Problems a8 : 51

temperature of a system with respect to a given thermometer The
yalue of the thermometric parameter of the thermometer when the latter is
placed in thermal contact with the system and allowed to come to equilib-
“rium with it.

mean free path The average distance which a molecule travels in a gas
before it collides with another molecule.

Suggestions for Supplementary Reading
F.J. Dyson, “What is Heat?”, Sci. American 191, 58 (Sept. 1954).

R. Furth, “The Limits of Measurement,” Sci. American 183, 48. (July 1950).
A discussion of Brownian motion and other fluctuation phenomena.

B. J. Alder and T. E. Wainwright, “Molecular Motions,” Sci. American 201, 113
(Oct. 1959). This article discusses the application of modem high-speed com-
puters to the study of molecular motions in various macroscopic systems.

Problems

1.1 Fluctuations in a spin system

Consider an ideal system of 5 spins in the absence of an external
magnetic field. Suppose that one took a movie of this spin system in equi-
librium. What fraction of the movie frames would show » spins pointing
up? Consider all the possibilities » =0, 1, 2, 3, 4, and 5.

1.2 Diffusion of a liquid

Suppose that a drop of a dye (having the same density as water) is
introduced into a glass of water. The whole system is kept at a constant tem-
perature and is left mechanically undisturbed. Suppose that one took a movie
of the process occurring after the drop of dye had been put into die water.
What would one see on a screen on which the movie is projected? What
would one see if the movie is run backward through the projector? Is the pro-

cess reversible or irreversible? Describe the process in terms of the motion of
the dye molecules.

1.3 Microscopic explanation of friction

A wooden block, which has originally been given a push, is sliding
on the floor and gradually comes to rest. Is this process reversible or irrevers-
1ble? Describe the process as it would appear on a movie played backward.

Di : . . A
1SCuss what happens during this process on the microscopic scale of atoms
* and molecules.

: 14 The approach to thermal equilibrium
' .~age ér'lér(;(;ﬂs;‘dcr two gases 4 and A.' in separate containers. Initially the aver-
ofa moiecu]ca ?olecu’lc’of gas A is qu!lc different from the average energy
<¢ach of bier 5o u?- gas A, F he two containers are then plu.ccd m‘contucl with
e SO that §ncrgy ll'l the form of heat can be transferred from gas Ato
‘ ,efuiles of the container walls and thence to gas 4", Is the ensuing pro-
i ;’;’;;21:.?1‘ irrevcrsiblc'?. De'scril?e in microscopic detail the process that
e l one ﬁlmed? dic situation and ran this film backward through _
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: ic Systems
$2 Characteristic Features of Macroscopic Sy

ith volume

= Wzat:;‘:l’tta;jg‘;: gir\fis;;gin’:oﬂav‘ooll)ms by a partition. Qne of these partg
h 1 rcne V and is filled with a dilute gas; the other part is empty. Remove

asa Vx:i:ilon anid wait until the final equilibrium condition is attamec} where
ﬁ: ::olecules of the gas are uniformly distributed throughout the entire ¢op.

1 4
e 01;:;";’:: tzxe total energy of the gas been changed? Use this result ¢,
compare the average energy per molecule and the average speed of a I.n.olecule
in the equilibrium situations before and after the removal of the partition.

(b) What is the ratio of the pressure exert'eQ _by t_he gas in the fing|

situation to that of the pressure exerted by it in the initial situation?

1.6 Number of gas molecules incident on an area

Consider nitrogen (N,) gas at room temperature and atmospheric pres-
sure. Using the numerical values given in the text, find the average number of
N, molecules striking a 1-m? area of the container walls per second.

1.7 Leak rate

A 1-liter glass bulb contains N, gas at room temperature and atmo-
spheric pressure. The glass bulb, which is to be used in conjunction w
other experiment, is itself enclosed in a lar,
nately the glass bulb has,
about 107

ith some
ge evacuated chamber. Unfortu-
unbeknown to the experimenter, a small pinhole

m in radius. To assess the importance of this hole, estimate the time
required for 1 percent of the N, mole

cules to escape from the bulb into the
surrounding vacuum.

1.8 Average time between molecular collisions
Consider nitro

Using the numerical
ecule travels before

£€n gas at room temperature and atmospheric pressure.
values given in the text, find t

ue . he average time a N, mol-
colliding with another molecule,

*L.9  Equilibrium between atoms of different masses
Consider a collision betw

_ ¢en two different atoms having masses m,
. Denote the velocities of these atoms before the collision by v, and ¥y
fespectively; denote their velocities after the collision byv,'and v, IICSPECE'
wely. Itis of interest to investigate the energy transferred frc;m one ::t:Jm to the
other as a result of the collision.

(@) Introducetherelativev
¢=(myv, + my)(m, + m,)
V'= v,'=v," Ina collisio
momentum, while V1=1v]| by virtue of co
energy gain Ae, of atom

_ nservation of energy. Show that ¢
1 in a collision js given by

and m,

elocity vV = v,

~V,andthe center-of-mass velocity
. The relative

velocity after the collision is the?

. 1 2
Ag =5m (vl ~v12)=m1m_2(ml +m2)"c-(V'-V)- 0

the
, and V, by 5 th le between
8 V' and V and the plane i e

‘ane containing ¢ and V, and by ¥
tand V. Show that (i) thep becomes :

g -1 ‘ \ : 1 if)
(m.lﬁ-if;m_:) v [(cos 0—1)cos ) +singsinweosy|

ST
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W-e.'el. cFcosv=C° V=(m - n.:f)‘!.[""af‘!: +{m.—mv, v - m,u?).

