Chapter 2

The First Law and Other
Basic Concepts

2.1 JOULE'S EXPERIMENTS

The present-day understanding of heat and its relation to work developed during the last half
of the nineteenth century. Crucial to this understanding were the many experimentsof James
P. Joule! (1818-1889), carried out in the cellar of his home near Manchester, England, during
the decade following 1840.

Intheir essential el ementsJoule's experimentsweresimpleenough, but hetook elaborate
precautionsto insure accuracy. In the most famous series of measurements, he placed known
amounts of water, oil, and mercury in an insulated container and agitated the fluid with a
rotating stirrer. The amountsof work doneon thefluid by thestirrer were accurately measured,
and the temperature changes of the fluid were carefully noted. He found for each fluid that a
fixed amount of work was required per unit massfor every degree of temperaturerise caused
by the stirring, and that the original temperature of the fluid could be restored by the transfer
of heat through simple contact with acooler object. Thus Joule was able to show conclusively
that a quantitativerelationship exists between work and heat and, therefore, that heat isaform
of energy.

2.2 INTERNAL ENERGY

In experiments such as those conducted by Joule, energy is added to afluid as work, but is
transferred from the fluid as heat. What happens to this energy between its addition to and
transfer from the fluid? A rational concept is that it is contained in the fluid in another form,
called internal energy.

Theinternal energy of asubstancedoesnot includeenergy that it may possessasaresult
of its macroscopic position or movement. Rather it refersto energy of the moleculesinternal
to the substance. Because of their ceaseless motion, all molecules possess kinetic energy of
tranglation; except for monatomic molecules, they al so possess kinetic energy of rotation and

‘These experiments and their influence on the development of thermodynamics are described by H. J. Steffens,
James Prescott Joule and the Concept of Energy, Neale Watson Academic Publications, Inc., New Y ork, 1979.
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of internal vibration. The addition of heat to a substanceincreasesthis molecular activity, and
thus causes an increasein its internal energy. Work done on the substance can have the same
effect, as was shown by Joule.

Theinternal energy of asubstanceal so includesthe potential energy resultingfrominter-
molecular forces (Sec. 16.1).0n a submolecul ar scale energy is associated with the electrons
and nuclel of atoms, and with bond energy resultingfrom theforces holding atoms together as
molecules. Thisform of energy isnamed internal todistinguishit from thekinetic and potential
energy associated with a substance because of its macroscopic position or motion, which can
be thought of as external forms of energy.

Internal energy, has no concise thermodynamicdefinition. It is athermodynamic primi-
tive. It cannot be directly measured; there are no internal-energy meters. As aresult, absolute
values are unknown. However, this is not a disadvantagein thermodynamicanalysis, because
only changes in internal energy are required.

2.3 THE FIRST LAW OF THERMODYNAMICS

Therecognitionof heat and internal energy asformsof energy makes possibleageneralization
of thelaw of conservationof mechanical energy (Sec. 1.8) to include heat and internal energy
in additionto work and external potential and kinetic energy. Indeed, the generalizationcan be
extendedto still other forms, such assurfaceenergy, el ectrical energy, and magneticenergy. This
generalizationwas at first a postulate. However, the overwhel mingevidence accumul ated over
timehaselevated it to the statureof alaw of nature, known asthefirst law of thermodynamics.
Oneformal statementis:

Although energy assumes many forms, the total quantity of energy is
constant, and when energy disappears in one form it appears simul-
taneously in other forms.

In applicationof thefirst law to agiven process, the sphere of influence of the processis
dividedinto two parts, the system and its surroundings. The region in which the processoccurs
is set apart as the system; everything with which the systeminteractsis the surroundings. The
system may be of any size depending on the application, and its boundaries may be real or
imaginary, rigid or flexible. Frequently a system consists of asingle substance; in other cases
it may be complex. In any event, the equations of thermodynamicsare written with reference
to some well-defined system. This focuses attention on the particular process of interest and
on the equipment and material directly involved in the process. However, the first law applies
to the system and surroundings, and nat to the system alone. In its most basic form, the first
law requires:

A(Energy of the system) + A(Energy of surroundings) = 0 2.1)

where the difference operator " A" signifiesfinite changesin the quantitiesenclosed in paren-
theses. The system may changein itsinternal energy, in its potential or kinetic energy, and in
the potential or kinetic energy of its finite parts. Since attentionis focused on the system, the
nature of energy changesin the surroundingsis not of interest.

In thethermodynamicsense, heat and work refer to energy in transit across the boundary
which dividesthe system from its surroundings. Theseforms of energy are not stored, and are
never contained in a body or system. Energy is stored in its potential, kinetic, and internal
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forms; these reside with material objects and exist because of the position, configuration, and
motion of matter.

2.4 ENERGY BALANCE FOR CLOSED SYSTEMS

If the boundary of a system does not permit the transfer of matter between the system and
its surroundings, the system is said to be closed, and its mass is necessarily constant. The
development of basic concepts in thermodynamicsis facilitated by a careful examination of
closed systems, and for thisreason they aretreatedin detail in thefollowingsections. Far more
important for industrial practice are processesin which matter crossesthe system boundary as
streamsthat enter and |eave processequipment. Such systemsare said to be open, and they are
treated later in this chapter, once the necessary foundation material has been presented.

Since no streamsenter or leaveaclosed system, nointernal energy istransported across
the boundary of the system. All energy exchangebetween aclosed systemand its surroundings
then appearsas heat and work, and the total energy change of the surroundingsequal s the net
energy transferredto or from it as heat and work. The second term of Eqg. (2.1) may therefore
be replaced by

A(Energy of surroundings)= £Q + W

The choice of signs used with Q and W depends on which direction of transport is regarded
as positive.

Heat Q and work W alwaysrefer tothesystem, and themodernsign convention makesthe
numerical values of both quantitiespositivefor transfer into the systemfrom the surroundings.
The corresponding quantities taken with reference to the surroundings, Qg and Wy, have
theoppositesign, i.e., Qsur = — Q and Wy, = —W. With this understanding:

A(Energy of surroundings) = Qqn + Wor = =0 — W

Equation (2.1) now becomes:?

A(Energy of the system) = Q +W (2.2)

Thisequation meansthat thetotal energy changeof aclosed system equal sthenet energy
transferredinto it as heat and work.

Closed systems often undergo processesthat cause no changein the system other than
initsinternal energy. For such processes, Eq. (2.2) reducesto:

iAW=Q+W| 2.3)

where U’ isthetotal internal energy of thesystem. Equation (2.3) appliesto processesinvolving
finite changesin theinternal energy of the system. For differential changes:

|dU' =dQ +dW | 2.4)

2The sign convention used here is recommended by the International Union of Pure and Applied Chemistry.
However, the original choice of sign for work and the one used in the first four editions of this text was the opposite,
and the right side of Eq. (2.2) wasthen written Q — W.
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Both of these equations apply to closed systems which undergo changes in internal energy
only. The system may be of any size, and thevaduesof Q, W, and U* arefor theentire system,
which must of course be clearly defined.

All termsin Egs. (2.3) and (2.4) require expression in the same units. In the Sl system
theenergy unit isthejoule. Other energy unitsin use arethe mkgf, thecalorie, the (ft 1bg), and
the (Btu).

