the potential to increase the
work that can be derived from the irreversible processes. Consider a simple pendu-
lum. Two irreversibilities prevent the pendulum from returning to its initial position
once set in motion—friction at the pivot and friction of the pendulum moving
through air. As the friction is reduced, the process becomes more reversible.

Consider a special case of internally reversible processes: situations in which the
system undergoes reversible processes, but the surroundings do not. (If the process is
internally and externally reversible, both the system and the surroundings undergo
reversible processes.) Internally reversible processes are used in this text unless other-
wise indicated. This allows us to model internal combustion engines, power plants,
and a variety of thermodynamic systems quite simply and effectively.

7.3 THE SECOND LAW FOR A CYCLE

The first law of thermodynamics gives us a technique for energy analysis, but it does
not describe how the energy will flow. The second law of thermodynamics gives
direction to the energy flow.

Carnot first observed that in steam engines no work could be produced unless
there was heat flow from a high-temperature reservoir to a low-temperature reservoir.
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Figure 7.1 A simple heat engine with heat and work denoted.

He further noted that the work produced was a function of the temperature difference
between the reservoirs and was greater for a greater temperature difference.

Let us consider the simple heat engine in Figure 7.1 (a), which models a closed gas
turbine cycle. In this figure heat, Q,,, is added to a high-pressure gas in the high-
temperature heat reservoir, the heater. The gas expands through the turbine, produc-
ing work. Some of the work, W, is used to operate the compressor, and the re-
mainder, W,.,, can be used for useful purposes, for example, driving an electric
generator. The gas exits the turbine at a low pressure and at a lesser temperature than
state 3, but higher than state 1. A low-temperature heat exchanger removes heat,
. Q.u, reducing the gas’s temperature to that of state 1, and thus the cycle is completed.



212 CHAPTER 7 / THE SECOND LAW OF THERMODYNAMICS AND THE CARNOT CYCLE

*D[:W h | o] W=0

H

. &

/
/o

Figure 7.2 Demonstration of the effect of the second law.

The Kelvin-Planck statement of the second law is

No cyclic process is possible whose sole result is the flow of heat from a single heat
reservoir and the performance of an equivalent amount of work.

In relating this statement of the second law to the simple power cycle shown in
Figure 7.1(a), could we eliminate the cooler from the system and maintain the cycle?
No. Inspection of Figure 7.1(b), the p-V diagram for the cycle, indicates there must be
heat rejection for the gas to go from state 4 to state 1. It is impossible to complete the
cycle without this process.

Consider a constant-volume container that receives paddle work, as shown in
Figure 7.2(a). The substance will increase in temperature, but cooling will return the
system to its initial condition. Let us reverse the situation and add heat to the system.
Can the weight be raised? No. This is analogous to trying to produce work with only a
single heat reservoir, which violates the second law. Notice that all the work can be
converted into heat, but not all the heat can be converted into work.

Thus, the second law tells us that not all heat may be converted into work, but it
does not tell us the maximum amount of work that can be produced for heat flow
between two temperatures. That is the purpose of the next section. The concept of the
second law will be more completely understood after the next chapters, which discuss
entropy and available energy.

7.4 CARNOT CYCLE

A thermodynamic cycle occurs when a system undergoes two or more processes and
returns to its initial state. Many machines are analyzed using cyclic investigation.

The first person to recognize the energy-transfer processes in machines was Sadi
Carnot. A retired army corporal at the age of 24, he had the time and inclination to
think about these transfer processes. In 1824 he published Reflections on the Motive
Power of Fire, the document that established the basis for the second law of thermo-
dynamics and introduced the concepts of “cycle” and *‘reversible processes.” It
remained for Lord Kelvin and Rudolf Clausius to amplify the principles in modern
thermodynamic form. _

Necessity is the mother not only of invention but also of discovery. The basis for
many scientific discoveries has been a practical need to understand some physical
phenomenon. Although the steam engine was becoming the motive force of the
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Figure 7.3 The p-V diagram for the Carnot cycle.

industrial revolution, no one had the understanding necessary to advance its design,
and its manufacture proceeded on a hit-or-miss basis.

Carnot Engine

Carnot noted that the higher the temperature of the steam entering the engine and the
lower the temperature of the steam leaving the engine, the greater the engine’s work
output. He devised a theoretical engine that would operate on a closed cycle—it
would receive heat at a constant temperature and reject heat at a constant tempera-
ture. The boiling and condensing of water takes place at a nearly constant tempera-
ture. The engine would be perfectly insulated, the work would be done reversibly.
Hence there would be a reversible adiabatic expansion by the engine to produce
work, and to complete the cycle there would be a reversible adiabatic compression.
Figure 7.3 illustrates the Carnot cycle on pressure-volume coordinates.

How does the Carnot engine produce work? We can see that in the p-V diagram a
net area is equal to the net work produced, but this does not always give a physical
appreciation of the work performed. If the engine could turn a shaft, as an internal-
combustion engine turns a crankshaft, then a physical appreciation could be attached
to the use of the p-V diagram.

Consider a Carnot heat engine, as depicted in Figure 7.4. This engine can provide
work to turn the shaft as shown. Let us follow the engine through a cycle and compare
the piston movement to the points in Figure 7.3. The cylinder arrangement starts
with the fluid in the cylinder at state 1. A perfect conductor is connected between the
engine and the heat source, and heat is transferred at constant temperature until the
fluid reaches state 2, shown in Figure 7.4(b). A perfect insulator is now placed -
between the heat reservoirs, and the engine and the piston expand in a reversible
adiabatic process until state 3 is reached, shown in Figure 7.4(c). A perfect conductor
is now inserted between the engine and the heat sink, and heat is rejected from the
engine to the heat sink at constant temperature. This brings the engine to state 4,
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Figure 7.4 A visualization of the Carnot engine.

shown in Figure 7.4(d). In order to return the fluid to state 1, some of the energy
developed as work in going from state 1 to state 3 must be returned to the engine,
compressing the fluid from state 4 to state 1. This compression must be reversible
adiabatic, so a perfect insulator is inserted between the engine and the heat reservoirs,
and the fluid is compressed to state 1, shown in Figure 7.4(¢). The cycle is completed
as the engine returns to its starting point, and work has been produced.

The Carnot engine is important because it converts thermal energy (heat) into
the maximum amount of mechanical energy (work). No other engine or device works
more efficiently between two temperature reservoirs, although it may be possible to
develop engines with the same efficiency as the Carnot engine. It is desirable to have
an expression for the thermal efficiency of the engine and to see what factors influ-
ence the efficiency. Later we will be able to compare other engines to the Carnot
engine and determine the relative merit of the particular engine.

Carnot Engine Efficiency

The thermal efficiency, #g,, of any engine is the net work produced divided by the
energy supplied to produce that work; that is,
Woa

N = 0.. (7.1)



7.4 CARNOT CYCLE 215

The net work can be evaluated by using a cyclic integral. Ideal-gas relationships will
be used for this analysis, but in Chapter 8 it will be shown that the results are valid for
any substance as the working fluid.

2 3 4 1
WmﬂgséWw %pdV=f pdV+f pdV+f pdV+f pdVv
1 2 3 4

2 v, V.
dV = Vln( ) mRT, In (—2)
j: D D vy v, H v,

1—k 1—k (7.2)

N V, Vs,
f pdV p3V3 In (Vs) m.RTcln (VB)

1 _
= pl Vl '—'p4V4 = mRTH m_RTC
L PAV="HT% 1=k

where T, is the temperature of the high-temperature heat source and T, is the
temperature of the low-temperature heat sink.
If these terms are added, the net work reduces to N

W, = mRTyIn (Vz) + mRT,In (V‘) (7.3)

The expression for the heat supplied must be deduced. Heat is supplied at constant
temperature from state 1 to state 2. This is a closed system, so the first law of
- thermodynamics tells us

Qa=U,—~ U, + Wl-z
U,—U;=0 sinceT=C

Q|_2 = Wl 2= mRTH In (;’ ) o (74)
1 o

The heat rejected may be found in a similar manner to be

Qs =mRT¢In (7) - - (@75)
3

An important conclusion regarding theoretical heat engines is demonstrated
when equations (7.5), (7.4), and (7.3) are compared. That is,

Woee =20 = Qi + Qo - (76
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Substituting equations (7.3) and (7.4) into equation (7.1) yields

_ mRTyIn (Vo/Vy) + mRTIn (Vy/V5) 07 |

e MRTy 10 (Vo V)
Using the fact that processes 2-3 and 4-1 are reversible adiabatic processes,
I (.’é)""=fz 5L _ (ﬁ)""' _Tu
T, \7, Te T, \V, Te
a_Vs
v, V,
Equation (7.7) may now be written
" MRTy In (Vo V)
— Ty—T¢ '

Thus, we discover that the thermal efficiency of a Carnot engine with ideal gas as
the working fluid is dependent only on the absolute temperature of the heat supplied
and the heat rejected. The greater the difference between the two, the more efficient
the engine. In this development the heat was transferred at constant temperature,
This is ideal; usually a temperature difference exists between a heat reservoir and an
actual heat engine.

7.5 MEAN EFFECTIVE PRESSURE

The work for the Carnot engine may be evaluated by equation (7.3). However, it is
sometimes convenient to have another means of evaluating an engine. One such
indicator is the mean effective pressure, an imaginary pressure developed by equating
the cycle work to an equivalent work:

3 3 :
Wm“-=f pdV=pmf dv (7.9)
1 1
Woet = Dm X piston displacement volume (7.10)
. _ ,
Pm =

" piston displacement volume

The mean effective pressure, p,,, is equal to the net cycle work divided by the
piston displacement volume. Figure 7.5 illustrates the p-V diagram for the Carnot
engine. The shaded rectangular area is the same area as that enclosed by the Carnot
engine, but it is characterized by a mean effective pressure. The higher the mean
effective pressure is, the greater will be the force per cycle and the work output per
rvrle
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Figure 7.5 A graphical illustration of mean effective
pressure p,,.
Example 7.1

A heat engine operates on the Carnot cycle. It produces 50 kW of power while
operating between temperature limits of 800°C and 100°C. Determine the engine
efficiency and the amount of heat added.

Solution

Given: A heat engine operating on the Carnot cycle, its net work, and the teinpera-
ture limits of the cycle.

Find: The efficiency and the heat added.
Sketch and Given Data:

W, = 50kW

Figure 7.6
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Assumption: The system is shown on the sketch and follows the Carnot cycle,

Analysis: The efficiency of the Carnot cycle can be expressed in terms of absolute
temperature:
Ty— T, 1073 —373

o= =173 0652

Knowing the efficiency and the power produced, the heat added may be determined.

Comments:

1. Absolute temperatures must be used in the efficiency equation.

2. The heat and work in the efficiency equation may be on a unit mass basis, on a
total energy basis, or in terms of power. The units of heat and work must be the
same, R

Example 7.2

A 51x-cy11nder engine with a 4 X 4-in. bore and stroke operates on the Carnot cycle,
It receives 51 Btu/cycle of heat at 1040°F and rejects heat at 540°F while running at
300 rpm. Determine the mean effective pressure, hp, and heat flow out of the engine.