© Consider fwo afoms of this kind In a gas “'hFPC many collisions occur.

onibe average. the a_nmuthal angle ¢ 1s then as often positive as negative so
.= _g; also. sInce v, and v, have random directions, the cosine of the

g C0Sy . - 2 _—
:iic perween them is as often positive as negative so that v,-v, =0 Show
é}_‘; (i) therefore becomes, O the average,
— 2mem. o
Aq = ———tn:: rs = ): u COs E}(t: — t..) (lli)
- 172292

SRR W
‘Vo’hﬂefxz—’_rnlt‘l an 6_-——2"l:l-..

In the equilibrium situation in parE'E_ular the energy of an atom must, on the i
average, remain unchanged so that A¢ = 0 . Show that (ii1) then implies that

in equilibrium, “TE— ~ v i
Z “ 3 /S ' et

. % N - [—_— s b .\\ f) “1\

Thus the average energies of Interacting atoms in equilibrium are equal eve

if the masses of the atoms are different.

110 Comparison of molecular speeds in a gas mixture
Consider a gas mixture enclosed in some container and consisting of
monatomic molecules of two different masses 7, and m,.

(a) Suppose that this gas mixture is In equilibrium. Use the result of
the preceding problem to find the approximate ratio of the average speed
t; of a molecule of mass m, to the average speed U, of a molecule of
mass n,.

- (b) Suppose that the two kinds of molecules are He (helium) and Ar
{argon) which have atomic weights equal 10 4 and 40, respectively. What is
- the ratio of the average speed of a He atom to that of an Ar atom?

._]-I_I Pressure of a gas mixture
_ Consider an ideal gas which consists of two kinds of atoms. To be
’ mc' suppose that there are, per unit volume, 7, atoms of mass m, and n,
:% Oimass m,. The gas is assumed t0 he in equilibrium so that the a\'Fmge
fel:?gni- per atom is the same for both kinds of atoms. lfmd an approximate
oo onlor the average pressure p exerted by the gas mixture. Express your
: m terms of ¢ .

;M&"”&’ of two gases

més‘éc-‘,mSidCr a container divided into two equal

A 533 En contains 1 mole of helium (He) gas, th

parts by a partition. One
¢ other 1 mole of argon

ergy in the form of heat can pass through the partition from one
vill. therefore,

to | .°'t_h er. After a sufficiently long time, the two ases ¥ N
> ®quilibrium with each other. The average pressure of the helm gas
m, ﬁ}at‘gf the argon gas is p,-

o Pa"? the pressures p, and p. of the two 2ases.
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S4 Characteristic Features of Macroscople Systemy

t YT U " .
() What happens when the pattition is removed? Deseritie
it would appear on a movie played biackward, Te it reversible o ey

() What is the average pressure exetted by the gis in the fing| il
situation?

”I(- i”“(.‘(.u " !

L1 Bffect of a semipermeable purtition (“osmoxly ")

A gelass bulb contning argon (Ar) gas nt room I(,‘lllpl_'ml.m'n
pressure of I atmosphere, 1 is placed i lnrge chamber containing heligg,
(He) gas also at room tempernture nnd ot o pressure of 1T atmosphiore, The b

is made ot'w glass which iy permenble to the small He stoms, but s Inperrme.
able to the larper Ar atomy,

(@) Deseribe the process which ensues,

i gy g

(M) What ix the most tndom distribution of the
attained in the ultimate cquilibrium situntion?

(€) Whatis the averape pressure of the gos inside the bulh when this ultin-
ate equilibtium situation has been attwined?

molecales which

LI Thermal vibrations of the

Consider nitrogen (N,) gus in equilibrium within o box at room tem:
pernture. In necordance with the result of Prob, 1,0

sume that the average kinetie ¢
average kinetic energy of
in such a solid is loe

woms in a solild

»itin then rensonable toav
nergy ot gas molecule jy roughly coual tothe
anatom in the solid wall of the container, Fach atom
alized nenr o fixed site, It iy, however, free to oscillate
about this site and should, to good approximation, perform simple harmonic
motion about this position, Its potentinl energy is then, on the average, cqul
to its kinetic encrgy,

Suppose that the walls consist of copper w

hich hay a density of
8.9 gm/em® and an atomie weight of' 63,5,
(@) Estimate the average speed with which o copper atom vibrates about
- its equilibrivm position,

(b) Estimate roughly the

sofid. (You may nssume the
lattice.)

mean spacing between the ¢

opper atoms in the
m to be log;

Wed nt the cornery of 4 regular cuble

(€) When a foree iy applied to o copper bar of cross-scctional arca A 09
length Z, the increase in length AL of the bar is piven by the relation

F_ AL

aonss BT )

A L
where the proportionality constang Y

measured value for copper is ) < L28 % 101 N/, Use this jnformatio”
to cstinmlc‘lhc restoring foree acting on g copper atom when it is displtct
- by some small amount v from it cquilibrium position in the solid. »
() Whatis the potentialenergy ofan atom wher itis displaced by un “mmvn'
“x from its equilibrium position? Use this result to estimate the “wr;u;-,.c'n1|}:=l'm
o ude ] of the amplitude of vibration of a copper atom about its cquilib

I o . , Catefnig it
posttion, Compare 1v| with (he sepiration between the copper atoms
< solid, ‘

3 b e 18
W called Young s modulus.
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