Properties, such as volume V* and internal energy U* depend on the quantity of material
in asystem; such propertiesare said to be extensive. In contrast, temperatureand pressure, the
principal thermodynamiccoordinatesfor homogeneousfluids, areindependent of the quantity
of material, and are known as intensive properties. An aternativemeansof expressionfor the
extensivepropertiesof ahomogeneoussystem, such as V' and U, is:

Vi=mVv or Vi=nVv and U'=mU or U'=nU

wherethe plain symbolsV and U represent the volume andinternal energy of aunit amount of
material, either a unit mass or amole. These are called specific or molar properties, and they
are intensive, independent of the quantity of material actually present.

Although V* and U* for a homogeneous system of arbitrary size are
extensive properties, specific and molar volume V (or density) and
specific and molar internal energy U are intensive.

Note that theintensivecoordinates T and P have no extensive counterparts.
For aclosed system of n moles Egs. (2.3) and (2.4) may now be written:

AU)=nAU=0+W| (2.5)

|d(nU)=ndU=dQ+aw\ (2.6)

In thisform, these equations show explicitly the amount of substance comprising the system.
The equations of thermodynamicsare often writtenfor a representativeunit amount of
material, either a unit mass or amole. Thusfor » = 1 Egs. (2.5) and (2.6) become:

AU =0+ W and dU =dQ +dw

The basisfor Q and W is aways implied by the quantity appearing on the left side of the
energy equation.

Equation (2.6) is the ultimate source of all property relations that connect the internal
energy to measurable quantities. It does not represent a definition of interna energy; thereis
none. Nor doesit lead to absolute values for the internal energy. What it does provideis the
means for calculating changes in this property. Without it, the first law of thermodynamics
could not be formulated. Indeed, thefirst law requires prior affirmation of the existenceaf the
internal energy, the essential natureof which is summarizedin thefollowing axiom:

Thereexists aform of energy,known as internal energy U, which is an
intrinsic property of a system, functionally related to the measurable
coordinates which characterizethe system. For a closed system, not
in motion, changes in this property are given by Egs. (2.5) and (2.6).
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2.5 THERMODYNAMIC STATE AND STATE FUNCTIONS

The notation of Egs. (2.3) through (2.6) suggeststhat thetermson the left aredifferentin kind
fromthoseontheright. Theinternal-energytermson theleft reflect changesin theinternal state
or thethermodynamic state of the system. It isthis statethat is reflected by itsthermodynamic
properties, among which are temperature, pressure, and density. We know from experience
that for ahomogeneouspure substancefixing two of these propertiesautomatically fixesall the
others, and thusdeterminesits thermodynamicstate. For example, nitrogengasat atemperature
of 300 K and a pressure of 10° kPa (1 bar) has afixed specific volume or density and afixed
molarinternal energy. Indeed, it hasan establishedset of intensivethermodynamicproperties.If
thisgasisheated or cooled, compressedor expanded, and then returnedtoitsinitial temperature
and pressure, itsintensive propertiesare restored to their initial values. Such propertiesdo not
depend on the past history of the substance nor on the means by which it reachesa given state.
They depend only on present conditions, however reached. Such quantitiesare known as state
functions. When two of them are held at fixed values for a homogeneouspure substance,? the
thermodynamicstate of the substanceisfully determined. Thismeansthat astatefunction, such
as specificinternal energy, isa property that ways has avalue; it may therefore be expressed
mathematically as a function of other thermodynamic properties, such as temperature and
pressure, or temperatureand density, and its values may be identified with pointson a graph.

On the other hand, the termson theright sides of Egs. (2.3) through (2.6), representing
heat and work quantities, are not properties; they account for the energy changesthat occur in
the surroundingsand appear only when changesoccur in asystem. They depend on the nature
of the process causing the change, and are associated with areas rather than pointson a graph,
as suggested by Fig. 1.3. Although time is not a thermodynamic coordinate, the passage of
timeisinevitablewhenever heat is transferred or work is accomplished.

The differential of a state function represents an infinitesimal changein its value. Inte-
gration of such adifferential resultsin afinite difference between two of its values, e.g.:

Pl V2
f dP =P, — PL=AP and f dV =V, -V, = AV
P ¥

1 1

The differentialsof heat and work are not changes, but are infinitesimal amounts. When inte-
grated, these differential sgive not finite changes, but finite amounts. Thus,

fdQ=Q and de=W

3For systems more complex than asimple homogeneous pure substance, the number of properties or statefunctions
that must be arbitrarily specified in order to define the state of the system may be different from two. The method of
determining this number is the subject of Sec. 2.7.
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For aclosed system undergoingthesamechangein state by several processes, experiment
shows that the amounts of heat and work required differ for different processes, but that the
sum Q + W isthe same for all processes. Thisisthe basisfor identificationof internal energy
as a state function. The same value of AU' is given by Eq. (2.3) regardless of the process,
provided only that the changein the system is between the sameinitial and final states.
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2.6 EQUILIBRIUM

Equilibrium is a word denoting a static condition, the absence of change. In thermodynamics
it means not only the absence of change but the absence of any tendency toward change on a
macroscopic scale. Thusasystem at equilibrium exists under conditions such that no changein
state can occur. Since any tendency toward changeis caused by a driving force of onekind or
another, the absence of such atendency indicates also the absence of any driving force. Hence
for asystem at equilibrium all forces arein exact balance. Whether achange actually occursin
a system not at equilibrium depends on resistance as well as on driving force. Many systems
undergo no measurable change even under the influence of large driving forces, because the
resistanceto changeis very large.

Different kinds of driving forces tend to bring about different kinds of change. For
example, imbalance of mechanical forces such as pressure on a piston tend to cause energy
transfer as work; temperature differences tend to cause the flow of heat; gradients in chemical
potential tend to cause substances to be transferred from one phase to another. At equilibrium
all such forces arein balance.

In many applications of thermodynamics, chemical reactions are of no concern. For
example, a mixture of hydrogen and oxygen at ordinary conditionsis not in chemical equi-
librium, because of the large driving force for the formation of water. However, if chemical
reaction isnot initiated, this system can existinlong-termthermal and mechanical equilibrium,
and purely physical processes may be analyzed without regard to possible chemical reaction.
Thisis an example of the fact that systems existing at partial equilibrium are often amenable
to thermodynamic analysis.

2.7 THE PHASE RULE

As indicated earlier, the state of a pure homogeneous fluid is fixed whenever two intensive
thermodynamic properties are set at definite values. In contrast, when two phasesarein equi-
librium, the state of the system is fixed when only asingle property is specified. For example,
amixture of steam and liquid water in equilibrium at 101.325 kPa can exist only at 373.15 K
(100°C). It isimpossible to change the temperaturewithout al so changing the pressureif vapor
and liquid are to continue to exist in equilibrium.

For any system at equilibrium, the number of independent variables that must be arbi-
trarily fixed to establish its intensive state is given by the celebrated phase rule of J. Willard



2.7. The Phase Rule 27

Gibbs,* who deduced it by theoretical reasoningin 1875. It is presented here without proof in
the form applicableto nonreacting systems:”

F=0-s+tN @.7)

where N is the number of phases, N is the number of chemical species, and F is called the
degrees of freedom of the system.

Theintensivestate of asystem at equilibriumisestablished when its temperature, pres-
sure, and the compositionsof all phasesarefixed. These are therefore phase-rulevariables, but
they are not all independent. The phaserule givesthe number of variablesfrom thisset which
must be arbitrarily specified to fix al remaining phase-rulevariables.