Solution

Given: An engine operating on the Carnot cycle between fixed temperature lumts
and receiving a certain amount of heat.

Find: The mean effective pressure and power produced.
Sketch and Given Data:

Camot eng1 e

6cyhndem T

4 x4 i -
bore& stmke o

per cyhnder
300 rpm .

[

ey gl

540° F

1'_—3——"_—",

Qo Figure 7.7
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Assumption: The system is shown on the sketch and operates on the Carnot cycle.

Analysis: The temperature limits and heat added per cycle allow us to calculate the
work produced per cycle. Knowing the work and information about the engine
displacement volume allows calculation of the mean effective pressure. The heat
rejected is the difference between the heat added and work produced per cycle. The
efficiency for this engine is

_ Ty~ Te_ 1500 = 1000
e = 1500

=(.333

The work per cycle may be determined from the efficiency to be
| W, = (0.333)Q,, = (0.333)(51 Btu/cycle) = 17 Btu/cycle

The total piston displacement volume is equal to the displacement of each cylinder
multiplied by the number of cylinders.

_ . n 4in. \2( 4in. \ 3
Ve = (6 cylinders) (4) (12 in./ft) (12 in./ft) =0.1745 f

The mean effective pressure is

_ Wae _ (17 Btu)(778.16 ft-Ibf/Btu)
Pm = T T(0.1745 9144 in.2/f)

D= 526 Ibf/in.2

The power produced is found by multiplying the net work per cycle by the number of
cycles per minute.

W, = (17 Btu/cycle) (300 cycle/min)(0.02358 min-hp/Btu)
W, = 120.5 hp |

The heat flow from the engine is found in an analogous manner. The heat rejected per
cycle is

Oout = Woa = OQin=17—51 =—34 Btu
The heat flow rate out is

Qou = (— 34 Btu/cycle)(300 cycles/min) = — 10,200 Btu/min
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Comments:

1. The net work of 17 Btu/cycle represents the total work of all six cylinders com-
pleted in one cycle or revolution of the engine.

2. Conversion between ft-1bf and Btu 1s important.

3. The heat rejected represents the energy that would be dissipated to the atmosphere
by an actual automobile’s radiator and exhaust. m

Example 7.3

A Carnot engine uses 0.05 kg of air as the working substance. The temperature limits
of the cycle are 300°K and 940°K, the maximum pressure is 8.4 MPa, and the heat
added per cycle is 4.2 kJ. Determine the temperature, pressure, and volume at each

state of the cycle.

Solution

Given: A Carnot engine, the mass of air it operates on, temperature limits, heat

added, and maximum pressure.

Find: The pressure, temperature, and volume at each state point around the cycle.

Sketch and Given Data:

Qout

Figure 7.8

Assumption: Air is an ideal gas.

Analysis:

p1—84mPa
1¢ T,=940°K

2 T,=940°K

T, =300° K

Determine the cycle state points by using the ideal-gas equations of state

and the expressions for the processes forming the cycle.

State 1:

T, = 940°K

p=84MPa V,=

mR T,
Dy

V, = (0.05 kg)0.287 kJ/kg-K)(940°K)/(8400 kN/m?) = 0.001 606 m?



7.5 MEAN EFFECTIVE PRESSURE 221

~ State 2: The process from state 1 to state 2 is constant-temperature heat addition;
thus,
| Qi=nViIn{V,/V}}
4.2 kJ = (8400 kN/m?)(0.001 606 m3)In {V,/V,))
In (V,/V;}=0.3113 V,=0.002 193 m?

= PRT: _ (0.05 ke)0.287 KI/ke-K)(940°K)/(0.002 193 m?)

D2

2

Py =6150kPa  T,=940°K

State 3: Using the relationships for a reversible adiabatic process from state 2 to
state 3, the values of pressure and volume at state 3 may be determined.

V3 ( Tz)l/(k-—l) (940)2.5
V, \Ty ~—\300

V,=0.038 11 m?

Py ( Ts)k(lc—i) _ (,300)3..',
D2 n TZ - \ 940

ps=112.9kPa

State 4: The heat out may be calculated from the thermal efficiency. Knowing
this and the process, constant-temperature heat rejection, the values at state 4 may be
determined. However, it is also possible to use the process relationships from state 1
to state 4 in a manner analogous to going from state 2 to state 3.

(7)-@)""-G)"
v)~\n) s

V, =0.027 91 m?

Similarly for pressure

mRT, _
P =7 =(0.05 ke)0.287 kJ/kg-K)}(300°K)/(0.027 91 m?)
4
Ps= 1542 kPa |
Comment: One need not proceed in one direction around the cycle to find the cycle
state points. o
Example 7.4

A heat engine operating on the Carnot cycle uses solar energy as the source of
high-temperature heat input. The solar irradiation, averaged over the day, has a value
of 0.51 kW/m?. This provides energy to the cycle at a uniform temperature of 450°K,
and the cycle rejects heat to the environment at a temperature of 300°K. The engine
produces 2000 kW of power. Determine the minimum area needed to provide this

power.
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Solution

Given: A Carnot engine receiving heat from solar energy, operating between fixed
temperature limits, and producing power.

Find: The land area required for the collector to supply the heat for the power
required. '

Sketch and Given Ddta:

Solar radiation

H I E. :
' W, = 2000 kKW

Figure 7.9

Assumption: No energy is lost from the collector.

Analysis: The heat flux in at any moment is found from the thermal efficiency of
the cycle and the net power required from the cycle. Thus, -

_q_Tc_,_300_
e =1 T 1 50 0.333
W.. 2000 kW
0333=—2t=""_"—""_
Qi Oin
0., = 6000 kW

This heat flux comes from the solar radiation incident on the collector. An energy
balance on the collector yields

6000 kW = (0.51 kW/m?2)(4 m?)
A=11765m? or about 2.9 acres
Comments:

1. Collectors with large areas are required to generate power using solar energy.
2. The given average value of incident solar radiation was for when the sun was
shining. During periods of darkness no power can be generated. -
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7.6 REVERSED CARNOT ENGINE

The Carnot engine is a power-producing engine that uses heat supplied as an energy
source and delivers mechanical work as an energy output. When the Carnot cycle is
reversed, mechanical work is supplied as an energy input and heat may be moved
from one energy value (temperature) to another energy value. Why do this? Consider
the manner in which refrigerators operate. Energy is supplied by an electric motor,
driving a compressor, and the refrigerant (the working substance) picks up heat from
inside the refrigerator at a low temperature and discharges it at a high temperature to
the condensing coils on the outside of the refrigerator. We will discuss actual refriger-
ation systems later, but for now let us limit the discussion to the reversed Carnot
cycle.

" The reversed Carnot cycle has all the same processes as the power-producing
Carnot cycle, but the cycle operates in the counterclockwise direction. The p-V
diagram for the reversed Carnot engine is given in Figure 7.10.

The purpose of the reversed Carnot engine is to remove a quantity of heat at alow
temperature Q;, by supplying work. This result in a rejection of heat at a high
temperature Q.. The performance of reversed engines is denoted by the coefficient
of performance (COP), rather than an efficiency term. This has, however, the same
purpose as efficiency — the desired effect divided by the cost of achieving the desired
effect. For a reversed Carnot engine using an ideal gas, the working substance, the
coefficient of performance is

¢ We —mRTcln(Vy/V,)— mRTyIn (V\/V,)
—_— TC
(COP). = T, T, (7.11a)

Reversible
- adiabatic

Pressure p

-

: Volume V
Figure 7.10 A p-V diagram for the reversed Carnot cycle.
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where the net work has been written as a positive quantity. Thus, the coefficient of 3
performance of a reversed Carnot engine depends only on the absolute temperatures
of the heat reservoirs. The coefficient of performance of most reversed cycles is
greater than unity.

The reversed Carnot engine can also be used to provide heat to warm a space. The
actual device is called a heat pump, where the low-temperature heat source is the
surroundings, work is added, and the heat out of the cycle is discharged to the space at
a higher temperature and used for heating. Thus, the desired effect is heat out. The
coefficient of performance of a heat pump is

OQom . __Tn
(COP), =% =

where the net work is written as a positive quantity.

(7.11b)

Example 7.5 _
A home requires 5.0 kW to maintain an indoor temperature of 21°C when the
outside temperature is 0°C. A heat pump is used to provide the energy. Determine
the minimum power required.

Solution

Given: A heat pump providing energy for home heating with temperature limits
and heat required noted.

Find: The minimum power required to operate the heat pump.
Sketch and Given Data:

Reversed
Carnot
Engine
[F==—===9
| 1 Q
A . ! o Q =5kW
net : : 5kW out
U:TT::J 21°C
0°Cy ‘
Qin

Figure 7.11

Assumption: The surroundings and the house are the low- and high-temperature
heat reservoirs, respectively.

Analysis: The reversed Carnot cycle requires the least power to move heat from one
temperature to another. The house requires 5.0 kW of heat out of the cycle to
maintain itself at 21 °C. If this heat flow differs from 5.0 kW, the house’s temperature
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will increase or decrease. The reversed cycle is the system being analyzed; thus, the
heat out of the cycle is the desired effect even though this becomes the heat into the
house. The (COP),, for the reversed Carnot cycle is

Qoul TH
COP), ===
copy, =KW _ 24 _

W.. 294-213
W, =5/14 = 0.357 kW
Comments:

- 1. Absolute temperatures must be used in the calculations. _
2. The power required in an actual heat pump will be greater due to irreversibilities.
-

7.7 FIRST COROLLARY OF THE SECOND LAW

The second law gives a sense of direction to a process, whereas the first law does not. It
also tells us that it is impossible to have a perpetual-motion machine of the second
kind, one that violates the second law. The first of two corollaries to this law states:

It is impossible to construct an engine to operate between two heat reservoirs, each
having a fixed and uniform temperature, that will exceed the efficiency of a reversible
engine operating between the same reservoirs.

Figure 7.12 illustrates such a situation. Note that the reversible engine is a Carnot
engine, whereas the other engine may have irreversibilities associated with it.

Figure 7.12 Two heat engines, one revers-
ible and one irreversible, operating between
the same temperature limits.
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Assume that the irreversible engine has an efficiency greater than that of the
reversible engine. Let W, be the work produced by the irreversible engine, while
receiving heat ), and let Wy be the work produced by the reversible engine (Carnot)
when receiving the same amount of heat 0, . The assumption tells us that W; > W,

Now run the reversible engine as a reversed Carnot engine so it will supply the
amount of heat QJ, to the high-temperature reservoir, It would be possible to run the
reversible engine by supplying work from the irreversible engine and still have some
net work remaining. This 1s a perpetual-motion machine of the second kind and
cannot exist because it violates the second law of thermodynamics. Thus, the as.
sumption that W, > Wy is not valid, and the first corollary must be valid.

