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A macroscopic system can interact with other macroscopic systems in its
environment. How can such interactions be usefully described in ways that are
macroscopically measurable? How do they affect the energy of the system and
what are some of the resulting  implications? The following sections deal with
these basic questions.

A. Macroseoplc work on a system

Internal energy of a system. Consider any macroscopic system at rest,
e.g., the gasin thé cylinder illustrated-in Fig. A-1 or the stretched rubber band-in
Fig. A-2: Although theccenter of mass.of such.a system is at rest, the internal
energy E of thie system (i.e, the sum of the kinetic energies and of the potential
energies of the all the atoms.in the system) can be quite large.

For example, in Fig. A-1 the molecules of the gas (and thus also the atoms

in these molccules) move with large’ speeds throughout. the enclosing cyhnder'

and thus have:large kmetlc energies: Similarly, in Fig. A-2 the-molecules in-the

rubber band-vibrate slightly-around their fixed positions. Thus they have kinetic-

energy due to their vibrational motion and also potential energy due to their
interactions with neighboring molecules.

Changing internal energy by macroscopic work. The energy of any such
system can _c‘l;mégg‘ejdfjut:iq'tgfé?ts with other systems. One way of changing this
energy is by doing some macroscopic work W on the system, i.e., by causing
some macroscopic displacement in the presence of some macroscopic force. For
instance, in Fig. A-1 the piston can be moved through some readily visible
distance in the presence of the applied force F opposing the pressure force
caused-by-the-gas: H-the-piston-is- meved-inward along-the-direction of-this-foree
(so that the- gas is compressed); some-positive macroscopic work is. then done on
the gas. Conversely, if the piston is moved outward (so that the gas is
expanded), some negative macroscopic work is done on the gas.

Wae.consider a system at rest if its canter of
mass remains at rest relative to us on the
surface of the earth (or more precisely,
relativerto.some:inertiakframe).

4 piston X
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Fig.-A-l. -A-gas-in a cylinder closed by a
movable piston. (The applied force F keeps
the cylinder stationary.)

Fig. A-2. A rubber band stretched by an
applied force F.
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Work done in changing the volume of a fluid

Pressure work due to a small volume change. The macroscopic work can
readily be calculated from a knowledge of macroscopically measurable
quantities. For example, Fig. A-3 illustrates a fluid (gas or liquid) inside a
cylinder closed by a movable piston of area A. The fluid, in equilibrium at a
pressure p, exerts on the piston a force pA to the right. The piston is maintained
at rest by an applied force of magnitude F = pA directed to the left.

Suppose that the piston is now moved to the right by a distance s which is
so very small that the pressure of the fluid remains essentially equal to p.
Assume also that this is done so slowly that the fluid remains essentially in
equilibrium., e.g., so that the pressure has always the same value at all points in
the fluid. During this very small displacement of the piston the magnitude F of
the applied force remains then equal to pA. Hence the very small work d'W
done by this force on the system (consisting of fluid and piston) is equal to

dW=-Fs=-pAs. (A-1)

Here the minus sign indicates that this work is negative if s is positive (i.e., if the
piston’s-displacement-is-outward;-opposite-to-the-direction-of-the-applied-foree.

The very small displacement of the piston results in a corrrespondingly
small velume. change dV..of the.system. As is apparent from Fig. A-3, this
volume: change is equal to the piston’s cross-sectional area multiplied by the
distancethroigh-which-it-ioVes. Thus dV-='AS and-thie-small-werk (A-1)-done
on the system is'simply equal to:

. d'W=—pdV.

This work is-negative if dV is positive (i.e., if the gas.expands so that its volume
increases- and the, applied: force is: opposite to the piston's. outward motion).
Conversely, this work:is-positive:if dV- is negative (t.e., if the gas is compressed
so that its volume decreases-and-the. applied force is.along to-the pisten’s inward
motion).

(A-2)

Pressure work due to any quasi-static volume change. Consider a

process in which the volum& of a ﬂuld is changgd by an appreciably amount, but
so very slowly as to be quasi-static.

Quasi-static: process: A process occurring so slowly that the
system of interestremains ‘always very nearly in equilibrium.

Def: (A-3)

At any instant, the pressure iiv the*ﬂlud has-then'seme particular value prwhich
the same throughout the fluid. According to (A-2), a small amount of work
d'W = - p dV is. then done on the fluid.when its volume is changed by a very
small amount dV.

Suppose now that the volume of the fluid is changed quasi-statically by
successive small amounts, starting from some initial volume V, (when the fluid
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Fig. A-3. Small volume change of a fluid,
with resulting work done on the fluid.

Although the distance s may be
infinitesimally small compared to
macroscopic dimensions, it is still supposed
muctrlarger than atomic size

The:symbol d' (with the prime appended to
the letter.d).is used to.indicate.any-
|nﬂn|tes1ma|ly small' quantity:(which needs
not necessarilybe. equal to some
“infinitgsintaltdifferencgy e e

Imagine thatthe:piston-is'very thin. Then
(A-2).is just the work done.on the. fluid by
outsite forcas whert the:bounding surface of
the fluid movés and’its volume-changes
corraspondingly. .

“has some pressure p,) and ending with soiie appreciably differeiit fifal Volume
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Vg (when the fluid has some pressure pg). The total work W done on the system
is then merely the sum of the successive small works done on it. Thus

w=Jaw=—fpav (A-4)

where the symbol | denotes the sum (or integral) of all the successive small
works, starting with the initial volume V, and ending with the final volume Vg,

Graphical representations. One often knows the pressure of a fluid when
it is in equilibrium under specifieid conditions and has a.known volume. For
example, this information.can be summarized by a graph; like that in Fig. A-4,
which indicates the relation between the pressure p and volume V of such a
fluid.