A phase is a homogeneousregion of matter. A gas or a mixture of gases, aliquid or a
liquid solution, and acrystalline solid areexamplesof phases. A phaseneed not be continuous,
examplesof discontinuousphasesare agas dispersed as bubblesin aliquid, aliquid dispersed
as dropletsin another liquid with which it isimmiscible, and solid crystalsdispersed in either
agasor liquid. In each case adispersed phaseisdistributed throughout a continuousphase. An
abrupt changein propertiesalwaysoccursat the boundary between phases. Various phases can
coexist, but they must be in equilibriumfor thephaseruleto apply. An exampledf athree-phase
system at equilibrium is a saturated aqueous salt solution at its boiling point with excess salt
crystals present. The three phases (r = 3) are crystalline salt, the saturated agueous solution,
and vapor generated at the boiling point. The two chemical species(N = 2) arewater and salt.
For thissystem, F = 1.

The phase-rule variables are intensive properties, which are independent of the extent
of the system and of the individual phases. Thus the phase rule gives the same information
for alarge system as for asmall one and for different relative amounts of the phases present.
Moreover, only the compositionsof theindividual phases are phase-rulevariables. Overall or
total compositionsare not phase-rule variableswhen more than one phaseis present.

The minimum number of degreesaof freedom for any systemis zero. When F = 0, the
systemis invariant; Eq. (2.7)becomesz = 2+ N. This valueof 7 is the maximum number
of phaseswhich can coexist at equilibriumfor asystem containing N chemical species. When
N = 1,thisnumberis 3, characteristicof atriplepoint (Sec. 3.1). For example, the triple point
of water, whereliquid, vapor, and thecommon form of ice exist together in equilibrium, occurs
a 273.16 K (0.01°C) and 0.0061 bar. Any change from these conditions causes at |east one
phase to disappear.

*Josiah Willard Gibbs (1839-1903), American mathematical physicist.
9The justification of the phase rule for nonreacting systems is given in Sec. 10.2, and the phase rule for reacting
systemsis considered in Sec. 13.8.
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2.8 THE REVERSIBLE PROCESS

The development of thermodynamicsisfacilitated by introduction of a specia kind of closed-
system process characterized as reversible:

A processisreversiblewhen its direction can be reversed at any point
by an infinitesimal change in external conditions.

Reversible Expansion of a Gas

The nature of reversible processesisillustrated by the example of a simple expansion of gas
in a piston/cylinder arrangement. The apparatus shown in Fig. 2.2 is imagined to exist in an
evacuated space. The gas trapped inside the cylinder is chosen as the system; all elseis the
surroundings. Expansion processes result when massisremoved fromthepiston. For simplicity,
assumethat the piston slides within thecylinder without friction and that the piston and cylinder
neither absorb nor transmit heat. Moreover, because the density of the gas in the cylinder is
low and becausethe mass of gasis small, weignorethe effects of gravity on thecontentsof the
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cylinder. This means that gravity-induced pressure gradients in the gas are very small relative
toits pressureand that changesin potential energy of the gasare negligible in comparison with
the potential-energy changes of the piston assembly.

The pistonin Fig. 2.2 confines the gas at a pressurejust sufficient to balance the weight
of the piston and all that it supports. Thisis a condition of equilibrium, for the system has no
tendency to change. Mass must be removed from the piston if it is to rise. Imagine first that
amass m is suddenly slid from the piston to a shelf (at the same level). The piston assembly
accel erates upward, reaching its maximum velocity at the point where the upward force on the
piston just balancesits weight. Its momentum then carriesit to ahigher level, where it reverses
direction. If the piston were held in this position of maximum elevation, its potentia -energy
increase would very nearly equal the work done by the gas during theinitial stroke. However,
when unconstrained, the piston assembly oscillates, with decreasing amplitude, ultimately
coming torest at a new equilibrium position at alevel above itsinitial position.

m

x@\\&\\\g

Figure 2.2 Expansion of a gas

The oscillationsof the piston assembly are damped out because the viscous nature of the
gas gradually converts gross directed motion of the moleculesinto chaotic molecular motion.
This dissipative process transforms some of the work initially done by the gasin accelerating
the piston back into internal energy of the gas. Once the process is initiated, no infinitesimal
changein external conditions can reverse its direction; the processisirreversible.

All processes carried out in finite time with real substances are accompanied in some
degree by dissipative effects of onekind or another, and all arethereforeirreversible. However,
one can imagine processes that are free of dissipative effects. For the expansion process of
Fig. 2.2, such effects have their origin in the sudden removal of a finite mass from the piston.
The resulting imbalance of forces acting on the piston causes its acceleration, and leads to
its subsequent oscillation. The sudden removal of smaller mass increments reduces but does
not eliminate this dissipative effect. Even the removal of an infinitesimal mass |eads to piston
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oscillationsof infinitesimal amplitude and a consequent dissi pative effect. However, one may
imagine a process wherein small massincrementsare removed one after another at arate such
that the piston's riseis continuous, with minute oscillation only at the end of the process.

The limiting case of removal of a succession of infinitesimal masses from the piston is
approximated when the massesm in Fig. 2.2 arereplaced by apileof powder, blownin avery
fine stream from the piston. During this process, the piston rises at a uniform but very sow
rate, and the powder collectsin storage at ever higher levels. The system is never more than
differentially displaced from internal equilibrium or from equilibrium with its surroundings.
If the removal of powder from the pistonis stopped and the direction of transfer of powder is
reversed, the process reverses direction and proceeds backwardsalong its original path. Both
the system and its surroundingsare ultimately restored to their initial conditions. The original
processis reversible.

Without the assumption of africtionless piston, we cannot imagine areversibleprocess.
If the piston sticks because of friction, afinite mass must be removed before the piston breaks
free. Thus the equilibrium condition necessary to reversibility is not maintained. Moreover,
friction between two dliding partsis amechanismfor thedissipationof mechanical energy into
internal energy.

Thisdiscussionhas centered on a singleclosed-system process, theexpansionof agasin
acylinder. The opposite process, compressionof agasin acylinder,isdescribedin exactly the
same way. There are, however, many processes which are driven by the imbalance of forces
other than mechanical forces. For example, heat flow occurs when a temperature difference
exists, eectricity flows under the influenceof an electromotiveforce, and chemical reactions
occur becauseachemical potential exists. In general, a processisreversiblewhen the net force
driving it is only differential in size. Thus heat is transferred reversibly when it flows from a
finite object at temperature T to another such object at temperature T — dT.

Reversible Chemical Reaction

The concept of areversiblechemical reactionisillustrated by the decomposition of calcium
carbonate, which when heated forms calcium oxide and carbon dioxide gas. At equilibrium,
this system exerts a definite decomposition pressure of CO, for a given temperature. When
the pressurefalls below this value, CaCO; decomposes. Assumethat a cylinder is fitted with
africtionless piston and contains CaCOs, CaQ, and CO; in equilibrium. It isimmersedin a
constant-temperaturebath, as shown in Fig. 2.3, with the temperatureadjusted to a value such
that thedecompositionpressureisjust sufficient to bal ancetheweight on the piston. The system
is in mechanical equilibrium, the temperature of the system is equal to that of the bath, and
the chemical reactionis held in balanceby the pressureof the CO,. Any changeof conditions,
however dight, upsets the equilibrium and causes the reaction to proceed in one direction or
the other.

If the weight is differentially increased, the CO, pressurerises differentially, and CO,
combineswith CaO to form CaCOs3, allowing the weight to fall dowly. The heat given off by
this reaction rai ses the temperaturein the cylinder, and heat flows to the bath. Decreasing the
weight differentially sets off the oppositechain of events. The sameresults are obtainedif the
temperatureof thebathisraisedor lowered. If thetemperaturedf thebathisraiseddifferentialy,
heat flowsinto thecylinder and cal cium carbonatedecomposes. The CO, generated causesthe
pressureto risedifferentially,whichinturn raisesthe piston and weight. Thiscontinuesuntil the
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|
Figure 2.3 Reversibility of a chemical reaction

CaCO; iscompletely decomposed. The processisreversible,for the systemis never morethan
differentially displaced from equilibrium, and only a differential lowering of the temperature
of the bath causesthe system to returnto itsinitial state.