7.8 SECOND COROLLARY OF THE SECOND LAW

The second corollary of the second law states:

All reversible engines have the same efficiency when working between the same two
constant-temperature heat reservoirs.

‘ The proof of the proposition follows that of the first corollary. Assume that the
proposition is not true in a particular case, and then show that a perpetual-motion
machine of the second kind is a consequence. In this case the irreversible engine is
replaced by a Carnot engine of higher efficiency than the other reversible engine.

7.9 THERMODYNAMIC TEMPERATURE SCALE

When discussing the zeroth law of thermodynamics, we discovered that temperature
could be measured by observing a change in the magnitude of a property. Usually this
is the volume change of mercury or another liquid in a thermometer. Temperature
scales have been developed using various properties of different substances, The
scales may be standardized at the boiling and ice points of water, but they will differ at
other temperature levels. It is possible to develop a temperature scale thatisindepend-
ent of substance properties but that relies on a reversible engine.

We are at the point where we can discuss a thermodynamic temperature scale by
considering reversible engines operating between constant-temperature heat reser-
voirs, Figure 7.13 illustrates this. Three reversible engines that produce work, W,,,
W5, and W3, are placed between constant-temperature reservoirs at temperatures
T,,T,, T;,respectively. Engine 12 receives heat Q, at temperature 7 and rejectsheat
Q, at temperature T, while producing work W,,. Engine 23 receives heat Q, at
temperature 7, and rejects heat O, at temperature 73 while producing work W,.
Engine 13 receives heat Q, at temperature T, and rejects heat (4 at temperature 75
while producing work Wi;. Heat Q; is the same for engine 23 and engine 13, as
demonstrated by the first corollary.

The thermal efficiency of a reversible engine operating between two constant-
temperature reservoirs has been shown to be a function of only the temperatures of
the reservoirs. The thermal efficiency for engine 12, n,,, is then

N2 =Ty, T) (7.12)
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Figure 7 13 Revemble engmes operatmg between two temperature
TeServoirs.
and the thermal efficiency is also
me=1-22 (7.13)
Q

and hence a new functional relationship ¢ is shown to exist between the heat ratio
and the temperatures of the heat reservoir by comparing equations (7.12) and (7.13).

In the same manner, relationships for the other heat ratios and temperatures may be
developed or deduced as

& _ 1, Ty

3

(2
= = (T, T-
Q3 ¢( 1
A relationship between the three heat ratios is
Q1 _ 0.0
Q, Q2/0s

and substitution of the temperature equivalents yields

Ty, T)
¢( T2 ’ T3)

Temperature T, must cancel from the right-hand side if the equation is to maintain a

¢(Tl’ T2)=
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functional identity. This yields a new relationship

T, |
NTy, T,) = % | (7.14)

where i denotes the functional relationship.
There are many functional relationships that will satisfy equation (7.14). The
simplest, and the one used throughout this text, was proposed by Kelvin:

wT)=T o (7.45)
"Thus, .
0, T
-éi = -]i (7.16)
and equation (7.12) becomes
| | o_,_ T
,712 Ql Tl

This is the Kelvin temperature scale with which the reader is familiar. The limits are
from 0 to +,

Kelvin proposed another functional relationship that would permit the lower
temperature limit to be — =, rather than zero. To do this he introduced a logarithmic
scale with temperature 6. The relationship between the scales may be shown as

)= (7.17)
&
%;-=-€—8‘- (7.18)

Equating equations (7.16) and (7.18) yields

e T,

&,
, 6, = 6,=1n (T,) —In(T)
and therefore
| A=In(T)+C
where Cis a constant that determines the level of temperature corresponding to zero
on the logarithmic temperature scale.

The Kelvin temperature scale showed that it was possible to have an absolute-
zero temperature that is independent of the properties of any substance. We must
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resort, in the final analysis, to a “thermometer” type instrument to measure temper-
ature, as it is impossible to design a heat engine running on the Carnot cycle.

CONCEPT QUESTIONS

11.
12.
13.
14.

15.

16.

17.

18.

. Is satisfying the first law of thermodynamics sufficient to know whether a process can

occur?

. A home refrigerator may be viewed as receiving work from the surroundings and rejecting

heat to the surroundings. Does this violate the second law of thermodynamics?

. What makes some energy more valuable than other energy?

. What is a thermal (heat) energy reservoir?

. Can a heat engine operate with only a high-temperature heat reservoir?

. Explain the concept of thermal efficiency of a heat engine.

. Aninventor creates a heat engine with a thermal efficiency of 100%. Does this violate the

first law of thermodynamics? The second law of thermodynamics? Why?

. Would the thermal efficiency of a heat engine reach 100% if all irreversibilities were

eliminated?

. Electric heaters are advertised as havmg an efficiency of 100%. Is this possible? Explain.
10.

Is there a conceptual difference between efficiency and coefficient of performance? Ex-
plain,

Why are there two coefficients of performance for reversed heat engines?
Why does an actual process require more work than a corresponding equilibrium process?
Describe the differences between internally, externally, and totally reversible processes.

A hot cup of coffee left on a table cools to room temperature, Is the process reversible?
Why?

A can of cold soda left on a table in a warm room reaches room temperature. Is the process
reversible? Why?

A house is heated by a heat pﬁmp. The owner turns down the house’s thermostat. Will this
affect the performance of the heat pump? Explain.

A refrigerator is cooled by a reversed Carnot engine. The thermostat is raised in the
refrigerated space. Does this affect the performance of the reversed Carnot cycle? Explain.

Solar energy is to be the energy source for a power plant. Two plans are being considered.
In one system the solar collectors gather energy at 100°C and in the other at 300°C. The
total energy collected is the same in both cases. Is one likely to have a higher efficiency?
Explain,

PROBLEMS (SI1)

71

A Carnot engine operates with 0.136 kg of air as the working substance. The pressure and
volume at the beginning of 1sothermal expansion are 2.1 MPa and 9.6 liters. The air
behaves as an ideal gas, the sink temperature is 50°C, and the heat added is 32 kJ.
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7.2

7.3

7.4

7.5

7.6

7.7

78

79

Determine (a) the source temperature; (b) the cycle efficiency; (c) the presSure attheend
of isothermal expansion; (d) the heat rejected to the sink per cycle.

A Carnot engine produces 25 kW while operating between temperature limits of
1000° K and 300°K. Determine (a) the heat supplied per second; (b) the heat rejection
per second.

A Carnot engine uses nitrogen as the working fluid. The heat supplied is 53 kJ, and the
adiabatic expansion ratio is 16: 1. The receiver temperature is 295°K. Determine (a) the
thermal efficiency; (b) the heat rejected; (c) the work.

A Carnot engine uses air as the working substance, receives heat at a temperature of 315°
C, and rejects it at 65°C. The maximum possible cycle pressure is 6.0 MPa, and the
minimum volume is 0.95 liter. When heat is added, the volume increases by 2509,
Determine the pressure and volume at each state in the cycle.

A Carnot engine operates between temperatures of 1000°K and 300°K. The engine
operates at 2000 rpm and develops 200 kW. The total engine displacement is such that
the mean effective pressure is 300 kPa. Determine (a) the cycle efficiency; (b) the heat
supplied (kW); (c¢) the total engine displacement (m?3).

A Carnot cycle uses nitrogen as the working substance. The heat supplied is 54 kJ. The
temperature of the heat rejected 1s 21°C, and V,/V, = 10. Determine (a) the cycle effi-
ciency; (b) the temperature of heat added; (c) the work.

Helium is used in a Carnot engine where the volumes beginning with the constant-
temperature heat addition are ¥} = 0.3565 m?, ¥, =0.5130m? V;=8.0m3 and V, =
5.57 m3. Determine the thermal efficiency.

Airis used in a Carnot engine where 22 kJ of heat is received at 560°K. Heat is rejected at
270°K. The displacement volume is 0.127 m?3, Determine (a) the work; (b) the mean
effective pressure.

A Carnot engine operates between temperature limits of 1200°K and 400°K, using
0.4 kg of air and running at 500 rpm. The pressure at the beginning of heat addition is
1500 kPa and at the end of heat addition is 750 kPa. Determine (a) the heat added per
cycle; (b) the heat rejected; (c) the power; (d) the volume at the end of heat addition,; (e)
the mean effective pressure; (f) the thermal efficiency.

7.10 A reversed Carnot engine receives 316 kJ of heat. The reversible adiabatic compression

process increases by 50% the absolute temperature of heat addition. Determine (a) the
COP; (b) the work.

7.11 Two reversible engines operate in series between a high-temperature (7) and a low-

temperature (T) reservoir. Engine A rejects heat to engine B, which in turn rejects heat
to the low-temperature reservoir. The high-temperature reservoir supplies heat to engine
A, Let T, = 1000°K and T, = 400°K, and the engine thermal efficiencies are equal.
The heat received by engine A is 500 kJ. Determine (a) the temperature of heat rejection
by engine A; (b) the works of engine A and engine B; (c) the heat rejected by engine B.

7.12 Use the engine arrangement described in Problem 7.11 with engines of equal thermal

efficiency. Let the work of engine B be equal to 527.5 kJ, the low temperature be equal to
305°K, and the heat received by engine A be equal to 2110 kJ. Determine (a) the thermal
efficiency of each engine; (b) the temperature of heat supplied to engine A; (c) the work of
engine A; (d) the heat rejected by engine B; (¢) the temperature of heat supplied to engine
R.
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7.13 A nonpolluting power plant can be constructed using the temperature difference in the
ocean. At the surface of the ocean in tropical climates, the aveage water temperature
year-round is 30°C. At a depth of 305 m, the temperature is 4.5°C. Determine the
maximum thermal efficiency of such a power plant.

7.14 A heat pump is used to heat a house in the winter months. When the average outside
temperature is 0°C and the indoor temperature is 23°C, the heat loss from the house is
20 kW. Determine the minimum power required to operate the heat pump.

7.15 A heat pump is used for cooling in summer and heating in winter. The house is main-
tained at 24°C year-round. The heat loss is 0.44 kW per degree difference between
outside and inside temperatures. The average outside temperature is 32°Cin the summer
and —4°C in the winter. Determine (a) the power requirements for both heating and
cooling; (b) the condition that determines the unit size that must be purchased.

7.16 The Carnot efficiency of a heat engine is a function of the high-temperature heat source,
Ty, and the low-temperature heat sink, 7. It is possible to change one heat reservoir by
an amount AT to improve the engine efficiency. Which reservoir should be changed?

7.17 A Carnot refrigerator rejects 2500 kJ of heat at 80°C while using 1100 kJ of work. Find
(a) the cycle low temperature; (b) the COP; (c) the heat absorbed.

7.18 A Carnot heat engine rejects 230 kJ of heat at 25°C. The net cycle work is 375 kJ.
Determine the thermal efficiency and the cycle high temperature.

7.19 A Carnot refrigerator operates between temperature limits of —5°C and 30°C. The
power consumed is 4 kW, and the heat absorbed is 30 kJ/kg. Determine (a) the COP; (b)
the refrigerant flow rate.