Suppose that the pressure is of the fluid is'p and that its volume changes by

an infinitesimal amonnt dV. By (A-1), the magnitude |d'W| of the work done on_,

the fluid is then p IdVI (ie., it is equal to the pressure multiplied by the
magnitude. of the infinitesimal volume- change) Ona graph like. that in Fig, A-4;
this work is:thus equal to-the area of the indicated rectangle havmg a height. p
afid a4 VEry narrow width equal to- thes Tiaphitade of the ifinitesimal volimie
change dV.,

Suppese: now-that the-velume- of:the: fluid-is- changed: quasi=statically from-
an initial value.Vs to a final'value. V.. (As.indicatedsin Fig. A-5, the fluid then
goes fronrthe-macrostate A where its voltime'is: Vi and'its pressure-is px, to the
macrostate B where its volume is Vig antl its pressure is pp.)’ The magnitude, of
the totak werk done-on:the: fluids inrthis: process. (ize:, the sum:of the-infinitesimal
works dene-during alk thersuecessive infinitesintal volume changesy is then. equal
to the sunt of thet ateas of 4ll the successiverinfivitesimatrectangles:in Fig. A=5..
Thus-itis just equal to the-indicated-totakarea under the graphrim Fig: A-5.

Problems:

[A-1] Units.of work

The unit. of work in-the SI system.(the international system. of units) is
called joule (abbreviated asJy. We also know that; by virtue of its definition,
- work must-have- the~units—of-a-force~ multiplied* by a~distance. Use~this.
knowledge to-express-the-urit-joute i terms of the basic-STunits-offtengtlt; time;
and mass [i.e., the units meter (m), second (s), and kilogram (kg)]. <hk-3>
<a-7>

[A-2). Work done:in:slightly:stretching:a.rubber band:
The rubber band.illustrated in-Fig. A-2 has a length-L and is kept stretched

I by the indicated apphed force. having,a. magmtude F. Suppose that.the rubber

band is now slightly stretched some more so that its length increases by the
infinitesimal amount dL.

(a) What them is the work done on the rubber band by the applied force?

(b) Is this work positive or negative? <a-5>

3
/pressure h
p
dv volume
N\ J

Fig. A-4. Graph showing the relation
between the pressure p and volume V of a
fluid.

Remember that the magnitude of a

“numericalquantity-is-the:positive: number

obtained by ignoring its sign.

volume

J

Fluid. gomg between two

Elg A-5:
macrostates. A anid’B. (The magmtudé of the
work done in this process. is- equal to the
indicated-areaunder the- -graph:) -

The unit jouleris named after James Prescott
Joule (1818-1889), the-English physicist
whose-carsful-expgeriments:led-to-ar

-quantitativerunderstanding.of.the-

relationship-between heat and energy.




[A-3] Work done during a slight expansion of a gas

.A’xrgon gas is enclosed in a cylinder closed by a piston. The gas is in
equilibrium at a pressure of 1.60 X 10° N/m? and occupies a volume of
0.0425 m3.

() How much work must be done by an outside force applied to the cylinder so
as to expand the gas to a volume of 0.0428 m3? (The pressure of the gas

remains essentially unchanged during this compression.)
(b) Is this work positive or negative? <a-3>

[A-4] Comparing work done in two-différent processes

A gas is initially in a macrostate A where its volume is V, and its pressure
is pa. Graph 1 in Fig. A-6 indicates how the gas pressure p varies when the gas
is kept at room-temperature and slowly compressed until its volume V becomes
equal to Vg. Graph 2.in Fig. A-6 indicates how the pressure of the gas varies
when it again starts-in state A, but is thermally insulated from its surroundings
(so that its temperature can change) and slowly compressed to the same smaller
volume Vy.

In which of. the.two. processes,. that. indicated. by. graph 1 or by. graph 2, is
more macroscopic work done on the gas during its compression? Or are the
works the'same? Explain your reasoping. <a-9>

[A-5]. Work done ima";:yclib‘pmcess'

its pressure is 5.0 > 105 N/m?2.

Thevolume V and pressure pof the gas.are now quasi-statically changed in
the way-illustrated-by the graph-in Fig: A=7: (The temperature- of the-gas also-
changes.during; these proeesses.). (a) The volume of the gas.-is first changed, at
B cons‘t’énf"pife"'s”sﬁ’r”e’{ Tntiftie-gis féaches the-iiaerostate-Br where-its voliiiig is"
2.0 x 10°%*m3. (b)The pressure of the gas is then changed; at constant volume,
until the gas-réaches the macrostate C where its-pressure is 8.0 x.10° N/m2.
(c) The velume- of the-gas is tfreq‘ changed; at constant pressure, until-the gas
reaches the macrostate D- where its: volume is again 6.0:x.10:3 m3. (d) Finally,
“ the pressure of the' gas'is changed, at constant volume, until the gas reaches
agair its-initiab mmacrostate-Ac wheie*its*pressure*is 5:0 x 105-N/m?:

(a) What is the-work (magnitude and sign) dene on-the gas in the first process
| A—BY

(b) What is this work in the second process B — C?

(c) What is this work in'the thitd"process C — D?

(d) What is this work in-the Tast process D — A?

(¢) What is the total work (magnitude and sign) done on the gas during the
entire élj(_):g'é‘ggfm"cﬁﬁ?'”"(Srﬁé'ﬁ”fifgfgﬁééé?i‘s called cyclic since the system
returns-to-its initiak-state.)- <a-12>

(f) Show that the magnitude of: this total work is equal to the area of the
rectangle ABCD'ingdicated-in-the. graph of Fig. A-7.

(g). Calculate the area.of this:rectangle.. Verify that it is-equal to the magnitude
of the work previously calculated'in part-e.

order ADCBA). How. does the total work:done on the gas™imr this reverse
process differ from the total work done on the gas in the original process?
<a-1>

A gas is. initially in themacrostate A where its volume'is 6.0 %103 m3and ™ 7

“(h) Suppose that e cyElic procesy i3 tartied out” ifr the revetse order (i.e., in the -
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Fig: A-6. Different compressions of a gas.
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Fig. A-7. Cyclic process of a gas.
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€. Measurement of internal energy and-heat

We obtained the thermodynamic energy law (B-6) by decomposing the
entire work done on a macroscopic system into macroscopic and non-
macroscopic parts, i.e., into work and heat. But is this decomposition really
meaningful from a macroscopic point of view, i.e., can all the quantities
appearing in the thermodynamic energy law actually be determined by large-
scale measurements?

As already discussed in Sec. A, macroscopic work can clearly be measured
by observations of macroscopic displacements and macroscopic forces. But
what about.the change AE of interna}/energﬂy (i.e., the change in the sum of: the
kinetic and potential energies of all the atomic particles in the system)? And
what about the absorbed heat Q which is entirely non-macroscopic, due solely to
work done during interactions.between individual atomic particles?