Chemical reactions can sometimesbe carried out in an electrolyticcell, and in this case
they may be held in balance by an applied potentia difference. If such a cell consists of
two electrodes, one of zinc and the other of platinum, immersed in an aqueous solution of
hydrochloricacid, the reaction that occursis:

Zn+ 2HCl = H; * ZnCl,

Thecell isheld under fixed conditionsof temperatureand pressure, and the electrodesare con-
nected externally to a potentiometer.If the electromotiveforce produced by the cell is exactly
balanced by the potential differenceof the potentiometer, the reactionis held in equilibrium.
The reaction may be made to proceed in the forward direction by a slight decreasein the op-
posing potential difference, and it may be reversed by a correspondingincreasein the potential
differenceabovetheemf of thecell.

Summary Remarks on Reversible Processes

A reversible process:

Isfrictionless

Is never more than differentially removed from equilibrium

e Traversesasuccession of equilibrium states

Is driven by forces whoseimbalanceis differential in magnitude

Can bereversed at any point by adifferential changein external conditions

When reversed, retraces its forward path, and restores the initial state of system and
surroundings

The work of compression or expansion of agas caused by the differential displacement
of apistoninacylinderisderivedin Sec. 1.7:

dw = —pPdV’ (1.2)
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The work done on the system is given by this equation only when certain characteristics of
the reversible process are realized. The first requirement is that the system be no more than
infinitesimally displaced from a state of internal equilibrium characterized by uniformity of
temperatureand pressure. Thesystemthen alwayshasanidentifiabl eset of properties,including
pressure P. Thesecond requirementisthat the system be no morethaninfinitesimallydisplaced
frommechanical equilibriumwithitssurroundings.In thisevent, theinternal pressure P isnever
more than minutely out of balance with the external force, and we may make the substitution
F = PA that transformsEq. (1.1) into Eq. (1.2). Processesfor which these requirementsare
met are said to be mechanically reversible, and Eq. (1.2) may be integrated:

Vi
W=—f PdV' (1.3)
v

The reversibleprocessisideal in that it can never befully realized; it representsalimit
to the performanceof actual processes. In thermodynamics, the calculation of work is usually
madefor reversibleprocesses, becauseof their tractability to mathematical analysis. Thechoice
is between these calculations and no calculations at al. Results for reversible processesin
combination with appropriate efficiencies yield reasonable approximations of the work for
actual processes.
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2.9 CONSTANT-VAND CONSTANT-PPROCESSES

The energy balance for a homogeneous closed system of » molesis:
dnU)=dQ +dW (2.6)

where Q and W always represent total heat and work, whatever the value of .
Thework of amechanically reversible, closed-system processisgiven by Eq. (1.2), here

written: AW = —Pd(nV)

These two equations combine:
dnU)=dQ — PdnV) (2.8)

Thisis the genera first-law equation for a mechanically reversible, closed-system process.

Constant-Volume Process

If the process occurs at constant total volume, the work is zero. Moreover, for closed systems
thelast term of Eqg. (2.8) is also zero, because n and V are both constant. Thus,

dQ =dnU) (const V) 2.9)

Integration yields: Q=nAU (const V) (2.10)
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Thus for a mechanically reversible, constant-volume, closed-system process, the heat trans-
ferredis equal to theinternal-energy change of the system.

Constant-PressureProcess
Solvedfor dQ, Eg. (2.8) becomes:
dQ =dmnU)+* PdnV)
For a constant-pressurechange of state:
dQ =d(nU) +dnPV)=dnU T PV)]

Theappearanceof thegroup U 4 P V, both hereand in other appli cations, suggeststhedsjinition
for convenienceof anew thermodynamicproperty. Thus, the mathematical (and only) dejinition

of enthalpy (en-thal’-py)° is:
HEU+PV| (2.11)

whereH , U, and V aremolar or unit-massval ues. The precedingequation may now be written:
dQ =d(rH) (const P) (2.12)

Integrationyields:
Q=nrAH (const P) (2.13)

Thus for a mechanically reversible, constant-pressure, closed-system process, the hesat trans-
ferred equals the enthalpy change of the system. Comparison of the last two equations with
Egs. (2.9) and (2.10) shows that the enthal py playsarolein constant-pressure processesanal -
ogousto theinternal energy in constant-volumeprocesses.

210 ENTHALPY

The usefulnessof theenthal py issuggested by Egs. (2.12) and (2.13). It also appearsin energy
balancesfor flow processes as applied to heat exchangers, evaporators, distillation columns,
pumps, compressors, turbines, engines, etc., for calculation of heat and work.

The tabulation of values of Q and W for the infinite array of possible processesis
impossible. The intensive state functions, however, such as specific volume, specific internal
energy, and specificenthalpy, areintrinsic propertiesof matter. Once determined, their values
can betabul atedasfunctionsof temperatureand pressurefor each phaseof aparticul ar substance
for future use in the calculation of Q and W for any processinvolving that substance. The
determination of numerical values for these state functions and their correlation and use are
treated in later chapters.

All termsof Eq. (2.11) must be expressedin the same units. The product P V has units of
energy per mole or per unit mass, as does U; therefore H also has units of energy per mole or

5A word proposed by H. Kamerlingh Onnes, Dutch physicist who first liquefied helium in 1908, discovered
superconductivity in 1911, and won the Nobel prize for physics in 1913. (See: Communications fromthe Physical
Laboratory of the University of Leiden, no. 109, p. 3, footnote 2, 1909.)
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per unit mass. In the SI system the basic unit of pressureisthe pascal or N m—2 and, for molar
volume, m® mol~!. The PV product then has the units N m mol~! or Jmol ™. In the metric
engineering system a common unit for the PV product is the m kgf kg-', which ariseswhen
pressureis in kg m 2 with volume in m® kg-". This result is usually converted to kcal kg™
throughdivision by 426.935for usein Eq. (2.11), becausethe common metricengineering unit
for U and H isthekcal kg-'.

Since U, P,and V are dl state functions, H as defined by Eq. (2.11) is also a state
function. Like U and V, H is an intensive property of the system. The differential form of
Eqg. (211) is:

dH =dU +d(PV) (2.14)

This equation applies whenever a differential change occursin the system. Upon integration,
it becomes an equationfor afinite changein the system:

AH = AU+ A(PV) (2.15)

Equations(2.11), (2.14), and (2.15) apply to a unit mass of substanceor to a mole.
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2.11 HEAT CAPACITY

We remarked earlier that heat is often viewed in relation to its effect on the object to which or
from which it istransferred. Thisis the origin of the ideathat a body has a capacity for heat.
The smaller the temperature change in a body caused by the transfer of a given quantity of
heat, the greater its capacity. Indeed, a heat capacity might be defined:

_ 49

T dr
The difficulty with thisis that it makes C, like Q, a process-dependent quantity rather than a
statefunction. However, it does suggest the possibility that more than one useful heat capacity
might be defined. In fact two heat capacities are in common use for homogeneous fluids;

although their names beliethefact, both are statefunctions, defined unambiguously in relation
to other state functions.