7.20 The Novel Air Conditioning Company claims to have developed a new air conditioner
that will maintain a room at 22°C while rejecting 105 kJ of heat at 42°C. The unit
requires 10 kJ of work. Is this device believable?

7.21 A Carnot heat pump is being considered for home heating in a location where the outside
temperature may be as low as ——35°C. The expected COP for the heat pump is 1.50. To
what temperature could this unit provide heat?

7.22 A refrigerator operating on the reversed Carnot cycle provides a refrigerated space at 4°C
while in a room at 25°C. A wattmeter supplying power to the refrigerator reads 3.0 kW,
What is the amount of cooling being provided?

7.23 Determine the minimum power required to provide 3 kW of cooling at — 10°C while the
surrounding air is at 24°C.

7.24 A Carnot refrigerator, consuming 3.0 kW, islocated in a room where the air temperature
is 25°C. The COP is found to be 5.0. Determine the temperature of and the amount of
heat removed from the refrigerated space.

7.25 Derive the expression for the (COP), for a heat pump operating on the reversed Carnot
cycle.
7.26 A reversed Carnot cycle is used to remove 1 kJ of heat at a variety of low temperatures

with a fixed high temperature of 300°K. Determine the work required for low tempera-
tures of 273°K, 200°K, 150°K, 100°K, and 50°K.

7.27 Anexperiment is being conducted on a new refrigerator design. During one test that lasts
1 h, the following measurements were made: 2.1 kW of power consumed, and 90 000 kJ
of heat removed from refrigerated space at a temperature of 250°K. Are these measure-
ments reasonable?
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7.28 The inventor of a new refrigerator claims to have maintained a cooled space at 0°C ip
surrounding air of 25°C while maintaining a (COP), of 7.0. Is this reasonable?

7.29 A Camot engine receives 1000 kJ of heat from a heat reservoir at an unknown tempera-
ture and rejects 400 kJ of heat to a low-temperature reservoir at 25°C. Determine (a) the
high temperature; (b) the thermal efficiency.

7.30 An inventor claims that a heat engine receives 1000 kJ of heat at 400°K and rejects
500 kJ of heat at 300°K. Is this a reasonable assertion?

7.31 It is desired to double the efficiency of a Carnot engine from 30% by raising its tempera;
ture of heat addition, while keeping the temperature of heat rejection constant. What
percentage of increase in high temperature is required?

7.32 1t is desired to double the (COP), of a reversed Carnot engine from 5.0 by raising the
temperature of heat addition for a fixed high temperature. By what percentage must the
low temperature be raised?

7.33 An 8-kW heat pump is designed to maintain a house at 21°C when the outside tempera-
ture is —5°C. The heat loss from the house is estimated to be 85 000 kJ/h for these
temperature conditions. Can the heat pump provide the necessary heat?

7.34 A building is heated by a heat pump and must be maintained at 20°C. The power to the
heat pump is 8 kW, and the heat loss from the building is 2900 kJ/h for each degree in
temperature difference between the inside and outside. Determine the lowest outside
temperature possible, subject to the heating requirements.

7.35 A house is maintained at 22°C by a heat pump. The outside temperature is ~ 5°C, and
the heat loss is estimated to be 90 000 kJ/h. Find the minimum power required when the
heat supplied to the heat pump is (a) at the surrounding air temperature; (b) at the
temperature of pond water at 4°C.

7.36 A Carnot engine using 1 kg air has the following conditions: heat addition beginning at
15 MPa and 1200°K and continuing until the pressure is 10 MPa; isothermal compres-
sion from 100 kPa and 300°K, continuing until the pressure is 150 kPa. Determine (a)
the heat transfer into the cycle; (b) the heat transfer from the cycle; (¢) the work for each
of the processes; (d) the cycle efficiency.

7.37 Show for a Carnot engine using an ideal gas as the working substance that V V2 ViVs.

7.38 A Carnot cycle heat pump provides 90 000 kJ/h to a house maintained at 21 °C when the
outside temperature averages 0°C. When operating, the heat pump uses 11 kW of power.
The cost of electricity is $0.11/kwh. Determine (a) the number of hours the heat pump
runs in one day; (b) the cost of electricity for the day; (c) the cost of electricity if the heat
pump were replaced by electric baseboard heat.

7.39 A house is cooled by a reversed Carnot engine where the indoor temperature is main-
tained at 21°C, and the average outside temperature is 32°C. The heat gain by the house
is 43 000 kJ/h. When the reversed Carnot engine operates, it uses 5 kW of power.
Determine (a) the number of hours per day the reversed Carnot engine runs; (b) the cost
per day of electricity if the price-is $0.1 1/kwh.

7.40 A Carnot engine receives 100 kW at 1000°K and I'C_]eCtS heat to the surroundmgs at
300°K. The work from the engine is used to drive a reversed Carnot engine that operates
between —20°C and 300°K. Determine (a) the heat input to the reversed engine; (b) the
total heat from both engines rejected to the environment at 300°K.

7.41 A reversed Carnot engine operates between 250°K and 300°K and receives 100 kW of
heat at the lower temperature. The power to drive the reversed engine comes from a
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Carnot engine operating between 900°K and 300°K. Determine the heat input to the
Carnot engine.

A reversed Carnot engine operating as a heat pump consumes 6 kW and has a (COP),, of
3.0. A house containing 1800 kg of air is initially at 12°C, and the heat raises the air
temperature to 21°C. How long will this take?

PROBLEMS (English Units)

*7.1

*7.2

*1.3

*7.4

*7.5

*7.6

*1.7

*78

*19

A Carnot engine rejects 1000 Btu/min at 50°F and produces 40 hp. Determine the
temperature of heat addition and the amount of heat flow into the engine.

A Carnot engine uses air as the working substance. There is 10 Btu/Ibm of heat added,
the pressure at the beginning of adiabatic expansion is 200 psia, and the specific volume
is 1.3 ft3/Ibm, The sink temperature is 40°F. Determme the engine efficiency and the
net work per unit mass.

A Carnot engine uses air and operates between temperature limits of 740°F and 40°F.
The pressure at state 1 is 200 psia, and the specific volume doubles during the heat
addition process. Determine the net work per unit mass.

A Carnot engine operates between 1200°F and 100°F and rejects 40 Btu to the low-
temperature heat reservoir. Find the net work.

The engine in Problem *7.4 is used to drive a heat pump that receives 250 Btu from the
low-temperature heat reservoir. It rejects heat at 100°F. Determine the temperature of
the heat that is added.

A Carnot engine uses air as the working substance, receives heat at a temperature of
600°F, and rejects it at 150°F. The maximum possible cycle pressure is 1000 psia, and
minimum volume is 0.03 ft3. When heat is added, the volume increases by a factor of
2.5. Determine the pressure and volume at each state in the cycle,

A Carnot cycle uses air as the working substance. The heat supplied is 50 Btu. The
temperature of the heat rejected is 70°F, and V,/V, = 10. Determine (a) the cycle
efficiency; (b) the temperature of heat added; (c) the work.

A refrigerator operating on the reversed Carnot cycle provides a refrigerated space at
40°F while in a room at 80°F. A wattmeter supplying power to the refrigerator reads
3.0 kW. What is the amount of cooling being provided?

Determine the minimum power required to provide 180 Btu/min of cooling at 0°F
while the surrounding air is at 75°F.

*7.10 A Carnot refrigerator, consuming 3.0 kW, is located in a room where the air tempera-

ture is 80°F. The COP is found to be 5.0. Determine the temperature of and the amount
of heat removed from the refrigerated space.

*7.11 A reversed Carnot cycle is used to remove 1 Btu of heat at a variety of low temperatures

with a fixed high temperature of 540°R. Determine the work required for low tempera-
tures of 460°R, 360°R, 260°R, 160°R, and 60°R.

*7.12 An experiment is being conducted on a new refrigerator design, During one test that

lasts 1 h, the following measurements were made: 2.1 kW of power consumed and
85,000 Btu of heat removed from refrigerated space at a temperature of 450°R. Are
these measurements reasonable?
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*7,13 The inventor of a new refrigerator claims to have maintained a cooled space at 32°F in
surrounding air of 77°F while maintaining a (COP),. of 7.0. Is this reasonable?

*7.14 A Carnot engine receives 1000 Btu of heat from a heat reservoir at an unknown temper-
ature and rejects 400 Btu of heat to a low-temperature reservoir at 77°F. Determine (a)
the high temperature; (b) the thermal efficiency.

*7.15 An inventor claims that a heat engine receives 1000 Btu of heat at 720°R and rejects
500 Btu of heat at 540°R. Is this a reasonable assertion?

*7.16 Itis desired to double the efficiency of a Carnot engine from 40% by raising its tempera-
ture of heat addition, while keeping the temperature of heat rejection constant. What
percentage of increase in high temperature is required?

*7.17 1t is desired to double the (COP), of a reversed Carnot engine from 5.0 by raising the
temperature of heat addition for a fixed high temperature. By what percentage must the
low temperature be raised?

*7.18 A 10-hp heat pump is designed to maintain a house at 70°F when the outside tempera-
ture is 23°F. The heat loss from the house is estimated to be 85,000 Btu/hr for these
temperature conditions. Can the heat pump provide the necessary heat?

*7.19 A building is beated by a heat pump and must be maintained at 68°F, The power to the
heat pump is 8 kW, and the heat loss from the building is 2900 Btu/hr for each degree in
temperature difference between the inside and outside. Determine the lowest outside
temperature possible, subject to the heating requirements,

*7.20 A house is maintained at 72°F by a heat pump. The outside temperature is 20°F, and
the heat loss 1s estimated to be 90,000 Btu/hr. Find the minimum power required when
the heat supplied to the heat pump is (a) at the surrounding air temperature; (b) at the
temperature of pond water at 40°F.

*7.21 A Carnotengine using ! Ibm air has the following conditions: heat addition beginning at
2200 psia and 2200°R and continuing until the pressure is 1400 psia; isothermal com-
pression from 14.7 psia and 540°R and continuing until the pressure is 23.1 psia.
Determine (a) the heat transfer into the cycle; (b) the heat transfer from the cycle; (c) the
work for each of the processes; (d) the cycle efficiency.

*7.22 A Carnot cycle heat pump provides 90,000 Btu/hr to a house maintained at 70°F when
the outside temperature averages 32°F. When operating, the heat pump uses 15 hp. The
cost of electricity is $0.1 1/kwh. Determine (a) the number of hours the heat pump runs
in one day; (b) the cost of electricity for the day; (c) the cost of electricity if the heat pump
were replaced by electric baseboard heat.

*7.23 A house is cooled by a reversed Carnot engine where the indoor temperature is main-
tained at 70°F and the average outside temperature is 92°F., The heat gain by the house
is 43,000 Btu/br. When the reversed Carnot engine operates it uses 7 hp. Determine (a)
the number of hours per day the reversed Carnot engine runs; (b) the cost per day of
electricity if the price is $0.11/kwh.