At first siglit oifie miglit™well believe that there is no way that purély
macroscopic measurements could be used to determine these quantities which
are so directly related: tof atomic- particles: But this belief is false; i.e., these
quantities can actually be determined by large-scale measurements provided that
one goes about the task ip the right way. The following sirnple analogy
indicates how this can be done and helps; to clarify many of the issues involved
in apﬁlying the thermodynamic energy law.

Analogy to water ifr a lake
Processes affecting tlie water in a lake. Consider a lake, like that — ~
air

schematically illustrated in-Fig. C-1. The state of such a-lake-may be-specified level
by the amount A of water in it. This.amount of water may change because. of the indicator stream

following two kinds of processes. : L -<— %i /

* TFlow. One-macroscopically visible process occurs when some amount F

of water flows-into- the. lake ffom: some stream. (A positive flow F .
indicates. water. flowing into the lake. Conversely, a negative flow F . —/

indicates water-flowing out of the lake.) Fig, C-1. A lake interacting with its
environment. (Water can enter or leave the

* Condensation. Another process, not macroscopic and thus not readily lake as a result of flow or condensation.)

visible,.occurs- when.some- amount. C. of water. condenses.-into-the-lake. -
from the surrounding air. (A positive condensation C indicates water

condensing into the laKe from the air. Conversely, a negative

condensation.C indicates water evaporating from the.lake.into the air.)

The-change A4 ofthe amount-of -water-in-the-lake is-thus-generaly-due-to-
both macroscopic and. non-macroscopic: processes, i.e., it is die both to-flow F
and condensation C. Correspondingly, one can write that

AA=F+C. C-1)

- Analogy to the thermodynamic energy law
o e e e The relation (C-1).ds analogous to the thermodynamic energy, law

(A-6). As indicated in Fig. C-2, the amount of water A in the lake
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corresponds to the internal energy E of the macroscopic system. The
macrocopically visible flow F of water into the lake corresponds to the
macroscopic work W done on the system. Finally, the macroscopically
invisible condensation C of water into the lake corresponds to the heat
Q absorbed by the system.

How can one measure the quantities describing the lake? Since the
water flowing in the styeam. is readily visible, the flow F of water in or out of the
lake can readily be measured. But how can one measure the other quantities
appearing in: the relation.(€-1), i:e., the change AA in the amount of water in the
lake and the condensation C. of water into the lake? The following comments
indicate how these quantities.can be determined.

Level indicator as indicator of amount. Suppose that the flow of water
into the lake is stopped (e.g:, by means of a-damn at the mouth of the stream).
Then the amount of water in the lake: can nevertheless change because of
condensation, and-this-change can be detected by any indicator of the level of
water in the lake. For example, such aleve] indicator might be a rod, fastengd to
the-bottomn: of the-lake- and protruiding: through the-water surface,.so that changes

_of the water level alongthe rod.can be'readily noted. Similarly, the water level

might be indicated by the-obsesved heighit-of water at the edge of the lake.

Measuring changes of water amounts As the amount-of water in'the lake
changes,, the indiated*waterlevel cHanges by @ Correspondingamourit: Bt iow

_ can one quantitatively: determine. the actpak change AA in the amount of, water

comresponding te-any indicated chamrge.of water.level?

To do this, one cam.eliminate-all water condensation: (¢.g:, by covering: the
lake by« large tarpaufin)-and: [ét-water flow into- the. lake. tlirougl the-stream.
Then any change’ A4’ inthie’amouiit 6f watef ii-the [ake i§ just equal to-the flow
F of water and: this:flow can réadily be meaSured. Thus one’cax. deterrhine the
actual relation between: any indicated; change. of water level and the
corresponding change. AA in-thie amountiof water ifx the lake.

Amount.of waterinalake . .
A = amount of water.
F = flow. (Blowis positive-for inflow; negative for outflow.)

C =condensation= (Négative-condensation-is-evaporation.)-

* The macroscopic flow F carreadily be measured.

* 1 evel indicator can be used to indicate changes of amount.

* [ evelifidication cafi be rélatéd té chiafige A 6f"amount
by measuring flow when condensation.is eliminated.

C Can then measure condensation C since C=AA ~-F.

ﬁ = oo et bk A Ay TE et P e e AR - -~ A - v -

Internal energy:of.a:system.

E = internal energy of system.

W, =work done on system. (Negative work is work-done by system.)
-@-= heat-absorbed by-system:: -(Negative-ieat-is-heat. given off:)-

* Macroscopic. W. can.readily bemeasured..

* Thermometer can be uséd to-indicate changes-of internal energy.

* Thermomeéter irfdicatioh car'be related to” change AE of internal
energy by measuring work when heat is eliminated.
* Can then measure heat Q sinceQ = AE - W.

. macrocopic system.

i S, i A1 i PR

Fig. C-2. Analogy between the amount of water in a lake and the internal energy of a
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Measuring condensation. Consider now the general situation where both

flow and condensation can occur. According to (C-1), the condensation is then
equal to

C=AA-F, (C-2)

i.e., it is just equal to the change in the amount of lake water if one subtracts the
inflow of water from the stream. But the change AA in the amount of water can
be determined from the indicated change of the water level (since we already
know how suchr a change is.related to the change in amount). Furthermore, the
flow F is readily measured. According to (C-2), the condensation C can then be
obtained by a simple subtraction.

Application: to-the energy of a macroscopic system

The preceding analogy suggests how one can similarly determine the
changeof internal energy of a macroscopic system and the Heat absorbed by it.
The following paragraphs ¢and Fig. €-2J outline how-this.can-be. done.

Thermometer as indicator of internal energy. Suppose that no

macroscopic work-is. done-on a system (e.g:, that the volume of the system is
kept fixed).. Then the internal energy of the system can nevertheless change
because-heat can.be absorbed by the system, and this change can be detected by
some indicator éalled-a thermometer. \ A )

Def: mi’hemnbrjzet_er: Xﬁ}f}elati\:ai{msvmall' dcv1cecha}a2:tﬂénﬂz€&wbywa“ ( C3)
single macroscopic: quantity (called its indicated
“temperature’’)-which changes: when the device absorbs heat |-

fronr seme othier systemr.