Heat Capacity at Constant Volume
The constant-volume heat capacity is defined as.

au
;= — 2.1
Cy (BT)V (2.16)

This definition accommodates both the molar heat capacity and the specific heat capacity
(usually called specific heat), depending on whether U isthe molar or specific internal energy.
Although this definition makes no reference to any process, it relatesin an especialy simple
way to a constant-volume process in a closed system, for which Eg. (2.16) may be written:

dU =CydT (const V) (2.17)

Integration yields:

Ty

AU=| CydT  (constV) (2.18)
T

The combination of thisresult with Eqg. (2.10) for a mechanically reversible, constant-volume
process’ gives:

T
Q=nAU= rzf CydT (const V) (2.19)
Ti
If the volume varies during the process but returns at the end of the process to itsinitial
value, the process cannot rightly be called one of constant volume, even though v, = V; and
AV = 0. However, changes in statefunctions or properties areindependent of path, and arethe
samefor all processes which result in the same change of state. Property changes are therefore

"These restrictions serve to rule out work of stimng, which is inherently irreversible
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calculatedfrom theequationsfor atruly constant-volumeprocessleadingfrom the sameinitial
to the samefinal conditions. For such processesEq. (2.18) gives AU = [ Cy dT, becauseU,
Cy,and T areall statefunctionsor properties. On the other hand, Q does depend on path, and
Eq. (2.19)isavdid expressionfor Q only for a constant-vol ume process. For the samereason,
W isin general zero only for atruly constant-volumeprocess. This discussion illustratesthe
reasonfor the careful distinction between state functionsand heat and work. The principlethat
statefunctions areindependent of the processis an important and useful concept.

For the calculation of property changes, an actual process may be
replaced by any other process which accomplishesthe same change
in state.

Such an aternativeprocessmay be selected, for example, because of its simplicity.

Heat Capacity at Constant Pressure

The constant-pressureheat capacity is defined as:
dH
Cp={— 2.20
P ( 3T ) . (2.20)
Again, the definition accommodates both molar and specific heat capacities, depending on

whether H isthe molar or specific enthalpy. This heat capacity relatesin an especially simple
way to aconstant-pressure,closed-systemprocess, for which Eq. (2.20) isequally well written:

dH =CpdT (const P) (2.21)
43

AH = CpdT (const P) (2.22)
T

whence

For a mechanically reversible, constant-pressure process, this result may be combined with
Eg. (2.13) to give
Ty

Q=nAH =nf CpdT (const P) (2.23)
T

SinceH,Cp,and T areall statefunctions, Eq. (2.22) appliesto any processfor which P, = P,
whether or not it is actually carried out at constant pressure. However, only for the mechani-
cally reversible, constant-pressure process can heat and work be calculated by the equations
Q=nAH,Q=n[CpdT,and W = —PnAV.
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2.12 MASS AND ENERGY BALANCES FOR OPEN SYSTEMS

Althoughthefocusof the precedingsectionshasbeen on closed systems, theconceptspresented
find far more extensive application. The laws of mass and energy conservation apply to all
processes, to open as well as to closed systems. Indeed, the open system includes the closed
system as aspecial case. The remainder of this chapter isthereforedevoted to the treatment of
open systems and thusto the development of equationsof wide applicability.

Measures of Flow

Open systemsare characterizedby flowing streams, for which therearefour common measures
of flow:

e Mass flowrate, m e Molar flowrate, n e Volumetricflowrate, g e Veocity, u
The measures of flow areinterrelated:
m = Mn and q=uA

where M is molar mass. Importantly, mass and molar flowratesrelate to velocity:

|m e @ (2.24a)
F{}ﬂ (2.24b)

The areafor flow A is the cross-sectional area of a conduit, and p is specificor molar
density. Althoughvelocity isavector quantity,its scalar magnitude isused hereastheaverage
speed of astream in the direction normal to A. Flowratesm, n, and g represent measures of
quantity per unit of time. Velocity u is quite different in nature, as it does not suggest the
magnitudeof flow. Nevertheless,it isan important design parameter.

Mass Balance for Open Systems

The region of space identified for analysis of open systemsis caled a control volume; it is
separated fromits surroundingsby acontrol surface. Thefluid within the control volumeisthe
thermodynamic system for which mass and energy balances are written. The control volume
shown schematically in Fig. 2.5 is separated from its surroundings by an extensible control
surface. Two streamswith flow ratesriz; and 7z, are shown directed into the control volume,
and onestream with flow ratesm; is directed out. Since massis conserved, therate of change of
mass within the control volume, dm., /dt, equalsthe net rate of flow of massinto the control
volume. The conventionis that flow is positive when directed into the control volume and
negative when directed out. The mass balanceis expressed mathematically by:

, !
i BRI (2.25)
dt |

where the second term for the control volumeshownin Fig. 2.5is:

A(rit)gs = iy — 1y — hp
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Control volume

dme, /dt

k‘ Control surface

L

Figure 2.5 Schematic representation of a control volume

The differenceoperator " A" here signifiesthe difference between exit and entranceflows and
the subscript "'fs" indicatesthat the term appliesto all flowing streams.
When the mass flowrate m isgiven by Eq. (2.24a), Eq. (2.25) becomes:

dmgy
dt

In thisform the mass-balanceequationis often called the continuity equation.

The flow process characterized as steady state is an important specia case for which
conditionswithinthecontrol volumedo not changewith time. The control volumethen contains
a constant mass of fluid, and the first or accumulation term of Eq. (2.25) is zero, reducing
Eqg. (2.26) to:

+ A(puA)s =0 (2.26)

AlpuA) =0

Theterm " steady state” does not necessarily imply that flowrates are constant, merely that the
inflow of massis exactly matched by the outflow of mass.

When thereis but a single entrance and a single exit stream, the mass flowrate #: isthe
samefor both streams; then,

pauz Ay — prujAy =0

or m = const = paus Az = prug A

Since specificvolumeisthe reciprocal of density,

u|A1 _ Hg/lg _ ﬂ (227)
Vi Vv,V '

H =

Thisform of the continuity equation findsfrequent use.

The General Energy Balance

Since energy, like mass, is conserved, therate of change of energy within the control volume
equals the net rate of energy transfer into the control volume. Streams flowing into and out
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of the control volume have associated with them energy in itsinternal, potential, and kinetic
forms, and all contributeto the energy change of the system. Each unit massof astream carries
with it a total energy U + %uz + zg, where u is the average velocity of the stream, z isits
elevation above a datum level, and g is the local acceleration of gravity. Thus, each stream
transports energy at the rate (U + %uz + zg)r. The net energy transported into the system
by the flowing streamsis therefore —A [ (UF 1u2 + zg) i), where the effect of the minus
sign with "A" is to make the term read in — out. The rate of energy accumulation within
the control volume includes this quantity in addition to the heat transfer rate Q and work
rate:

d(imU)ey
dt

The work rate may includework of several forms. First, work is associated with moving
the flowing streams through entrances and exits. The fluid at any entrance or exit has a set of
average properties, P, V, U, H, etc. Imagine that a unit mass of fluid with these properties
exists at an entrance or exit, as shown in Fig. 2.6 (at the entrance). This unit mass of fluid is
acted upon by additional fluid, here replaced by a piston which exerts the constant pressure
P. The work done by this piston in moving the unit mass through the entranceis PV, and the
work rateis (P V)m. Since" A" denotes the difference between exit and entrance quantities,
the net work done on the system when all entrance and exit sections are taken into account is
—A[(PV )]s