*7.24 A Carnot engine receives 600 Btu/min of heat at 1800°R and rejects heat to the
surroundings at 540°R. The work from the engine is used to drive a reversed Carmnot
engine that operates between —4°F and 540°R. Determine (a) the heat input to the
reversed engine; (b) the total heat from both engines rejected to the environment at
540°R.

*7,25 A reversed Carnot engine operates between 440°R and 540°R and receives 500 Btu/
min of heat at the lower temperature. The power to drive the reversed engine comes
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from a Carnot enginc operéting between 1600°R and 540°R. Determine the heat input
to the Carnot engine.

*7.26 A reversed Carnot engine operating asa licat pump consumes 6 kW and has a (COP), of
3.0. A house containing 3000 Ibm of air is initially at 54°F, and the heat raises the air
temperature to 70°F. How long will this take?

COMPUTER PROBLEMS

C7.1 Develop a TK Solver or spreadsheet model to analyze the Carnot cycle. For the cycle
conditions in Example 7.3, vary the heat supplied to the cycle between 25 and 300 kJ/kg
and plot the pressures at the end of the heat addition and expansion processes.

C7.2 Repeat Problem C7.1 but use carbon dioxide as the working fluid in the Carnot cycle.
Compare your results with those from Problem C7.1.

C7.3 A solaf collector heats a 100-m3 insulated tank of water to 350°K. The surroundmgs are
‘ at 300°K. A Carnot engine will be used to extract work from the stored thermal energy.
Note that, as heat is extracted from the tank, the temperature will drop and the engine
efficiency will decrease. Using the average tank temperature, compute the maximum

engine work, using temperature intervals of 50°K, 10°K, and 5°K.



Entropy

Understanding entropy is essential to understanding the ramifications of the second
law of thermodynamics. In this chapter we will develop

¢ A further understanding of system equilibrium conditions;

¢ A derivation of the Clausius inequality and of an expression for entropy;

¢ Expressions for the change of entropy of gases and pure and incompressible
substances;

¢ An understanding as to why entropy production occurs in both open and
closed systems; '

¢ A relationship between entropy and disorder;
¢ A philosophical view of entropy.

In the late 1800s, Clausius was investigating the equilibrium conditions for an iso-
lated system. He knew that the total energy of the system was a constant, and he
wanted to determine whether or not there would be a change of state in the isolated
system. Experience had shown that a change of state might occur, but could a method
be devised by which the change could be predicted? If the system were in equilibrium,
no change would occur. It would be especially helpful if there were a system property
that would denote whether or not the system was in equilibrium.

236
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Let us consider the types of mechanical equilibrium a ball can exhibit. If we were
to place the ball in a bowl, it would be in stable equilibrium; in this state it would
return to its original position when subjected to a light disturbance. Now let us place
the ball in a very slight depression, for example, a marble on a partially burned
candlestick. This marble exists in metastable equilibrium. It can stay in this configu-
ration indefinitely, but a slight disturbance of the system can cause a tremendous
change of the system state. Now, place the ball at the apex of a convex surface. It may
exist in this state, but the smallest disturbance will cause a dramatic change; hence,
the state is unstable. A fourth possibility exists when thie ball is lying on a horizontal
surface; this is neutral equilibrium. A slight disturbance will cause it to change state
slightly. The quest of Clausius, which led to the property entropy, was to find whether
a system was in stable equilibrium. Of course, one is not usually interested in marbles
and the like, but the same types of equilibrium exist in thermal systems, such as steam
in an equilibrium or nonequilibrium state, which affects equipment design.

.1 CLAUSIUS INEQUALITY

Clausius developed a method to evaluate a closed system operating as a heat engine,
as shown in Figure 8.1. The system receives heat Qg; and Qg, at temperatures 7; and
T,, respectively. The system produces work W and rejects heat Qg at temperature
T,. All the processes are assumed to be reversible. The work from the system drives
two Carnot engines, A and B, which act as heat pumps. What Clausius did, and we
shall do, is assume that the system develops a slight irreversibility. What happens
provides the answer to his original question: Does a property exist to determine
system equilibrium?

Figure 8.1 A system used to derive two reversed Carnot
engines.
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The energy into the heat reservoirs is equal to the energy out; hence

Oa1=0s1 and Qp=0x

Since the Carnot engines are reversible, all the work leaving the system is used as work
by them:

Ws=W,+ P
The system rejects heat Qg;. Since all processes are reversible,
Qs3 = Qas T Os;s (8.1)

We let the system act in an irreversible manner, causing rejected heat to be greater
than the reversible heat supplied to the Carnot engines.

Qs3> Qas + O3 (8.2)
Equations (8.1) and (8.2) may be combined as

Oss 2 0as + Ogs (8.3)
Analyzing Carnot engine A, we find

Ops + Wa=Q0u

From the Carnot engine efficiency,

WA=QA1( _%)

hence,
T. T.
Qa1 = Qa (?::) = Qg ("17:) (8.4)
and similarly, for Carnot engine B,
T. T
Op:; = Op (fi‘) =0s» (?:') (8.5)

Consider the algebraic summation for the heat flowing into and out of the sink.
Let the heat Qg; entering the sink be negative (as it is leaving the system), and let the
heats Q,, and Qp, be positive (as they are when they enter the system). The summa-
tion of these heats will be

Qs+ QOps+053=0 (8.6)
Substituting equation (8.4) and equation (8.5) in equation (8.6) yields

QSI QSZ QS3
82 En
T, vt <

Equation (8.7) was developed for three heat reservoirs and could be expanded for n
heat reservoirs. This means that there would be n — 1 temperatures at which heat

(8.7)
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could be added to the system:
Q_
27

As the number of heat reservoirs becomes large, the heat transferred at any given
reservoir becomes small. Taking the limit as n» becomes infinitely large, Q becomes

infinitesimally small, and
lim E g_ f 99 =0

ne—>00

60 _ _
?5"?—*“

Equation (8.8) is the Clausius inequality.

(8.8)

.2 DERIVATION OF ENTROPY

The definition of entropy was developed by applying the Clausius inequality to a
cyclic process. Figure 8.2 illustrates a two-process cycle, composed of reversible paths
A and B. Since the cycle is reversible, it is possible to proceed in the clockwise or
counterclockwise direction.

Point Pis located on path A. If'the system proceeds an infinitesimal distance from
P in the clockwise direction, an amount of heat d@, will be added. If the direction is
reversed — and the system returns that infinitesimal distance to point P—an infini-
tesimal amount of heat §Q . is removed.

Pressure p

-

Volume V'
Figure 8.2 Two paths, 4 and B, joining states | and 2.



Heat added is positive, and heat removed is negative; so

anI = —éro
Applying the Clausius inequality to the cycle,
0Qy _
—£=0 .9
¢ T (8.9)
or
00,
98 =0 (8.10)
but
—0Q4=100
hence
_ b 9Qu
95 - = 0 (8.11)

There is only one solution that satisfies both equations (8.9) and (8.11):

00y _
567 0

Since it would be possible to obtain the same result for the counterclockwise direc-
tion, the expression may be written in general as

a0 _
¢~F—0 (8.12)

We apply equation (8.12) to the cycle illustrated in Figure 8.2.

b= ) [ (7)o
L(TL"L(TL

Since the paths 4 and B are arbitrary paths, for any path between the points { and 2

[ #- [~ [ (),

The integral must be equal to some constant value because it does not depend on a
particular system path. This indicates that the quantity (6Q/T),., is an exact differ-
ential. In the thermodynamic sense the quantity is not a function of the system but
depends only on the system states 1 and 2. This is the definition of property. Clausius
called this property “entropy,” S. Hence

2 6 .



Although the quantity (6Q/T),, may denote a differential change in the prop-
erty S, the property difference is described by equation (8.13). This poses no problem
in undergraduate thermodynamics, since the analysis of problems uses the entropy
difference. However, the resolution of this dilemma remains a point of interest.

Let us now apply the Clausius inequality to a system operating on a cycle
composed of a reversible path 4 and an irreversible path B.

L.
[(9) s

However, for an irreversible path @/ T cannot be evatuated. The entropy change for
an irreversible process between states 1 and 2 is

_ 2(9Q
52 &>ﬁ(rl

The equality sign may be included if we write the previous equation for both revers-
ible and irreversible situations.

2 (;Q)
~5= = ]
1 j; (T m (8.14a3)
or
- (22
dS= (T)mv (8.14b)

We may reach several conclusions regarding the entropy change of a system. For
adiabatic closed systems, the entropy will increase due to internal irreversibilities.
Only for reversible adiabatic processes will 45 = 0.

8.3 cALCULATION OF ENTROPY CHANGE FOR IDEAL GASES
e

Thus far we have not calculated the value of entropy, or the difference in entropy
between two states for a closed system. We will first calculate the entropy of gases,
using the ideal-gas laws and the gas tables, and then calculate the entropy of pure

substances.
The first law for a closed system is
0Q=dU+ oW
For a reversible process, and considering only mechanical work, this becomes
TdS=dU+pdV (8.15)

Equation (8.15) is a very important thermodynamic relation. A second important
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relation is
dH=dU+pdV+ Vdp
and for reversible processes, with only mechanical work, this becomes
TdS=dH—-Vdp (8.16)

If the ideal-gas equation of state is used, p¥"= mRT, and the change of enthalpy
and internal energy is written for an ideal gas, equations (8.15) and (8.16) become,
respectively,

dr dv
dS-— mc,,-i,—-i-mR—F (8.17)
and
dar dp
dS=mcp—f,—-—mR7; (8.18)

Integrating between states 1 and 2 with constant specific heats and mass yields

= I 143

S, —S;=mc,In (T]) +mR In (Vl) (8.19)

58 = me, In (12-) —mRin (&) (8.20)
T, Dt

Thus, there are two equations describing the change of entropy for an ideal gasin
a closed system. The particular equation to use is the one that will make the solution
simplest.

The gas tables account for the variation of specific heat with temperature. If
equation (8.18) is partially integrated as follows,

2 dr D
S—S=mfc~—len(i)
2 ! y ° T D

and from the gas tables,

then

S, — S, =m(dp,— ;) —mR1n (-51) (8.21) '

1

For convenience, values of the temperature-dependent integral are listed in the
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gas tables under the heading ¢, where
T dr
o= o7
Example 8.1
Calculate the change of entropy of 3 kg of air that changes state from 300°K and 100

kPa to 800°K and 500 kPa.

Solution

Given: Air changing state with both states completely identified.
Find: The change of entropy of the air.
Sketch and Given Data:

A

500 2
=
oo, ,
o, Irreversible 4
g path \ ’
2 Reversible
= ’ path

100 +— 1

i d o
300 800
Temperature T (K) Figure 8.3

Assumption: Air behaves as an ideal gas.