The-following: are some: examples- of thermometers:. (a)A ~very-fami1iar
thermometer: consists- of-a-thin- glass-tube. filled" with-mercury-or some other
liquid. The length of the columin-of liquid in this tube-is-the temperature
indicated by-this*particular thermometer. (B) A gas thermometer consists of a-
small glass bully filled: with gas. The pressure of this gas is the temperature
indicated by this thermometer. (¢) Another kind of thermometer consists of
metal.bars:that.rotatesa:pointer. when:tey.change.in.length.. The.position of.the.
pointer on a dial is the-temperature-indicated by this thermometer. (d) Still other
thermometers.indicate their temperatures by changing electric quantities (such as
electric resistance or. voltage).

Anyrsuchr-thermometer-can-be-brought-into-thermal-contact-with-the-system-
of interest and® allowed: to: remairt there until equilibriunr iy reacied. The
indicated temperature (e.g., the length of the column of mercury in the
thermometer) provideés then some:information.about the state of the system. For
example, suppose that no work is done on the system, but that the indicated
temperature changes. Then one would know that the internal energy of the
system changes (i.e., that it must be absorbing heat from some other systems).

2. Work and heat

Note, that,the temperature thus defined
mistely:charactirizes terparticular
thermometerbeing:used: We.shall see later
how it is possible-to introduce-more
universal temperatute scales.(e.g:, the
Fahrenheit-or Celsius-scales)-common to
different kinds of thermometers.
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Measuring chianges-of intérnal energy. As the internal energy of a system
changes, the temperature indicated by a thermometer changes by a
corresponding amount. But how can one quantitatively determine the actual
change AE in the amount of internal energy corresponding to any change of the
indicated temperatute?

To do this, one can eliminate all heat transfer to the system (e.g., by
wrapping the system with thermally insulating- material) and merely do
macroscopic work on the-system. THen any change AE of the system’s internal
energy is.just equal to the-macroscopic work W done on the-system and' this
work can be readily measured. Thus one can determine the actual. relation
between any indicated” change of temperature and the corresponding change AE
in the internal energy of the system.

Measuring heat. €onsider now: the  general situation-where work can be
done on the system and heat can also be absorbed by it. According to the
thermodynamic enérgy law (B-6), the heat absorbed by the system is then equal
to

e e e QEAB=W, (G

i.e., it is just-equal to the change of its internal energy if-one subtracts the work
done on the systemr: But the: cliange AE jr the’ system’s. mtemal energy can be
found ﬁ&)lﬁvthe change of: ghe mdmate@l* ‘temperature-(sinee we have determmed
knows: howe: sueh:. mhangw1wr§1atQ¢ﬂo~ the: change: of-internal energy);,
Furthexfmore; the work ‘W- is readily measured. According to (€-4), the heat @
carr therr be obitairieck By-a simple subtraction:

ProBl‘ems

[C-ll I'ncreasmg!the* internak energy.of aliquid by stirring.

Fig. C:3-shows . paddle wheeF iffimersed.in a- liquid- enclosed: w1th1ﬁ 3
_container: Tﬁe*contmnems* wrapged%yaathermalry’ insulating* materral* (erg,
glass wooly:serthat negligjble heat-can pass-through'its-walls. The- paddIe wheel’
is connected to-a weight:by:a-thing string-passing over.some:pulleys. As.the:
weight déscends, wosk:is done:tosrotated: the: paddle: wheel and.thus to stir the
liquid (whoses volume remains unchangedy.

“Suppaserthat. the Weight has a"iass of 0:50%¢"and that it"descends with'
" constant speed: through. adistance of 1/6m. ~WHat ther is the Tcrease of the

internal energy of thetsxstcm cons1st1ng of the liquid, the paddle wheel, and the
container? <K-8% <g-I9s

[€-2F Measuring-thé-Heat-absorbed bya-system:
- .. A jaz codtains. water;.a.thetmometer,. and.a. stirrer. which. can. be.retated:by.... ..
anwelectric;metor:. Therjareis; wrapgg%b&g* thermally- insulatingsmiaterial: so-that
neghglbleheat,canapas&through itg-walls. The initial temperature reading of: the
thermometer indicates- that the column of mercury in the glass tube of the
thermometer has adengtli-of 7.1 cm.

After the stirrer is.rotated, for 2 minytes (during which 600 J of work is done
on the stirrer by. the motox:), ‘the- ‘length of the thermometer column is observed to
be 7.3'cm. After the stirréris rotated for anetlier 2'minutes (during which 600 J
of work is again done on the stirrer by the motor), the length of the thermometer

11

\
' -_;f;-,paddlé;v.‘i:kéel*:-_j.
- /
Fig. C-3. A padile wheel rotated inside a

liquid.

column 1s observed to be 7.5 cm. After the stirrer is rotated for another

2 minutes (during which 600 J of work is again done on the stirrer by the motor),
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the length of the thermometer column is-observed'to be 7.7 cm. After that, the
M) insulating material is removed from the jar and the jar is left sitting on a desk.

(a) The next morning, the length of the thermometer column is observed to be
7.3 cm. At noon, it is observed to be 7.7 cm. Hence one concludes that
heat has been absorbed by the system (consisting of the jar, water, and
stirrer) from the surrounding air in the room. How much heat has thus been
absorbed by the system Between morning and noon? Is this heat positive or
negative?

(b) In the evening the Iength of the thermometer column is observed to be
7.2 cm. How much heat has been absorbed by the system from the room

during the time between noon and everning? Is this heat positive or
negative? <a-8>

[C-3] Measuring the change.of internal'enérgy between:two macrostates

A system consists of a: gas- contained in a cylinder elosed by a-movable
piston. A stirrer is. immersed iir the gas and the whole system-is thermally
insulated-to that no heat can’enter ot leave the system. In the macrostate A, the
volume of the > gas is V, and its pressure 1spA In the macrostate'B, the. gashasa
volume Vy.larger than: Wy anid. Has. & pressure py larger than ps. Oné waits. to

.measure. the difference Ep,— E,. of the internal energy of this system between
. these tworstatés.:

One may do-this in the following way: (1) One-may first move the piston

" | s0-as to increase. the-volume of the gas from its volime Vs, to. the desired: final

volume Vg, During this process some.work Wopis is done on the system by the:

plston and-the gas ends uprin some macrostate- where i ity-pressure has some value

p* smaller-thapepy.-€2)-Fhen.one may keep:the piston: in-its-gosition¢so-that: the-

volume of the gis.temains: cqua} to* Vig):but do some work W, to totaté: the

)=} stirrer-andsthuss tmn'creasenthc:presstme:ofthe':gas:toqtsdesued;ﬁnalwaluap@

() Is the: worki Wi, done orrthe system by the pistonpositive-or negative?