Another form of work is the shaft work indicated in Fig. 2.6 by rate W,. In addition
work may be associated with expansion or contraction of the control volume and there may
be stirring work. These forms of work are all included in a rate term represented by W . The
preceding equation may now be written:

d(mU),,
dt

=—A[(Ut 1u? +zg) ] T Q + work rate

=—A[(U+ 3u® +2g) ]+ @ — APV Yl + W

Uz -

Y

profile

Contral
volume

' V, U, H ——> 1,

Figure 2.6 Control volume with one entrance and one exit
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Combination of termsin accord with the definitionof enthalpy, H = U + PV, leadsto:

d(mU)ey

g = AEY B zg)m] + 0+ W

which isusually written:

d(mU ey

= +A[(H+ TPt zg)mls =0+ W (2.28)

The velocity u in thekinetic-energy termsof energy balancesis the bulk-mean velocity
as defined by the equation, u = riz/pA. Fluids flowing in pipes exhibit a velocity profile, as
shown in Fig. 2.6, which risesfrom zero at the wall (the no-slip condition) to a maximum at
the center of the pipe. Thekinetic energy of afluidin apipedependsonits velocity profile. For
the case of laminar flow, the profileis parabolic, and integration acrossthe pipe shows that the
kinetic-energy termshould properly be u?. Infully devel oped turbulentflow, the morecommon
casein practice, the velocity acrossthe major portion of the pipeis not far from uniform, and
the expression u?/2, as used in the energy equations, is more nearly correct.

Although Eq. (2.28) is an energy balance of reasonable generdlity, it has limitations.
In particular, it reflects the tacit assumption that the center of mass of the control volumeis
stationary. Thus no termsfor kinetic- and potential-energy changes of the fluid in the control
volumeareincluded. For virtually al applicationsof interest to chemical engineers, Eq. (2.28)
is adequate. For many (but not all) applications, kinetic- and potential-energy changesin the
flowing streams are also negligible, and Eq. (2.28) then simplifiesto:

d(mU)ey

T T AW =0+ W (2.29)

Equation (2.29) may beappliedtoavariety of processesof a transient nature, asillustrated
in thefollowing examples.
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Energy Balances for Steady-State Flow Processes

Flow processesfor which theaccumulationtermof Eq. (2.28), d(mU).,/dt, iSzero aresaid to
occur at steady state. As discussed with respect to the mass balance, this means that the mass
of the system within the control volumeis constant; it also meansthat no changes occur with
timein the propertiesof the fluid within the control volume nor at its entrancesand exits. No
expansion of the control volumeis possible under these circumstances. The only work of the
processis shaft work, and the general energy balance, Eq. (2.28), becomes:

A[(H + 30+ z8) ] = Q + W, (2.30)

Although "steady state” does not necessarily imply "steady flow," the usual application of
this equation is to steady-state, steady-flow processes, because such processes represent the
industrial norm.®

8 An example of a steady-state process that is not steady flow is a water heater in which variationsin flow rate are
exactly compensated by changesin therate of heat transfer so that temperatures throughout remain constant.
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A further specialization results when the control volume has but one entrance and one
exit. The same mass flowrate m then appliesto both streams, and Eq. (2.30) then reducesto:

A(H+ Lu? +z28)m = 0 + W, (2.31)

where subscript "fs" has been omitted in this simple case and " A" denotes the change from
entranceto exit. Divisionby m gives:

| ) W,
A+ ) =2+ Y _gpw,
i m
or [
| Au?
(AH+——+gAz=0+W, (2.32a)
[

This equation is the mathematical expression of the first law for a steady-state, steady-flow
process between one entrance and one exit. All termsrepresent energy per unit mass of fluid.

In al of the energy-balanceequations so far written, the energy unit is presumed to be
thejoule, in accord with the Sl system of units. For the metric engineering system of units, the
kinetic- and potential-energy terms, wherever they appear, requiredivision by the dimensional
constant g. (Secs. 1.4 and 1.8). In thisevent Eq. (2.32a), for example, is written:

2

A
AH+-L+£AZZQ+W5 (2.32b)
28 &

Here, the usual unitfor A H and Q isthe kcal; kinetic energy, potential energy, and work are
usually expressedas (ft 1b¢). Thereforethefactor 426.935 m kgf kecal-' must be used with the
appropriatetermsto put them al in consistent units of either m kgf or kcal.

In many applications, kinetic- and potential-energy terms are omitted, becausethey are
negligiblecompared with other terms.® For such cases, Egs. (2.32a) and (2.32b) reduceto:

AH =0+ W (2.33)

Thisexpressiondf thefirst law for asteady-state, steady-flow processis anal ogousto Eqg. (2.3)
for a nonflow process. However, enthalpy rather than internal energy is the thermodynamic
property of importance.

A Flow Calorimeter for Enthalpy Measurements

Theapplicationaof Egs. (2.32) and (2.33) to thesolutionof practical problemsrequiresenthal py
values. Since H is a state function and a property of matter, its values depend only on point
conditions; once determined, they may be tabulated for subsegquent usewhenever the same sets
of conditionsare encountered. To this end, Eg. (2.33) may be applied to |aboratory processes
designed specifically to measure enthal py data.

A simple flow calorimeter is illustrated schematically in Fig. 2.7. Its essential feature
is an electric resistance heater immersed in a flowing fluid. The design providesfor minimal

“Exceptions are applications to nozzles, metering devices, wind tunnels, and hydroelectric power stations.
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Section 1 i3

= Discharge :

Constant : .
" ‘temperature
bath

Supply

Figure 2.7 Flow calorimeter

vel ocity and el evation changesfrom section 1 to section 2, makingkinetic- and potential-energy
changesaf thefluid negligible. Furthermore, no shaft work isaccomplishedbetween sections1
and 2. Hence Eq. (2.33) reducesto:

AH=H,—H =0

The rate of heat transfer to the fluid is determined from the resistance of the heater and the
current passing through it. In practice a number of details need attention, but in principlethe
operation of the flow calorimeter is simple. Measurementsof the heat rate and the rate of flow
of thefluid allow calculationof valuesof AH between sections1 and 2.

As an example, consider the measurement of enthalpies of H,O, both asliquid and as
vapor. Liquid water is supplied to the apparatus. The constant-temperaturebathisfilled with a
mixtureof crushedice and water to maintainatemperatureaf 273.15K (0°C). Thecoil which
carries water through the constant-temperaturebath is long enough so that the fluid emerges
essentially at the bathtemperatureof 273.15 K (0°C). Thusthefluid at section 1isalwaysliquid
water at 273.15 K (0°C). The temperatureand pressureat section 2 are measured by suitable
instruments. Vaues of the enthal py of H,O for various conditions at section 2 are given by:

Hy=H +Q

where Q is the heat added per unit mass of water flowing.

Clearly, H, dependsnot only on Q but alsoon H;. The conditionsat section1 arealways
the same, i.e., liquid water at 273.15 K (O°C), except that the pressure varies from run to run.
However, pressurein the range encountered here has a negligible effect on the properties of
liquids, and for practical purposes H; isa constant. Absolute values of enthalpy, like absolute
values of internal energy, are unknown. An arbitrary value may thereforebe assignedto H; as
thebasisfor all other enthal py values. Setting H#; = O for liquid water at 273.15K (0°C) makes:

Hy=Hi+0=04+Q0=0

Enthalpy values may be tabulated for the temperatures and pressures existing at section 2
for alarge number of runs. In addition, specific-volumemeasurements made for these same
conditions may be added to the table, along with corresponding values of theinternal energy
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calculated by Eq. (2.11), U = H — PV. In thisway tables of thermodynamic propertiesare
compiled over the entire useful range of conditions. The most widely used such tabulationis
for H,O and is known as the steam tables. '

Theenthal py may betaken as zerofor someother statethanliquidat 273.15 K (0°C). The
choiceis arbitrary. The equationsof thermodynamics, such asEgs. (2.32) and (2.33), apply to
changes of state, for which the enthal py differences areindependent of thelocation of the zero
point. However, once an arbitrary zero point is selected for the enthalpy, an arbitrary choice
cannot be made for the internal energy, for values of internal energy are then calculablefrom
the enthalpy by Eqg. (2.11).

