
Termodynamika i Fizyka Statystyczna R

Zadania domowe � seria wielkanocna

Oto kilka problemów do rozwa»a« na �wi¦ta. Chocia» seria jest nieobowi¡zkowa, spisuj¡c swoje przemy±lenia
dotycz¡ce jednego z zada«, mo»na zrobi¢ sobie prezent w postaci dodatkowych punktów.

1. ⋆ Fizyk i drwal

Fizyk i drwal siedz¡ w górskiej chacie ogrzewanej wielkim piecem na drewno. Drwal prosi �zyka, »eby
por¡baª drew i dorzuciª do ognia, ten jednak odmawia, tªumacz¡c, »e palenie w piecu nie ma sensu, bo
i tak nie mog¡ zwi¦kszy¢ caªkowitej energii cz¡steczek powietrza w chacie, gdy» skoro obj¦to±¢ chaty,
V = const. oraz ci±nienie w chacie, p = const., to - z równania stanu gazu w chacie (U = cv

pV
R ) - energia

jest staªa. Drwal jednak nie zgadza si¦ z �zykiem traktuj¡c to jako wykr¦ty. Kto ma racj¦?

2. A Czy w raju jest ciepªo?

W ksi¦dze Izajasza czytamy, »e w raju: "�wiatªo Ksi¦»yca b¦dzie jak ±wiatªo sªoneczne, a ±wiatªo Sªo«ca
stanie si¦ siedmiokrotne"(Iz 30:26). Oszacuj temperatur¦ raju korzystaj¡c z prawa Stefana-Boltzmanna
omawiaj¡c dokªadnie przyj¦te zaªo»enia.

3. ⋆ Optyczne perpetuum mobile

Konstruujemy wn¦k¦ - cz¦±ciowo elipsoidaln¡, cz¦±ciowo sferyczn¡ - jak na rysunku. Punkty A i B s¡
ogniskami elipsoid (2) i (5), dodatkowo punkt B jest ±rodkiem sfery (3). Kawaªki tych bryª ª¡czymy
uzyskuj¡c ksztaªt zaznaczony na rysunku pogrubion¡ lini¡. Powierzchnie wn¦ki posrebrzamy, aby odbijaªa
promienie ±wietlne. Nast¦pnie w punktach A i B umieszczamy ciaªa o temperaturach TA i TB , przy
czym pocz¡tkowo TB = TA. Z praw optyki geometrycznej wynika, »e caªe promieniowanie wysyªane przez
punkt A, po odbiciu od ±cianki, skupi si¦ w punkcie B. Jednak nie caªe promieniowanie wysªane przez
B skupi si¦ w A (ta cz¦±¢, która odbije si¦ od wewn¦trznej powierzchni sfery (3) wróci do B). Oznacza
to, »e temperatura ciaªa A b¦dzie malaªa, za± B rosªa, a» w ko«cu ustali si¦ stan stacjonarny, w którym
TB > TA. Czy skonstruowali±my w ten sposób perpetuum mobile drugiego rodzaju?
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A perpetual motion machine of the second kind is described and its fallacy explained. The
pedagogical value of this and similar machines is discussed, and relevant calculations are made.

I. INTRODUCTION

A perpetual motion machine is an intellectual
contrivance which cannot be reduced to practice as a
working device.  Usually the inventor (or perpetrator) of
such a device claims to have conceived a scheme for
performing work either without the expenditure of energy
or else in a manner which results in a decrease in the
entropy of the universe.  Devices which are supposed to
operate in the former manner would do so in violation of
the first law of thermodynamics; they would create energy.
Such devices are called “perpetual motion machines of the
first kind”.  Devices of the latter sort are called “perpetual
motion machines of the second kind” because their
successful function would imply failure of the second law
of thermodynamics.

Perpetual motion machines may be used to instruct
students of physics in the application of physical laws in
challenging, even deceptive, contexts.  Finding the
conceptual flaw in such a device can be as instructive to a
student as figuring out why a real machine does function.
For the purpose of such an exercise it is considered
insufficient to invoke the first or second law to demonstrate
infeasibility.  The rules of this game require that
invalidation of the concept must be accomplished by
invoking other physical principles, thereby illustrating the
consistency of those principles with the thermodynamic
laws.