(b) What is. the:: dlﬂ"érence EE E A OF the intérnal” energies;: of thie systém
betweeit the two macrostates & ande"’* Expressyour anwer in terms of the
works Wh;¢ and‘rW‘sm;

(c) Suppose« ﬁfat thep pressux:e py of the gds in state Bl is smaller than its pressure
Pa. Themtﬁe secondystep"cannet*be*camedfoutsmce sumng;the"gas; while
keepmg its. volume constant; will aTways result in. mcreasmg its. pressure.
How tHen' could you proceed; with: thé: same’ arragement to-measure the
energy difference Ep — E Between the two states A andB? <h-2> <a-115

[C-4] H”eat*absorb;ifﬁiiua« cambusﬁbmegrgeﬁment
A cembustion.experiment.is performed-on- a-system.consisting'of a-mixture
- of fuel-and-oxygen:~ Fhe-systemr is-enclosed-by-a-container; offixed-volume;
- whichris-immersed-in-a-water-Batlf: -As-the-fuel-is-burned; thre-temperature-of the:
water changes and-indicates.that its internal energy has:been increased.
(a) Has work beendone on, thie system?” If so, is this. work positive negative?
(b) Hasheat.been-absorbediby-the.system?. If so, is it positive or negative?
(c) Has thie internal energy of the system changed‘7 If so, has it mcreased or
- -deereased¥~ <@ 285 o o n i e e oe - e
[C-5] Energy-changgresuﬁingﬁomgaszexpanﬁing inside-a container-
A container, with rigid wall and thermally insulated from its environment, is
divided into two- parts. bya thir partion. Asw indicated in-Fig. C-4a, the left half
of the confainer is ﬁlled; with & gas while the ﬁght half is empty When a hole

‘ md1cated~m~F1g €-4b).
Is the final internal energy of the gas larger than, smaller than, or the same

your reasoning. <h-1I> <a-6>

2. Work and heat

J

Fig. C-4. Gas escaping from the left half of

“as its initial internal eénergy when it was in the left half of the confainer? Explain ¥ COMMaifier ity e entite tuntaiter:




2. Work and heat

D. Applications of the thermodynamic energy law

The preceding section has indicated how all the quantities in the
thermodynamic energy law

AE=W +Q (D-1)

can be determined by macroscopic measurements. Hence we are now ready to
examine some simple applicatiens of: this law.

Energy conservation of an isolated system. If a macroscopic system is at
rest and-isolated- (i.e:, if-it interacts withrne-other systems), then ne work is done
on it and no heat is.absorbed by it. Hence (D-1) implies that

for an isolated system, AE=0. D-2)
The internal energy of such an isolated system thus remains.constant,

Energy changes of two interacting systems. Suppose that two systems X
and X' interact with: each- othier; but not:with their environment. (For example;

the systems. might be the two gases illustrated im Fig. D-1.) The combined _

system X*, consisting of X and-X', is then isolated so that its:internal energy E*
remains constant. But this energy is just equal to the sum of the internal
energies B and B! of the two systems. Hence the conservation of energy of the
combined systemsimplies that"

4 -

B e SO -

E* = E + E' = constant (D-Z;)
or equivalently that

AE* =AE +AFE! = 0 (D-4)

Iintgraqtiom without heat. Aéonsiﬁd'erﬁ,‘the special- case of a-process where
two systems:interact without-absorbing-any: heat;: but do- work: om. eachr: other.
(For example, suppose that the piston ifv Fig. D-1 is thermally insulated, but
moves-because of differing ‘pressure’ forces ‘on its two sides.) Such a process is
called adiabatic in accordanee with the following definition:

. W

Def-. Admlzm;zmmsw praccS&dunngymch nq heat, (p,osuyp or.
negative) is absorbed: by a system.

- @15)

For example, a.process can. be. made adiabatic. if the. system of interest is
surrounded by thermally insulating matenal that prevents the system from
absorbing Heat. -

Suppose- that neither of the two interacting systems absorbs any heat.
According to (D-1), the energy-of each system changes then only: because of the
work done on it. Hence (D-4) implies that

W+W=

13

T )
piston

\- 4

Fig. D-1. Two dnteracting. gases X and X'
separated by a movable piston. (The
combinedsystenr X* is'isolatéd.)

Therelation:(D#3).is.true.in the usual

“situationswiers:tHe-potbhiiakenergy ofi-

intéraction Hetween the; relaﬁvelyfew atoms
near; the: touching surfaces:of the-systems is
neglugipl& compared-to-the much-larger total
energy-of-all-the ottier atoms Ir-the systems.

Therword-adiabatic-comes:fronrthe Greek-
and:means-that heat is.“not:going-through?.

- XXEu .
ul YY ==Yy

o r- PP
\J=0)
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where W is the work done on system X by the other system and W' is the work
done on system X' by the other system. Thus (D-6) merely asserts that the work
W done on system X is equal to the work ~W' done by system X'

Interaction without work. Consider now another special case where no
work is done by either system, but the systems can absorb heat from each other.
(For example, suppose that the piston in Fig. D-1 is clamped in position, but that
it allows heat to pass through.): According to (D-1), the energy: of each system
changes then only because of absorbed heat. Hence (D-4) implies that

Q+Q'=0
or Q=-Q ®-7)

where Q is the heat absorbed by-system X from the other system and Q! is the
heat absorbed by systemx X' from the other system. Thus (D-7) merely asserts
that- the: work Q abserbed: by-system- X is- equal-to- the heat —Q' given- off by-
system X'

General'interaction. In‘general, a system can interact with other systems
work is done, or Heat is: absorbéd, or in which both occur. There may be

processes inswhich the volume of a system remains constant, or its pressure
Témailis’ corfstdnt, of its” teitipevature’ rémains constant. Ther® tidy alse be

processes: whichoccur rapidly or-which océur so slowly as to-be quasi-static. _

s e v, S il 8 e oS uaiiiu e Ot hic iR

Hewever, suppose that a system clianges from. some macrostate A to some.
other macrostate-B: as: asresult-of any sucﬂ--process.. Then-the thermodynamie
energy law: (P-1) iﬁigﬁes*that:thépchﬁnge Ep ~E, of the internal e:hei'gy' of the
systenris-always-the-same; irrespective of ‘ttie-nature- of the process leading fronr
onesstate-torthe-other:. - - - -

"Problems;

. [D-1]: Different processes compressing.a gas

2. Work and heat

A gas.is thermally. insulated from its surroundings. It is.slowly compressed r~
| from am initial macrostate A, where its volume V,.is 4.00.x 10-3 m3 and its p

 curved graph.in Fig. D-2 indicates-how the pressure p of the gas varies with its
volume. during this process. The:work done on the gas during its compression is
' 352.7.