Analysis: The change of entropy of an ideal gas is given by equations (8.19), (8.20),
and (8.21). In equation (8.21) the variation of specific heats with temperature is
included. Solve for the air volume at each state using the ideal-gas equation of state.

y, = m_fﬂ = (3 kg)0.287 kJ /kg-K)(300°K) /(100 KN/m?)
1
V,=2.583 m?
mRT, o 2
v, = = (3 kg)(0.287 kJ /kg-K)(800°K) /(500 kN/m?)

2
V, = 1.378 m?
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The change of entropy using equation (8.19) yields

S;— 8 =mc,In £t + mR In Y

’ T, Vi
S, — 8, =3 kg)0.7176 kJ /kg-K) In % + (3 kg)0.287 kJ /kg-K) In %
S, — 8§ =157kI/K
From equation (8.20)
S, — S =mc,In % —mRIn f)
Sy — 8 = (3 kg)(1.0047 kJ /kg-K) In g—g—g — (3 kg)0.287 kKJ /kg-K) In (%

S2 - S] = 1.57 kJ/K

Using equation (8.21) requires use of Table A.2.
At 300°K, ¢, = 2.5153 kJ /kg-K; at 800°K, ¢b, = 3.5312 kJ /kg-K.

S, — 8, = (3 kg)X(3.5312 — 2.5153 kJ /kg-K) — (3 kg)(0.287 kJ /kg-K) In (5)
S, — 8, = 1.66 XJ/K

Using TK Solver and the model AIR.TK, the change in entropy can be easily
calculated.
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The change in entropy for the 3 kg is thus
S, — 8, = (3 kg)(0.55616 kJ /kg-K) = 1.66848 kJ /K
Comments:

1. In problems where there is a significant temperature variation, as there is in this
exampie, the variation of specific heat with temperature has a significant effect in
calculating the change of entropy. In this case the difference is nearly 6%.

2. When the initial and final states of a system are given, the entropy change may be
computed whether or not the process the system underwent was reversible. En-
tropy is a system property and as such does not depend on the path taken by the
system in changing state, and a reversible path may be chosen. This is implicit in
the derivation of the expression for change of entropy. L]

8.4 RELATIVE PRESSURE AND RELATIVE SPECIFIC VOLUME

The gas tables also give the means of calculating an isentropic process from state [ to
state 2. For an isentropic process, AS = 0; hence

in (_’2) — ¢2 - ribl
D R
The relative pressure, p,, is defined as
pY_¢
In(p,)=In (—)=-—
Pr) Do R
where p, is a reference state. Then
Dn b, — &,
i (22) = B2 v
prl R ( )
and hence,
Pr _ (23) (8.23)
Dy Di/s
There is also a relative specific volume v,
RT
v, =
Dr
Hence,

()
(3)_2) =2 (8.29)
Ui/s  Yn
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Example 8.2

Three Ibm/sec of air expands isentropically through a nozzle from 1000°R, 200 psia,
and negligible velocity to 20 psia. Determine the velocity exiting the nozzle, using the
gas tables as appropriate.

Solution

Given: Air flowing isentropically through a nozzle from given inlet conditions toan
exit pressure.

Find: The air velocity exiting the nozzle.
Sketch and Given Data:

Control volume boundary

M——= e |
t
. |
Air |
m =3 lbm/sec !
1000° R 1#' Reversible adiabatic flow —-+E-— 20 psia
200 psia I I
(s '
I £ !
I o !
L- -
Figure 8.4
Assumptions:

Air behaves as an ideal gas with variable specific heats.

The negligible inlet velocity allows us to neglect inlet kinetic energy.

Inlet and exit potential energy changes are negligible.

There is no heat flow, as isentropic denotes reversible adiabatic conditions.
The flow is steady, and steady-state conditions apply. '

There is no work crossing the control volume.

MR e

Analysis: The first law for an open system yields
Q + mlh, + (ke), + (p.e),] = W+ mih, + (ke), + (p.e.),]
Invoking the stated assumptions yields
(ke),=(h — hy)

The substance is an ideal gas with variable specific heats. The enthalpy and relative
pressure at state 1 may be read directly from the tables, yielding
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8.4 RELATIVE PRESSURE AND RELATIVE SPECIFIC VOLUME

tropic, thus

1§ 1sen

The process from state 1 to state 2

= 12.298(20/200) = 1.2298
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F 4
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522°R
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Therefore, since DELh is — 115.41 Btu/lbm,

v, = 2405 ft/sec
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Comments:

1. The relative pressure and relative specific volume ratios may be used only for
isentropic processes.

2. The temperature leaving the nozzle is quite cool compared to the inlet conditions.
The entropy increase caused by the decreasing pressure is balanced by the entropy
decrease associated with lower temperature. -

8.5 ENTROPY OF A PURE SUBSTANCE

Entropy has been defined as a property of a system, and the specific entropy is
tabulated in the tables of thermodynamic properties. Since entropy is a property, it
may be calculated for any quality within the saturated region, It is listed in the
compressed liquid and superheated vapor tables. Figure 8.5 illustrates a 7T-s diagram
for steam. Another frequently used chart for steam is the A-s diagram, called the
Mollier diagram, illustrated in Figure 8.6. Inspection shows a disadvantage of the
Mollier diagram 1s that it cannot be used for steam with a quality of 50% or less. As we
will see in later chapters, the Mollier diagram is the traditional means available for the
solution of steam turbine problems. The 7-s diagram usually does not list specific
volume, a disadvantage in its use. However, both charts are very useful for particular
problems and will be used for them. The charts are listed in Appendix Tables B.1 and
B.2.

Entropy Change for Incompressible Substances

The internal energy of a substance is a function of temperature and specific volume,
u(T, v). If the specific volume is constant, the internal energy is a function of temper-

A Critical point
|

Superheated
vapor

Compressed
hquid
Saturated
~ vapor line

Temperature T

Mixture

Saturated liquid line

Figure 8.5 A T-s5 diagram for water.
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Superheated
region

Enthalpy k

Saturated
region

Entropy s
Figure 8.6 An A-5, or Mollier, diagram for water.

ature only, u=u(T), as is the specific heat, c = ¢(T). The change of internal energy is
du=(T)dT
From the first law for closed systems,
Tds=du+pdp
dv=0 forv=c¢
thus, T
ds = c(T}) T

Integrating this between states 1 and 2 yields

e 2e(TYdT
52 SI Jl T

and if ¢(T') is a constant {an average value over the temperature range is often used),
the change of entropy for an incompressible substance becomes

$;— 8 =cln[T,/T] (8.25)

Example 8.3

Twelve kg/min of R 12 flows through an evaporator coil at constant pressure. The
inlet conditions are 308.6 kPa and 30% quality, and the refrigerant exits as a saturated
vapor. Determine the change of entropy across the evaporator and the heat flow rate
to the evaporator.

Solution

Given: Refrigerant flowing through an evaporator, receiving heat, and evaporating
from a given initial state to a given final state at constant pressure.
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Find: The change in entropy across the evaporator and the heat flow rate.

Sketch and Given Data:
Evaporator

r -1

tE 1
m=12kg/min | 1!, Saturated
x = 30% —-l— —ll-— vapor 1 )
p = 308.6 kPa | | p= 308.6 kPa

[N :

L

B
s

Figure 8.7
Assumptions:

1. The conditions are steady-state.

2. Refrigerant 12 is a pure substance, and the states are equilibrium ones, so tables of
properties may be used.

3. The changes in potential and kinetic energies may be neglected.

4, The work done at constant pressure in an open system is zero.

Analysis: The first law for an open system is
Q + milhy + (ke + (p.e)y) = W+ rilh, + (ke + (pe.)y]
Solving for the heat flow subject to the assumptions above yields
Q= r(hy — hy)
The properties for R 12 found from Table A.11 are
hy = 36.022 kJ /kg + (0.3)(151.376 kJ /kg) = 81.43 kJ fkg
5y =0.1418 + (0.3)(0.5542) = 0.3081 kJ /kg-K
hy=h, = 187.397 kJ /kg
5 = 5= 0.6960 kJ /kg-K
The heat flow is

O~ (12 kg/min)(187.397 — 81.43 kJ /kg)
(60 s/min)

=21.19 kW

The change of entropy is

(12 kg /min)(0.6960 — 0.3081 kJ /kg-K)
(60 s/min)

Because R 12 is a pure substance, the process is not only constant-pressure bu

m(s, = §;) = = 0.0776 kW /K



constant-temperature. In this case the equation for heat in terms of entropy may be

readily integrated.
f éq = f T ds

qg=T(s,— 5)

forT=0C

In the case where flow is occurring, Q = mgq. Checking the results in this case, the
temperature of evaporation is 0°C or 273.15°K, hence

Q =mT (s, — 5,) =(273.15°K)(0.776 kW /K) = 21.19 kW
Comments:

1. When a reversible process is constant-temperature, the heat flow may be found
from the T ds equation. If this process were not reversible, the equation would not
be applicable. In actual processes a pressure drop occurs; hence the process would
be neither constant-pressure nor constant-temperature.

2. Absolute temperatures must always be used in entropy calculations. g

8.6 FURTHER DISCUSSION OF THE SECOND LAW FOR
CLOSED SYSTEMS

Rather than allowing the Clausius inequality, equation (8.8), to remain an inequality,
it can be changed to an equality by including an entropy production term AS,,4.
Equation (8.8) becomes

fﬁ 57Q = —ASpea (8.26)

The entropy production is caused by internal irreversibilities. This term will disap-
pear only when the internal irreversibilities become zero. The entropy production
term is process-dependent. It depends on how the system changes state and, as such,
is not a property. In Equation (8.26) AS,,4 is zero when there are no irreversibilities
present. AS,4 1s positive when there are irreversibilities contributing to entropy
production. It can never be less than zero.

Equation (8.26) can be expanded similarly to the previous development by
considering a reversible and an irreversible path going from state | to state 2 and from
state 2 to state 1, respectively. Thus,

2050\ . {60\ _ _
IS AINCOREES
oQ

2
= [ (29) + a5 -
1 I

Let us evaluate the irreversible heat term. Assume that the system receives heat
0, at temperature 7;. This temperature is the system temperature at the boundary

This reduces to
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receiving the heat. For one heat source at a fixed temperature, equation (8.27)
becomes
Q;

8= 81 =2 Ay (8.28)

i

It is possible to extend this by considering a system that has several heat flows,
each at a different but constant temperature. Equation (8.28) becomes

$=8=3 —% + ASroa (8.29)
i=] i

If equation (8.29) is differentiated with respect to time, putting it on a time-rate basis
vields

ds
dt
Let us apply equation (8.28) to a reservoir supplying heat Q, at temperature 7 to
a system. In this situation we wish to determine the entropy change of the reservoir,
The entropy production within the reservoir is zero; there are no internal irreversibili-
ties, for it is at a fixed and constant temperature.
Qi

ASM=—._T- (8.31)

= i —?,— + ASppea (8.30)

i=1 "1

Consider that the reservoir and the system are two subsystems within ap isolated,
adiabatic, constant-mass system. Comparing equations (8.28) and (8.31) we see that
the entropy-production term is due to internal system irreversibilities.