Many, perhaps most, perpetual motion machines which
have appeared in the literature illustrate the consistency of
mechanical and electrodynamical principles with the laws of
thermodynamics.  One which relates to the principles of
geometrical optics is a relative rarity among them.  Such a
device, a perpetual motion machine of the second kind, will
be discussed here.

II. GEOMETRICAL CONSTRUCTION OF THE
CAVITY

The principal component of this machine is a precisely
constructed evacuated reflective cavity.  There is more than
one version of it in oral tradition in the physics teaching
diaspora, but there seems to be no version in the accessible
literature.  The version to be discussed here is the only one
for which the author knows precise details.

The machine must employ a perfectly reflecting cavity
of a prescribed geometric shape to achieve optimum
function.  However, considerable deviation from strict
ideality can be tolerated and a perpetual motion machine of
reduced capability can still be conceived under nonideal
conditions.

The geometric construction of the reflective cavity is
based upon two confocal ellipsoids of revolution and a
sphere centered on one of the foci.  For an illustration of
the details of the geometric construction refer to the
numbered items in Figure 1.  The corresponding steps in
the construction follow:
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Figure 1.  Construction of the cavity.  See text for details.

1.  Points A and B are separated by a distance d.
2.  Construct an ellipsoid of revolution having moderately

large eccentricity ε and with A and B as its foci.  In the
figure ε = 0.9.

3.  Construct a sphere of radius r with B at its center.  The
radius should be a moderate fraction of d.  In the figure
r = 0.5 d.

4.  Construct a cone coaxial with the ellipsoid extending in
the direction of B with A as its vertex, and with the
circular intersection of the sphere and the ellipsoid
lying in it. The sphere also intersects the cone in a
second circle.

5.  Construct the ellipsoid of revolution which has A and B
as foci and which contains the second circular
intersection of the cone and sphere.

6.  Delete the portion of the smaller ellipsoid which lies
within the cone.

7.  Delete the portions of the sphere which lie within the
cone.

8.  Delete the portion of the larger ellipsoid which lies
outside the cone.

9.  Delete the cone.
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4. ∗ Atom wodoru

Widmo energetyczne atomu wodoru ma posta¢

En = − R

n2

gdzie R jest staª¡ Rydberga. Dodatkowo degenracja n-tego stanu energetycznego wynosi gn = n2 (je±li
nie rozwa»amy spinu). Policzmy sum¦ statystyczn¡ atomu wodoru o temperaturze T . Sum¦ statystyczn¡
mo»na zapisac w postaci sumy po poziomach energetycznych

Z =
∑
n

gne
−βEn

gdzie gn jest degeneracj¡ n-tego poziomu, a En - jego energi¡. Dla atomu wodoru przybierze to posta¢

Z =

∞∑
n=1

n2e
βR

n2

Sum¦ t¦ ªatwo oszacowa¢ z doªu:

Z >

∞∑
n=1

n2

Jednak»e szereg
∑∞

n=1 n
2 jest rozbie»ny, a wi¦c nasza suma - równie». Wzi¦cie pod uwag¦ stanów z widma

ci¡gªego rozbie»no±¢ t¦ jeszcze wzmacnia. Wygl¡da wi¦c na to, »e prawdopodobie«stwo, »e atom wodoru
b¦dzie znaleziony w stanie podstawowym (które wynosi P0 = eβR/Z) jest równe zeru. Wydaje si¦ to
dziwne, bo czasem jednak spotyka si¦ atomy wodoru w stanie podstawowym. Co ciekawe, wynik ten nie
zale»y od temperatury, a przecie» w dostatecznie niskich temperaturach, kiedy kT jest du»o mniejsze ni»
energia stanów wzbudzonych, spodziewamy si¦, »e P0 → 1. Czy oznacza to, »e �zyka statystyczna nie
potra� opisa¢ nawet atomu wodoru?

Rozwi¡zania (samodzielne!) nie wi¦cej ni» jednego z powy»szych problemów mo»na przynie±¢ na pierwszy
wykªad po �wi¦tach, lub wysªa¢ mailem (pa.szymczak@uw.edu.pl) do 13.04 godz 10:20.

Wesoªych �wi¡t! (Swoj¡ drog¡: czy entropia jajka zwi¦ksza si¦ czy zmniejsza w wyniku ugotowania?)