.
s

ptessurepx:;is;}‘;OODC'lﬁs‘N1nrzr to-a finalmracrostate-B-where its*vplume*V’B, is: Py
I 2:00% 10" 0% The Tifal présstre pp.of the gas S Hen 3 I7 X IO N2, The ~ [ T

2
A

g

4 .}
A

i v
t L
H 1
H '

Altematively, the gas can be broug_lit to its final state B by successively
| carryingout e fEloWiliy  tWo SHCCeERive " qUiasi=static  processes: (1) The™ - |

Ve - V. ¥
Ve A )

" process. A —C i whith:the pressure of the gas is' kept: constant’ at- its initial® ~

- changed-from py to pg.
- (a) Whatis the work-done orrthe gas during-this entire process A —» C — B?
(b) What is the heat absorbed by, the gas during this entire process?

The following illustrates the solution of this problem.

value-py while-its-volume is changed:from V4 to V5. (2) The process C — B in Fig. D-2. Different processes whereby a gas
which the volume of the gas is kept constant at its value V; while its pressure is  is changed from a state A to a state B.




2. Work and heat

- Sample solution

. Apply the energy law to the gas during the original process A — B when the gas
' was compressed while tiermally insulated:

AE=W+Q ey

or By —EL=W'+0=3521. )

. Work dene on gas in process A — C:
;
Wac=-pa (Vc-Va)

=~ (1:00:x 105 N/m?2) (- 2.00 X 10-3m3) =200 7. 3)

Work done on: gas-in process-C — B:

15

-2} szi?xeni':gro9esse.§cér)_i})re§§i§t“gva'g“as?. (continued)-
Supppse’tat the- gas-of the preveding problent i brougft to its inifial state

"quasi-static prOCEssewillustiatedigl D°2: "T1} The PTocess A=%D ifi Which-{fie
volume. of the gas-is-Kept constant.at its-iriitial value W, whiléits-pressure is-

" changed from: pix (6 py; (2. EH
is kept constant atts:

value pp while its-vol is. changpd—ftomovh to V.
"(a) Whatis.the work dene on: the. gas during this entire:process A —D.—-B?
(b) What is therheat absorbed: by; the gas during this entire process? <a-}7>
- -3} Qualitmivemnclﬁsibmabout.“absarbed«heanww B
“Suppose. that. the gas o Problem 15T is quasi-statically: brought fromn its.
initial-state Aito. its-final state. B: by a. process, during-which:the pressure of the
gas varies linearly: with: its: volume. (as.illustrated. by: the straight line. AB in
-Hg.D-2. - Ce
(@) Is the heat absorbed by the gas in this process positive, negative, or zero?
SR e S b T " i
(b)y Expldintite redSoning léadiitg'to yeurrconclusion: <a#2%-
[D-4] Vaporization.of water
Water; plaeed”in-a:cylinder closed off: by a movable piston in contact withr
. the surrounding atmosphere, is maintained at the constant atmospheric pressure
of 1.013 X 105 N/m?: At & constant.temperature of 100°€, 1,00 gram of water,
occupying*a-velumme of +.06:cm3; carr therr be- transformed: into 1.00 -gram of
water vapor occupying a volume of 1670 cm3. To do this, 2260 J of heat must

Wep=0 (since AV =0), @
Work done in entire process A — C — B:
" | Wace = Wac + Wp,= 2003, (Work done) | )
'*g_App],y enef“gy Taw to g'asi_f‘“i‘nfpgbces"s;&—-r CoB:
3 Ep ~Ep = Wacp + QUcn |
By (2) andi(5):
FEIT=260T% Qrcin
or [ Quen=1521.. (Heatabsorbed)| ©

A to its fingl* stai@"bejg’é“ixgée‘Sgi\'zgl‘yf carrying out: the following:two spccessive:

2). Fhe: process Dz Biimwhich the pressure-of the gas

be added 16 the water:




16 , 2. Work and heat

! (a) In this process, what is the worle dohe on the water by the surrounding

m atmosphere?
. (b) What is the difference Ey — E] between the internal energy Ey of one gram

of water vapor and the internal energy Ej of one gram of liquid water?
<a-I4>

E. Summmrary
Definitions

Work: The work W done ot a system is the macroscopoic work done on this
system.

Heat: The heat Q absorbed by a system is the non-macroscopic work done on
this system. (i.e., all the work that affécts the energy of the-system, but is

-not-maeroscepically-apparent): -~ - -
) Thermometer: Any refatively small device characterized by a single
" macroscopic’ quantity: (calredcﬂlts*mmcated “temperature”) which changes
when the device absorbs: Heat from some other system.

Quas;-sfﬁc‘ process: K Sprocess. carried: out 50 SIoWIy that & System remains.

alwdys very nearly in equilibrium
Adiabatic’ prox:ess. A process. during which. no heat (positive or negative) is

I NURISEE WIS RS ORISR —

absorbed by asystcm

| T R et e i PO P : .- A . R,

[ ¥ Fnfportantkiowledge
Thermodynamic energy:law (first.law of. thermodynamics ):
ﬁ [AB=W+Q. ]
(The change: of internal’ ener:g)( AE.between. two. macrostates of a systemris
tHereby relatedito-thework-W'done: and'the heat Qs absorbed-in-any proeess
connecting;these states. - .

Work done by. pressure: Infinitesimak werk d'W done: on: a system,. at.
pressure'p, whenits volume is quasi-statically changed:by an infinitesimal
amount dV:

- P st e 1 - - FR— - .=

T - - - Gty AP v - - : -

dW=-—pdv.