10Steam tables are givenin App. F. Tablesfor various other substances arefound in theliterature. A discussion of
compilations of thermodynamic properties appears in Chap. 6.
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PROBLEMS

2.1. A nonconductingcontainer filled with 25 kg of water at 293.15K (20°C) is fitted with

22

2.3.

24,

asdtirrer, which is made to turn by gravity acting on aweight of mass 35 kg. The weight

fallsslowly throughadistanceof 5 min driving thestirrer. Assumingthat all work done

on the weight is transferred to the water and that the local acceleration of gravity is

9.8 ms~2, determine;

(a) Theamount of work done on the water.

(b) Theinternal-energy change of the water.

(c) Thefina temperatureof the water, for which Cp = 4.18kJ kg=! °C~.

(d) The amount of heat that must be removed from the water to return it to itsinitial
temperature.

(e) Thetotal energy change of the universe because of (1) the process of loweringthe
weight, (2)the processof cooling the water back toitsinitial temperature, and (3)
both processestogether.

Rework Prob. 2.1 for an insulated container that changesin temperatureaong with the
water and has a heat capacity equivalentto 5 kg of water. Work the problem with:

(@) The water and container as the system; (b) The water alone as the system.

An egg, initially at rest, is dropped onto a concrete surface and breaks. With the egg
treated as the system,

(a) What isthesign of W?

(b) Whatisthesignof AEp?

(c) Whatis AEk?

(d) WhatisAU"?

(e) What isthesign of Q?

In modeling this process, assume the passage of sufficient time for the broken egg to
returnto itsinitial temperature. What is the origin of the heat transfer of part (e)?

An electric motor under steady |oad draws 9.7 amperesat 110 volts, delivering0.93 kW
of mechanical energy. What is therate of heat transfer from the motor, in kW?



Problems 53

25.

2.6.

2.7.

28.

29.

2.10.

211,

2.12.

213

One mole of gasin a closed system undergoes a four-step thermodynamiccycle. Use
the data given in the following table to determine numerical values for the missing
quantities, i.e., "fill in the blanks."

Step | AU'T 0/1 W/
12 —200 ? —6000
23 ? —3800 ?
34 ? —800 300
41 4700 ? ?

12341 ? ? —1400

Comment on the feasibility of cooling your kitchenin the summer by opening the door
to the electrically powered refrigerator.

A renowned laboratory reportsquadruple-point coordinatesof 10.2 Mbar and 297.25 K
(24.1°C) for four-phase equilibrium of allotropic solid forms of the exotic chemical
B-miasmone. Evaluatethe claim.

A closed, nonreactive system contains species 1 and 2 in vapor/liquid equilibrium.
Species2isavery light gas, essentially insolublein the liquid phase. The vapor phase
contains both species 1 and 2. Some additional moles of species 2 are added to the
system, whichisthen restoredtoitsinitial T and P. Asaresult of the process, doesthe
total number of moles of liquid increase, decrease, or remain unchanged?

A system comprised of chloroform, 1,4-dioxane, and ethanol exists as a two-phase
vaporlliquid system at 323.15 K (50°C) and 55 kPa. It is found, after the addition of
somepureethanol, that the system can be returned to two-phaseequilibriumat theinitial
T and P. In what respect has the system changed, and in what respect hasit not changed?

For the system describedin Pb. 2.9:

(a) How many phase-rulevariablesin additionto T and P must be chosen so as to fix
the compositionsof both phases?

(b) If thetemperatureand pressureare to remain the same, can the overall composition
of the system be changed (by adding or removing material) without affecting the
compositionsaof theliquid and vapor phases?

A tank containing 20 kg of water at 293.15K (20°C) isfitted with a stirrer that delivers
work to the water at the rate of 0.25 kW. How long does it take for the temperature of
the water to riseto 303.15 K (30°C) if no heet islost from the water? For water, Cp =
4.18kJ kg-' °C~!.

Heat in the amount of 7.5 kJ is added to a closed system while its internal energy
decreasesby 12 kJ. How much energy istransferred as work? For a process causing the
same change of state but for which the work is zero, how much heat is transferred?

A steel casting weighing 2 kg has an initial temperature of 773.15 K (500°C); 40 kg
of water initially at 298.15 K (25°C) is contained in a perfectly insulated steel tank
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2.14.

2.15.

2.16.

2.17.

2.18.

2.19.

2.20.

2.21.

weighing5 kg. Thecastingisimmersedin thewater and the systemisalowed tocometo
equilibrium.What isitsfinal temperature?lgnoreany effect of expansionor contraction,
and assumeconstant specific heatsof 4.18kJ kg~! K~! for water and 0.50kJ kg~! K~!
for stedl.

Anincompressiblefluid (p = constant) is containedin an insulated cylinder fitted with
africtionlesspiston. Can energy as work be transferredto the fluid? What is the change
in internal energy of the fluid when the pressureisincreased from P, to P,?

Onekg of liquid water at 298.15 K (25°C):

(a) Experiencesatemperatureincreaseof 1 K. What is AU, inkJ?

(b) Experiencesachangein elevation Az. The changein potentia energy AEp isthe
sameas AU’ for part (a). What is Az, in meters?

(¢) Isacceleratedfromrest tofina velocity u. Thechangeinkineticenergy A Ex isthe
sameas AU’ for part (a). What isu, inms=!?

Compare and discussthe resultsof the three preceding parts.

An electric motor runs " hot" under load, owing to internal irreversihilities. It has been
suggestedthat theassoci atedenergy |ossbe minimizedby thermally insul atingthemotor
casing. Comment critically on this suggestion.

A hydroturbine operates with a head of 50 m of water. Inlet and outlet conduits are
2 min diameter. Estimate the mechanical power devel oped by the turbinefor an outlet
velocity of 5 ms™.

Liquid water at 453.15K (180°C) and 1002.7 kPa hasan internal energy (onan arbitrary

scale) of 762.0kJ kg~! and a specific volumeof 1.128cm® g~ 1.

(a) What isits enthalpy?

(b) Thewater is brought to the vapor stateat 573.15 K (300°C) and 1500 kPa, whereits
internal energy is2784.4kJ kg ! anditsspecificvolumeis 169.7 cm® g~ !. Calculate
AU and AH for the process.

A solid body at initial temperatureT; isimmersedin abath of water at initial temperature
T,,. Heat is transferred from the solid to the water at arate Q = K . (T, — T), where
K isaconstantand T3, and T are instantaneous values of the temperaturesof the water
and solid. Develop an expressionfor T as afunction of time t. Check your result for
the limiting cases, T = 0 and t = oo. Ignore effects of expansion or contraction, and
assume constant specific heatsfor both water and solid.

A list of common unit operationsfollows:
(a) Single-pipeheat exchanger; (b) Double-pipeheat exchanger; (c) Pump;
(d) Gascompressor: (e)Gas turbine; (f) Throttle valve: (g) Nozzle.

Develop a smplified form of the general steady-state energy balance appropriate for
each operation. State carefully, and justify, any assumptionsyou make.