Let us consider that an isolated system, one that is closed, is adiabatic and has no
energy flow across its boundary. We know from equation (8.14b) that

dSiy =0 (8.32a}
or
- AS,; =0 (8.32b)

The system may have several parts to it, that is, i subsystems, so if we let equation
(8.32b) apply to the overall system, then

AS g = E AS;=20=AS,4 (8.33)

Example 8.4

A 5-kg steel billet is heated to 1200°K and then quenched by placing it in 50 kg of
water, initially at 20°C. Determine the entropy change of the water and of the billet
and the entropy-production term. The average specific heat of steel is 0.5 kJ /kg-K.

Solution

Given: A heated steel billet of known mass and temperature is placed in cool water
with a known initial temperature.
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Find: The change of entropy of the water and metal, as well as the entropy prcduc-
tion due to irreversibilities in heat transfer,

Sketch and Given Data:
_ Boundary of subsystems
» —— = T = = == T = A
- |
-~ = |
r = ]
! I Water
: *'.— 0kg
| < | T=20°C
| o )
| g Pg
Steel ! ot
5kg T T T T T T T T T
T=1200°K
¢, =0.5kI/kg-K
Figure 8.8
Assumptions:

1. The metal and water form two subsystems within an isolated system.
2. The changes in kinetic and potential energies are zero.

3. No work is done.

4. No heat flux crosses the boundary formed by these two subsystems.

Analysis: To determine the entropy change of the subsystem, the final temperature
must be found. The first law for a closed system is

Q=AU+ AK.EE.+APE. + W

The heat, work, and changes in kinetic and potential energies are zero, making AU
zero. The total change of internal energy is the sum of the subsystem AU’s. Thus,

AU, e + AUy = 0
1y = upat 20°C = 82.9 kJ /kg
s, = 5;at 20°C = 0.2914 kJ /kg-K

Substitute these values into the equation

m(u,— u)+me(T,— T)=0
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Solve by trial and error for T5,.
T,=303.7°K u, = 128.0 kJ /kg
s, = spat 30.7°C = 0.4424 kJ /kg-K
The entropy changes may be calculated as
ASpier = (50 kgX0.4424 — 0.2914 kJ /kg-K) = 7.55 KJ /K
ASgeq = (5 kgX0.5 kJ /kg-K) In [303.7/1200] = —3.44 kI /K

There is no heat transfer crossing the boundary, so the entropy production is the sum
of the individual entropy-change terms of the subsystems, yielding

ASyea=7.55—-344=4.11KkJ/K

The entropy change of the water can also be calculated using TK Solver and the
model SATSTM.TK as follows:

Comments:

1. The steel decreases in entropy because the temperature drops, but the water
increase exceeds it by the amount of the entropy-production term.
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2. Forliquid water at relatively low temperatures such asin this example, the internal
energy may be represented as ¢, T, where ¢, = 4.186 kJ /kg-K. Even at elevated
temperatures an average specific heat may be used, but it will have a different
numerical value than the one given. -

8.7 EQUILIBRIUM STATE

Clausius started his investigation of systems and developed, or discovered, the prop-
erty of entropy in order to determine whether an isolated system was in equilibrium.
Since dS = (6Q/T),,, there are two methods by which 4§ will be nonzero. One
method can be an exchange of heat 0 between the system and the surroundings. The
system is isolated, however, and so there can be no energy transfer between the system
and the surroundings. The other method requires a temperature differential within
the system. This would cause an irreversible energy flow within the system and result
in a change in the system temperature. Thus, it is only by an irreversible process that
the entropy of the system will increase.

The following conclusions about the change in entropy and system equilibrium
may be made.

1. When the entropy of an isolated system is at its maximum value, no change in
state can occur.

2. When itis possible for the entropy of an isolated system to increase, the system
cannot be in a state of equilibrium, and it is possible for a change of system
state to occur.

Figure 8.9 illustrates an entropy equilibrium surface. The system is characterized by
temperature T, and pressure p, . If the system is in equilibrium, it is denoted by point
A on the equilibrium surface. If the system is not in equilibrium, however, it has to be
below the equilibrium surface, as illustrated by point B. A change may occur that
would bring the system to the equilibrium surface; however, we cannot determine
whether or not it will occur. Note that the entropy is 2a maximum for its state; if the

Figure 8.9 An equilibrium surface with
states 4 and C on the surface and state B
below the surface,
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temperature or pressure were different, another maximum value of entropy for that
state would be the equilibrium value, such as point C.
The following statements summarize entropy changes of a closed system:

1. Theentropy will decrease when heat is removed from the system, all processes
being reversible ones.

2. The entropy will remain constant when reversible adiabatic processes occur
within the system.

3. The entropy will increase when heat is added to the system, reversibly or
irreversibly.

4. The entropy of an isolated system will increase when irreversible processes
occur within it.

Statement | requires the restriction of reversibility because irreversibilities within the
system may cause an entropy increase, and although the heat removal results in an
entropy decrease, the net entropy change could be positive or negative, depending on
the magnitude of each term.

Let us examine in more detail what constitute irreversibilities, In Chapter 3 we
examined a quasi-equilibrium process and found this to be an example of a reversible
process, with an irreversible process being one where mechanical, thermal, or chemi-
cal equilibrium does not exist as the system changes state. This is one type of irrevers-
ibility. A second type is caused by the natural dissipative effects of a substance. For
instance, friction dissipates some useful energy (work) into a less useful form (heat).
This characterizes all dissipative effects. Many common phenomena demonstrate
this dissipative effect— springs are not truly elastic, inductors contain some resist-
ance, viscous effects appear in flowing fluids.

All actual processes contain some of these or similar irreversibilities, Thus, fora
process to be truly reversible, it must meet two general criteria: it must be quasi-equi-
librium and it must be nondissipative. This is not possible; thus, reversible processes
become a limit that we cannot reach and can only strive for.

8.8 CARNOT CYCLE USING 7-S COORDINATES

One of the great advantages of a 7-5 diagram is that reversible heat transfer may be

represented. Since Q,,, = J T dS, these are the natural coordinates for reversible heat

flow. When talking about the Carnot cycle, we had to invoke the ideal-gas law to

determine the efficiency. This is no longer necessary. Figure 8.10 iltustrates the

Carnot cycle on the 7-5 coordinates. Notice that the reversible adiabatic process,a -

constant-entropy or isentropic process, is a straight vertical line.
From the equation for reversible heat transfer,

oQ=T4dS

2
Q=T[ ds forT=C
1
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Figure 8.10 A 7-S diagram for the Carnot cycle.

Hence

Q2= TH(5;— ) (8.34)
and

Q1= TSy — 53) (8.35)
but

Se— 5 =—(5—35))

and recalling that

— Qin+Qout
o G
in
(8.36)
n _ TH_ TC
=
Ty

Not surprisingly, the result is obtained more directly when using the proper thermo-
dynamic coordinates, In this case the ideal-gas law did not have to be invoked, thus
demonstrating that equation (8.36) is valid regardless of the working fluid in the
Carnot engine.

8.9 HEAT AND WORK AS AREAS

That the work is equal to the algebraic sum of the heat supplied and heat rejected may
be demonstrated graphically. The enclosed area in Figure 8.11(a) represents the heat
supplied. The enclosed area in Figure 8.11(b) represents the heat rejected. Since heat
in is positive and heat out is negative, the two areas, when added, yield the net work,
shown in Figure 8.11(c).
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T, Lo 2 T 1 1 2
" Heat in H
Qin = + = w
TH (Sg - S!) net
T}~ 49 13 ot 4 Fomo Y T - 4 3
Qo=
o 1048, ~59) — -
S ) S
(a) (b) (©)
Figure 8.11 A graphical illustration that the net work is the sum of the heats.
8.10 THE SECOND LAW FOR OPEN SYSTEMS

We have considered the second law of thermodynamics for closed systems; let us
extend this to open sysiems. Figure 8.12 illustrates a general open system, a control
volume located in a moving fluid with heat and work being done.

The second law may be stated for constant mass as

=1 1'
The mass in the control volume at time ¢, that is, the control mass, is constant. We will

develop another expression for the entropy of the control mass and from this develop
the expression of the second law for open systems.

+ ASprea (8.37)

Boundary
at time ¢

Flow lines
-

__,,/\

LR NG P

Figure 8.12 A control volume located in 2 moving fluid.

Control
volume

Boundary at
time £ + A¢



The entropy of the control mass at time ¢ is
SCM,I = S]L-' + SI,I + Sm" (838)
The term Sy , is zero, so it may be included. At time ¢ + A¢,

SCM,t+At = Sme+ar T Spaar T St e+ ae (8.39)

Again, Sy, 1S a convenient zero to have in the equation. Take the difference
between equations (8.38) and (8.39) and divide by A¢, taking the limit as At ap-
proaches zero. This yields

dt dt dt dt

The negative sign on 45 /dt is due to a physical decrease in the quantity (S, ;4 4, ~ S,0)-
Let us adopt the following convention:

dSc _ dSu _ dS;  dSy 840

S=ms
as_dm _
dt dt ms

As Arapproaches zero, region II coincides with the control volume, and regions 1
and III represent flow in and out of the control volume, respectively.
Equation (8.37) becomes
dScv
dt

For steady, one-dimensional flow, where m = m,, = m,,,, equation (8.41) reduces to

= 2 "]Q“.,_I + mhsin - moutsom + ASpl’Od (841)

j=1 i

iy L

For no heat transfer across the control surface, the surface of the control volume,
equation (8.42) becomes

(s, — 51) = AS, g (8.43a)
or
e (8.43b)

Thus for steady, one-dimensional, adiabatic flow, the second law tells us that the
entropy increases or remains constant; it cannot decrease.

@ Example 8.5

i Steam enters a 6-in.-diameter pipe as a saturated vapor at 20 psia with a velocity of 30
8 ft /sec. The steam exits the pipe at 14.7 psia with a quality of 95%. Heat loss from the
pipe, surface temperature 220°F, occurs by convection to the surroundings at 80°F.
Determine (a) the entropy production across the pipe; (b) the entropy change of the
surroundings.
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Solution

Given: A pipe has steam enter and exit at known conditions. The pipe loses he4@

Find: Entropy production due to irreversibilities, considering the pipe as an o
system, and the entropy change of the surroundings due to heat transfer from

pipe.

Sketch and Given Data:
T =80°F
T,=220°F Steam
p,=14.7 psia
n=95%

Steam
Py =120 psia
v, =30 fusec g
Saturated vapor
d==61n.
Figure 8.13

Assumptions:

1. Equilibrium steam property values may be used.

2. The flowissteady, and changes in kinetic and potential energies may be neglected§
3. There is no work flow crossing the system’s boundary.

4. The heat flow from the system occurs at a constant and uniform temperature._;

Analysis: The change of entropy across the pipe may be calculated using equatioé
(8.42):

[o

m(sz —8§) = T

+ ASprod

The heat flux can be determined from an open system, first-law analysis across thG
control volume for steady-state conditions.