New abilities-
You shiouldtto® Be able to do the followittg:

(1)” Find the' work done on a Tuid when its volume is slowly “Changed”and its
pressure is knovvu.r atany instant.

(2) Apply the thermodynamic energy law to find information about the change
of internal energy of a-system, the work done on a system, or the heat
absprbed by a system.

- U
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2. Work and heat

Problertis

[E-1] Heat.and work-while stirring a-liquid.

A vessel contains a liquid and a paddle wheel. This wheel is connected by a
string to a weight Having, a mass of 8700'kg. When this. weight descends. with
constant speed a-distance of 3.00m; it Totates the paddle wheel and thus stits the
liquid. The.system consisting of the.vesseland:liquid-has a constant volume and
is thermally insulated from its surroundings.

(a) What.is:the-change of the internal energy of this system when the weight
descends by the specified amount?

(b) Suppose that-thie system. is-not.thermally-insulated, but remains throughout
at the same constant _temperature as its sutroundings. Whiat then is the
change, of the: internal, energy of thxssystem -when the weight descends by
the specified amobunt?

(c) In the-situatiom desctibed in partia;. what is:the work done on.the system?
What is.the heat absorbed by the system?

(d) In the situation described"in part b} what is the work done on the system?
What.is the heat absorbed by: the system? <a-33>

[E-2] Work”d”one« ona mel?tng ice cube

e g

The. mass of I. 00501113’: of w:'ltel: is: 1. OU grant,;: while the: rhass.of 1.00, cm3‘ of
ice is' 0”92 gram: Suppose that an ice; cuBe~ 1.60 inch o a’sxde, melts. ¢¥inch=

~2:54 cuE) iy -~

(@ Does its volume: then increase or decrease? Is the:-work done or the ice
cubeuby,ttfe smroundm’g aimpsphere* themposmve or-negative?

@b)- Wharpls.thf&woﬂmﬁ«thefamlospﬁenc;pressure is-L. OI;&X—IZOE'?.NAm27 <q-25>

[E‘Sﬁ, C"“alanezdrid’li’umaw enbt:gywonsumptwm e

‘H’eat Wasrxmmaﬂ}g measuredzm: terms. offa unit. called calone In*the: mrddle
of last,centry, it was reahzed’ that: Thedt isa form of energy. Today the upit
ealone is,: tﬁeref‘ore,,deﬁne@se that:

oL cal‘ond“ & 1,8’4_';]"ou1'e° (éxactly)..

Alt.houghdhe umt, caloriesis:rather-obsoléte;.it:is. sﬂlLdsa@1mtﬁ&Umte¢State&
“(although; not~ i ‘Canada ah@ most otier countries)y t indicate” th@energ?
*contentsoﬁfoods* T e sl - “

A persofi.who is'net engaged i mucﬁ strenudusactivity, consumes- d“alfy
: food-providingrabout 2500 Targe: calbries' (fze:, 2,500 kilocalories -

(a) Whatis the-rate:of energy-consumption*of sucli a person? Express your
answerit terms:of the: unit-watr (i.e:, joule/second).

ot o

[ (b) I this rafe appreciably Targer than, aggrecxabﬁl smaller than, or about the

- same ascthe-rate of electricak energy consumption of a- 100-watt light bulb?
<a-30>

[B-4] Measuring the.internalertergy of water
i A vessel; thernadly 4msulated-frone its surroundings, contains water; &

-contains.20Q grams of. water; fHe. qglummoﬁ mercury. i the, thermomeferrises by
"1.3 cm-when 5100.T oﬁ work.is.done to rotate the paddle, wheel. Wﬁen the.vessel

contains 306 grams of water, the colurim of mercury in the thermometer rises by
the same-aritourit when 7100 J-of workis. dene'td rotate the paddfe wheek:

i temperature change is.indicated by a 1. 3cm rise in the mercury ¢ column of the
thermometer? <h-4> <w29>

mmommmmemm sxlmug..thxa.texwm@n»the@ yessel.. _

How much does the internal energy of 1.0 ) gram of water increase: when its

17
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[E-5] Work-doneéin-a cyclic process

As the volume of a flnid is slowly changed, its pressure p varies with its
volume V'irr the manner indicated:by the graph in Fig. E-1. The fluid thus
undergoes the cyclic process, ABEDA. in which it starts in the indicated
macrostate A and ends again in the'same. macrostate A.

Show that the. magmtude of the work W, done by, the. pressure. forces. on. the

fluid in this process, is-equal to the.area.within the closed curve ABEDA in'the
pressure-volume graph of Fig; E-1. <a-20>

2. Work and heat

[E-6] Heat absorbed by a.system-in varivus processes
Fig. B-2 sHows'iow the! pressure-p-of a system varies with its volume V as

absorbs 200°F of heat ffom: its surroundings and does 75 J. of work orr its
surroundings.

ADB; the- system does' 25 T-of work on its surroundings. How much heat
doe&thezsystem*absorhmﬁns*process% -~ T e

(b) When the system is returned from: B to A along the indicated curved path
BA, 5@~f of work:is- dbnez on the'. system by. its surroundings. Hew much
heat. d’oesthe« s§steii absorb= it tlfus:,process‘7

L (C)- quaknowmtﬁam&m;emaumﬁggm ofithessystem-insstate-Bis-largep-than- ——

that i state. A By 100, Use thjs-information to.find. thie Heat, absorbed: by

the system in- the-precess . A —Drand in the process D —B. <a-}3>

[E-71. Worl&andyh"edt,m:wc.yclwhpmcessu__ - . -

- b the systemum:qwétstancanymkemmmglﬁtﬁe:omwpwtegs»ms'@&w« R

(a) The interaletietgy of the' system increases’in- the' process &4 —>B. Is the
work: done.omthe: SlSthh.’lll“thlS; Erocess: Qosmve, negatlve, or. zero? It the
heat aBsorTSed the: systeni j i, this] prbcess pes1tme, ne rative; or zero"‘

- (b): The- system abs’or'b’ me» p’osmve amqunt»of” “heat: 1nvtﬁea process B<~-)-‘ C. I

k; done . Syster: ine this process ‘posifive; negative, or zero?”