The Reynolds number Re is a dimensionless group which characterizes the intensity
of aflow. For large Re, aflow is turbulent; for small Re, it islaminar. For pipe flow,
Re = up D/, where D is pipe diameter and w is dynamic viscosity.
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2.22.

2.23.

2.24.

2.25.

2.26.

2.27.

2.28.

(a) If D and p arefixed, what is the effect of increasing mass flowrate 7z on Re?
(b) If mand u arefixed, what isthe effect of increasing D on Re?

An incompressible (p = constant) liquid flows steadily through a conduit of circular
cross-section and increasing diameter. At location 1, the diameter is 2.5 cm and the
velocity is2 ms~!; at location 2, the diameter is5 cm.

(a) What isthe velocity at location 2?
(b) What is the kinetic-energy change (Jkg ") of the fluid between locations 1 and 2?

A stream of warm water is produced in a steady-flow mixing process by combining
1.0 kg s~! of cool water at 298.15 K (25°C) with 0.8 kg s—! of hot water at 348.15 K
(75°C). During mixing, heat islost to the surroundings at therate of 30kW. What is the
temperature of the warm-water stream? Assume the specific heat of water constant at
4.18kT kg ' K1

Gas is bled from a tank. Neglecting heat transfer between the gas and the tank, show
that mass and energy balances produce the differential equation:
du dm

H-U m
Here, U and m refer to the gas remaining in the tank; H' isthe specific enthal py of the
gas leaving the tank. Under what conditionscan one assume H' = H?

Water at 301.15K (28°C) flowsinastraight horizontal pipeinwhichthereisnoexchange
of either heat or work with the surroundings. Its velocity is 14 m s~ in a pipe with an
internal diameter of 2.5 cm until it flowsinto asection where the pipe diameter abruptly
increases. What is the temperature change of the water if the downstream diameter is
3.8cm?If itis7.5 cm]? What is the maximum temperature change for an enlargement
in the pipe?

Fifty (50) kmol per hour of air is compressed from P, = 1.2 bar to P, = 6.0 barin
a steady-flow compressor. Delivered mechanical power is 98.8 kW. Temperatures and
velocities are:

T, =300K T, =520K
w=10ms™! U =35ms!
Estimate the rate of heat transfer from the compressor. Assume for air that Cp = %R

and that enthalpy isindependent of pressure.

Nitrogen flows at steady state through a horizontal, insulated pipe with inside diameter
of 38.1mm. A pressure drop results from flow through a partialy opened valve. Just
upstream from the valve the pressure is 690 kPa, the temperature is 322.15 K(49°C),
and the average velocity is6.09m s . If the pressurejust downstream from the valve
is138kPa, what i sthe temperature? Assumefor nitrogen that PV /T isconstant, Cy =
(5/2)R,and Cp = (7/2)R. (Vauesfor R aregivenin App. A.)

Water flows through a horizontal coil heated from the outside by high-temperatureflue
gases. Asit passes through the coil the water changes statefrom liquid at 200 kPa and
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2.29.

2.30.

23L

2.32.

2.33.

353.15 K (80°C) to vapor at 100 kPa and 398.15 K (125°C). Its entering velocity is
3ms~! andits exit velocity is 200 m s~!. Determine the heat transferred through the
coil per unit mass of water. Enthalpiesof theinlet and outlet streamsare:

Inlet: 334.9kJ kg-'; Outlet: 2726.5kJ kg~!

Steam flows at steady state through aconverging, insulated nozzle, 25 cm long and with
aninlet diameter of 5 cm. At the nozzleentrance (state 1), the temperatureand pressure
are 598.15 K (325°C) and 700 kPa, and the velocity is 30 m s~!. At the nozzle exit
(state2), the steamtemperatureand pressureare513.15K (240°C) and 350kPa. Property
values are;

Hy =3112.5kI kg™! V) = 388.61 cm® g™!
H; = 2945.7kJ kg-' V, = 667.75cm3 g~
What isthe velocity of the steam at the nozzleexit, and what is the exit diameter?

In thefollowingtake Cy = 20.8 and Cp = 29.1J mol~! °C~! for nitrogen gas:

(@) Three molesof nitrogen at 303.15 K (30°C), contained in arigid vessd, is heated
t0 523.15K (250°C).How much heat isrequired if the vessel has a negligible heat
capacity?If the vessel weighs 100 kg and has a heat capacity of 0.5kJ kg ! °C~!,
how much hest isrequired?

(b) Four moles of nitrogen at 473.15 K (200°C) is contained in a piston/cylinder ar-
rangement. How much heat must be extracted from this system, which is kept at
constant pressure, to coal it to 313.15 K (40°C) if the heat capacity of the piston
and cylinder is neglected?

In thefollowingtake Cy = 21 and Cp = 29.3kJ kmol ™' K~ for nitrogen gas:

(a) 1.5kmoal of nitrogen at 294.15K(21°C) contained in a rigid vessel, is heated to
450.15K(177°C). How much heat is required if the vessel has a negligible heat
capacity?If it weighs90.7 kg and hasaheat capacity of 0.5kJ kg~! K~!, how much
heat is required?

(b) 2kmoal of nitrogenat 447.15K(174°C)iscontainedina piston/cylinder arrangement.
How much heat must be extracted from this system, which is kept a constant
pressure, to cool it to 338.15K(65°C) if the heat capacity of the pistonand cylinder
is neglected?

Find the equation for the work of areversible,isothermal compressionof 1 mol of gas
in apiston/cylinder assembly if the molar volume of the gasis given by

RT
=——+b
=+

where b and R are positive constants.

Steameat 14 bar and 588.15 K (315°C) [state 1] entersaturbinethrougha 75 mm-diameter
pipewithavelocity of 3m s~. Theexhaustfromtheturbineiscarriedthrougha250 mm-
diameter pipeandis at 0.35bar and 366.15K(93°C) [state2]. What is the power output

of theturbine?
H, = 30745k kg~' Vv, =0.1909m3kg ™!

H, =2871.6kIkg™' V, =4.878m3kg"!
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2.34.

2.35.

2.36.

2.37.

Carbon dioxide gas enters a water-cooled compressor at the initial conditions P, =
1.04bar and 7 = 284.15K(I0°C) and is discharged at the final conditions P, =
35.8 barand 7> = 366.15K(93°C). Theentering CO, flowsthrougha 100 mm-diameter
pipewith avelocity of 6s m~!, and is discharged through a 25 mm-diameter pipe. The
shaft work supplied to the compressor is 12500kJ kmol~!. What is the heat-transfer
rate from the compressorin kW?

H, =714kJ kg™' V; = 0.5774mPkg~!

H, =768kl kg™! Vv, =00175mkg .

Show that W and Q for an arbitrary mechanically reversible nonflow processare given

by:
W=deP—A(PV) Q=AH—deP

One kilogram of air is heated reversibly at constant pressure from an initia state of
300 K and 1 bar until itsvolumetriples.Calculate W, Q, AU, and AH for the process.
Assumefor airthat PV/T = 83.14 bar cm®* mol~! K~! and Cp = 29J) mol~! K~1.

The conditions of a gas change in a steady-flow process from 293.15 K (20°C) and
1000 kPa to 333.15 K (60°C) and 100 kPa. Devise a reversible nonflow process (any
number of steps) for accomplishing this changeof state, and calculate AU and AH for
the process on the basisof 1 mol of gas. Assumefor the gasthat PV/T is constant,
Cy =(/2)R,and Cp = (7/2)R.