Q+ mlh, + (ke + (p.e)]) = W+ mlh, + (ke.), + (p.c.),]
Applying the assumptions reduces this to
Q = m(h, — hy)

The mass flow rate may be determined from the equation for conservation of massé



since we know the velocity, specific volume, and cross-sectional area. The steam
properties entering and leaving the pipe are

/) = h, at 20 psia = 1156.4 Btu/lbm

8§, = Sy at 20 psia = 1.7318 Btu/lbm-R

v, = v, at 20 psia = 20.094 ft*/Ibm

hy = hy+ xhg at 14.7 psia = 180.35 + 0.95(970.12) = 1102.0 Btu/lbm

5, = S;+ Xsg at 14.7 psia = 0.31192 + 0.95(1.4445) = 1.6842 Btu/Ibm-R

The cross-sectional area is
A= ?:‘ d?= ?f‘ (0.58 = 0.1963 ft2

The mass flow rate is

. _Av_(0.1963 ft2)(30 ft /sec)
m v (20,094 ft>/Tom) 0.293 Ibm/sec

and the heat flux is determined by

Q = m(h, — h,) = (0.293 Ibm /sec)(1102.0 — 1156.4 Btu/lbm) = — 15.94 Btu /sec
and the change of entropy across the pipe is

m(s, — §,) = (0.293 Ibm /sec)(1.6842 — 1.7318 Btu/Ibm-R) = —0.0139 Btu/sec-R
Applying equation (8.42) yields the solution for the entropy production:

(s, — $,) = % + ASpr0a

1594 Btu fsec
680°R

ASpros = 1 0.0095 Btu /sec-R

The surroundings are a constant-mass system; hence applying equation (8.31), writ-
ten with a heat flux, it becomes

—0.0139 Btu/sec-R = + AS g

0
., 1594 Btu/sec _
ASgr =+ SA0°R +0.0295 Btu/sec-R

Comments:

1. The entropy change of the surroundings is always positive because of heat flow
into the surroundings.
2. Ifthe pipe were insulated —adiabatic —the enthalpy of the steam leaving the pipe
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would be the same as the inlet conditions, but the steam would be superheated at
the lower exit pressure. A glance at the steam tables shows that the entropy
increases; thus, entropy production always occurs, except for reversible adiabatic
flow conditions. -

8.11 THIRD LAW OF THERMODYNAMICS

The third law of thermodynamics aliows the calculation of absolute entropy. The
Nernst postulate of the third law is

The absolute entropy of a pure crystalline substance in complete internal equilibrium is
zero at zero degrees absolute.

Although a complete discussion of the third law and its implications is beyond the
scope of this text, it can be seen that the absolute entropy of a substance at some state 2
may be determined as follows:

T=T, 5
S, — 8, = f —jg (8.44)
=T,
However,
T=T,
=0 .

but S, = 0, so the absolute value of .S, may be determined by equation (8.45) and the§
absolute value of S, may be determined from equation (8.44). If S, is a constant, the:
absolute value of S, may be found in the same manner.

8.12 FURTHER CONSIDERATIONS

Heretofore we have considered a system to be an amount of fixed mass or space, most-
hkely an engine of a relatively small size. Consider now that the system is th&
universe, which, being of fixed mass, satisfies the definition of a system. If in general
all the processes within any system-and the universe were isentropic or revermbl@
cycles, there would be no increase in entropy. Actual processes are irreversible;
however, and so there 1s a continual increase in the entropy of the universe. Thl%
means that the entropy must have been originally constrained, or it could not bg;
increasing now. People are still speculating about how the entropy of the universe wag
minimized originally. Although it is beyond the scope of this text, it remains a poing
from which many interesting discussions and speculations may result.

Entropy and Disorder

It is possible to consider entropy from a probabilistic viewpoint, which leads t(;
viewing it as a measure of disorder or chaos. To do this let’s start with an insulated
adiabatic container with 1 g mol of some gas inside it. Furthermore, let us divide th
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container into two equal volumes and let the gas be equally divided between the two
volumes. The division between the two volumes will be a membrane with a small
hole in it. Furthermore, let us imagine that we paint a molecule, located in the
left-hand volume, white. It will bounce around the container, colliding with the other
molecules and the container walls. We assume there are no external forces, so all
locations are equally possible, and the molecule will occupy all these locations even-
tually. It can also go through the hole, and, since the volumes are equal, we can expect
to find the molecule half of the time on the right side and half of the time on the left
side of the container. Thus, the probability that it is on the right side is 1:2.

Now let us imagine that another molecule is painted a different color and that it
too will migrate between both volumes and have a probability of being on the
right-hand side of 1 : 2. The probability that both molecules will be on the right-hand
side is 1 X 1 = 4. If we consider more molecules, say three identifiable molecules, the
probability of finding all three on the same side is ()* = }. If we now extend this to n
molecules, the probability is (3)". The probability of finding the entire gram mole of
molecules on one side is extremely small; (4)5:02%10%2,

Since there are no leaks, the probability of finding all the molecules in the
container is certain, or 1: 1. It is possible to show that for two volumes defining the
enclosure, V, and V5, the probability of finding all the molecules on the right-hand
side is (¥, / V)"

Let us now consider that we observe the expansion of the gas from volume V, to
volume ¥ in this adiabatic container. The gas is going from a state of low probability,
P, , to a state of high probability, #, = 1.

V n
#=(7)

In(#)=nln (ﬁ) In(2,)=0
Vs

@ =—ntn (D)= nm (22
In ?, — In P, nln(Vz) nln(Vl)

R (2) = Ka)
nln(g,l) Rln(Vl

We have seen that the entropy increase of an ideal gas during adiabatic expansion
when no work is done is also

Let the ratio R/n be equal to a constant %, called the Boltzmann constant. Thus, the
entropy of a state may be related to its probability by

S,_—Sl=kln(&)

Entropy increases for any spontaneous process, since it goes from a state of lower
probability to one of higher probability.
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How does this relate to chaos? The answer lies in understanding entropy’s rela-
tionship to probability. Let’s examine disorder. Have you noticed that spaces tend to
get messy if we don’t make an effort to keep them neat? Consider a classroom with
desks and chairs in neat rows at the beginning of a class period. Now look at the room
when the period is over and the students have left. The disorder has increased, the
chairs and desks are no longer in neat rows, some are turned at angles, some are
pushed together.

How do we measure this disorder? Consider the following situation. You neatly
place ten dimes on your desk, all facing heads up. They are then knocked off the desk.
What is the probability of finding them all heads up on the floor? The answer is ()9,
or about one in a thousand. Thus, the probability for disorder is much greater than
that for order. -

In comparing order and entropy, we see that when a system changes state spon-
taneously it goes from a state of a lower probability of existence to a state of a higher
probability. Also, the state of higher probability is more disordered. Thus, we find
that, as the entropy of a system increases, so does its disorder or chaos.

CONCEPT QUESTIONS

. Explain stable, unstable, and metastable equilibrium.

. How is the Clausius inequality refated to entropy?

. Is entropy a property? Why?

. What is an isclated system?

. Explain entropy to a layperson.

. Is there a conservation of entropy principle for isolated systems?
. What effect does work have on entropy production?

. What are the causes of entropy production?

Is it true that the change of entropy for a closed system is identical for all processes
operating between the same initial and final states?

10. Is it true that the entropy change of a closed system cannot be negative?

11, Isit possible to conceive of a process that would violate the second law of thermodynamics
but not the first law? Explain.

12, Isittrue that the change of entropy a system experiences resulting from heat transfer to the
surroundings is equal and opposite to the entropy change of surroundings resulting from
this heat transfer?

13. Write the second law for closed systems in terms of entropy change for adiabatic processes.
14. Write the second law for steady-state, adiabatic, open systems in terms of entropy.

15. Is the expression T ds = du + p dv restricted to certain types of processes? Explain. -
16. A process is internally reversible and adiabatic. Is this the same as isentropic? Explain.

17. Two solid blocks of the same material and identical mass but at different temperatures are
brought together in an adiabatic container until they reach thermal equilibrium with one
another. Does the entropy decrease of one block equal the entropy increase of the other?
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18.

19.
20.
21.

Using the relationship between specific heats, show that equations (8.19) and (8.20) are
identical.

What does the property ¢» mean in the gas tables for air?
What are the limitations on using p, and v, in the gas tables for air?

Consider an ideal gas with constant specific heats undergoing an isothermal process. Does
the entropy change?

PROBLEMS (S1)

8.1

8.2

83

8.4

8.5

8.6

8.7

88

8.9

Two kg of a gas is cooled from 500°C to 200°C at constant pressure in a heat exchanger.
Determine the change of entropy for (a) air; (b) carbon dioxide; (¢} helium.

Calculate the change in entropy per kg between 250°K and 75 kPa and 750°K and 300
kPa using the ideal-gas law and the gas tables for air,

Isentropic compression of a gas occurs. Determine the temperature ratio that allows this
if the pressure ratio is six and the gas is (a} air; (b) propane; (c) helium.

An isothermal expansion of air occurs in a piston-cylinder from 298°K and 800 kPa to
225 kPa. Determine the change of entropy per kg.

A piston-cylinder arrangement has been developed to compress air adiabatically from
30°C and 100 kPa to 450 kPa with 120 kJ /kg of work. Is this possible?

An isothermal compression process of 50 kg /s of nitrogen from 305°K and 120 kPa to
480 kPa occurs in a large water-cooled compressor. Determine (a) the change of entropy;
(b) the power required.

A piston-cylinder containing 0.2 kg of air at 800°K and 2.1 MPa expands isentropically
until the pressure is 210 kPa. Determine (a) the work done (use gas tables); (b) the initial
and final specific volumes.

A closed system undergoes a polytropic process according to pV'13 = C. The initial
temperature and pressure are 600°K and 200 kPa, respectively. Three kg of air is the
working substance. Determine the change of entropy for the process if the final tempera-
ture is 900°K.

When atr is throttled, entropy increases. For 2 kg/s of air the entropy increases by 0.06
kW /K. Determine the pressure ratio of final to initial for this to occur.

8.10 Ina constant-volume process 1.5 kg of air is cooled from 1200°K. The change of entropy

8.11

8.12

8.13

8.14

is —1.492 kJ /K. Petermine the final temperature.

A cooling process at constant pressure involves the removal of 3.5 kW from the system.
Compute the mass flow required and the change in entropy of the following substances:

(a) air decrcasmg in temperature from 0°Cto—20°C; (b) R 12 condensing at —20°C; (c)
ammonia condensing at —20°C.

A Carnot engine operates between 4°C and 280°C. If the engine produces 310 kJ of
work, determine the entropy change during heat addition.

Two kg of an ideal gas, R = 317 J /kg-K and k = 1.26, is contained in a rigid cylinder;
21.1 kJ of heat is added to the gas, which has an initial temperature of 305°K. Determine
(a) the final temperature; (b) the change of entropy; (c) the change of enthalpy; (d) the
change of internal energy.

A gas turbine expands 