Doesrrhe" 1nte£ﬂaljenetgy”0ﬁhe"system:m“tm§proces*s ‘increase, decrease, or

SIS

© In tﬁ&pgoces&@—x/%,usﬁlfe:worﬁdmn@ on:tfie systemy positive;. negativey or
zero? Is. tﬁe heat' absorbed’ by tha systenin this process positive, negaﬁve,
or zero?" D’o”es ‘the iriternal' energy of the’system in this process: increase,
decrease; orremain the same?

(d) Is the heat absorbed. by:thie.system during the entire cyclic process ABCA

3.00 % 103 m3. TFhe pressure py. of the. systemis. 2.00:x 105 N/m?: andits
pressure: p is-4:00-x- 10> N/m#: What-then:is:the: numerical value-of the
heat: absorbed byt the: syistein . duing; the: éitires cyelie: proeess- ABEA?
<a-24>

P

[E. 8). Internakenergy:change produced by, ar tmgact
A.lead;block, having;azmass:of. 120.kg; falls:from a-height.of 30 mr and hits
a concrete: floor. What is the resulting increase of the internal energy of the
block if the heat transferred from thé block to its surroundings is negligible?
<a-26>
{E-9] Heatand enthalpy:change
Chemical reactions cause a system to absorb an amount of heat Q from the

(a) WHen the system.is.brought from the' state A to the state.B. along, the, path -~

-

C
CD
A

v
J

the system undergges several’ quasi-static_processes. When the system is  Fig E-1. A cyclic process represented on a
. brought-fromr the? state- A torthesstatesB: aleng the indicated-path: AGB;, the systertr graph of pressure versus volume.

-

Fig: Ez2. VanauOmof ressure with volume
Fig. E-3-stiows:hoW the pressure prof a system varies: witlpits volume Vias m%ﬁ‘ﬁm processes- ofI; systert.

P, o wn Teaia e e e

-

\'A v
B J

[P —

posmve* megative, QE Zero? R Exm.lﬁauauonnf pxessuraw_tthvoluma
"(e) The volume- V, of the: system is 1.00 x 1673 m> and its- volume Vg is in"a cyclic-process.

e s O U A A G S e rE WO SIS AT (B Cons At valte P A3 Tesile v

the reactions, the volume of the system changes by an amount AV,

-



2. Work and heat

(a) What is tie change of the-internal-energy of thie'systenr as a'result of these
m chemical reactions? Express your answer in terms of Q, p, and AV.
() The enthalpy H of the system: is defined as the quanuty H=E +pV where E
is the internal energy of the system and V is its volume. How is the heat Q
abserbed by. the system related to the change AH of its enthalpy? <a-I8>

[E-v10]1' Work done on a gas-at constant. temperature

A gas in a cylinder is-allowed to expand slowly while its temperature is

- maintained- constant and: heat is transferred to its surroundings. During this

- process. the:pressure. p- ofithe. gas.varies. with its. volume. V. in such a way that

p = C/V wherg C is some constant.

(@) Suppose-that: the gas stafts in a state A, where its volume is V, and its
presstre is'p, and then.is a’]Iowed“ to ¢xpand until’it rédches a. volime Vg,
What then-is the pressure of tha gasmthJS final state B?’

' (b) Whatis the work' done- on:the-gas during th1s expansmn process?

171e Jollowing illustrates the solution.of thzs*problem.

. Sample solution
Smce pV= constaut

PeVe =paVa

[Rp—— R L Uy [ —— <

, PaYa
| Or = . (8
_; | 2 -y . 1

- w:.:,,,v'",b...» PRl ¥ ;-'* P MB. . .-

Ve .

where the,symbol J’deno_tis“the sum (or-integral) extendmg from the initial

4 Vii.

e volume. V. to. the..ﬁnaLvolume»VB._ﬁ But..each:term in.the sum. can-be.expressed.

as an infinitesimat change, i.e., we- carr use our knowledge- of logarithms
+(Appendix. §) to-write:

QY— dda V.

[ | - et

‘ Vs
- Hence W=-C I—dﬂnV):—C [(InVg — InV,] (3)

. since the sume of all successive small changes of the quantity InV is just equal
to'the*totat‘change'oftﬂxsrquanuty*“’l’hus' o e

E W=C[lnV, ~InVg]=C LnG—:) C

" But the constant C = p 4V, Hence

1 W=pValf 2 ). | | ®)
] N/ ” -

w= Jpan= fegan=-c [& @
Va /a. "
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[E-11] Work done on a gds at constant tethperature (continued)

Suppose that the gas in the preceding problem is slowly expanded, at
constant temperature, from an initial volume V4 = 1.00-x 10"3 m® and pressure
Pa =32 X 10* N/m?, to a final volume Vig-=8.00 x 10-3 m?.

(a) What then is:the nunrericat value.of the final pressuze py of the gas?

(b) What is the numerical value of the-werk done on the gas in this process?
<a-27>

[(E-12]t Work done on a-gas.ilz anadiabaticprocess
A gas in a cylinderis allbwgd to ‘expand slowly under conditions where-no

heat-is transferred: to’its:surroundings. Inthis-process this pressure prof the gas

varies, with its volume.V in'sich.a.way_that p'= C/VY where 7y (the Greek letter
gamma)-denotes somdesconstant.

(a) Suppose-that: ﬂie gas starts. in a-state A, where its volume is. V, and'its
pressure.is p » and then: is: allowed:to expand urtil it reaChes a volume Vg,
What thier i§ the pressure proﬁ, the gas in this finak state: B?

(b) What is.the work” done ofr the gas during this expansion process? <h-6>

R % > B i ai

(c) Show that this: work is equal to [pBVB pAVA]/('Y .

FE-13} quk?:dona omw;gu&ﬁm»an adzabatw prt)cess (continued)
Suppose that the -gas ‘in: tHe preceding problem is argom for which tle'

2. Work and heat

constant Y = 5/3. As in Problemy E-§, this gas is stowly expand’ede fron¥ an-initial

volume V5, = .00 %:10:3 m? and pressure. p, = 32X 104 N/m?, to a final: volume

Va-= 8ig0:x 103 1. "However,, now this- expansion .process is carned out

" $Towly: under’ cornllﬁorrs?’“ﬁere fio- et is transferred o thesgas:

| (a). What them: q&the"numéncal value of the final préssure Ps of the gas?

[ (b) What is thenumericat value of the-work dore- on the gas i this process”
<a-16>




